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SUMMARY

Composites have found modern applications in building and construction, automotive
technology, electronic materials, and dentistry, and are attractive materials because the
combination of the filler and matrix often have improved properties compared to the matrix only.
Such properties include but are not limited to: mechanical strengthening, flexibility, color, thermal
stability, chemical stability, or cost. As such, composite materials are an active area of research
where the theoretical bounds of optimized composite properties are continuously pushed as the
discovery of new materials and processing technologies are expanded. Certainly the possibilities
for the choice of filler and matrix have not been exhausted, and growing environmental concerns
have motivated the investigation of bio-derived fillers as mechanical, optical, and thermal
reinforcements in a number matrices. Cellulose nanocrystals (CNCs) offer attractive properties to
composite applications such as: high specific strength and modulus, low density, high surface area,
and a low coefficient of thermal expansion. The properties of CNCs are analogous to those of
common industrial fillers with the additional benefit of renewability and sustainability, however
some attributes of CNCs might limit their applications, specifically hydrophilicity and low thermal
stability. This research aims to address these issues through insightful processing techniques and
a versatile chemical modification route to incorporating CNCs into an epoxy and polyurethane

matrix, respectively.

A commercial waterborne epoxy matrix was used to demonstrate the effectiveness of
CNCs mechanical reinforcement as a function of loading and order of addition. The epoxy was a
two part system that contained a nonionic surfactant stabilized epoxide droplet in water emulsion
and a water soluble amine hardner which were crosslinked to form the epoxy thermoset.

Composites up to 15 wt.% CNC were synthesized and characterized for their mechanical and

Xviii



thermal properties, specifically tensile and loss modulus, and glass transition temperature and
thermal degradation. CNCs improved the tensile modulus by 64 % compared to the neat epoxy at
15 wt.% CNC, although the CNCs were visualized as micrometer-sized aggregates in the epoxy
using polarized light microscopy (PLM). To improve the CNC dispersion, an alternate processing
strategy was employed. In one scenario, the CNCs were mixed together with the epoxy emulsion
and amine crosslinker and then cured, referred to as 1-step mixing, and in another case, CNCs
were premixed with the epoxy emulsion and the amine crosslinker was added some time later and
then cured, referred to as 2-step mixing. In the 2-step mixing case, the CNCs were more uniformly
dispersed and exhibited improved mechanical properties such as loss modulus, tensile strength,
and work of fracture compared to the 1-step mixing case. The proprietary nature of the commercial
epoxy resin left unanswered questions about the specific interactions that facilitated the improved
CNC dispersion in the 2-step mixing case, although zeta potential measurements hinted that an
electrostatic association of the epoxy/water interface with the CNCs was responsible. The
mechanism of dispersion and interfacial localization of the CNCs at the epoxy interface was further

probed with tensiometry.

In order to better understand the individual component interactions that influenced CNC
dispersion, tensiometry was employed. In the tensiometry experiments, the interfacial tension of
an epoxy oil similar to the commercial resin was measured as a function of aqueous CNC
concentration and also in the presence of CNC/surfactant and CNC/amine aqueous mixtures. In
this regard, control over the concentrations and specific components that were added created a
clearer picture of the colloidal interactions that were present during the composite synthesis.
Contrary to the hypothesis that CNCs were located at the epoxy/water interface, it was found that

the CNCs alone did not lower the interfacial tension of the epoxy and that CNCs actually increased
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the interfacial tension when used with surfactants, although the increase was not substantial. CNCs
also increased the interfacial tension of epoxy when used with the amine crosslinker, and this effect
was more pronounced for the CNC/amine mixtures than for the CNC/surfactant mixtures.
However, in the CNC/amine case, when the epoxy droplet internal pressure was decreased, the
droplet was deformed in an irregular, non-spherical way, revealing that the CNCs were located at
the interface. The only scenario where the CNCs were visualized at the epoxy/water interface was
with the CNC/amine mixtures, indicating that the amine molecule had a significant influence on
the localization of CNCs at the interface. Overall, the tensiometry experiments exposed important
findings in the consideration of using CNCs as emulsifiers and identified the component that would
be better suited for that application, the surfactant, given that the CNC/surfactant mixtures had the

lowest interfacial tension values.

In the second part of this work, a chemical modification of the CNC surface was investigated.
A diisocyanate molecule with unequally reactive isocyante groups, isophorone diisocyanate
(IPDI), was chosen as the chemical modifier and modified (m-CNC) and unmodified CNCs (um-
CNC) were incorporated into a polyurethane matrix based on IPDI and a polyol crosslinker. The
unequal reactivity of the IPDI molecule was utilized to render CNC particles with one attached
isocyanate group, as a urethane bond, and one free isocyanate group. The chemical structure was
confirmed with FTIR, 3C-NMR, and elemental analysis. When the um-CNC and m-CNC were
incorporated into the polyurethane matrix, significant differences were observed. First, the um-
CNC composites exhibited bulk opacity when compared to the m-CNC composites. When the
composites were viewed under cross polarized light, the um-CNC composites revealed significant

aggregation of the CNCs while the m-CNCs appeared to be homogeneously dispersed. The

XX



differences in dispersion translated to superior mechanical performance of the m-CNC composites

compared to the neat matrix and compared to the um-CNC composites at identical CNC loadings.

Overall, this work presents new considerations for utilizing CNCs in thermoset matrices
by exploring in depth a physical and chemical route to improving CNC dispersion in the polymer
matrix and the mechanical properties of the resulting composites. This work is also relevant to the
research of CNC composites using CNCs produced at pilot-scale quantities versus CNCs produced

a few grams at a time which may not have reproducible properties.
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CHAPTER 1

INTRODUCTION

1.1 Background

According to the ASTM standard D 883-12, a filler is defined as ‘a relatively inert material
added to a plastic to modify its strength, permanence, working properties or other qualities, or to
lower cost’, and a composite is defined as ‘solid product consisting of two or more distinct phases,
including a binding material (matrix) and a particulate or fibrous material’.> This general idea is
the motivation behind composite materials, where the desired outcome depends on the application
and material property goals. While cost is not considered a material property, it is certainly an
important motivating factor. Fillers can reduce cost by reducing the volume of a more costly
matrix, or by light-weighting the overall material, resulting in fuel savings.? Of course, the criterion
for these benefits are that the filler is less expensive and less dense than the polymer matrix which
is not always true given the diverse range of fillers and polymers commonly used today.?
Additional motivating factors could be superior mechanical or thermal performance, or the
incorporation of attractive materials such as sustainable and renewable fillers. In this regard, a
filler cost increase may be justified if there is a tradeoff between performance and cost. In any
case, the optimization of such considerations is an active area of research where filler dispersion
and filler-matrix interactions are tuned to achieve optimal composite properties. The focus of this
thesis is polymer nanocomposites. This chapter will outline the current filler market and trends,
introduce the specific nano-filler and polymers chosen for this research, and the motivation behind

their selection and the scientific challenges that this work aims to address.



1.2 Filler Market and Trends

In 2005 the estimated market for filler materials in Western Europe and NAFTA nations
was estimated to be between 3.75 and 5 billion USD, including carbon black, and 1.25 billion USD
excluding carbon black.® The most common types of fillers used industrially are carbon black,
calcium carbonate, and silica, with carbon black and calcium carbonate representing
approximately 70% of the 7.5 million metric tons of fillers used in 2005. The breakdown of filler
use by polymer type was roughly 50% elastomers, 35% thermoplastics, and 15% thermosets,
where the elastomer market is dominated by carbon black and silica fillers.® The main fillers used
in thermoset applications are calcium carbonate and aluminum hydroxide, along with significant
use of dispersing and coupling agents which can be costly and time consuming. In addition, these
mineral fillers are mined from geological formations formed millions of years ago* and are
consumed at a faster rate than they are replenished. Such extractions require significant processing
(grinding, milling, crushing, etc.) before the filler material would be considered valuable in a given
application. These facts have motivated a search for fillers derived from renewable sources, while
maintaining performance and process-ability.

The filler market is large but a fair portion of the products fillers are used in are not
‘technically sophisticated’,2 which presents an opportunity for substantial progress in this field.
The most common applications of fillers include: food, paper, construction materials, paints and
coatings, cosmetics and pharmaceuticals. The growth of the filler industry is directly influenced
by the growth of the plastics industry and the polymers most commonly used with fillers: polyvinyl
chloride, polypropylene, polyamides, and polyesters.? As a growing industry, filler technology
presents a unique opportunity for scientific advancement. Some of the predicted areas of emerging

importance include: nano-, low cost, and conductive fillers, and surface modification technology.?



By and large, the composite industry has focused its efforts into advancing carbon fiber
and carbon nanotube technology for high performance composite applications such as automotive
and aerospace parts. Several attractive properties of carbon fiber and nanotube reinforced plastics
have contributed to such interest, namely: high strength, low density, high thermal conductivity,
and low coefficient of thermal expansion (CTE).>° As a result, carbon fiber reinforced plastics
(CFRP) have become the material of choice for wings and fuselage in commercial aircrafts® and
are commonly encountered in materials requiring a low CTE for the increasing amount of
electronic hardware incorporated into advanced automobiles.”® In fact, NASA’s DRAFT
nanotechnology roadmap through the year 2030 frequently cites the incorporation of carbon
nanotubes into its plans for electronic and lightweight materials.'! However, some important
shortcomings surrounding the utilization of carbon nanotube and carbon fiber materials should be
carefully considered. First, the toxicity of carbon nanotubes is known to impact health and
occupational safety.>? These added precautions concerning the handling of such materials can
impact manufacturing cost and insurance. Second, carbon fiber is manufactured under extreme
conditions, requiring temperatures higher than 1000 °C for carbonization,”® resulting in high
energy consumption and production costs. Arguably, though, the most appealing property of
CFRPs are their equal or superior performance when compared to traditional steel or aluminum
automotive bodies at a reduced weight.!! Replacing metals with polymers would alleviate fuel cost
and consumption-an increasing concern for advanced nations addressing climate change with
aggressive strategies aimed at reducing CO2 emissions.'® This strategy, however, is counter
intuitive when considering that the starting material used in carbon fiber production is
polyacrylonitrile (PAN), a chemical derived from petroleum based sources.'* In fact, the cost of

carbon fiber is subject to the volatility associated with the crude oil market. The growth of carbon



fiber technologies beyond aerospace is limited by feedstock cost and the increasing cost of PAN.
Interestingly, efforts to move away from petroleum based carbon fiber precursors are currently
focused on bio-based alternatives, such as lignin.}*%6 The biosphere also offers a direct substitute
to carbon fiber and nanotubes: crystalline cellulose. The crystalline form of cellulose theoretically
has a higher specific strength than steel, and is 5 times less dense.!” This idea has excited the
polymer composite community and has resulted in a large number of publications and a few review
articles detailing the incorporation of nanocrystalline cellulose products into polymer
composites.!1° Like carbon fiber, cellulose also has important drawbacks when considering
composite applications and large scale production. Specifically, their comparatively low thermal
stability and hydrophilicity present processing and application obstacles in polymer composites.?
Sections 1.3 and 1.4 of this chapter will detail the chemistry, properties, and forms of crystalline

cellulose.

1.3 Cellulose Chemistry

Cellulose is the most abundant polymer resource on the planet with an estimated production
in the biosphere of 90 billion tons annually.?! Cellulose was discovered in 1838 when Anselme
Payen first isolated it by treating plant tissue with acid and ammonia, followed by extractions with
water, alcohol, and ether.?? The chemical structure was then elucidated with elemental analysis.??
Today cellulose is known as a linear homopolymer composed of ringed anhydroglucose repeat
units (AGU). The repeat units are linked together by covalently bonded oxygen to C1 of one
glucose ring and C4 of the adjoining glucose ring, referred to as the 1,4 B-glucosidic linkage. The
chemical structure of cellulose is given in Figure 1.1 which highlights the six carbon positions and
alcohol functional groups. Each repeat unit of cellulose contains three hydroxyl groups, one

belonging to C2, C3, and C6. C2 and C3 contain secondary hydroxyl groups and C6 contains a



primary hydroxyl group. C2 and C3 are more reactive to etherification reactions while C6 is more
reactive to esterification reactions.?’ As a macromolecule containing oxygen and hydrogen atoms,
cellulose is capable of intermolecular hydrogen bonding with itself and other molecules containing
electron donor and/or acceptor groups. The ease and strength of cellulose’s intermolecular
interactions is responsible for its use in many commercial products, and as a result of its abundance
it has enjoyed a long history of widespread use in industrial forest products including paper,

textiles, ropes, and sails.!8:1°

Figure 1.1: Chemical Structure of Cellulose.

Cellulose is produced by the condensation polymerization reaction of glucose monomers
and is a product of the photosynthesis process in plants. Native cellulose present in plant cell walls
forms a crystalline structure through hydrogen bonding; however it is not a completely crystalline
material. Cellulose is biosynthesized in plant and animal sources as individual molecules and
assembled into larger units as elementary fibrils (protofibrils), microfibrils, and cellulose fibers.
One of the building blocks of hierarchical cellulose structures found in natural materials is
cellulose nanocrystals (CNCs), which are individual cellulose crystallites. CNCs are isolated from
bulk cellulose by mechanical or chemical treatment of the cellulose fibers to separate amorphous
from crystalline regions, common methods include: acid hydrolysis,®!° oxidation,?

homogenization,?*? and grinding.?® The resulting CNCs typically have a rod-like/whisker



morphology. The geometric dimensions, modulus, and surface functionality of the CNC fiber vary
depending on the source and preparation conditions.*®® Sulfuric acid (H2SO4) hydrolysis is one
of the most common chemical treatment methods due to a side reaction imparting a negative —SO3
charge on the CNC surface, resulting in stable aqueous suspensions through double-layer repulsion
between particles.?” However, several other types of acids may be used for alternate surface
functionality such as hydrochloric acid (HCI), which results in —OH functionality, or 2,2,6,6-
tetramethyl-piperidinyl-1-oxyl (TEMPO) mediated hypochlorite treatment, resulting in
carboxylate (-COOH) functionality.®
1.4 Cellulose Nanocrystals

The synthesis of an aqueous cellulose colloidal suspension by sulfuric acid hydrolysis
followed by centrifugation and purification was first reported in 1951 by Rénby.?® The
experimental technique used to extract crystalline cellulose of nano-dimensions was then further
utilized to characterize cellulose’s crystal structure by X-ray diffraction,? followed by studies of
these particle’s unique optical properties manifested as birefringent liquid crystalline phase
structures.®® Since the first reporting of isolated cellulose nanoparticles over 60 years ago, several
types of cellulose particles have been extracted and characterized: microfibrilated cellulose
(MFC), nanofibrilated cellulose (NFC), microcrystalline cellulose (MCC), and cellulose
nanocrystals (CNCs). Additionally, cellulosic particles can be classified by their source which
includes bacterial cellulose (BC), tunicate cellulose (TC), and algae cellulose (AC). Applications
envisioned for these materials include: drug delivery, batteries, separation membranes, additives
for foods and cosmetics, emulsion stabilizers, fire retardants, and reinforcing fillers for polymers-
to name a few.8313¢ The vast and unique properties of nanocellulose, as well as the variety of

particle types available, are responsible for its diverse range of applications. These properties



include, but are not limited to: high specific strength and modulus, low density, optical
transparency, biocompatibility, low coefficient of thermal expansion, low production cost, reactive
hydroxyl surface, and perhaps most importantly, renewability and sustainability.'® Since the
greatest dimension of a CNC is on the order of a few hundred nanometers, the starting material to
produce them can be a relatively worthless material, such as sawdust, which can be transformed
into a much more valuable material. For this reason many institutions, both government and
industry, are currently interested in commercializing these cellulose based products which has
resulted in nanocellulose pilot-scale production facilities across the United States, Canada, and
Europe.®’
1.5 Polymer Composite Mechanical Property Overview

Composites are created with the desire that the particle-filled matrix will perform better
than the matrix alone. The matrix and particle are chosen such that the particles have a property
(or properties) that the matrix is lacking. It is this very idea that has driven the popularity of
polymer composites with the often sought improvement being mechanical in nature since polymers
are generally considered to be soft, weaker materials. In order to understand physical limitations
and where advances can be made it is important to discuss the mechanical properties that can be
improved and how they can be improved by adding particles. The relevant mechanical properties
to this work include, but are not limited to: elastic modulus, and tensile strength, and the relevant
particle variables include, but are not limited to: particle size, particle loading, and particle/matrix
adhesion. Fu et al. gives an excellent review of such property expectations with polymer
composites and low aspect ratio particles,®® however the general trends discussed hold for all

particle types.



The Young’s modulus, or elastic modulus, is the ratio of stress to strain in the linear, or
elastic, stage of material deformation. Beginning with the discussion of the elastic modulus
dependence on particle properties, it has been repeatedly shown that increasing the loading of
particles that are more rigid than the matrix results in increased elastic modulus,®4° and that
improving particle/matrix adhesion has little to no effect.*! The increase in modulus with increased
particle loading is an intuitive result given that more rigid particles are being added to a less rigid
material. Since the elastic modulus is a property of low deformations, the force in the elastic region
would be insufficient to result in particle/matrix separation, and therefore, the effect of interfacial
adhesion is limited.® Finally, particle size will not have an impact on elastic modulus above a
critical size, however, below this critical value, the particle size can have a significant effect.*>43
This critical size depends on the particle, matrix, and particle/matrix adhesion, and is therefore not
easily predicted.® The underlying mechanism of increased modulus at or below the critical size is
governed by the dramatic increase in surface area to volume ratio as particle size decreases at a
fixed particle loading.** As particles get smaller, their surface area to volume ratio is significantly
increased, effectively creating a non-negligible amount of particle/matrix interface.** For example,
it was predicted that a 3 nm particulate filled composite would have a modulus 200% higher than
a 3000 nm particulate filled composite.** Clearly, it is advantageous to avoid particle
agglomeration in the case of nanoparticles, in order to take advantage of their individual size and
high interfacial area.

Continuing with the observed trends in tensile strength, increasing particle size decreases
tensile strength, and good particle/matrix adhesion enhances tensile strength. The strength of a
material is often defined as the maximum stress that can be sustained under uniaxial tensile

loading, therefore the stress transfer between particle and matrix will determine the quality of



particle reinforcement. It was hypothesized that the increased surface area to volume ratio afforded
to smaller particles is responsible for a more efficient stress transfer mechanism, resulting in higher
strength composites at smaller particle sizes.®® Additionally, having a good interfacial bond is
imperative to efficient stress transfer in composites. When a discontinuity between particle and
polymer exists in the form of debonding, the particle cannot carry any of the load experienced by
the polymer, resulting in weaker composites. Finally, particle loading has been shown to both
decrease and increase the tensile strength. This may be due to the competing effects particle
loading has on effective particle size and particle matrix adhesion.®® For example, as particle
loading is increased, larger particle aggregates may be formed, resulting in a larger apparent
particle size. If larger aggregates are formed, the particles would have preferential interactions
with neighboring particles instead of with the matrix, thus impacting particle matrix adhesion. The
effect of particle loading cannot be separated from the particle size and adhesion effects.®

It is clear that interfacial adhesion, particle size, and particle loading will play an important
role in the mechanical properties of polymer composite. While particle loading is relatively easy
to control and interpret, interfacial adhesion and effective particle size are more nuanced and merit
discussion. Particle aggregates can actually degrade mechanical and optical properties, and poor
interfacial adhesion can lead to inefficient stress transfer, resulting in weaker materials. Therefore,
these parameters are often sought to be improved for enhanced composite performance.
1.6 Surface Energy and Adhesion Theories

For uniform stress distribution in composites, monodisperse and uniformly shaped
particles are desired.*® The degree of dispersion will depend on filler surface chemistry, and
particle/polymer interactions. Good adhesion is achieved by intimate contact between filler and

polymer, sufficient wetting of the particle surface by the polymer, and by optimizing the interfacial



energy of the particle and polymer. The interfacial adhesion can be understood by considering the
energy required to create two new interfaces of a homogeneous material (work of cohesion), and
the energy required to separate two dissimilar surfaces (the work of adhesion).*® The first case is
primarily relevant to the neat polymer, and the former case is relevant to the particle/polymer
interface. Figure 1.2 gives a schematic of these two events, which is expressed by equation 1.1 and

1.2.4

a) b)

Figure 1.2: Schematic representing the theoretical, reversible, work of cohesion (a) and

work of adhesion.

We =Wy, =2y, 1.1

Wyp=Wp=v1+7Y2— VY12 1.2

In a composite system, y, represents the surface energy of the polymer, y, represents the surface

energy of the particle, and y;, gives the interfacial energy of the polymer/particle interface.

Equation 1.2 suggests that maximizing the polymer and particle surface energies, y; and y,, and

minimizing the interfacial energy, y,,, would give a maximum value of the work of adhesion, thus

optimizing the interfacial adhesion. Previous studies have determined that equating the surface

free energy of the particle and polymer would give the minimum value of the interfacial energy.*8-
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In addition to maximizing the work of adhesion, the wetting behavior of the polymer
solution or melt on the particle surface should also be considered, since sufficient wetting is critical
to producing high interfacial contact. The relevant parameter governing the wetting of the particle
by the polymer is the spreading coefficient, which is given by equation 1.3.

S12 = —AGyet = V2 = V1 — V12 = Wiz — Wy 13
Here, y, represents the surface tension of the liquid polymer melt or suspension, y;, represents the
interfacial tension of the polymer melt or suspension and the particle, which is a liquid/solid
interfacial tension, and y, represents the surface energy of the particle. If the spreading coefficient
is positive or zero, then spontaneous spreading will occur. Therefore maximizing the surface
energy of the particle, and minimizing the interfacial energy of the polymer and particle and the
surface energy of the polymer melt would result in the most favorable wetting conditions.
Considering equations 1.2 and 1.3, and the criterion for optimizing the work of adhesion and
wetting, there exists a tradeoff between maximizing the surface energy of the polymer, to achieve
the maximum work of adhesion, and minimizing the surface energy of the polymer, to achieve
sufficient spreading of the polymer onto the filler surface. In both cases, though, minimizing the
interfacial energy supports favorable adhesion and spreading.

The wetting behavior can also be understood by the liquid contact angle on a solid surface.
By substituting Young’s equation into equation 1.3, an expression relating the contact angle to the
spreading coefficient is obtained (equation 1.4).

S12 =V2—Y1— Y12 =Y1(cos@ — 1) 1.4
In the case of particles and polymers, the filler represents the solid surface (y,) and the liquid is
the polymer melt or suspension (y,). Figure 1.3 gives a schematic of the three possible regimes of

wetting.
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Figure 1.3: The three regimes of wetting as a function of the contact angle.

The ideal case is where the contact angle is 0° and complete spreading of the polymer onto the
particle surface occurs.®® If the solid surface in question is strongly hydrophilic, and the liquid
being tested has a contact angle greater than 90°, then that liquid is considered to be hydrophobic,
and conversely, if the liquid has a contact angle less than 90°, then that liquid is considered to be
hydrophilic. Alternatively, inferences about the solid surface can be drawn by selecting a
hydrophilic or hydrophobic liquid probe. Further complicating the contact angle measurement is
the reality of surfaces in which no surface is perfectly smooth.% Surface roughness is known to
influence the measurement of the contact angle. Considering that the solid in this example would
be a surface compressed particles, creating smooth surfaces can be time consuming and is often
imperfect. Measuring the contact angle of the polymer solution on a single filler particle would be
ideal, however, filler particles are typically quite small, on the order of microns or nanometers,
thus measuring this contact angle is also quite challenging. Furthermore, the polymer solution is
often a complex, inhomogeneous mixture of polymer and solvent, or a polymer melted at high
temperature. Surface tension is also a function of temperature and molecular weight, parameters
that are often variable during composite synthesis if the polymer is being cooled or heated, or being
reacted to increase its molecular weight. Both of these facts render the contact angle and surface
energies into vague concepts for such a dynamic system. Therefore, the fundamental interactions

governing wetting and adhesion should be considered.
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The resulting adhesion between two dissimilar materials is a consequence of mechanical,
chemical, and physical forces, or some combination thereof.?’ Each of these forces can influence
or overlap one another, and therefore there is no unifying theory that describes adhesion in a
comprehensive way.2’ Adhesion has come to be known by physical and chemical processes, such
as mechanical interlocking, electrostatic forces, diffusion, absorption, and wetting. Wetting can be
related to acid-base interactions, hydrogen bonding, or van der waals forces.?® In fact, a common
method used to quantify the surface energy of solids is by employing the Van Oss Chaudhury-
Good theory, which includes a van-der Waals (y"W), acidic (y*, electron acceptor), and basic (Y,
electron donor) contribution to the work of adhesion.?%473 This is done by choosing three test
liquids and measuring their contact angle on the solid of interest. The liquids should have known
surface tensions, one liquid should be apolar, and the remaining two liquids should be bipolar
(having similar contributions to the acidic and basic components of surface tension).>* A common
set of liquids include: diiodomethane (van der Waals type), water, and glycerol (bipolar types).>
Once the contact angle is measured for these three liquids, the following equation is applied to

calculate the solid surface energy:
1 N1 _ 1

Wi =vi+vs — Ve = 202y 12+ 205 vD) 2+ 2057 2 15
Substituting Young’s equation into the left side of equation 1.5, the following equation is obtained:
v (1+ cos0) = 202" v ) V2 + 206 vi) 2 + 20 v 2 16
From equation 1.6, a system of 3 equations is generated and the dispersive, acid, and base

contributions to the surface energy can be determined. The total surface energy is then given by:
— vWw +,, — 1/ 1.7

Ys = Vs +2(vs7vsT )2 :
This has been done for many types of cellulose, and their acidic, basic, and dispersive contributions

to the total surface energy has been quantified. Forsstrom et al. evaluated the surface energetic
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components of cellulose dissolved in n N-methylmorpholine-N-oxide and dimethyl sulfoxide
(DMSO) spin coated onto a glass slide. The films were tested in the neat state, and also in a
modified state where the neat cellulose film was treated with propyltrichlorosilane in a gas phase
reaction, in order to render the material hydrophobic. It was found that the unmodified cellulose
had surface energy components of 40, 2, and 44 mJ/m? for the dispersive, acidic, and basic
contributions, respectively, and that the modified cellulose had surface energy components of 29,
0.08, and 4 for the dispersive, acidic, and basic contributions, respectively. The total solid surface
energy of the unmodified cellulose and modified cellulose was 58.8 and 29.6 mL/m?, respectively.
Similarly, Khoshkava et al. found the surface energy components of a nanocrystalline cellulose
filmto be 41.1, 1.6, and 82.2 mJ/m? for the dispersive, acidic, and basic contributions, respectively,
and the total surface energy was 64.1 mJ/ m2.*” When the cellulose film was modified with alkeny!
succinic anhydride, the surface energies were decreased to 35.4, 0.1, and 6.9 mJ/ m? for the
dispersive, acidic, and basic contributions, respectively, while the total surface energy was
decreased to 40.2 mJ/ m2.4” These numbers reflect some inconsistencies, likely arising from non-
uniform cellulose surfaces, type and origin of cellulose used, test liquids, and general experimental
error. However, the general trends are upheld and agree that the largest contribution to the overall
surface energy was due to the basic component, the affinity to accept electrons, the dispersive (van
der Waals) component was intermediate, the acidic component negligible, and that neat cellulose
has a high surface energy.?># Interestingly, when the cellulose was modified with organic
compounds all surface energy components decreased, however, the decrease in the polar
contributions to the surface energy (acidic and basic) was an order of magnitude greater than that
of the dispersive contribution. These results point to the underlying reason cellulose is typically

chemically or physically modified for polymer composite applications: cellulose has a higher
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polarity and surface energy than most polymers and is therefore inherently compatible.>* These
factors will impact cellulose dispersion and polymer matrix adhesion which in turn will impact
composite mechanical properties.

Cellulose is well-known for its capability to form hydrogen bonds with electron donor or
acceptor moieties. Indeed, it is the frequency and strength with which cellulose forms hydrogen
bonds with itself, both inter- and intra- molecularly, which has given rise to its well-known self-
adhesion and use in paper.?® Hydrogen bonding, along with van der Waals forces, is also
responsible for crystalline cellulose’s chemical stability and high axial stiffness.’® However, this
feature has limited the use of cellulose in certain applications.>* For example, nanocellulose is not
readily dispersed into common organic solvents such as toluene and tetrahydrofuran (THF).
Cellulose can also suffer from agglomeration in polymers that are not water-based or water soluble.
A general consensus among the cellulose community attributes this to the cellulose’s inherent
hydrophilicity and lack of specific interactions (dipole-dipole, electrostatic, hydrogen bonding)
with hydrocarbon based solvents and polymers.>* It is for these reasons that nanocellulose is
chemically or physically modified, to render them more compatible with hydrophobic matrices.
Ideally, the cellulose nanoparticles would be covalently bonded to the polymer matrix, the
strongest form of adhesion.?’ Therefore this research has focused on thermoset -CNC polymer
composites, which are capable of forming covalent bonds with the reactive hydroxyl surface of
CNGCs.

1.7 CNC/polymer composites

CNCs have been incorporated into a wide range of polymer matrices, including both

thermoplastic polymers such as polyethylene, polypropylene, and poly(vinyl acetate), and

thermosetting polymers such as epoxy and polyurethane, although there has been a heavier
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emphasis on thermoplastics and blending techniques.3:33%%_ In many of these studies, the

incorporation of CNCs has resulted in increased modulus with respect to the neat polymers, and
similar to other nanoparticle systems used in polymer composites, the reinforcing efficacy is higher
at temperatures greater than Tg. When considering CNC composites, however, thermosets can
offer distinct advantages. Generally thermosetting polymers start out as a low molecular weight,
low viscosity pre-polymer resins which then react with a coupling agent to form a molecule of
very high molecular weight. In this scenario, the filler can be easily wetted by the pre-polymer
resin, resulting in good filler/matrix adhesion or, ideally, covalently bonded to the reacting
polymer matrix. Additionally, the crosslinking reaction can be suspended at the point where the
fillers are wetted by the polymer matrix, but full cure has not yet occurred. In this scenario, the
material can be stored until the molding step. Lower processing temperatures can be used in their
synthesis (room temperature-200°C), potentially lessening the probability of degrading the filler
material during processing.’” Some disadvantages in thermosetting polymers include: required
mixing for curing, limited shelf life, long cure times, and the inability to reshape the material once
it has been fully cured.®” In any case, thermosets present a unique opportunity for filler
incorporation due to their processing nature which may allow for good filler/matrix adhesion and
the opportunity to form covalent bonds with reactive fillers. Therefore, this work has focused on
two thermoset matrices: a waterborne epoxy and a polyurethane elastomer. The waterborne epoxy
was a commercial product obtained from Air Products, Inc., and the polyurethane elastomer was
synthesized by crosslinking two reactive monomers: isophorone diisocyanate (IPDI) and a

polyether triol.
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1.7.1 Waterborne Epoxies
Given that CNCs are hydrophilic, their incorporation into hydrophobic polymer matrices has
presented challenges. These challenges are typically addressed by using CNCs with water soluble
polymers, or by performing either chemical or physical modifications of CNCs. This work will
consider both routes, first with a waterborne epoxy/CNC composite, and second with a chemical
modification step used with a polyurethane matrix. First, the waterborne epoxy will be discussed.

Epoxy resins have been widely used in adhesives, coatings, composites, electric systems,
and marine and aerospace applications since their commercial debut in 1947.% Epoxy resins can
be crosslinked with a variety of curing agents such as amines, hydroxyls, and carboxyls to make
flexible or rigid materials. In particular, waterborne epoxy resins have become more important due
to the increased legislative restrictions on the emission of organic solvents to the atmosphere.*
Additionally, waterborne and water-soluble matrices should have a high level of compatibility
with water-dispersible fillers, reducing or eliminating the need for chemical functionalization of
the filler. The particular resin chosen for this study can be applied as original equipment
manufacturing protective coatings, as a floor sealer or paint, and as an anticorrosive primer.®® One
common issue encountered in the coatings industry that this formulation could address is damp
concrete, which can only be effectively coated by waterborne resins.®! It is clear that waterborne
epoxies are a relevant class of materials that merit exploration given their low environmental
impact and wide array of applications.

Prior to this research, the only existing report discussing CNCs with a waterborne epoxy
was published in 2000 by Ruiz et al. In that study, tunicate CNCs were mixed with an in-house
produced epoxy emulsion and a water soluble amine curing agent. The epoxy droplets were

stabilized by a nonionic surfactant, nonyl phenyl polyethylene oxide, and mixed with an overhead
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homogenizer, resulting in a 1.7 um diameter epoxy droplet.®? The epoxy emulsion, amine hardner,
and CNC suspension were mixed together and cured at 40 °C for 6 hours, then at 80 °C for 4
hours.®> The resulting composites exhibited improved modulus in the glassy, transition, and
rubbery region of the dynamic viscoelastic curve at all concentrations tested: 1, 2.5, and 5 wt.%
CNC, with the highest reinforcement observed for a 5 wt.% composite.3? These results showed
promise, and a follow up study on the rheological properties of CNC/emulsion mixtures was
published in 2001. Here, the emulsion droplet size was optimized by adjusting the surfactant
concentration, speed and time of mixing. Once again the tunicate CNCs were shown to improve
the mechanical properties compared to the neat, cured matrix.%? In both papers, the authors
postulated that the CNCs could impart stability to their emulsion and stated that ongoing work
would investigate specific component interactions, however, these ideas were never realized.
These works hinted at key needs in the area of CNC-polymer composites: understanding and
optimizing nanoparticle-polymer interactions for enhanced properties. Understanding and
controlling the underlying mechanisms of CNC-polymer interactions to produce specific structure
and function is clearly still at an early stage. Developing this understanding is critical to future
engineering applications of CNC-polymer composites as sustainable materials.
1.7.2 Polyurethanes

Polyurethanes represent a diverse class of polymers that have found applications in foams,
adhesives, and coatings.®® Similar to epoxies, polyurethanes are part of a class of polymers referred
to as reactive polymers. Polyurethanes are formed by the reaction of a molecule containing two or
more isocyanate functional groups with a polyol containing two of more hydroxyl groups. The
extensive choices available for isocyanates and polyols are responsible for polyurethane’s wide

range of properties and applications.®
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Given that CNCs have hydroxyl functionality, polyurethanes are a natural choice for CNC
composites, and a number of researchers have detailed their findings in the literature. Reports by
Saralegi et al. and Rueda et al. detail the incorporation of CNCs into a segmented thermoplastic
polyurethane (STPU) by first synthesizing an isocyanate terminated prepolymer followed by the
addition of a chain extender.54% Freeze dried CNCs dispersed in dimethyl formamide (DMF) were
then mixed with the DMF-dissolved prepolymers to form the nanocomposites. Both studies
reported an increase in the elastic modulus, however this was realized at the expense of the strain
at break, maximum tensile strength, and toughness.5#% Another report by Rueda et al. compared
the mechanical properties of a STPU composite with unmodified CNCs and CNCs modified with
hexamethylene diisocyanate (HDI), a linear aliphatic diisocyanate. It was found that the
modification step resulted in an increase in the elastic modulus while the tensile strength and
elongation at break decreased when compared to the unmodified CNCs, this was likely due to the
chain extension of the CNCs by the in situ polymerization of the HDI.%® Finally, a report by Pei et
al. demonstrated significant mechanical property improvement with a polyurethane
elastomer/CNC composite when the polymerization reaction was carried out in the presence of the
CNCs.% In this scenario, the diisocyaante monomer (diphenylmethane diisocyanate, MDI) can
form covalent bonds with the CNCs or the polyol, resulting in uncontrollable reaction sites and
uncertain chemistry. Like HDI, MDI can also lead to chain extension of the CNCs given the equal
reactivity of the isocyanate groups, which can lead to undesirable aggregation of the CNCs. These
studies point to a critical need in realizing the full potential of CNCs in polyurethane composites

and controlling their chemistry and dispersion.
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1.8 Thesis Overview

their mechanical and thermal properties. A physical and chemical route to improving CNC dispersion
and composite mechanical properties pertaining to the waterborne epoxy emulsion and polyurethane
elastomer, respectively, will be discussed. These findings will enable the design of high performance

CNC/polymer composites through highlighting important processing parameters. The main objectives

This research aims to formulate epoxy and polyurethane CNC composites and characterize

are as follows:

Chapter 2 discusses the formation of epoxy/CNC composites based on a commercial waterborne epoxy
emulsion and amine crosslinker. The reinforcing efficiency of the CNCs in the epoxy polymer was
determined with dynamic mechanical analysis (DMA) and tensile testing, and a micromechanical
model was applied to the data. The elastic modulus of the CNC was an adjustable parameter in the

model, and an estimate for its value is given. Chapter 3 will describe an alternate processing method

Incorporate CNCs into a commercial waterborne epoxy resin
a) Develop processing protocol for optimized CNC dispersion
b) Investigate dispersion mechanism
c) Characterize nanocomposite thermo-mechanical property
Investigate CNCs as emulsifiers using tensiometry
a) Determine CNC effect on interfacial tension of an epoxy oil
b) Determine the importance of the image charge effect
c) Identify CNCs at epoxy/oil water interface
Develop formulation for versatile CNC surface modification
a) Chemically modify the CNC surface

b) Verify selectivity and versatility of modification step

c) Formulate polymer composites compatible with modified CNCs
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using the same waterborne epoxy for better control of CNC dispersion. The mechanical properties of
the two processing strategies will be compared and a hypothesis for the dispersion mechanism is given.
Given the nature of the waterborne epoxy emulsion, and the findings presented in Chapter 3, Chapter
4 will investigate the emulsification property of the CNC particles at an oil water interface using
tensiometry. The effect of CNC concentration and type will be discussed, as well as ionic strength and
presence of surfactants. Chapter 5 will detail a versatile chemical modification of the CNC surface
using hydroxyl/isocyanate chemistry. The efficacy of the chemical modification will be tested by
attenuated total reflectance-Fourier transform infrared analysis (ATR-FTIR), elemental analysis, and
13C NMR. The mechanical performance of polyurethane composites made with modified and
unmodified CNCs will be compared. Chapter 6 will conclude with a summary of the important findings

and provide future recommendations based on this work.
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CHAPTER 2

MECHANICAL AND THERMAL PROPERTIES OF WATERBORNE EPOXY
COMPOSITES CONTANING CELLULOSE NANOCRYSTALS

This chapter was adapted from a publication in Polymer:
Xu, S., Girouard, N., Schueneman, G., Shofner, M. L. & Meredith, J. C. Mechanical and thermal

properties of waterborne epoxy composites containing cellulose nanocrystals. Polymer. 54, 6589—
6598 (2013).

2.1 Background

As mentioned in Chapter 1, only two studies have been conducted for CNC composites
with a waterborne epoxy, using CNCs derived from tunicate precursors.®>®? To date there are no
reports of composites formed from wood-based CNCs in waterborne epoxy. The results of the
tunicate CNC studies showed that mechanical percolation of the CNCs occurs at loadings
consistent with the CNC aspect ratio, i.e., the filler loading corresponding to the percolation
threshold was lower for higher aspect ratio filler. When mechanical percolation occurs in these
systems, dynamic moduli increases of greater than one order of magnitude are observed. Trends
in the value of Ty also suggested CNC network formation. While it is not clear from these studies
if CNC addition increased the matrix Tgby causing changes to the matrix network structure formed
during curing and/or by reducing matrix mobility through physical interactions, these results do
suggest that some component synergism is at work in these systems that may facilitate higher
levels of composite performance. In this work, CNC/waterborne epoxy composites produced using
wood-derived CNCs are characterized in order to further the understanding of CNC composites
with waterborne polymers available in the literature. This work provides an opportunity to
compare CNC/waterborne epoxy composites with CNCs derived from wood to those derived from

animal sources.
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2.2 Materials

Epoxy resin (diglycidyl ether of bisphenol-A (DGEBA), Air Products and Chemicals Inc.,
Ancarez AR555, 55 wt.% solid epoxy emulsion in water stabilized by a nonionic surfactant with
Dso=0.5 pm, epoxide equivalent weight (EEW)=550) was used as received. Amine
(polyoxypropylenediamine, Air Products and Chemicals Inc., Anquamine 401, 70 wt.% solute
content in water solution, amine hydrogen equivalent weight (AHEW)=200) was diluted with
approximately equal weight of DI water to reduce the viscosity. The final solute content in the
amine/water solution was approximately 35 wt.%. An 8.75 wt.% aqueous CNC suspension was
prepared from mixed southern yellow pine dissolving pulp via 64% sulfuric acid digestion as
described elsewhere.?” The resultant CNCs have sulfate functionality due to residual sulfate esters
on their surfaces. The CNCs were determined to contain 0.72 wt.% sulfur on a dry cellulose basis
by inductively coupled plasma/mass spectroscopy (ICP/MS). Dried CNC films for nanoparticle
characterization were made from CNC suspensions held at 50°C for one week. 95 wt.%
octadecyltrichlorosilane (OTS) was purchased from Acros Organics. Toluene, ethanol and
cyclohexane were purchased from Sigma-Aldrich. 98 wt.% sulfuric acid and 30 wt.% hydrogen
peroxide were purchased from VWR. Silicon wafers (300 mm diameter, double-side polished)

were purchased from Silicon Valley Microelectronics Inc.

2.3 Sample Preparation
2.3.1 Substrate Treatment

In order to prevent silanol groups (Si-OH) on the surface of untreated silicon wafers from
reacting with the epoxide groups, the silicon wafers were treated with OTS.%87 Before treatment

with OTS solution, silicon wafers were cleaned by immersing into piranha solution (75% (v/v)
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sulfuric acid and 25% (v/v) hydrogen peroxide) for 1 hour at 80°C. Cleaned wafers were immersed
into 0.5 mM OTS/cyclohexane solution for 5 minutes followed by washing sequentially with
toluene, ethanol, and water.
2.3.2 Film Preparation

Stoichiometric amounts of epoxy and amine were mixed at room temperature with the
desired amount of CNC suspension (0-15 wt.%). The mixture was magnetically stirred for 1-5
hours depending on CNC concentration, with higher concentrations mixed for longer times. Then,
the nanocomposite mixture was precured for 0.5 to 2 hours at room temperature until the viscosity
of the mixture was high enough to barely allow flow. Precuring times were determined by visual
inspection and increased with CNC concentration since greater amounts of water, resulting from
the CNC suspension, were present thereby diluting the reactive epoxy. The mixture was cast on an
OTS treated silicon wafer substrate and dried at room temperature for 1-3 hours until the mixture
is not able to flow on the silicon substrate. Then, the coated substrates were transferred to an oven
and cured for 2 hours at 100°C, or 120°C (10 and 15 wt.% CNC samples only). Neat epoxy was
prepared using the same processing protocol for comparison.
2.4 CNC Characterizations
2.4.1 Transmission Electron Microscopy

The CNC/water suspension as delivered was diluted with DI water to a concentration of
0.1 wt.% and dropped onto a 400 mesh carbon grid with Holey. In order to enhance contrast,
samples were stained with a 2 wt.% aqueous solution of uranyl acetate. Samples were imaged

using a Philips CM-100 TEM (FEI Company, Hillsboro, OR) at an accelerating voltage of 80 kV.
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2.4.2 Zeta Potential

The CNC/water suspension as delivered was diluted with DI water to a concentration of
0.1 wt.%. The zeta potential of the diluted suspension was measured by a Malvern Zetasizer Nano
ZS 90. Three consecutive measurements were taken at 23°C and average values were reported.
2.5 Nanocomposite Characterizations
2.5.1 Field Emission Scanning Electron Microscopy (FE-SEM)

Nanocomposite film samples were freeze fractured by immersing into liquid nitrogen and
then sputter coated with gold to prevent charging. The samples’ fracture surfaces were imaged by
FE-SEM (Zeiss Ultra60).

2.5.2 Polarized Light Microscopy (PLM)

The distribution of CNCs in the epoxy matrix was investigated qualitatively by observation
of birefringence with an optical microscope (Olympus BX51) equipped with two polarizers,
referred to as the polarizer and the analyzer (Olympus U-AN360P). All films were imaged in
transmission mode at full extinction.

2.5.3 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-

FTIR)

The chemical structure of film samples of pure CNC, neat epoxy, and nanocomposites was
characterized by ATR-FTIR (Bruker Vertex 80V). Unreacted epoxy emulsion and diluted amine
solution were also analyzed by liquid ATR-FTIR. The scan range was 4000 cm™ to 600 cm™ with
a resolution of 4 cm™,

2.5.4 Differential Scanning Calorimetry (DSC)
The values of Tg for the neat epoxy and composite films were measured by DSC (TA

Instruments DSC Q200). As a first step, samples were annealed in the instrument at 150°C for 2
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minutes and then cooled to 0°C at a rate of 10°C/min. The samples were subsequently heated to
150°C at a rate of 10°C/min. This last heating step was used to obtain Tq of the sample. The value
of Tq was assigned as the midpoint of the transition region between the glass and liquid line on the
heat flow curve using the instrument analysis software.

2.5.,5 Thermogravimetric Analysis (TGA)

Water absorption, thermal stability and changes in degradation patterns associated with
CNC addition were assessed with TGA (TA Instruments TGA Q5000). Samples were heated from
room temperature to 120°C at a rate of 10°C/min under a flowing nitrogen atmosphere, then held
at 120°C for 20 minutes, and then heated to 600°C at a rate of 10°C/min. The water absorbed by
samples was measured by the weight loss during the first two steps. The thermal stability and
decomposition patterns of the samples were obtained in the temperature range from 120°C to
600°C.

2.5.6 Dynamic Mechanical Analysis (DMA)

Storage and loss modulus of the materials were determined from DMA experiments
(Mettler Toledo DMA/SDTAB861). Samples were made by cutting films into strips about 3-4 cm
long (testing length is 9 mm) and 2.5-3 mm wide. Samples were tested in tension while being
heated from 30°C to 150°C at a rate of 2°C/min. The testing frequency used was 1 Hz, and the
tests were run within the linear response region of strain for each sample.

2.5.7 Tensile Testing

Uniaxial tensile testing was performed using an Instron 5566. The samples were prepared
by cutting films into 100 mm x 10 mm strips following ASTM D882-10. Sample slippage was
mitigated by lining the grips with crocus cloth. A minimum of four samples were tested for each

material composition, and the average values were reported. Additionally, t-tests were performed
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to determine the overall statistical significance (0=0.05) of the change in modulus of composites
reinforced with CNCs.
2.6 Results and Discussion
2.6.1 CNC Surface Charge and Dimensions

The dimensions of individual CNCs were measured using TEM. Figure 2.1 shows the TEM
image of CNCs. The CNC particles were assumed to be symmetric about their longitudinal axis.
The length and diameter of the CNCs estimated from the TEM image were 138 + 22 and 6.4 = 0.6
nm, respectively, close to what others have reported.?” Based on these average dimensions, the
aspect ratio of the CNCs was estimated to be 21. The rod-like/whisker morphology and the
geometric dimensions were consistent with data reported in the literature for CNCs obtained from
wood.?""2 The zeta potential of CNCs were measured to be -71 mV, indicating that the CNCs were
well-dispersed in water and largely isolated from one another. The negative charge is expected due
to the sulfate functionality present on the CNC surface and leads to a double-layer repulsion
between particles. Due to the high magnitude of the zeta potential, a highly stable suspension is

expected, as is observed visually.

Figure 2.1: TEM of wood derived CNCs.
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2.6.2 Nanocomposite Morphology

The morphology of the nanocomposites was observed with FE-SEM and optical
microscopy imaging. Figure 2.2 shows the FE-SEM images of the cross sections of film samples.
No CNC aggregates were observed at this length scale, although it is possible that CNCs were
aggregated at a size scale not easily resolved by these images. Additionally, the contrast observed

between CNC and epoxy resin with electron microscopy was low due to their similar chemical

composition.

HUTS X % N2 f - p 2. 2R . P B> B

Figure 2.2: FE-SEM images of neat epoxy and composites at two different magnifications.

Left column scale bar is 3 um, right column scale bar is 3 nm. Top: neat epoxy, middle: 5
wt. % CNC, bottom: 10 wt.% CNC.
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Therefore, the distribution of CNCs was further investigated by polarized light microscopy.
In this method, the presence of optically-resolvable nanofiller-containing regions can be detected
based upon birefringence of CNC domains. Exploiting the anisotropic nature of the CNCs, and the
isotropic nature of the epoxy matrix, polarized light is capable of distinguishing between these two
components. In transmission mode, polarized light travels through the sample along the thickness
direction. The birefringent domains observed could be the superposition of the CNC
particles/aggregate inside the composite layers perpendicular to the light path. Therefore the
birefringent domains represent the three dimensional distribution of CNCs projected as a two
dimensional image. It should be noted that when specimens were rotated, the optical properties
remained unchanged, suggesting that the CNCs were randomly oriented in the plane of the
sample.”™ Figure 2.3 shows the polarized light images of neat epoxy and composites. Pure epoxy
exhibited no birefringence, while all composites showed some degree of birefringence in domains
on the order of tens of microns. As CNC concentration increased, the size of these domains
decreased. This was likely due to longer mixing times required for the higher CNC concentration
samples allowing the CNCs to disperse. The presence of birefringent domains in the images
suggests that some of the CNCs within the composites were not dispersed as individual particles

but were aggregated into optically-resolvable domains.
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10 wt. % 15 wt.%

Figure 2.3: Polarized light microscope images of epoxy and epoxy/CNC composites.
Scale bar is 80 pm.

Although the CNC aggregates were larger than the wavelength of visible light, all
composites up to 15 wt.% remained transparent. Figure 2.4 shows a photographic image of
composites and neat film. This was due to similar refractive indices between the epoxy and
nanocellulose.’® Additionaly, work by Yano et. al. has shown that bacterial cellulose
nanofiber/epoxy composites containing up to 65 wt.% cellulose transmitted 80% of visible light,

indicating that even aggregated cellulosic materials appear transparent to the eye.’
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Figure 2.4: Photographic image of epoxy/CNC films. From left to right: 5, 2, 0 wt.% CNC.

2.6.3 Nanocomposite Chemistry

To assess the degree of cure in the matrix and understand the chemical structure of the
nanocomposites more fully, FTIR spectra were measured for the nanocomposite components and
nanocomposites. Figure 2.5 shows the FTIR spectra of dried unreacted epoxy, dried amine, and
the neat cured epoxy resin. The absorption at 912 cm™ was due to the unreacted epoxide group.’™
Its disappearance in neat cured epoxy indicated that all of the epoxide groups reacted during cure.
Figure 2.6 shows the infrared spectra of pure dried CNC, the neat epoxy resin, and a composite
with 15 wt.% CNC. Some features were observed in all three spectra. The absorption at 3000-
3500 cm™ was due to hydroxyl groups.”® The absorption at 2925 cm™ was due to CH groups.’
The strong absorptions between 1000 and 1250 cm™ were assigned to C-O-C (ether) or C-O(H).”®
8 Additionally, the absorption at 895 cm™ observed in the spectra for pure CNC is typical of -
glucosidic linkage.8%8! In CNC-epoxy composites, the epoxide group can react with —-NHz groups
from the amine or the hydroxyl groups on the CNC surfaces. If an epoxide group reacts with a
CNC hydroxyl group, the result will be an ether group and a hydroxyl group. These spectra showed

that pure CNC, the neat epoxy resin, and the composites all contain hydroxyl groups and ether
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groups, and their absorptions overlap in the range of 1000-1250 cm™. Therefore, infrared spectra
cannot provide evidence of CNCs as a chain extender or crosslinking agent in the CNC/epoxy
resin composites. However, monitoring of the epoxide group at 912 cm™ indicates that the epoxide
group reacted completely in both neat epoxy resin and composites, so the degree of cure attained

in all of the samples was likely similar.
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Figure 2.5: FTIR of unreacted epoxy (dashed), unreacted amine (dotted) and neat cured
epoxy (solid).
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Figure 2.6: FTIR of neat CNC (solid), neat epoxy (dashed) and composite with 15 wt.%
CNC (dotted).

2.6.4 Thermal Properties

Further information about the chemical structure and component interactions may be
inferred from changes in Tg with CNC addition. Figure 2.7 shows Tg values of the neat epoxy and
the CNC/epoxy composites as a function of CNC content. As the CNC content increased, the Ty
of the composite increased though the amount of the increase did not follow a linear trend with
CNC content at the loadings studied here. At loadings up to 5 wt.% CNC, the increase in the value
of T4 was larger as a function of CNC loading than that observed at higher CNC loadings. A
maximum increase of approximately 9 °C was observed at a CNC loading of 15 wt.%. The increase
of Ty indicated that the inclusion of CNC particles in the epoxy network inhibited polymer chain

movement through either physical or chemical interactions.
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Figure 2.7: T4 of neat epoxy and composites determined from DSC data.

One concern associated with cellulosic fibers is their high moisture absorption and the
associated degradation of mechanical properties.®? Absorbed water can be detrimental to epoxy
mechanical properties, and it is therefore important to understand the impact of CNCs on the water
content of the composites. Table 2.1 shows the water content of heat cured neat epoxy and
composites determined by TGA. Although the water content of neat CNCs was 60% more than
that of the neat epoxy resin, it was found that as the CNC content increased, the water content of
the composites decreased, though the decrease was not statistically significant. We can conclude
however that the CNCs did not introduce additional water to the composites. The unchanged water
content suggested that CNC reaction or interaction with the epoxy resin matrix blocks access of
water to the hydrophilic hydroxyl groups on the CNC surface. However, two other possibilities
should be mentioned. Itis possible that the CNCs introduce barriers to water transport that prevent
them from becoming saturated with water in the time scale of our measurements. In addition, the

aggregation of CNCs within the epoxy might also prevent water access to their surfaces.
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Table 2.1: Water content determined by TGA for neat epoxy and composites. Error
represents 95% confidence intervals.

Pure Neat 0.5 wt.% 2 wt.% 5 wt.% 10 wt.% 15 wt.%
CNC epoxy | CNC/epoxy | CNC/epoxy | CNC/epoxy | CNC/epoxy | CNC/epoxy

Water
content | 5.6x1.4 | 3.0+0.7 3.1+0.1 2.6+0.2 2.1+1.6 3.0+£1.0 2.3x04
(wt.%)

Figure 2.8 shows the TGA data for pure CNC, neat epoxy and their composites, including
weight loss (Fig. 2.8(a)) and the first derivative of weight loss (Fig. 2.8(b)) versus temperature.
The decomposition onset temperature (Tonset) and temperature at maximum weight-loss rate (Tmax)
are given in Table 2.2. The decomposition of pure CNCs was similar to that observed in previous
work for CNCs from different sources obtained by using sulfuric acid hydrolysis.8#® Figure 2.8
shows that the pyrolysis of CNCs occurred in two separate processes. The first process (lower
temperature) corresponds to the dehydration of the cellulose chains catalyzed by the acidic sulfate
groups present on the CNCs prepared by acid hydrolysis.8® The second process (higher
temperature) corresponding to decomposition of the unsulfated crystal interior, and the slow
decomposition of solid residues.®38” The thermal decomposition of neat epoxy resin consisted of
two steps, consistent with that observed by Johnson et al.28 For the CNC-epoxy composites, as the
CNC content increased, the onset temperature of thermal degradation for composites decreased
compared to neat epoxy, and this change was significant across all concentrations tested (0=0.05).
As the CNC content increased, the temperature at the maximum weight loss rate for the first
degradation step decreased. However, the change of the temperature at maximum weight loss rate
was not significant (0=0.05), except for the composite with 0.5, 10, and 15 wt.% CNC. The
temperature at maximum weight loss rate for the second degradation step increased with CNC

content, though the change is again not significant (0=0.05).
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Figure 2.8: TGA (a) weight loss and (b) derivative of weight loss versus temperature for
neat CNC, neat epoxy and composites.

Table 2.2: Onset temperature (Tonset), and temperature at maximum weight-loss rate (Tmax)
for TGA data. Error represents 95% confidence intervals.

Pure Neat 0.5wt.% 2 wt.% 5wt.% 10 wt.% 15 wt.%

CNC epoxy CNCl/epoxy | CNC/epoxy | CNC/epoxy | CNC/epoxy | CNC/epoxy
Tonset (°C) | 208 +5 | 297 £ 0.3 293 £ 2 293 £ 2 290+1 286 £ 2 287 +3
Tmax'(°C) | 221+1 | 336+3 3311 335+1 330+ 11 325+2 3222
Tmax> (°C) | 267 +4 | 385+ 1 386 £ 0.4 387 £0.3 386 £ 4 389 + 0.5 388 + 2

2.6.5 Mechanical Properties

Modulus of the nanocomposites was assessed using two techniques: DMA and uniaxial

tensile testing. Figure 2.9 shows the representative DMA data for storage modulus (a) and loss

modulus (b) as a function of temperature. The trend in storage modulus observed for the neat epoxy

and the nanocomposites was consistent with an amorphous crosslinked polymer. The shape of the

storage modulus curves was similar for all of the samples though the amount of reinforcement

provided by the CNCs was temperature dependent. The glassy modulus (measured at 30°C)

increased by 100% with the addition of 15 wt.% CNC, which is comparable with the CNC/epoxy

composites investigated by Tang et al. and Ruiz et al.*>° However, at a 15 wt.% CNC loading,

the rubbery modulus was 3 times greater than neat epoxy (measured at 130°C), while Tang et al.
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reported an increase in the rubbery modulus of 70 times and 12 times the neat polymer for a 15
wt.% tunicate- (aspect ratio = 84) and cotton-derived (aspect ratio = 10) CNC composite,
respectively. The increases observed by Tang et al. were also dependent on the preparation method
of the CNCs where larger increases were observed with tunicate and cotton CNCs prepared by a
solvent exchange method versus lyophilization. For example, the composite rubbery modulus
measured at 185 °C was increased by 7 times the neat modulus with 15 wt.% cotton CNCs prepared
by lyophilization versus a 12 times increase with solvent exchanged CNCs. We provide these
values for reference only, in order to present a more comprehensive picture of the properties
reported to date with various types of CNCs in epoxy systems. From these data, it is clear that the
CNC'’s reinforcing capability is dependent on the type of CNC fiber used. Several parameters
associated with different CNC types will play a role in their polymer composite reinforcing
efficiency, such as: aspect ratio, crystallinity, and the axial fiber modulus. Rusli et. al. reported on
the stiffness of cotton CNCs using the Raman spectroscopy technique and found that the modulus
(57-105 GPa) was lower than the value reported for tunicate CNCs (143 GPa).**®! The authors
attributed this to differences in these material’s crystallinity and inherently less efficient stress
transfer associated with lower aspect ratio fibers. Given the general metric for the critical volume
fraction at which percolation occurs in these systems as Xc=0.7/A (where A is the aspect ratio)®°,
it is apparent that a percolation network is achieved at a lower volume fraction given high-aspect
ratio fillers. The large difference in polymer reinforcement (at T>Tg) between this study and
studies performed with tunicate CNCs is likely due to differences in network formation. Another
explanation could be that plant-derived CNCs simply have a lower inherent modulus than CNCs
derived from tunicates, however few studies on the axial modulus of specifically wood-derived

CNCs exist.!® The Tang et. al. study also utilized different epoxy chemistries. For example, in
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addition to aspect ratio, some of the difference in the degree of improvement observed in these
studies is likely due to the fact that the current epoxy had a higher inherent modulus at temperatures
greater than Tg (49 MPa in this study versus 15 MPa in Tang et al.) and that the CNC dispersion

states were also different than observed in these composites.®®
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Figure 2.9: Storage modulus (E') and loss modulus (E”) for CNC/epoxy composites as a
function of temperature.

The value of the loss modulus also increased with CNC addition as compared to the neat
epoxy, and the peak of the loss modulus curve was shifted to higher temperature and markedly
broader, indicating changes to the matrix relaxation associated with T4. Using the peak of the loss
modulus to assign Tg, @ maximum increase of approximately 6 °C in the 15 wt.% CNC/epoxy
composite was observed with respect to the neat epoxy. The trend in Ty change associated with
CNC addition was qualitatively consistent with the trend seen in the DSC data, with a nonlinear
increase in Tq over the range of CNC loadings used here. However, it is worth noting that the Tq
values from DSC measurements were obtained on a second heating cycle, following heating to
150 °C. Based on the TGA data in this study, the prior heating step could have removed water

from the materials, resulting in increased values of Tg relative to the values measured by DMA. It
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IS not expected that this heating step in DSC resulted in significant post-curing since the time spent
above 100°C was approximately 12 minutes and no exotherm was observed in the DSC data, but
the possibility of some post-curing occurring cannot be neglected completely. Beyond changes to
the peak value, substantial broadening and reinforcement of the high temperature side of the loss
modulus peak indicated that the CNCs hindered the matrix mobility and that this effect was
magnified at higher CNC loadings. In the three CNC composite materials measured by DMA, the
maximum level of loss modulus reinforcement was observed at temperatures approximately 30 °C
greater than T (as measured by loss modulus) due to the high temperature broadening. However,
the relative increase in loss modulus due to the addition of CNCs was less than that observed for
the storage modulus as shown by the tan(d) data in Figure 2.10. The value of tan(d) decreases as
the CNC content increases, indicating that the storage modulus is influenced more by the addition
of CNCs than loss modulus in the composites. These trends in storage and loss moduli suggest
that the primary reinforcement mechanism is physical rather than chemi-physical. Additionally,
the peak of the tan(d) data shifted to higher temperatures, supporting the Tq increases observed in

the loss modulus and DSC data.
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Figure 2.10 Values of tan(6) from DMA versus temperature for CNC/epoxy composites as a
function of CNC composition.
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Figure 2.11 shows the storage modulus values at 30°C from DMA (a) and Young's modulus
values obtained from tensile tests conducted at room temperature (b) as a function of CNC content.
The results of both tests showed that the modulus increased approximately linearly with increasing
CNC concentration, indicating that the CNCs serve as a reinforcing phase at all loadings studied
here. Additionally, the reinforcement mechanism is likely similar for the CNC loadings used here
since the change in modulus scaled roughly with CNC content. The average value of Young’s
modulus increased from 2200 MPa for neat epoxy to 3600 MPa for a 15 wt.% CNC composite-a
64 % increase, compared to a 100% increase in the storage modulus at 30 °C measured by DMA.
The tensile strength and strain at break from the tensile test decreased for lower CNC content
samples (0.5% to 2%) compared to neat epoxy, then increased for higher CNC content samples
(5% to 15%). The tensile strength increased from 40 MPa for neat epoxy to 60 MPa for the 15
wt.% composite. This increase in tensile strength was only significant at loadings of 10 and 15
wt.% CNC when compared to the neat matrix. The strain at break remained relatively constant for
all loadings tested and did not show significant increases at any CNC concentration compared to
neat epoxy, again suggesting a physical reinforcement mechanism. However, we note that the test
standard was optimized for measurements of Young’s modulus (10 mm/min) and not tensile

strength or strain at break (12.5 mm/min and 2.54 cm larger grip separation).
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The glassy modulus values obtained from DMA and the Young’s modulus values obtained
by uniaxial tensile testing were further analyzed through the use of the Halpin-Tsai and Tsai-
Pagano micromechanical model for discontinuously reinforced composites with isotropic filler

orientation.®? The assumptions of the Halpin-Tsai model are uniform distribution of the filler
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and (b) Young’s modulus as a function of CNC content.
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within the matrix and perfect adhesion between the filler and matrix.® The Tsai-Pagano equation

averages the longitudinal and transverse composite modulus by the following equation:
3 5
EC:§E1+§Et 21
where E. is the predicted modulus of the composite, E; is the longitudinal elastic modulus and E;

is the transverse modulus for the composite material. E;and E; are obtained from the Halpin-Tsai

equations as follows:

1

= IM] i 2.2
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| Enm 2.3

The value I/d represents the aspect ratio of the CNCs, determined experimentally to be 22 by TEM
(Figure 2.1) and Vzis the volume fraction of CNCs. Using the reported density of CNCs as 1.6
g/cm? and the measured density of neat epoxy as 1.18 g/cm?®, weight fractions were converted to

volume fractions. n; and nt have the following expressions:

()
" ) >
),
__ \Em
n; = (;—;)*'2 2.5

Erand Enm represent the axial fiber and matrix modulus, respectively. The value chosen for Em was
the experimentally-determined modulus value for the neat epoxy. The Halpin-Tsai equations give
a prediction for the composite modulus of a material containing uniaxially-oriented discontinuous
fibers, or 1-D orientation. The Halpin-Tsai equations combined with the Tsai-Pogano equation
yield an approximation of the composite modulus for a random orientation of the fibers within the

plane, or 2-D orientation.
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The model was fit to the experimental data by a least-square regression, by using Er as an
adjustable parameter. The fitting results for the DMA (a) and uniaxial tensile testing data (b) are
shown in Figure 2.11. In the literature, the axial Young’s modulus of CNC has been reported to be
as low as 57 GPa, and as high as 220 + 50 GPa.”* The Halpin-Tsai model applied to our data
gives a value for the CNC modulus of 107 GPa and 50 GPa, for the DMA and uniaxial tensile
testing data, respectively. These values fall on the low end of the range reported in the literature.
A possible explanation for the low estimate of CNC modulus is that individual CNC dispersion
was not achieved in these composites and that the primary reinforcement mechanism is physical.
The aggregates seen in polarized light microscopy would decrease the expected reinforcing effect
provided by the incorporation of individually dispersed CNCs within the composites. Another
possible explanation could be that the CNC/epoxy interface was not ideal as assumed by the model.
In any case, the Halpin-Tsai analysis provides an estimate of the modulus of wood based CNC for
comparison with current literature values, and it provides an expectation of the effective filler
modulus for the CNCs in this epoxy composite.

While the Halpin-Tsai model provides an estimate of the effective filler modulus, some
drawbacks that might hinder its interpretation are the assumptions of uniform dispersion and a
perfect interface between CNC and epoxy. From the PLM analysis, it is clear that these samples
did not have uniform CNC dispersion, and determining the quality of the interface is extremely
challenging for nanocomposites. Additionally, the Halpin-Tsai with the Tsai Pagano equation give
composite modulus predictions of composites containing short fibers randomly oriented within the
plane (2-D), and the fiber distribution in this case was likely 3-D given that the sample thickness

was approximately 3 orders of magnitude greater than the length of the CNCs. Therefore, it is
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important to consider the theoretical limitations on the elastic modulus of this epoxy/CNC
composite, i.e. the theoretical upper limit.

For a composite where all orientations of the CNC phase are equally probable (3D random),
as is the case for the epoxy/CNC composites studied here, the upper and lower bound properties
are calculated by averaging stiffness and compliance matrix elements over all possible orientations
for the axial direction of the CNC crystal.'®%% A model derived by Christenson,® and Watt and
Peselnick® describe the upper and lower bounds on the bulk, K, and shear, G, modulus,

respectively. The equations are as follows:

-1
(L +22) " < Ko <L (Eg + 4Ky + 0] + VKo 2.6
Kt  Km 9

(';—g (K—lT +6 (é + Gl—T) + 3(1;—:”’*)) + Z—z)_l <G, < Ii—’;(EA +6(Gy+ Gp) + Kp(1 = 20)%) + V.G, 2.7
Here, the subscript ‘A’ refers to the parameter measured in the axial direction, ‘T’ refers to the
parameter measured in the transverse direction, the subscript ‘f” refers to the filler property, ‘c’
refers to the composite property, and ‘m’ refers to the matrix property. As mentioned previously,
K is the bulk modulus and G is the shear modulus, E is the elastic modulus, and v, is the axial
Poisson ratio. For a glassy polymer, like epoxy, a good estimate of the Poisson ratio is 0.33. The
bulk and shear modulus can be calculated from the theoretical relationships between elastic
parameters, where the elastic modulus, E, and the Poisson ratio, v,, is known.®” For CNCs, the
following estimates for material properties were used: Ea =150 GPa, Kt= 7.6 GPa, v, = 0.25, Ga
= 15 GPa, Gt = 3.8 GPa.'® From equations 2.6 and 2.7, the upper and lower bounds of the elastic
modulus can be estimated as follows®2:
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Here, the superscript ‘I’ refers to the lower bound of the parameter as estimated by the left hand
side of equations 2.6 and 2.7, and ‘u’ refers to the upper bound parameter as estimated by the right
hand side of equations 2.6 and 2.7. Equation 2.8 was used to calculate the upper and lower bounds

on the composite modulus and the results are given in Figure 2.12.

= Upper Bound
Lower Bound

7 A Experimental Data

Ec (GPa)

Wt.% CNC

Figure 2.12 Upper and lower bound composite modulus in GPa for an epoxy/CNC
composite.

Although equations 2.6-2.8 contain some estimates and assumptions, Figure 2.12 illustrates
an important point: the epoxy/CNC composite modulus fell between the elementary upper and
lower bounds for a glassy polymer. The increase in modulus with increasing CNC concentration
observed here is notable, but not optimal, and improvements can be realized. Chapter 2 proposes

an alternate processing method for enhanced CNC dispersion and improved composite mechanical
property.
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2.7 Conclusions

We report the preparation of wood-derived CNC-reinforced waterborne epoxy
nanocomposites. The storage and loss modulus, Young’s modulus, Tg, and tensile strength all
increased with increasing CNC content, indicating good reinforcement of the epoxy resin matrix.
While these increases were observed even though some aggregation of CNCs was seen, the
investigation of methods to improve is worthy of future study. Water content and thermal stability
were not degraded with the addition of CNCs. Overall, these results indicate that high loadings of
CNC can be incorporated into waterborne epoxy matrices to improve their mechanical properties
without compromising the neat matrix properties. When taken in the context of the results available
in the literature for CNC nanocomposites, as well as other types of polymer nanocomposites, these
results support the assertion that the processing-structure-property relationships in such

nanocomposites are diverse and can be used to design materials for a broad range of applications.
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CHAPTER 3

EXPLOITING COLLOIDAL INTERFACES TO INCREASE DISPERSION,
PERFORMANCE, AND POT LIFE IN CELLULOSE NANOCRYSTAL/WATERBORNE
EPOXY COMPOSITES

This chapter was adapted from a publication in Polymer:
Girouard, N., Schueneman, G. T., Shofner, M. L. & Meredith, J. C. Exploiting colloidal interfaces

to increase dispersion, performance, and pot-life in cellulose nanocrystal/waterborne epoxy
composites. Polymer 68, 111-121 (2015).

3.1 Overview

In this study, cellulose nanocrystals (CNCs) are incorporated into a waterborne epoxy resin
following two processing protocols that vary by order of addition. One approach towards
controlling the interactions of CNCs with polymers is to take advantage of liquid-liquid or liquid-
solid interfaces where CNCs may preferentially adsorb. CNCs contain both hydrophobic and
hydrophilic domains® and can adsorb at oil-water interfaces to stabilize emulsions.®® Several
studies have detailed the phenomenon of colloidal haloing®®% and a large body of literature has
defined and explored the broader field of Pickering emulsions.®>% In Pickering emulsions,
stabilization of a liquid droplet involves particles that are strongly adsorbed to the liquid-liquid
interface, which provide a mechanical barrier to droplet coagulation. Colloidal haloing is the
stabilization of large drops or particles by much smaller particles, where the two particles have
high charge asymmetry. The smaller particles are not directly adsorbed on the larger particle
interface, but maintain a separation distance a few nanometers from the particle or drop surface.*®

The adsorption or association of CNCs at interfaces offers intriguing possibilities for
control of CNC-polymer interactions by changing the order of CNC addition, especially in
multicomponent systems. The current study examines the effect of CNC order of addition on

colloidal stability, CNC dispersion, and composite performance in a waterborne epoxy system.
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Here we report that a simple change in the order of CNC addition, involving adding the CNCs
either before or during the diamine addition, alters significantly the manner in which the CNCs
interact with the epoxide. The formulations resulting from pre-addition of CNCs prior to diamine
have long pot lives, suggesting that they may be candidates for one-part coatings with long shelf-
life (> 1 month instead of a few hours).
3.2 Materials
The materials used in this Chapter are identical to those used in Chapter 2. Specifically,

the 55 wt.% solid epoxide emulsion was crosslinked with a water soluble amine, and the 8.75 wt.%
aqueous CNC suspension was used as received. The aqueous CNCs were used in all of the
composite film samples. The aqueous CNC/epoxy composite suspensions were cast onto treated
silicon wafers for the final curing step. A sample of freeze dried CNC material was also obtained
from the U.S.D.A. Forest Products Laboratory. These particles were determined to contain 0.96
wt.% sulfur on a dry cellulose basis by ICP/MS. The freeze dried CNC particles were only used in
the pot life experiment. Both CNC samples, aqueous and freeze dried, contain Na" as the
counterion to the negative sulfate charge.
3.3 Sample Preparation

Film samples were prepared by two methods. In the first method, the epoxide emulsion, amine
crosslinker, and aqueous based CNCs were combined and magnetically stirred together at medium
speed (Corning PC-200 stirrer), referred to as ‘one-step mixing’. In the second method, the epoxy
emulsion and aqueous based CNCs were combined and magnetically stirred at medium speed for
1 hour prior to crosslinker addition, referred to as ‘two-step mixing’. In both cases, stoichiometric
amounts of epoxy and amine were used, and mixing was carried out at room temperature.

Subsequent steps leading to film formation were the same for both methods. The nanocomposite
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mixture was precured for 0.5 to 2 hours at room temperature until the viscosity of the mixture
increased enough to barely allow flow. Precuring times were determined by visual inspection and
increased with CNC concentration since greater amounts of water, resulting from the CNC
suspension, were present thereby diluting the reactive epoxy. The mixture was then cast onto the
OTS treated silicon wafer substrate and dried at room temperature for 1-3 hours until the mixture
was not able to flow. The coated substrates were then transferred to an oven and cured for 2 hours
at 100°C, or 120°C (10 and 15 wt.% CNC samples only). Neat epoxy samples were prepared
using the same processing protocols for comparison. As a control for the two-step mixing
procedure, the neat sample was prepared by first magnetically stirring the epoxy emulsion for 1
hour followed by addition of the amine crosslinker and additional mixing. The final thickness of
the neat epoxy and nanocomposite films was approximately 150 to 200 um. Optical, thermal, and
mechanical characterization described below was carried out on nanocomposite films made with
the aqueous based CNCs.
3.4 Composite Characterization
341 PLM

The level of CNC dispersion achieved by the two processing methods in the epoxy matrix
was investigated qualitatively by the observation of birefringence with an optical microscope
(Olympus BX51) equipped with two polarizers (Olympus U-AN360P). Images were captured with
an Olympus camera (U-CMAD3) and processed with PictureFrame software. All films were
imaged in transmission mode with a 20X objective and at full extinction of the polarizers.
342 ATR-FTIR

The chemical structure of cured film samples was characterized by Fourier transform

infrared (FT-IR) spectroscopy using an attenuated total reflectance (ATR) accessory (Bruker
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Vertex 80V, equipped with Hyperion 20X ATR objective). The spectra were corrected to subtract
the background signals and flatten the baseline. The wavenumber scan range was 4000 cm™ to 600
cm™ with a resolution of 4 cm™ and a total of 64 scans. The epoxy precursor contains aromatic
rings which were assumed to not participate in the reaction. Aromatic rings absorb in the 1600-
1470 cm™ region, specifically at 1600, 1580, 1470, and 1510 cm™.19t All of these peaks were
present for both the epoxy precursor and the cured neat polymer thus confirming that these
functional groups do not react in this system. The FTIR spectra were normalized by the absorbance
at 1510 cm™, a peak common to all samples and unaffected by the chemical reactions or
interactions. All figures represent normalized data.
3.4.3 Zeta Potential

The epoxy emulsion and aqueous CNC suspension were mixed together for several hours
and then diluted. The volume fraction of epoxy was held constant while the volume fraction of
CNC was varied. The zeta potentials of neat CNCs and neat epoxy emulsion were also measured.
The measurements were performed using a Malvern Zetasizer Nano ZS 90. Measurements were
performed in triplicate at 25 °C, and the average values were reported. The same instrument was
used to measure the size of the epoxy particles in light scattering mode.
3.4.4 FE-SEM

To observe the component interactions in the two-step processing method, the CNC/epoxy
emulsion suspension were imaged with field emission scanning electron microscopy (FE-SEM).
To prepare the sample, the epoxy emulsion and aqueous CNC suspension were mixed together for
several hours and then diluted. The sample was then lyophilized for suitable imaging. The resulting
product of the freeze drying process was adhered to carbon tape and sputter coated with a thin

layer of gold. The samples were imaged by FE-SEM (Zeiss Ultra60). The morphology of cured
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polymer fracture surfaces were also examined with FE-SEM (Hitachi SU8010). These samples
were not sputter coated and imaged at 0.9 kV.
345 DSC

The values of the glass transition temperature (Tg) for the fully cured neat epoxy and
composite films were measured by differential scanning calorimetry (DSC) (TA Instruments DSC
Q200). In the first step, samples were heated from 30 °C to 150 °C at a rate of 10 °C/min and then
held at that temperature for 2 minutes. The samples were then cooled to 0 °C, held for 2 minutes,
and subsequently heated to 150 °C at a rate of 10 °C/min. Data from the first and second heating
step were used to obtain the T4 of the sample. The value of T4 was assigned as the midpoint of the
transition region between the glass and rubber line on the heat flow curve using TA Universal
Analysis Software. An exothermic/cure peak was not observed for any of the samples tested here,
only a broad evaporation peak around 100 °C which was due to residual moisture left in the
samples. The moisture content of the samples was quantified with thermogravimetric analysis
(TGA). Measurements were performed three times on fresh samples for each material
composition, and average data were reported.
346 TGA

Water absorption, thermal stability and changes in degradation patterns associated with
CNC addition and processing were assessed with TGA (TA Instruments TGA Q5000). Samples
were heated from room temperature to 120 °C at a rate of 10 °C/min under a flowing nitrogen
atmosphere and then held at that temperature for 20 minutes. In the final step, samples were heated
to 600 °C at a rate of 10 °C/min. The water absorbed by samples was measured as the weight loss
during the first two steps. The thermal stability and decomposition patterns of the samples were

obtained from the last step. The onset temperature and temperature at maximum weight loss were
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determined with TA Universal Analysis software. Measurements were repeated three times, and
average values were reported.
3.47 DMA

The storage and loss moduli of the materials was determined from dynamic mechanical
analysis (DMA) experiments (Mettler Toledo DMA/SDTA861). Samples were made by cutting
films into strips a few centimeters long and 2.5-3 mm wide. The sample length was trimmed after
the samples were mounted, resulting in a testing length of 9 mm. Samples were tested in tension
mode in the linear viscoelastic regime for the materials. The linear viscoelastic regime was
determined by strain sweep tests at the lowest and highest temperatures to be used during the test.
The tests were conducted at a frequency of 1 Hz, over a temperature range of 30 °C-150 °C, and
at a heating rate of 2 °C/min. Measurements were repeated three times, and average values were
reported. Additionally, T4 values were obtained from the peak of the loss modulus curve.
3.4.8 Tensile Test

Uniaxial tensile testing was performed using an Instron 5842 testing frame equipped with
a 100 N load cell. The samples were prepared by die cutting the films with a dog bone template
based on the ASTM standard D1708-13. The specimens were strained at a rate of 0.5 mm/minute.
Tensile strength, % elongation, and toughness data were obtained. A minimum of four samples
were tested for each material composition, and the average values were reported where the error
bars represent 95% confidence intervals.
3.5 Results and Discussion
3.5.1 Nanocomposite Morphology

Composites up to 15 wt.% CNC were produced, and across all concentrations tested and

for both mixing procedures, the materials retained a similar level of transparency to the neat matrix.
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Figure 3.1 highlights this result, showing that films made by the one-step and two-step mixing

methods were colored but transparent.

1-step . 2-step

Figure 3.1: Image of neat epoxy and nanocomposite films containing 0, 10, and 15 wt.%

CNC following curing. The films made by both methods appear transparent but colored.
The dispersion level of the CNCs within the cured epoxy matrix for both processing
methods was assessed with polarized optical microscopy. The images are given in Figure 3.2. The
neat material displayed limited birefringence, so birefringent domains observed in the composites
were attributed to CNC aggregates. Composites with CNC loadings up to 15 wt.% showed varying
degrees of birefringence and different domain sizes for the birefringent regions. These differences
in birefringence were related to the processing method and the CNC loading. For the samples made
by one-step mixing, the size of the CNC domains was on the order of tens of microns. Larger
aggregates were present in lower concentration samples compared to higher concentration
samples. This effect was attributed to the longer mixing times used to prepare the 10 and 15 wt.%
samples. Since more water was introduced into these samples with CNC addition, longer mixing
times were required to attain the viscosity needed for proper precuring. The longer mixing times
resulted in a better level of CNC dispersion. For films made by the two-step process, the CNCs
had improved dispersion at all loadings tested with respect to those made by the one-step process.

The 2 wt.% composite produced by the two-step method displayed almost no birefringence while
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higher loadings contained CNC domains. These domains were smaller in size and their brightness

was less intense than the domains seen in composites made by one-step mixing.
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Figure 3.2: Polarized light microscopy images of epoxy/CNC composites. Top: one-step
mixing, bottom: two-step mixing.1%

Although domains of CNCs larger than the length of visible light were observed in
polarized light, all composites had a similar level of transparency with respect to the neat epoxy
as shown in Figure 3.1. This attribute was due to refractive index matching of the epoxy and CNCs.
Landry et al. reported that the refractive index of sulfuric acid hydrolyzed cellulose was 1.4991%
and Cranston et al. reported the refractive index of cotton-derived CNCs to be between 1.51 and
1.55, depending on the measurement method and number of bilayers of alternating cellulose and
poly(allylamine hydrochloride).X** Epoxy polymers typically have a refractive index ranging from
1.515t0 1.565.1% Thus, it is expected that the refractive index of this epoxy polymer is within this
range and similar to that of the CNCs.

To assess the degree of cure and understand the chemical structure of the nanocomposites,
FTIR spectra were measured for the nanocomposite components and the nanocomposites. For the
epoxy prepolymer, the absorption band at 912 cm™ was associated with the unreacted epoxide
group.” The disappearance of this band in the neat epoxy and all composites tested here indicated

that all of the epoxide groups reacted during the curing cycle.
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CNCs have the potential to react with the epoxide group. If this event does occur, an ether
bond will form, a hydroxyl group from cellulose will be consumed and a different hydroxyl group
will be created, linking the epoxide monomer to the CNC surface. Additionally, the hydroxyl
groups from cellulose can form hydrogen bonds with the epoxide group.

Differences in the FTIR spectra were observed for films made by the one-step and two-
step methods. Portions of the spectra highlighting these differences are shown in Figure 3.3. First,
an increase in intensity was observed in the 3200-3600 cm™ region for the composites produced
by the two-step method. The composites with improved CNC dispersion will inevitably have more
interfacial area with the polymer matrix, and the exposed CNC surface hydroxyls likely have
different infrared absorption characteristics (extinction coefficient, shift in wavenumber) than
hydroxyls that are buried within CNC aggregates. For example, in addition to the increased
intensity, a shift in the peak maximum was observed from 3400 cm™ for the one-step method to
3330 cm for the two-step mixed. A peak shift towards lower wavenumbers could indicate the
presence of increased hydrogen bonding between CNCs and the polymer matrix in the two-step
samples, which appears to correspond with the enhanced CNC dispersion.1%

Second, a new peak was observed at 1060 cm™ for the two-step mixed samples. This band
appears to be evidence of a new ether bond. Two other possible assignments for this band include
a primary aliphatic alcohol, which would be present in this system before and after an
epoxy/cellulose reaction, or the glycosidic bond in cellulose, which is sometimes obscured in the
infrared spectrum.'%* The evolution of this band as a function of time was monitored with liquid
ATR-FTIR, and it was found that the intensity increased as reaction time increased. This
observation indicates higher concentrations of this bond as the reaction progressed. This absorption

was not present for the neat sample tested under the same conditions thus indicating that the
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presence of CNCs was responsible for these changes. While these changes are obvious, it is
difficult to discern the functional group(s) responsible since absorbance in this region of the
spectrum is likely due to a number of functional groups present in the cured composites.
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Figure 3.3: ATR-FTIR spectra of films made by one-step (-.-.-) and two-step (—) mixing
for a 5 wt.% cured composite, (a) 3100-3600 cm* (b) 1000-1100 cm*2,

Chemical analysis of this CNC/epoxy system was not trivial since most of the absorbances
present in the reactants were also present in the final cured composite, and similar functional
groups were present in all components. Nevertheless, the possibility of hydroxyl-containing CNC
particles reacting with the epoxide group was ruled out when no change in the intensity of the
oxirane vibration at 912 cm™ was observed before and after heating the epoxy-CNC suspension at
100 °C for 1 hour. Therefore, an altered stoichiometry is not responsible for the changes reflected
in the composites made by the two processing methods, the effect is purely a physical one.

3.5.2 Size and Charge Measurements

The zeta potential of a 0.01 wt.% CNC suspension was measured to be -71 mV, indicating

that the CNCs were well-dispersed in water and largely isolated from one another. The negative

charge was expected due to the sulfate ester functionality present on the CNC surface, leading to
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double-layer repulsion between particles. Due to the high magnitude of the zeta potential for the
CNC suspension, a highly stable suspension was expected. The zeta potential of a 0.05 wt.%
aqueous epoxy prepolymer suspension was measured to be -20 mV, a low charge that indicated a
significantly lower Kkinetic stability than the -71 mV measured for the CNCs, and -68 mV for the
Vene=1x10* CNC-containing epoxy droplets. Additionally, the size of the epoxy drop was
measured with this instrument, indicating that the average diameter was 484 + 63 nm, in agreement

with the manufacturer’s data.

The zeta potential of the aqueous suspension consisting of the epoxy prepolymer with
varying amounts of CNC is shown in Figure 3.4. The volume fraction of epoxy remained constant
at 5x107°, while the CNC volume fraction was varied. At low volume fraction of CNCs, the zeta
potential of the binary mixture remained close to the zeta potential of neat epoxy. As the CNC
concentration increased, the zeta potential also increased, approaching the value for neat CNCs
when the CNC volume fraction was 1x10. This result indicated that the CNC particles shielded
the epoxy particles through either nanoparticle adsorption (Pickering emulsion) or a nanoparticle
haloing effect. Since electrophoretic mobility is independent of size, this result implied that the
epoxy particles and the CNCs moved in unison in response to the applied voltage, indicating that
the two were associated.® This result supports the previous hypothesis that the CNCs associate
around the epoxide droplet to hinder particle coalescence. Based on this information, it was also
concluded that the CNCs imparted additional stability to the epoxy emulsion. Similar results have
been reported for silica microspheres stabilized by zirconia nanospheres,® a
poly(butylmethacrylate) emulsion stabilized with cellulose whiskers,*” and CaCOs3 nanoparticles

stabilized by sodium dodecyl sulfate.'®® Two possible explanations are colloidal haloing or
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nanoparticle adsorption directly at the epoxide-water interface (as in a Pickering emulsion), which

are known to create the same behavior in zeta potential found to occur in the two-step samples.

It is important to note that while this result indicated that CNCs and epoxy precursors

certainly had some interactions, it is difficult to specify those interactions for this system. This

epoxy formulation is proprietary and thus some chemical information about the components is

unknown. The molecular formula for the surfactant used to emulsify the epoxy is not given, so it

is important to clarify that the CNCs may be interacting with the epoxy itself, the surfactant, or

both.
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Figure 3.4: Zeta potential curve for epoxy precursor and CNC dispersions as a function of

volume fraction of CNC (vf. CNC).

3.5.3 Polymer Morphology

The morphology of this CNC/epoxide configuration was further investigated with FE-

SEM. A mixture of CNCs, epoxy, and water was mixed together for several hours, freeze dried,

and imaged. This result is given in Figure 3.5. The imaging indicated that a sphere consistent in
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size with the epoxy precursor was coated with a layer of CNCs. This result support the hypothesis
that the CNC/epoxy premixing step leads to improved dispersion due to a more intimate

association between the CNC and surfactant coated-epoxy particle.

Figure 3.5: FE-SEM image of an epoxy particle coated with CNCs. Scale bar is 100 nm.

The morphology of the composite interface was also investigated with FE-SEM. The
samples were fractured in ambient conditions, below Tg for the cured epoxy. Figure 3.6 shows the
fracture surfaces of 5 wt.% composites made by one-step and two-step mixing. The interface of
the composite made by one-step mixing appeared smooth and represented that of a typical polymer
surface which experienced brittle fracture. It should be noted that the micron-sized CNC domains
did not appear in these images. The contrast observed between the CNCs and the epoxy resin with
electron microscopy was low due to their similar electron density. The interface of the composite
made by two-step mixing showed some noteworthy features. First, the two-step mixed sample was
rougher than the one-step mixed sample. Second, this surface appeared to feature spherical

particles. These particles were consistent in size with that of the epoxy precursor. Thus, for the
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two-step mixing case, the CNC particles appear to have preserved the epoxy as a separate phase
rather than becoming a homogeneous matrix upon reaction with the amine. We hypothesize that
the CNCs are the cause of this effect with the likely mechanism being their surrounding the epoxy
particle to form a barrier to epoxy droplet coalescence until the water has evaporated, preserving
the shape of the original droplet. Another difference between these two interfacial morphologies
was that the fracture surface of the sample produced by one-step mixing was relatively
homogeneous throughout the observed area, whereas the fracture surface of the sample produced
by two-step mixing was inhomogeneous with some areas containing spherical features while other
areas are consistent with the sample produced by one-step mixing. This blend of morphologies is
indicative of a transitional or intermediate state where most but not all of the epoxy particles have

strong interactions with CNC prior to cure.
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Figure 3.6: FE-SEM images of a 5 wt.% composite fracture surface. Top: one-step mixing
Bottom: two-step mixing, scale bar is 1 pum.

3.5.4 Thermal Properties of Nanocomposites

The values of Ty for composites made by the two processing protocols were determined
with DSC experiments, and the results are shown in Table 3.1. The values of the Ty observed
during the first heating cycle for all concentrations and processing methods were similar when
considering confidence intervals. Thus, it was concluded that the mixing method and CNC content
did not significantly affect the T4 of the samples following preparation. However, the measured Tg

value obtained from a second heating cycle was affected by CNC content for samples prepared by
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the one-step mixing method. Similar to data reported previously by the authors,!’ T4 increased by
approximately 7 °C at a CNC loading of 10 wt.% after being heated to 150 °C during the first
heating cycle. In contrast, the T4 values obtained for the samples produced by the two step mixing
method were not appreciably affected by CNC content, though these values were higher than those
measured from the first heating cycle. These differences are difficult to interpret precisely because

of the larger confidence intervals for the materials produced by the 2-step method.

Table 3.1: Glass transition temperature values with varied CNC concentration and
processing method. Error represents 95% confidence intervals.
0 wt.% CNC 5wt.% CNC 10 wt.% CNC

1-step 2-step 1-step 2-step 1-step 2-step

FirstHeat | 48.6+59 | 46.7+£0.7 | 46.1+34 | 459+35 | 506+24 [492+18

Second heat | 63.0+1.8 | 60.6 +4.2 63.6 +1.5 62.0+5.4 69.8+1.1 | 61.9+55

The thermal stability of the composites was tested with TGA, and the results are shown in
Figure 3.7. The onset temperature of thermal degradation was reduced with increasing CNC
concentration. The bounding thermal degradation temperatures were established by the composite
components. Neat epoxy began degrading at 297 °C, and neat CNC began degrading at 208 °C.
There were no differences in degradation between composites made by one-step and two-step
mixing. Compared to neat samples, while the CNCs did affect the initial degradation profile, the
extent of the impact was not as great as expected at the higher CNC loadings. Employing the rule
of mixtures model, it was found that the onset degradation temperatures for the composites

containing lower CNC loadings (< 10 wt.%) were consistent with the prediction; however, this
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model predicted that the composites containing 10 and 15 wt.% CNC would have a lower onset
degradation temperature than the experimentally measured value. This departure from the rule of
mixtures suggested that the CNCs were integrated within the epoxy matrix, possibly through
chemical bonds, for both processing scenarios.
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Figure 3.7: Onset temperature of thermal degradation as a function of CNC
concentration.'® Two-step mixing (¢), one-step mixing (m), rule of mixtures (A).

The thermal degradation patterns of composites and neat epoxy occurred in two major
steps, with the temperatures at maximum weight loss rates occurring at 335 °C and 385 °C.
Processing conditions as well as CNC content had little to no effect on the degradation patterns
observed here. The mixing method also had little to no effect on the water content of the samples,
which was measured to be about 3 wt.% for all concentrations and processing methods tested here.
3.5.5 Mechanical Property of Nanocomposties

The thermomechanical performance of composites made by the two processing strategies
was tested with DMA. The samples were tested in tension mode below and above Tg. Storage
modulus (£") data are shown for samples made by one- and two-step mixing in Figure 3.8. These

data suggested that the composites made by two-step mixing were reinforced more effectively than
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composites made by one-step mixing in the glassy region of the storage modulus curve, with
improvements of 49% for the 5 wt.% composite and 30% for the 10 wt.% composite at 40 °C.
Comparing the composites to the neat matrix at 40 °C, the 5 wt.% sample made by one-step mixing
had an increase in the storage modulus of 47% while the sample made by the two-step mixing
method had an increase of 91%. Similarly, the 10 wt.% sample was increased by 60% for the one-
step mixing case and 86% for the two-step mixing case when compared to the neat matrix at 40
°C. There were no significant differences in the rubbery modulus for composites made by either
method. It is well known that CNCs can have profound effects on modulus, especially at
temperatures greater than T4.828%1%° Other work in CNC/epoxy composites has shown dramatic
increases in storage modulus above Ty with respect to the neat polymer due to the formation of a
network of mechanically percolated nanofibers. The ability of a fiber to form a percolated network
and thus have substantial impacts on rubbery modulus is a function of the aspect ratio and the
volume fraction. Generally, the critical volume fraction required to form a percolated network is
given by: Xc=0.7/AR.}? Results presented by Tang et al. showed a 70 X increase in the rubbery
storage modulus for CNCs extracted from tunicate (AR=84) and a 12X increase for CNCs
extracted from cotton fibers (AR=10) in epoxy composites at a 15 wt.% loading (12 vol.%), a CNC
loading above the critical volume fraction of 0.8 vol.% for the tunicate CNCs and 7 vol.% for the
cotton CNCs.® In the results presented here, much smaller gains in reinforcement were seen above
Tg with respect to the neat polymer as compared to Tang et al. The different thermomechanical
reinforcement trends were ascribed to differences in CNC network formation. In this work, a
waterborne epoxy was used, and discrete birefringent domains of CNCs were observed in the

composites with PLM. These results suggest large scale connectivity of individual nanofibers did
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not occur in these composites, even though the CNC loadings used were above the critical volume

fraction.
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Figure 3.8: Storage modulus of (a) 5 wt.% and (b) 10 wt.% CNC composite made by one-
(®) and two-(A) step mixing. 0 wt.% CNC for comparison (m).1%? Error bars represent 95%
confidence intervals.

While the processing method impacted the glassy mechanical properties preferentially,
CNC addition had an effect on the storage modulus in the glassy and rubbery region when
comparing the composites to the neat epoxy. As the temperature increased, the storage moduli for
samples at different compositions began to deviate in the transition region at 50 °C, and this
deviation continued into the rubbery region. The difference in the storage modulus values of the
composites produced by both methods and the neat epoxy was greater with increasing CNC
concentration, and these changes in rubbery storage modulus were similar for both mixing methods
at a given CNC loading. For example, at a 5 wt.% CNC loading, the rubbery storage modulus was
increased by 30 % at 120 °C, and for a 10 wt.% CNC loading, the rubbery storage modulus was
increased by 70 % at 120 °C.

The loss modulus (E") data comparing the two methods of preparation for a 5 and 10 wt.%

composite are given in Figure 3.9. Generally, the value of loss modulus increased with increasing
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CNC content, and the value of the loss modulus was similar for the composites of the same
composition produced by the two methods, though there was some change in the magnitude of the
loss modulus in the vicinity of the peak. However, these curves do not show significant differences
in terms of peak shifts towards higher Tq with CNC content or processing method. The T4 values
from DMA data would be most comparable to those obtained during the first heating cycle of the
DSC measurements, where Tq was not different with processing or CNC concentration. Similar to
the DSC data, there was a larger confidence interval in the measured value of the T4 for the samples

made by the two-step mixing method.
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Figure 3.9: Loss modulus of (a) 5 wt.% and (b) 10 wt.% CNC composite made by one- (¢)
and two-(m) step mixing.% Error bars represent 95% confidence intervals.

To understand more fully what these data trends indicated about the reinforcement
mechanism provided by the CNCs, the ratio of the loss and storage moduli, tan delta, was also
examined. The values of tan delta were similar for composites containing the same amount of
CNCs (data not shown). Since tan delta, and as a result the phase angle, were similar, the
reinforcement seen was largely a result of increased CNC dispersion. While the FT-IR data suggest

that there is an association between the CNCs and the matrix when the two-step mixing processing
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method is used, it does not appear to affect macroscale properties more than the differences in
CNC dispersion since disproportionate changes in storage and loss modulus were not observed as
a function of processing method.

Tensile testing also provided insight into the reinforcing effect of CNCs as well as the
effect processing had on mechanical properties. The tensile strength and toughness from work of
fracture data for 0, 5, and 10 CNC wt.% samples made by the two processing methods is given in
Figure 3.10. The elongation at break was similar for all samples tested; therefore, the data are not

shown. All samples experienced brittle fracture with an average elongation at break of about 4%.
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Figure 3.10: (a) Tensile strength and (b) work of fracture for 0, 5, and 10 wt.% CNC
samples made by one- and two-step mixing. Error bars represent 95% confidence intervals.
Processing method was not found to affect the properties of the neat epoxy. Therefore, the delay
in amine addition necessary for the CNC premixing step was not responsible for the changes
observed in the composite samples, but rather the differences in morphology, level of CNC
dispersion, and CNC-matrix interactions brought about by premixing the CNCs with the epoxy
droplets before amine addition. The tensile strengths of the 5 and 10 wt.% CNC composites

produced by one-step mixing were 47.7 + 5.6 and 35.8 £ 2.4, respectively. The tensile strengths of
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the 5 and 10 wt.% CNC composites produced by two-step mixing were 44.9 + 8.5 and 48.0 + 10.6,
respectively. These values were greater than those obtained for the neat epoxy produced by one-
step and two-step mixing, 27.9 + 10.2 and 27.1 + 4.1, respectively. The data showed that CNC
addition improved tensile strength at both loadings and with both processing methods studied in
this work, but the differences between the tensile strengths for the composite samples were not
statistically significant when considering the calculated confidence intervals. The effect of
processing was more evident when considering the work of fracture data. In general, the samples
made by the one-step mixing method and the neat epoxy samples had similar values for the work
of fracture, with no differences observed with increasing CNC concentration. Conversely, the
CNC/epoxy composites made by the two-step method exhibited increases in work of fracture of
93% and 67% compared to the sample made by the one-step method at the same concentration for
a 5 and 10 wt.% composite, respectively. The difference in toughness between the samples
produced by the two methods likely resulted from better CNC dispersion in samples produced by
the two-step processing method. However, it is important to note here that the confidence interval
was large. In general, the error range was larger for samples made by the two step method. As
mentioned earlier, a hypothesis for the larger variations in the data is the inhomogeneous fracture
morphologies observed in SEM for the samples made by the two-step method.
3.6 Pot Life Extension

One potential application of the CNC-stabilized epoxide droplets was explored. In
industrial applications, a practical concern is the large amount of water present in the CNC aqueous
suspension. Addition of CNCs as a dry powder would be advantageous for practical reasons such
as the avoidance of post-cure drying and reduced shipping costs for dry material. When 5 wt.% of

the freeze dried CNC material was added to the epoxide suspension followed by amine addition,
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the pot life of the nanocomposite mixture was extended by three orders of magnitude when
compared to that of the neat epoxy-amine mixture (1 month versus 2 h). A substantially increased
pot life enables the possibility of formulating one part waterborne epoxy coatings where the
components are premixed and remain uncured for long periods of time until applied as a coating.
In this scenario, the presence of the CNC particles that were premixed with the epoxide suspension
appears to prevent the aggregation of the epoxide particles, even though the epoxide and amine
reaction was occurring within them (confirmed by liquid ATR-FTIR indicating a decrease in 912
cm peak, data not shown). The extension of the gel time (pot life) to 30 days may be a physical
phenomenon resulting from the electrostatic stabilization conferred by the adsorbed CNCs. To
explore this idea, we added NaCl to the CNC-stabilized epoxide/amine suspension. NaCl was
added at 0.2 M to a stable mixture of freeze dried CNC, epoxide suspension and amine crosslinker
prepared by the two-step method. Although the suspension was stable prior to salt addition, the
system showed an immediate increase in viscosity (noted qualitatively) and eventually gelled after
salt addition. These observations indicate flocculation of both CNCs and CNC-coated epoxy
particles upon screening of the electrostatic charge imparted by the CNC particles to the epoxy
particles.
3.7 Conclusions

In these CNC/epoxy composites, improved nanoparticle dispersion was achieved by a two-
step procedure in which CNCs were premixed with the epoxy precursor, compared to the one-step
mixing of the epoxy precursor, amine crosslinker, and CNCs. The stability of the waterborne
system and resulting structure and properties are significantly improved by the pre-addition of
CNCs. Improved dispersion was attributed to a more intimate association of CNC particles with

the surfactant-stabilized epoxy precursor droplets allowed by the premixing step, similar to
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stabilization mechanisms observed in colloidal haloing systems or Pickering emulsions. Evidence
of the improved stability was supported by changes in the ATR-FTIR spectrum and zeta potential
measurements of a CNC/epoxy mixture at various CNC concentrations. A change in the interfacial
polymer morphology was observed with FE-SEM, with the improved dispersion composite
featuring sphere-like structures consistent in size with the epoxy particles. The improved CNC
dispersion observed in this study led to better mechanical performance in the glassy region of the
storage modulus curve, increased work of fracture, and no changes in thermal stability. The CNC
colloidal stabilization mechanism was expanded to incorporate freeze dried CNCs into the
epoxy/crossliker formulation, resulting in an extension of the pot life by three orders of magnitude
compared to the neat system; a result that could potentially enable the formulation of one part
epoxies. Overall, these results highlight the importance of understanding processing-structure-
property relationships in CNC-containing nanocomposites as they are considered for higher

volume applications and provide a path forward for further processing optimization.
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CHAPTER 4

INVESTIGATION OF CNCS AS EMULSIFIERS USING TENSIOMETRY

4.1 Overview

The stabilization of two or more immiscible fluid phases as an emulsion or foam is of great
industrial interest. Common applications include pharmaceuticals, waste water treatment,
construction, cosmetics, and food processing.t**-113 One route to stabilizing two immiscible phases
involves the use of surfactants to lower the interfacial tension between oil and water or air and
water.!'* By lowering interfacial tension, surfactants enable the formation of high surface area
metastable emulsions and foams, and in some cases, stable microemulsions. However,
environmental and practical considerations are driving the use of particles instead of surfactants in
such applications. For example, surfactants readily adsorb and desorb from interfaces, thereby
limiting the long term stability of the emulsion.'!® Additionally, many surfactants are known to be
harmful contaminants when released to the environment.!’® These facts have motivated the
substitution of surfactants with particles. The adsorption of particles with sufficient wettability at
an interface is practically irreversible!!® and the particles can be chemically inert. Like surfactants,
particles should meet a certain criteria to enable emulsions. For surfactants, the important
parameter is the hydrophilic-lipophilic balance (HLB), a ratio of the hydrophilic molecular weight
to the total molecular weight, and for particles the important parameter is wettability, where the
particle should not be favorably wetted by either phase.!'® Often particles do not meet this criteria
and surface modification is required to achieve a particle with amphiphilic properties. Emulsions
stabilized by particles are referred to as Pickering emulsions for Spencer Pickering who reported

on such systems in 1907, although the discovery was first made by Ramsden in 1903.118
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Examples of traditional materials for stabilizing foams and emulsions are low cost silica
and carbon, however increasing environmental concern has led to the investigation of bio-based
particles in such applications.’'® As such, cellulosic particles and their derivatives have been
investigated as stabilizers for emulsions and solid porous foams.3"11%-122 Work by Capron et al.
demonstrated hexadecane/water emulsions with bacterial cellulose nanocrystals (BCNs) produced
by hydrochloric (HCI) acid hydrolysis. The HCI hydrolysis resulted in low surface charge density,
which was in contrast to the typically high surface charge density imparted by the sulfate ester
group via the more common extraction technique of sulfuric acid hydrolysis.®® The authors
attributed the BCN’s ability to stabilize the o/w emulsions to their low surface charge density since
high surface charge density particles have a stronger affinity to the aqueous phase and therefore
did not partition at the o/w interface.®® Similarly, Hu et al. investigated the emulsification behavior
of anionic CNCs produced by sulfuric acid hydrolysis with two types of cationic surfactants. It
was found that the CNCs associated with the cationic surfactants to synergistically stabilize
Pickering emulsions with hexadecane as the oil phase.?® However, due to the strong electrostatic
interactions of the cationic and anionic species, more surfactant was required to achieve the same
interfacial tension value when CNCs were present, leading to the conclusion that CNCs inhibited
surfactant adsorption at the oil-water interface.'?’ These studies examined slight modifications to
the CNC surface with an uncharacteristically low CNC surface charge and with a surfactant that
physically associated with, and neutralized, the negatively charged CNC surface. Alternative
methods involved chemical modifications to the CNC surface with hydroxyl-reactive reagents.
Tang et al. grafted Poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) polymers on the
CNC surface via free radical polymerization to enable toluene/water and heptane/water emulsions

that were color-responsive to a change in pH.12 It was found that the unmodified CNCs did not
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result in stable emulsions and did not have a measureable influence on the surface tension of water,
whereas the modified CNCs resulted in a decrease in the surface tension of water from 72 mN/m
to 42 mN/m.12% These three studies point to an underlying theme of the unmodified CNCs inability
to stabilize high tension interfaces. These recent, impactful studies point to a growing area of
developing the understanding of CNCs as Pickering emulsifiers. The choice of oil, physical or
chemical modification to the CNCs, and the CNC surface charge are of critical importance to
developing CNC stabilized emulsions and understanding the mechanism behind the resulting
stabilization. The waterborne system studied in Chapters 2 and 3 present a new ‘oil” and surfactant
system that is yet to be studied with CNCs: epoxy and nonionic surfactant. The proprietary nature
of the Air Products epoxide formulation prevented a complete understanding of the interfacial
behavior of CNCs in the epoxy/water emulsion during the nanocomposite processing. Therefore,
this Chapter aims to understand the effect of CNCs on the interfacial tension of an epoxy oil in
water, as well as the interactions between CNCs and surfactants and CNCs and amine. This study
can enable new waterborne epoxy emulsion formulations with cellulose nanoparticles which can
have the practical and attractive benefits of long term emulsion stability and enhanced mechanical
performance, as mentioned in Chapters 2 and 3.

Considering the commercial system used in Chapters 2 and 3 and the findings that hinted
at CNC/polymer interactions, it was difficult to determine the specific components involved in
facilitating increased CNC dispersion. The commercial system contained unknown additives and
proprietary chemistry. Therefore, this Chapter will examine the individual component interactions
of epoxy with CNCs, surfactants, and amines, using tensiometry. By monitoring a pure epoxy
droplet in a continuous phase of water, the interfacial tension of epoxy and water can be determined

by drop shape analysis. When CNCs, surfactant, or amine, and combinations thereof, are present
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in the continuous aqueous phase, their effect on the dynamic interfacial tension can be measured.
With this method, the individual components can be separated from one another or combined,
thereby giving control of the experimental parameters. If the CNCs are located at the epoxy/water
interface, as hypothesized in Chapter 3, this would be realized by a lowering of the interfacial
tension of the epoxy/water interface. By considering the binary solutions of CNCs and surfactants,
or CNCs and amine in the continuous aqueous phase, it can be determined whether the given
components can act synergistically to lower the interfacial tension of epoxy. Additionally, if CNCs
are located at the interface, when the internal pressure of the epoxy droplet is decreased the droplet
will deform to an irregular shape (i.e. non-spherical) thus confirming the presence of CNCs at the
interface. The irregular shape is caused by a rigid particle skin that deforms to accommodate the
decreased interfacial area,'?* a phenomenon known as the crumpling effect. Such a deformation
would not occur in the presence of small liquid molecules,*?* such as the surfactant or amine
polymers.
4.2 Materials

Knowing the basic components that make up the Air Products formulation, an epoxy based
on diglicidyl ether of bisphenol A (DGEBA) and a nonionic surfactant, the chemical components
can be approximated by recognizing some common DGEBASs and nonionic surfactants used in
epoxy polymer formulations.®2%2 Therefore, the nonionic surfactant Tergitol NP-9 was chosen, as
well as a low molecular weight (EEW = 172) DGEBA, D.E.R. 332. D.E.R. 332 is a high-purity
epoxy resin that has a very low level of production by-products.'?® The choice of a high purity
epoxy resin eliminates the uncertainty associated with the commercial system, and is ideal for the
tensiometry experiment-a technique that is sensitive to impurities. However, given the high purity

and low molecular weight, this epoxy resin is prone to crystallization at or below room
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temperature.!?® The melting point of crystalline DGEBA is 42 °C, therefore the DGEBA was held
in a 50 °C convection oven prior to use.!?® The DGEBA and NP-9 were purchased from Sigma
Aldrich and used without further purification. The amine hardener available from Air Products
was diluted to a concentration of 4 wt.% and used as received. The amine was a mixture of low
molecular weight, low weight fraction, amine compounds along with a ‘polyamine polymer’ which
made up the bulk of the water soluble amine mixture at 40-70 wt.%. The polyamine polymer’s
specific chemical structure was proprietary, although it was likely to contain primary amines for
the purpose of crosslinking the epoxy. Octanol was purchased from Sigma Aldrich and pre-
contacted with water prior to measurement.

Aqueous based CNCs were used as received and the details of their chemistry vary only
slightly from those used in Chapters 2 and 3. Specifically, the CNCs were derived from mixed
southern yellow pine dissolving pulp via 64% sulfuric acid digestion as described elsewhere.?” The
CNCs were provided by the USDA Forest Products Laboratory at a 5.5 wt.% concentration, and
were determined to contain 0.86 wt.% sulfur on a dry cellulose basis by ICP/MS. The counter ion
on the CNCs was Na".

4.3 Tensiometry Measurements

The interfacial tension was measured via axisymmetric drop shape analysis of a pendant
drop with a ramé-hart goniometer (model 100-25-A). An inverted pendant drop of DGEBA
immersed in the aqueous phase was created by a syringe with a steel needle. A high speed CCD
camera was programmed to capture the variation of drop shape with time in the DROPimage
Advanced software. The interfacial tension was obtained by analyzing the contour shape resulting
from the balance of gravitational forces and tension forces. All experiments were performed at

room temperature.
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For the measurement of the DGEBA/water interfacial tension, approximately 10 mL of DI
water was poured into a glass box and the melted DGEBA was pipetted into the syringe. The
DGEBA was allowed to cool for 10 minutes prior to measurement. An approximately 10 pL
DGEBA droplet was formed in the aqueous phase and the dynamic interfacial tension was
measured for 80 minutes. The data reported reflect the final interfacial tension value at 80 minutes.
A similar procedure was followed when CNCs were added to the aqueous phase. Aqueous based
CNCs were added to DI water and sonicated together for 1 hour using a 2510 Branson bath
sonicator prior to the measurement. The CNC/water suspensions were 10 mL in volume and the
CNC concentration was varied. After the CNC/water suspension was sonicated, a small amount of
melted DGEBA was added to the syringe and both liquids were allowed to cool for 10 minutes
prior to the measurement. Three measurements were repeated and error bars represent 95%
confidence intervals.

For the measurements involving the nonionic surfactant, NP-9, a concentration of 1 mM
surfactant was used and the CNC concentration was varied. The CNC/surfactant suspensions were
sonicated together with DI water for 1 hour and cooled 10 minutes prior to the measurement. The
total volume was 10 mL. For the measurements involving the amine corsslinker, a concentration
of 0.15 g/L was used and the CNC concentration was varied. The CNC/amine suspensions were
sonicated together with DI water for 1 hour and cooled 10 minutes prior to the measurement. The
total volume was 10 mL. Three measurements were repeated and error bars represent 95%
confidence intervals.

Each experiment was concluded by decreasing the droplet volume to zero, via the syringe,
in order to determine if CNCs were present at the interface. If the droplet remained spherical during

this step, it was concluded that CNCs were not present in a significant quantity at the interface,
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and if the droplet was folded or irregular in shape, it was concluded that CNCs were present at the
interface.
4.4 Zeta Potential Measurements

The zeta potentials of neat CNC, CNC/amine, and CNC/surfactant suspensions were
measured. The concentration of each sample was 0.01 wt.%. The measurements were performed
using a Malvern Zetasizer Nano ZS 90. Measurements were performed in triplicate at 25 °C, and
the average values were reported.
4.5 Results
45.1 CNC Effect on DGEBA Interfacial Tension

The interfacial tension of DGEBA in water was measured to be 17.5 + 0.1 mN/m. While a
value for comparison was not found in literature, the surface tension of DGEBA (DGEBA in air)
was measured to be around 46.1 + 1.5 mN/m, which is close to the reported value of 44.2
mN/m;12:127 therefore, the measurements were considered accurate. When CNCs were added to
the aqueous phase, the interfacial tension was slightly lower compared to the neat value. However,
the change in interfacial tension with CNC content was not appreciable, and fell within error of
the neat value. From this data, it was determined that CNCs alone do not lower the interfacial
tension of this DGEBA, and therefore were not located at the interface. The interfacial tension data

of DGEBA as a function of CNC concentration is given in Figure 4.1.
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Figure 4.1: Interfacial tension of DGEBA and water as a function of CNC concentration.
Error bars represent 95% confidence intervals.

Before considering the binary systems of CNC and surfactants or CNCs and amines,
another parameter associated with the CNCs was tested to investigate whether CNCs could be used
for the purpose of stabilizing oil/water emulsions. For example, previous studies have shown that
the ionic strength will play an important role in a particle’s ability to stabilize emulsions.?® This
phenomenon is known as the image charge effect where a charged particle creates an image of
itself across an interface. The image force arises when an electric charge near an interface between
dielectric media of different permittivity sets up a polarization field in which the charged particle
experiences a force pointing toward the more polarizable medium.*?® The magnitude of the image
charge is a function of the dielectric constant of the two fluids (oil and water) and is similar in
magnitude to the actual charge when the oil has a low dielectric constant.?® The image charge and
the charged particle can repel each other, which would prevent particles from getting to the
interface and thus prevent the particles from stabilizing o/w emulsions. The effects of the image

charge can be mitigated by choosing a higher dielectric constant oil or by screening the
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electrostatic charge of the particle with salt.?® The dielectric constant of DGEBA is around ¢ =
48129130 whereas the dielectric constant for oils tested with CNCs in other publications, such a
toluene or hexadecane,®®!? is around € = 2.1?% In order to test the image charge hypothesis, the
interfacial tension of octanol (¢ = 10.3) and water was tested and compared to the interfacial tension
of octanol in a 1.38 wt.% aqueous CNC suspension. The dynamic interfacial tension curves are

given in Figure 4.2.
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Figure 4.2: Interfacial tension of octanol and water with 0 wt.% CNC and 1.38 wt.% CNC.

The interfacial tension of octanol and water was measured to be 8.33 mN/m, the average
value over the length of the experiment. This value was also consistent with the reported literature
value of 8.5 mN/m.?3! The interfacial tension of octanol in a 1.38 wt.% aqueous CNC suspension
was measured to be 7.95 mN/m, which was slightly lower than the neat octanol value. The
interfacial tension of octanol in the 1.38 wt.% aqueous CNC suspension also remained at a

relatively constant value during the time of the experiment (40 minutes), indicating that the CNCs
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were not dynamically adsorbing at the interface on this time scale. While the CNCs slightly
lowered the interfacial tension of octanol, the effect was not significant enough to conclude that
the image charge would play a significant role in these CNCs’ ability to stabilize emulsions.
4.5.2 CNC and Surfactant Effect on DGEBA Interfacial Tension

Since it was determined that CNCs do not significantly lower the interfacial tension of
DGEBA, the interfacial tension of CNC/surfactant solutions was tested. The interfacial tension of
DGEBA in a1 mM NP-9 aqueous solution was 4.32 mN/m, considerably lower than the neat value
of 17.5 mN/m, and the lowest value obtained with 0.34 wt.% CNCs, 16.6 mN/m. CNCs were added
to 1 mM surfactant solutions and the interfacial tension was measured. It was found that the CNCs
caused the interfacial tension to increase as more CNCs were added, as shown by Figure 4.3. At a
CNC concentration of 1.38 wt.% and a surfactant concentration of 1 mM, the interfacial tension
was increased to 6.2 mN/m. This result was counter intuitive to the hypothesis in Chapter 3 which
presumed that the CNCs were associating with the surfactant stabilized epoxy droplet during the
nanocomposite preparation involving the premixing step of CNCs with the epoxy emulsion. The
increased interfacial tension with increasing CNC concentration implied that less surfactant was
available to adsorb to the interface, thus, the surfactants were associating with the CNCs in the
bulk solution. A similar result was encountered when CNCs were mixed with cationic

surfactants.'?°
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Figure 4.3: Interfacial tension values of DGEBA in water after 80 minutes with 1mM NP-9
and varied CNC concentration. Error bars represent 95% confidence intervals.

To verify whether the CNCs were associating with the nonionic surfactants, a step-wise
experiment was conducted. First, the DGEBA droplet was equilibrated in a 1 mM NP-9 solution
for 40 minutes, then that solution was exchanged for a 0.68 wt.% aqueous CNC solution and the
interfacial tension was recorded for another 40 minutes. In this scenario, the surfactant and CNCs
are not premixed and the surfactant stabilized DGEBA droplet can be introduced to CNCs where
their interactions can be monitored via the dynamic interfacial tension. The dynamic interfacial
tension curve of this experiment is given in Figure 4.4. During the 40 minute equilibration with
the surfactant, the interfacial tension continuously decreased from 8.6 mN/m to 5.8 mN/m. When
the surfactant solution is replaced by the CNC solution, there was a sharp increase in the interfacial
tension from 5.8 mN/m to 6.9 mN/m. This confirmed the hypothesis that CNCs were causing the
surfactants to desorb from the interface by associating with the surfactant molecules. However, the
interfacial tension did not increase above the initial value of the experiment, where the final value
was 7.5 mN/m after 40 minutes of equilibration with the CNC solution. Although the CNCs

increased the DGEBA interfacial tension, previous work has shown that CNCs and surfactants can
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stabilize o/w emulsions despite the fact that increased interfacial tension values were observed

with CNC/surfactant mixtures compared to the surfactant only.?°
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Figure 4.4: Dynamic interfacial tension curve for 1 mM NP-9 from t=0 to t=2500 s, and

0.68 wt.% CNC from t=2500 to t=5000 s. Vertical line denotes the step in the experiment
when the 1 mM surfactant solution was exchanged for a 0.68 wt.% CNC suspension.

45.3 CNC and Amine Effect on DGEBA Interfacial Tension

Tensiometry experiments showed that CNCs alone do not lower the interfacial tension of
DGEBA in water, and that CNCs facilitated the desorption of surfactants from the DGEBA/water
interface, thereby increasing the interfacial tension to a value higher than the surfactant-only case.
Considering the components involved in the nanocomposite preparation, another parameter that
could have influenced the degree of CNC dispersion and interfacial associations was the amine
crosslinker. The interfacial tension of DGEBA with CNC/amine suspensions was tested. The
amine concentration was 0.15 g/L and the CNC concentration was varied. The interfacial tension
of the DGEBA with 0.15 g/L amine was 3.7 + 0.03, which indicated that amine molecule was
adsorbing to the interface and was a good epoxy stabilizer. When 0.086 wt.% CNC was added to

0.15 g/L amine, the interfacial tension was increased to 12.4 + 1.1 mN/m, a sign that the CNCs
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were severely limiting amine adsorption to the interface. Similar to the CNC/surfactant case, the
interfacial tension was further increased with increasing CNC content, where the interfacial tension
of DGEBA ina 0.17 wt.% CNC and 0.15 g/L amine aqueous suspension was 13.0 £ 0.2 mN/m,
and the interfacial tension of DGEBA ina 0.34 wt.% CNC and 0.15 g/L amine aqueous suspension
was 13.6 + 0.1 mN/m. The extent to which increasing CNC concentration increased the interfacial
tension was more pronounced for CNC/amine suspensions than for the CNC/surfactant
suspensions. For example, the interfacial tension of DGEBA was increased from 3.7 to 13.6 mN/m
when 0.34 wt.% CNC was added to the 0.15 g/L amine suspension versus an increase of 4.3 t0 4.9
mN/m when 0.34 wt.% CNC was added to the 1 mM surfactant suspension.
454 Crumple Test

Unlike the case with CNC-only or CNCs and surfactants, the CNC/amine suspensions had a
distinct effect on the DGEBA droplet deformation during the crumple test. Figure 4.5 shows the
evolution of the DGEBA drop shape as the internal pressure of the droplet is decreased, leading to
a reduction in the volume and interfacial area. Figure 4.5(a) shows the DGEBA drop shape as a
function of time for the 1.38 wt.% CNC-only case. From these images, it is clear that the droplet
maintains a spherical shape throughout the test (phase I-V), reinforcing the conclusion that CNCs
were not at the interface at the concentrations tested here (0.34 to 2.75 wt.%), and during the time
allotted for equilibration (80 minutes). Figure 4.5(b) shows the DGEBA droplet deformation in
the presence of 0.15 g/L amine. There are notable features of the droplet shape in the amine-only
case. In phase Il of Figure 4.5(b), the DGEBA droplet exhibited rounded corners near the edges
of the steel needle. The non-spherical behavior continues through phase V, though the droplet
surface remains smooth. Figure 4.5(c) shows the DGEBA drop shape as a function of time for the

0.15 g/L amine and 0.17 wt.% CNC suspension. There were significant differences when
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comparing the DGEBA drop shape deformation of the CNC/amine suspension to the CNC-only
and amine-only suspension. First, the droplet in phase Il of Figure 4.5(c) began to show rounded
corners near the edge of the needle, similar to the amine-only case. In the subsequent phases of
droplet deformation of Figure 4.5(c), irregularities in the droplet shape can be noted where the
droplet takes on a conical shape (phase I11), then an oval shape (phase V), and finally the droplet
folds on itself (phase V). Additionally, in phases IV and V, creases in the droplet surface can be
observed. These features were consistent with particles located at the interface.'?4132 It is important
to note that the onset of crumpling occurred sooner for the lowest CNC concentration tested here
(0.086 wt.%), and that the extent of crumpling observed was also qualitatively greater for the
lowest CNC concentration sample. This observation suggested that lower CNC concentrations
facilitated higher interfacial coverage of the DGEBA droplet surface by the CNCs. However, it
was difficult to quantify the crumpling ratio for the amine/CNC suspension given that the DGEBA
droplet was noticeably deformed when the CNC particles could not have influenced the droplet

deformation behavior in the amine-only case.
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Figure 4.5: DGEBA drop shape as a function of time. (a) 1.38 wt.% CNC (b) 0.15 ¢g/L

amine (c) 0.17 wt.% CNC with 0.15 g/L Amine.

Although the amine molecule was responsible for CNC interfacial adsorption, the
CNC/amine solutions still resulted in relatively high interfacial tension values of the DGEBA,
around 12 to 13 mN/m depending on the CNC concentration. This would likely be insufficient to
result in a stable emulsion, as the lowest interfacial tension value possible is optimal. In this regard,
the CNC/surfactant combination would be more appropriate in an emulsion formulation since the
DGEBA interfacial tension was reasonably low (4 to 5 mN/m) and was not a strong function of
CNC concentration in that case.

455 Zeta Potential of CNC and CNC mixtures
Another interesting observation was made when mixing the CNC and amine suspensions.

At moderate concentrations of CNC or amine, the solution was cloudy, which gave an indication
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that the aggregation of either component was induced upon their addition. This observation, along
with the interfacial tension data, implied an association between the CNC and amine, similar to
the CNC and surfactant case, although this effect was greater for the CNC and amine case. To
better understand these interactions, the zeta potential was measured for the CNCs as well as for
the mixtures of CNC and surfactants, and CNC and amine. The summary of these results is given
in Table 4.1. The zeta potential of neat CNC was -50.3 mV, indicating a stable suspension. In the
binary mixtures, the ratio of the CNC/amine and CNC/surfactant samples were 5 times in excess
of CNC by weight. This ratio reflected the lowest CNC concentrations used in the tensiometry
experiments with amine and with surfactant, 0.086 wt.% and 0.34 wt.% CNC, respectively. Each
zeta potential measurement showed a monomodal distribution of charges, indicating that the
measurement reflected the zeta potential of a single species, rather than two distinct species. The
zeta potential of the CNC and surfactant suspension was -54.6 mV, which was similar in magnitude
the value obtained for neat CNC, indicating that the two species did not have significant
interactions. Conversely, the zeta potential of the CNC and amine suspension was -19.1 mV, a
much lower value compared to the neat CNC, indicating that the two species were associated in
some manner that facilitated a modification of the CNC surface charge. The CNC/amine
association was possibly due to the strongly negative CNCs interacting with a positively charged
amine species, however, other possibilities exist. For example, Yang et. al observed an increase in
the zeta potential of CNCs when the CNCs were mixed with polyethylene glycol (PEG)
solutions.’®® The hypothesized interaction between the PEG and CNCs was attributed to hydrogen
bonding,®** thus hydrogen bonding was responsible for modifying the surface charge (zeta
potential) of the CNCs. Considering the materials studied here, the amine polymer and CNCs could

also participate in hydrogen bonding. Way et. al observed strong hydrogen bonded networks of
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amine functionalized CNCs at high pH (8 to 13), and electrostatically repulsive CNCs at low pH
(1 to 7) due to the protonation of the amine groups in acidic conditions.’3* The pH of the
CNC/amine suspension at a 5:1 weight ratio was measured to be 10.21, where hydrogen bonding
was likely to occur. However, protonation of the amine cannot be ruled out as it is possible that a
small percentage of the amines were protonated, in which case, the positively charged amine group
would have a strong electrostatic attraction to the negatively charged sulfate group. Given the
proprietary nature of the amine polymer, it was difficult to determine the exact mechanism of the
CNC and amine interaction.

In any case, these results help to explain the large increase in the interfacial tension of
DGEBA when CNCs were added to the amine suspensions versus the slight increase of the
interfacial tension when CNCs were added to the surfactant suspensions. In summary, the CNCs
minimally interacted with the surfactant molecules and significantly interacted with the amine
molecules, and in both cases the CNCs hindered their adsorption to the DGEBA interface.

Table 4.1: Zeta potential of neat CNC, CNC/amine, and CNC/surfactant mixtures.

Sample: CNC CNC:Amine | CNC:NP-9
51 5:1
Zeta Potential: | -50.3+25 | -19.1+0.5 -54 £ 35
(mV)

The zeta potentials of the binary mixtures also helps to explain the presence of CNCs at
the interface when combined with the amine. For example, it was determined that the amine had a
strong affinity for the DGEBA interface given the low interfacial tension value (3.73 mN/m) of
the DGEBA in a weakly concentrated aqueous amine solution. The zeta potential measurements

of the CNC and amine suspensions also suggested that the CNCs had a strong affinity for the
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amine. Therefore, if an amine molecule adsorbed to the DGEBA interface, the CNCs
electrostatically associated with the amine would also be adsorbed.
45.6 1-step and 2-step Mixing Mimicked with Tensiometry

The results from the CNC and amine interfacial tension measurements showed that the
CNCs are located at the DGEBA interface when combined with the amine. Combining this
observation with the findings from CNCs-only and CNCs and surfactants, it was concluded that
the amine molecule was responsible for getting CNCs to the DGEBA/water interface.

In the aforementioned experiments, however, the individual components (CNC and amine
or CNC and surfactant) were premixed together and then added to the DGEBA interface. This
order of addition did not mimic the processing of the nanocomposites accurately since in the 1-
step mixing composite case CNCs and amine were added to the surfactant stabilized epoxy
droplets, and in the 2-step mixing composite case CNCs were added to the surfactant stabilized
epoxy droplets and the amine was added some time later. To better reflect this reality, a similar
step-wise experiment was conducted with tensiometry where in the 1-step mimic case an epoxy
droplet was equilibrated for 40 minutes with a 1 mM surfactant solution and then that solution was
exchanged for a solution containing 0.34 wt.% CNC and 0.15 g/L amine. Similarly, for the 2-step
mimic, an epoxy droplet was equilibrated for 40 minutes with a 1 mM surfactant solution and then
that solution was exchanged for a 0.34 wt.% CNC solution which was also equilibrated for 40
minutes. In the last step, 0.15 g/L of amine was added directly to the CNC suspension and the
interfacial tension was recorded for another 40 minutes. These two experiments were concluded
by monitoring the crumple point of the DGEBA droplet. The dynamic interfacial tension curves

of the 1-step and 2- step mimic are given in Figure 4.6.
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Figure 4.6: Dynamic interfacial tension curves for 1-step (black) and 2-step (red)

tensiomety experiments. Vertical lines denote the steps of the experiment when the aqueous
solution was exchanged or added to.

In the 1-step and 2-step mimic case dynamic interfacial tension curves, the interfacial
tension continually decreased from 8.2 to 5.7 mN/m from t=0 to t=2500 s, the surfactant step.
When the surfactant solution was replaced with either the CNCs or CNCs with amine, the
interfacial tension was increased to 6.8 mN/m, and the magnitude of the increase was similar for
the 1-step and 2-step mimic case. This result showed that whether the CNCs (2-step) or CNCs with
amine (1-step) were added to the surfactant stabilized epoxy droplet, the interfacial tension would
increase similarly. After CNC or CNC and amine addition, the dynamic interfacial tension values
were again similar from t=2500 s to t=5000 s, indicating that either component did not have
significant interactions with the surfactant stabilized epoxy droplet. Since a similar result was

shown by Figure 4.4 when CNCs were added to a surfactant stabilized DGEBA drop, it was
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concluded that the sharp increase in interfacial tension observed at t=2500 s was mostly due to the
CNCGCs.

Next, the 2-step mimic experiment was continued where an aliquot of amine was added to
the CNC solution surrounding the epoxy droplet. In this step at t=5000 s, the interfacial tension
was unchanged and remained at a constant value of 7.4 mN/m until the conclusion of the
experiment at t=7500 s. Again, this result implied that the amine did not have noticeable
interactions with the DGEBA droplet.

The differences in these two experiments were realized during the crumple point test. The
evolution of DGEBA droplet shape as a function of time for the 1-step and 2-step tensiometry
mimics is given in Figure 4.7. Like the CNC-only case, the 1-step mimic case exhibited a spherical
droplet shape during the crumple test and so it was concluded that CNCs were not located at the
interface in a discernable quantity. Conversely, the 2-step mimic case exhibited an irregular droplet
shape during deformation (phase 111 through V), indicating CNCs at the interface. Based on these
experiments, the CNCs are more likely to be located at the epoxy/water interface when the CNCs
are premixed with the epoxy and the amine added some time later (2-step), and the amine plays an

important role in facilitating this effect.
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Figure 4.7: DGEBA drop shape as a function of time. (a) 1-step mimic (b) 2-step mimic.
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While the greater component concentrations and mechanical agitation applied to the
composite during processing would likely drive CNC particle adsorption to the epoxy interfaces,
those parameters were impossible to study with tensiomerty given the inevitable viscosity increase
accrued by higher CNC concentrations and the influence this would have on bulk fluid dynamics.
In any case, thermodynamics of adsorption and electrostatic interactions were sufficient to
understanding important colloidal behaviors of the CNCs with various components of interest
using tensiometry.

4.6 Conclusions

The interfacial tension of an epoxy oil based on DGEBA was measured in a series of aqueous
suspensions for the purpose of understanding the colloidal interactions present in a waterborne
epoxy composite system involving a nonionic surfactant-stabilized epoxy droplet, a water soluble
amine crosslinker, and CNC particles. First the interfacial tension of DGEBA and water was
monitored as a function of CNC concentration. It was determined that the CNCs did not
appreciably alter the interfacial tension of this DGEBA at the concentrations tested here.

Therefore, the CNCs were combined with a 1 mM surfactant suspension and the interfacial tension
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was measured. The interfacial tension was increased with increasing CNC concentration with
respect to the surfactant-only case. Dynamic interfacial tension measurements confirmed that the
CNCs facilitated surfactant desorption from the DGEBA interface, thereby leading to an increase
in the interfacial tension. Finally, the amine crosslinker at a concentration of 0.15 g/L concentration
was combined with varying CNC concentrations and the interfacial tension was measured. It was
found that the interfacial tension was again increased with increasing CNC concentration with
respect to the amine-only case, although the extent to which the interfacial tension was increased
was greater for the CNC and amine case versus the CNC and surfactant case. Zeta potential
measurements indicated a strong electrostatic association between the CNC and amine which was
presumed to influence the CNC and amine interfacial tension values, as well as the localization of
CNCs at the DGEBA interface; a feature that was noticeable only with the CNC and amine
suspensions via the crumple point test. Although the amine molecule was responsible for CNC
interfacial adsorption, the lowest DGEBA interfacial tension value obtained for the binary CNC
mixtures occurred for the 1 mM surfactant with 0.34 wt.% CNC, therefore this combination was
suggested to give the optimal emulsion formulation. This study highlights the importance of
understanding individual component interactions for the purpose of formulating waterborne epoxy
emulsions involving CNCs, and logically choosing processing strategies when formulating multi-

component CNC composites.
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CHAPTER 5

SITE SELECTIVE MODIFICATION OF CELLULOSE
NANOCRYSTALS WITH ISOPHORONE DIISOCYANATE AND
FORMATION OF POLYURETHANE-CNC COMOPSITES

A version of this Chapter was submitted for publication in the journal ACS Applied Materials
and Interfaces:

Girouard N., Xu S., Schueneman G. T., Shofner M. L., and Meredith J. C., Site Selective
Modification of Cellulose Nanocrystals with Isophorone Diisocyanate and Formation of
Polyurethane-CNC Composites. ACS Applied Materials and Interfaces. (2015)
5.1 Overview

This Chapter will discuss a chemical modification of the CNC surface using isocyanate
chemistry. There are many examples in literature of cellulose modification routes.'® For example,
poly[2-dimethylamino)ethyl methacrylate] (PDMAEMA) was grafted onto the CNC surface for
the purpose of stabilizing o/w emulsions,*?® and silylation of the —OH surface with N-(p-
aminoethyl)-y-aminopropyltrimethoxysilane was used to improve the compatibility of CNCs with
an unsaturated polyester resin.'*® The work presented here explored a modification route using
hydroxyl/isocyanate chemistry with isophorone diisocyanate as the reactive monomer. Similarly,
hexamethylene diisocyanate (HDI) was used to modify CNCs and then the modified nanoparticles
were incorporated into the segmented thermoplastic polyurethane matrix.®® The grafted HDI
chains linked the CNCs together, e.g., chain extension, to form an interconnected network due to
the in situ polymerization of the HDI, because both HDI isocyanate groups reacted with cellulose
hydroxyl groups.®® Alternatively, in this work, the proposed modification route did not lead to
chain extension of the nanoparticles and offers a unique functionality for CNCs that opens the door
for utilizing the isocyanate-modified CNCs in composites with many different polymer matrices.

The polyurethane industry is lucrative and diverse, with reported revenues in 2013 of $25.6

billion and finding end applications in appliance, automotive, building and construction,
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electronics, footwear, and packaging industries.®*” The extensive choices available for isocyanates
and polyols are responsible for polyurethane’s wide range of properties and applications, where
the physical properties of polyurethane are dependent upon the chemical structure of the starting
reactants.®® For example, the material properties of polyurethanes will depend on the extent of
crosslinking as well as the chain length of the polyol where a high degree of crosslinking would
yield a rigid polyurethane, and long chain polyols yield flexible polyurethanes. Of course there is
a balance between choosing such chemistries for a given application without sacrificing additional
mechanical properties, such as elongation at break. For this reason, many types of fillers have been
incorporated into polyurethanes in order to improve their mechanical properties. These fillers
include carbon nanotubes,®13° layered silcate clays,'*° and graphite oxide nanoplatelets.'*!
Interest in the development of bio-based polyurethanes utilizing vegetable oils and sugars, suggest
that reinforcements such as cellulosic nanoparticles would be better matches with polyurethane.
The combination of cellulosic nanoparticles and polyurethane can aid in the development of
bionanocomposites containing a significant amount of renewable carbon content.®* However, as
mentioned previously, current reports on CNCs in polyurethane formulations suffered from the
undesirable chain extension and agglomeration of the CNCs which ultimately resulted in a
decrease of the tensile strength, strain at break, and work of fracture in the final composites.®*
Given the diversity of isocyanate chemistries available to polyurethane formulations, it is prudent
to investigate alternative isocyanate chemistries with the hydroxyl-decorated CNC surface.
Isophorone diisocyanate (IPDI) is part of a class of aliphatic isocyanates used in
polyurethane coating applications. Aliphatic isocyanates make up a small percentage of the total
isocyanate market, but are well known for their high abrasion resistance, and resistance to UV

degradation.*2143 These attributes makes these materials attractive for exterior coating
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applications, such as airplanes. The two most common aliphatic isocyanates are IPDI and HDI.
HDI has a linear hydrocarbon backbone with two terminating isocyanate groups on each end. IPDI
is an aliphatic ring with one primary and one secondary isocyanate group. In HDI, the two
isocyanate groups are of equal reactivity whereas the isocyanate groups in IPDI are of unequal
reactivity.

In the IPDI molecule, the secondary isocyanate (the —-NCO substituent directly connected
to the ring) has a higher reactivity compared to the primary group (the -CH2NCO group), which
is attributed to the primary group being more sterically hindered by the neighboring methyl
group.** Moreover, the selectivity for the secondary isocyanate reaction can be enhanced by using
dibutyl tin dilaurate (DBTDL) as the reaction catalyst, and can be inverted to be primary selective
by using 1,4-Diazabicyclo[2.2.2]octane (DABCO).1#+147 By exploiting this unequal reactivity, it
is possible to produce isolated CNCs decorated with IPDI monomers with a pendant isocyanate
group that do not chain extend into isocyanate-linked CNC agglomerates. This reaction schematic

is given in Figure 5.1.
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Figure 5.1: lllustration of IPDI/CNC reaction with the secondary NCO group on IPDI.

The surviving pendant isocyanate group is then available for reaction with additional
monomers of interest, such as polyols commonly used in polyurethane formulations. This
chemistry can facilitate covalent bonding between the CNC and polymer matrix, a feature that

could offer desirable mechanical properties and new functionalities to CNC composites. Such
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benefits could facilitate accelerated commercialization of these biobased nanomaterials. In this
work, CNCs were successfully modified with IPDI, and for demonstrational and performance
based-comparative purposes, modified CNC (m-CNC) and unmodified (um-CNC) particles were
incorporated into a polyurethane elastomer using IPDI as the isocyanate-containing monomer and
crosslinked with a polyether-based triol.
5.2 Materials and Methods

Freeze dried CNCs (FD-CNCs) were provided by the U.S.D.A. Forest Products Laboratory
and used as received. The CNCs were freeze dried from an aqueous CNC suspension prepared
from mixed southern yellow pine dissolving pulp via 64% sulfuric acid digestion as described in
detail elsewhere.?” The resulting CNCs had sulfate functionality due to residual sulfate esters on
their surfaces. The CNCs were determined to contain 0.96 wt.% sulfur on a dry cellulose basis by
inductively coupled plasma/optical emission spectroscopy (ICP/OES).*® The counter ion on the
nanocrystals was Na*. IPDI was purchased from Sigma Aldrich at 98% purity and used as received.
The IPDI was stored at 4 °C. The crosslinker used in polymer synthesis was a polyether polyol
provided by Bayer MaterialScience (LHT-240, Molecular Weight=700 g/mol). Solvents of
anhydrous dimethyl sulfoxide (DMSO) and toluene were purchased from Sigma Aldrich and used
as received. Isocyante catalysts, DBTDL and DABCO, were purchased from Sigma Aldrich and
used as received.
5.2.1 Surface Modification of CNCs

The FD-CNCs were first mixed with DMSO by magnetic stirring for 30 minutes. The
concentration of CNC in DMSO was approximately 3 wt.%. This mixture was then sonicated for
1 hour with a 2510 Branson bath sonicator. A separate vessel partially submerged in an oil bath

containing IPDI was heated to 60 °C under a flowing nitrogen atmosphere. The DBTL was then
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added to the IPDI and allowed to stir for 5 minutes. The FD-CNC/DMSO suspension was added
drop-wise to the stirring IDPI/DBTDL mixture with a separatory funnel. The reaction proceeded
overnight in a flask with N inlet and outlet ports. The reaction was run in excess of IPDI at a
weight ratio of IPDI to CNC of 67:1. After the reaction, the mixture was washed with toluene and
centrifuged at 2,800 RPM for 3 minutes, and repeated 3 times. The toluene was poured off, and
the CNCs were either mixed with triol for composite synthesis, or allowed to dry in a vacuum oven
overnight. An identical procedure was applied to produce the m-CNCs using DABCO as the
reaction catalyst. All m-CNC characterizations were performed on samples that were synthesized
using DBTDL as the reaction catalyst, with the exception of 3C NMR which was employed to
compare the selectivity of the two catalysts studied here.
5.2.2 Polyurethane Film Preparation

Composites were synthesized with both m-CNCs and um-CNCs at loadings of 1 and 5
wt.%, and DBTDL was used as the reaction catalyst for both the m-CNC preparation and the
polyurethane film formulation. Elemental analysis was used to calculate the relative weight ratios
of IPDI and CNC in the m-CNCs. This information was used to estimate the equivalent weight of
CNC in the m-CNC sample, and all composite loadings were based on the weight of CNC only.
All polymers were synthesized with a 1:1 stoichiometric ratio of -NCO from IPDI and —OH from
triol. The concentration of -NCO groups on the modified CNCs was taken into account by the
experimental values given by elemental analysis. The um-CNCs were first mixed with toluene and
then sonicated. For both types of CNC composites, the CNC/toluene mixture was magnetically
stirred with triol for 30 minutes and then vacuum oven dried until there was no mass change,
indicating that the toluene had been removed. The CNC/triol mixture was then stirred with DBTDL

for a few minutes. IPDI was added to the mixture was allowed to magnetically stir for 30 minutes.

97



The nanocomposite mixture was then poured onto a hydrophobic glass substrate and casted to the
desired thickness with a doctor blade. The polymer was cured at 100 °C in a vacuum oven for 2
hours. For comparative purposes, a neat polyurethane polymer film was synthesized. The
procedure for producing the neat polymer was identical to the procedure for the composite, except
that in the step where the CNC/toluene mixture was added to the triol, here only toluene was added.
52.3 ATR-FTIR

The chemical structure of the um-CNCs, m-CNCs, and polymer films was analyzed with
ATR-FTIR using an ATR accessory (Bruker Platinum ATR) with a Bruker Vertex 80V
spectrometer. The ATR was equipped with a germanium crystal plate, which had a spectral range
of 10,000 to 10 cm™. The spectra were corrected to subtract the background signals and flatten the
baseline. The wavenumber scan range was 4000 to 600 cm™ with a resolution of 4 cm™ and a total
of 64 scans. For the um-CNC/m-CNC comparison, the 1060 cm™ band was chosen as the
normalization wavenumber since this absorbance was associated with ether functional groups
which were assumed to not participate in the reaction. Similarly, the composite spectra were
normalized by a functional group assumed to not participate in the crosslinking reaction, the 1380
cm peak!®! which was assigned to the dimethyl group on the C3 carbon of the aliphatic ring in

the IPDI monomer.146

5.2.4 Elemental Analysis

Modified and unmodified CNC samples were sent to ALS Environmental in Tuscon, AZ
for elemental analysis. The samples were analyzed for C, H, O and N content. The C, H, N analysis
was performed on a Perkin Elmer 2400 Series Il, and the O analysis was performed on a Leco
Truspec Analyzer. The Perkin Elmer instrument was calibrated with acetanilide and the Leco

Truspec was calibrated with benzylic acid. Approximately 2 to 5 mg of sample was weighed and
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then held in the combustion chamber for about 5 minutes. The oxygen analyzer was held at 1000
°C and the C, H, N analyzer was held at 935 °C. The degree of substitution was calculated based

on the nitrogen content.

5.2.5 Nuclear Magnetic Resonance Spectroscopy (NMR)

The selectivity for the primary/secondary isocyanate group using DABCO and DBTDL
catalysts was verified with solid state **C NMR. Ca. 50 milligrams of um-CNC and m-CNC was
packed into a 24 mm OD MAS rotor. CP-MAS spectra were recorded using a Bruker AV3-400
NMR spectrometer operating at a 1H frequency of 400 MHz. A dual channel BB-MAS probe was
operated at a spinning speed of 10 kHz. Cross polarization was achieved with a trapezoidal shaped
contact pulse for 1H varying in power from 70 to 100% and a length of 2 ms. Repetition delay
between scans was 4s and at least 12,000 scans were acquired for each sample in order to measure
spectra with an excellent signal to noise ratio. The spectra were normalized by the peak positioned
at & = 75 ppm, an absorbance that was attributed to the C2, C3, and CS5 carbons in the crystalline

cellulose.** These groups were assumed to not participate in the reaction.

52.6 TGA

Thermal stability and changes in degradation patterns associated with the modification step
were assessed with thermogravimetric analysis (TGA) (TA Instruments TGA Q5000). Samples
were heated from room temperature to 600 °C at a rate of 5 °C/min under a flowing nitrogen
atmosphere. The onset temperature (T-onset) and temperature at maximum weight loss rate (T-
max) were determined with TA Universal Analysis software. The onset temperature of degradation
was assessed by TA Universal analysis software by manually choosing a point before and after the

sharp drop in mass loss on the weight loss curve. The temperatures at maximum weight loss were
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determined for each event of degradation with TA Universal analysis software by manually
selecting a point before and after the peak maximum on the derivative weight loss curve.
Measurements were repeated three times, and average values were reported.
52.7 PLM

CNC dispersion in the polyurethane matrix was investigated qualitatively by the
observation of birefringence with an optical microscope (Olympus BX51) equipped with two
polarizers (Olympus U-AN360P). Images were captured with an Olympus camera (U-CMAD3)
and processed with PictureFrame software. All films were imaged in transmission mode with a
20X objective and at full extinction of the polarizers.
5.2.8 Tensile Testing

Uniaxial tensile testing was performed using an Instron 5842. The samples were prepared
by cutting the films with a dog bone die based on the ASTM standard D1708-13. The test section
was approximately 22 mm long, and samples were approximately 0.6 mm thick. The testing speed
used was 10 mm/min. Material properties associated with changes in tensile strength measured at
break, % elongation, and work of fracture were reported. A minimum of four samples were tested
for each material composition, and the average values were reported.
5.3 Results

5.3.1 Determining m-CNC Chemistry with ATR-FTIR, Elemental Analysis, and **C-
NMR

In order to verify the attachment of the IPDI monomer to the CNC surface with pendant
isocyanate groups, as illustrated in Figure 5.1, ATR-FTIR was used to characterize the m-CNCs
and um-CNCs. The isocyanate functionality has an isolated and strong absorbance around 2240
cm,291 thus evidence of its presence in any of the samples tested should be obvious. After the m-

CNCs were washed with toluene 3 times, the supernatant of the third centrifuged product was
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tested. The ATR-FTIR results indicated that a negligible amount of isocyanate was remaining from
the reaction mixture after the toluene washing (data not shown), thus the isocyanate peak observed
in the modified particles would be largely due to the presence of isocyanate on the CNC particles.
Figure 5.2 shows the ATR-FTIR spectra for the um-CNC and m-CNC. The um-CNCs showed IR
absorbances characteristic of cellulosic functional groups. There were strong absorbances around
3000-3550 cm™ and 900-1100 cm?, the bands assigned to —OH and -C-O-C vibrations,
respectively.®®11 Changes across all regions of the spectra were observed for the m-CNCs; the
most significant changes will be discussed. First, there was an apparent decrease in the —OH peak,
which indicated that some of these functional groups were consumed. This decrease in the —-OH
peak coupled with the appearance of the isocyanate band at 2240 cm™ gave a strong indication that
the CNC surface was successfully modified. Additionally, there were significant increases in the
absorbance of the carbonyl bond present in urethane groups at 1500-1750 cm™ 66101 These results
suggested that not only was the CNC surface successfully modified with the IPDI monomer, but
that only some of the isocyanate groups were attached, thus demonstrating the unequal reactivity
of the IPDI. The available isocyanate group from the m-CNC particles may facilitate a route for

further CNC modifications and/or a covalent linkage with the polymer matrix.
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Figure 5.2: ATR-FTIR spectra of um-CNCs and m-CNC:s.

The degree of substitution (DS) is a parameter used to describe the extent of modification
and specifically translates to the number of hydroxyl groups that have been modified per one
anhydroglucose unit (AGU). The results of the elemental analysis are given in Table 1 and this
data was used to calculate the DS for the modification of CNCs with IPDI.

The unmodified cellulose contained a negligible amount of nitrogen, as expected. The
modified CNCs contained 5.23 wt.% nitrogen, indicating that the IPDI was present. The DS was
determined by considering the theoretical percentage of nitrogen that would be present in the
modified CNCs if one IPDI monomer was attached to the 3 hydroxyl groups available in one AGU,
the maximum DS.**° The total molecular weight of such a structure would be 831 g/mol, and the
% nitrogen would be 10%. Comparing the theoretical value, 10%, to the measured value of %
nitrogen, 5.23%, the DS was approximately 0.52, which corresponds to 17% of the hydroxyls

participating in the reaction. This value reflects the DS for bulk CNC, however not all of the CNC
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hydroxyls are expected to react. Typically it is more appropriate to consider a DS for the surface
since it is the surface hydroxyls that would participate in the reaction. Therefore, if only the surface
hydroxyls of the CNC are considered, the DS would be higher. The DS for the surface is noted by
DSsurf.

In their review article, Eyley et al. give an equation to calculate the number hydroxyl
groups on the CNC surface in mol/g, a value that is then used in a separate equation to calculate
DSeurt.1® Using the dimensions of the CNCs used in this work, the CNC crystallographic
parameters reported by Wu et al.,’! and the elemental analysis data, the DSsut Was calculated to
be 1.4. The DSsu can be related to DS by the chain ratio parameter, R, which is the ratio of
exposed cellulose chains to the total number of chains in a CNC.!® Using the calculated value of
DSsurf = 1.4, and the calculated Rc value for the CNCs used in this work, the DS was calculated to
be 0.51. This value was similar to the DS calculated using the elemental analysis data and
molecular weight arguments, and was therefore considered appropriate.

Eyley et al. noted that the maximum theoretical DSsyrf is 1.5 due to the crystalline structure
of CNCs where one C6, C3, and C2 hydroxyl group point out of the face of the crystal for every
cellulose repeat unit (2 AGUs).1% Given this information, the DSsur calculated in this work was
relatively high. The authors also noted that DSsus > 1 was unlikely given the assumed lack of
reactivity of the C3 hydroxyl group, and that DSsurs > 1 would disrupt the crystalline structure of
cellulose.™ The integrity of the crystalline structure after modification was qualitatively assessed
with $3C NMR, and is discussed below.

Table 5.1: Elemental composition of um-CNCs and m-CNCs.

C H N 0
Unmodified CNC (%) | 41.13 5.62 <0.05 44.43
Modified CNC (%) 50.33 7.04 5.23 30.95
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In addition to characterizing the surface chemistry, the crystallinity of the CNCs was also
characterized. There are many ways to determine the crystallinity of CNCs, the most common
being the XRD peak height method, however this method often overestimates the crystallinity.%?
Other methods involving XRD include peak deconvolution or an amorphous peak subtraction
method, each of which calculate a lower degree of crystallinity compared to the XRD peak height
method.'®2 Although it is a less common technique, **C NMR can also be used to determine CNC
crystallinity.?2% The values mentioned here were used for comparing the degree of crystallinity
of the um-CNC to the m-CNC products. In the NMR spectra, the C4 peak in the range of 6=93-87
ppm was assigned to the crystalline form of cellulose, and its shoulder peak at 6=86-80 ppm was
assigned to the amorphous regions of cellulose.?®2%3 The crystallinity index, Cl, is computed with
13C NMR by integrating the C4 crystalline peak and dividing that value by the total area of the C4
peak (6=93-80).1521%3 Upon integration of these peaks, it was determined that the CI of um-CNC
was 67%, and for both m-CNC products the CI was 66%. Although discrepancies are expected
with Cl values for CNCs given the variety of experimental techniques, cellulose sources, and CNC
extraction methods available, the CI reported here fell within the range of the expected value for
CNCs, which is 54-88% crystallinity.® In any case, these data show that it can be reasonably
determined that the modification step did not result in a significant disruption of the CNC
crystalline structure as suggested by Eyley et al. Possible explanations of the high DSsurt could be
due to a lack of understanding of the CNC surface on the atomic scale. For example, the exact
nature of the CNC crystal structure is not well understood, as some researchers have proposed a
region in cellulose of intermediate order and mobility compared to the crystalline and amorphous
domains.'® If so, such a ‘para-crystalline’ region could accommodate additional IPDI groups and

could result in a higher DSsurrthan expected. Another possibility could be the method in which the
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CNCs are modified, specifically with significant excess of the IPDI reactant, and with a CNC
swelling solvent such as DMSO. When CNCs were modified in dimethylformamide (DMF) with
HDI ina5:1 excess of HDI, the DS was calculated to be 0.45 by elemental analysis, a similar value
reported here.®® The discussion presented here is meant to put into perspective the possibilities for
the extent of surface coverage in CNC modifications, and highlight important considerations of
such chemical modifications, specifically crystallinity. Although the DSsut was higher than
expected, it was difficult to say with certainty the extent of modification to the CNC surface given
the assumptions of the number of hydroxyl groups on the surface and an incomplete picture of the
CNC surface mobility and crystallinity. Therefore, it is perhaps more appropriate to report a range
of DS from 0.5 to 1.4. Overall, these data indicated that the IPDI modification of CNCs resulted
in good surface coverage without compromising the CNC crystallinity.

13C NMR analysis also gave insight into the selectivity of two isocyanate catalysts, DBTDL
and DABCO. The normalized spectra for the um-CNCs and m-CNCs modified using DBTDL and
DABCO catalysts are given in Figure 5.3. The spectrum for the um-CNC represented a typical
solid state *C NMR spectra for crystalline cellulose.'*® Major peaks in Figure 3 are labeled
according to the corresponding 6 carbons in one AGU.%®%° Changes to the NMR spectra
associated with the IPDI modification were observed. In addition, it was possible to observe
differences in the m-CNC spectra depending on the type of catalyst used for the preparation. First,
both m-CNC spectra showed new peaks in the =160 to 120 ppm range, and in the 6=50 to 20 ppm
range when compared to the um-CNCs. Peaks in the 6=50 to 20 ppm region were due the
hydrocarbons present in the IPDI, specifically: -CH>— from the aliphatic IPDI ring (6= 45.5 ppm),
the tertiary carbon (6=36.9 and 6=32.3 ppm), and the —CH3 groups (6=28.0 and 6=23.5 ppm). The

peaks in the 8=160 to 120 ppm region represented the urethane (6=158.0 — 156.8 ppm) and
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isocyanate (6=129.2 — 123.4 ppm) functionality on the CNC particle. All chemical shift values
were consistent with previously established values. %6:101:15

From solution NMR it is well known that the primary urethane linkage (8= 157.13 ppm)*4°
has a higher chemical shift than the secondary urethane linkage (8§ = 155.99 ppm).1*® The
observation of distinct peaks for the primary and secondary urethane assignment was less apparent
due to the broader lines encountered in solid state NMR. However, the selectivity of the catalysts
can be inferred by the apparent chemical shift of the single urethane peak, which in fact must be a
superposition of two broader peaks. The urethane peak was positioned at 6=158 ppm for the
DABCO catalyst, and at 6= 156.6 ppm for the DBTDL catalyst. Hence, the DABCO catalyst had
a higher affinity for the primary isocyanate reaction site.

Alternatively, two distinct peaks were observed in the solid state NMR spectra for the
assigned isocyanate absorbance. From solution NMR, it is known that the primary isocyanate
group (& = 122.22 ppm)**® has a lower chemical shift compared to the secondary isocyanate site
(6 = 122.98 ppm).1*® Similar results were found here when the neat IPDI was tested by solution
13C NMR (data not shown). The primary isocyanate was positioned at 121.9 ppm and the
secondary isocyanate at 123.8 ppm. The secondary peak also showed a stronger absorbance in this
spectra, and the ratio of the secondary to primary peak intensity was 1.50. In order to compare the
relative quantities of primary and secondary isocyanates in the solid state 3C NMR spectra,
however, the peak area should be considered.*® This information was used to infer the selectivity
of the two catalysts. First, the CNCs modified using the DABCO catalyst indicated two isocyanate
peaks at 125.8 and 129.4 ppm, and the CNCs modified using the DBTDL catalyst indicated
isocyanate peaks positioned at 123.5 and 129.2 ppm. Based on the values established by solution

NMR for the assignment of primary and secondary isocyanate peaks, it was assumed that the peak
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at approximately 124 ppm corresponded to the primary isocyanate, and that the peak at
approximately 129 ppm corresponded to the secondary isocyanate. Given the relative area under
the curve of the primary and secondary isocyanate peaks, it was apparent that the DABCO catalyst
preferentially reacted the primary isocyanate. Specifically, the integrated peak area ratio of the
secondary to primary isocyanate was 3.63 for the DABCO catalyst compared to 0.81 for the
DBTDL catalyst. *C NMR suggested that the catalyst choice impacted the selectivity for an —-OH
cellulose reaction with either primary or secondary isocyanate groups. These results, along with
the ATR-FTIR and elemental analysis data, confirmed that the m-CNCs had both isocyanate and
urethane functionality.

Another qualitative difference between the two catalysts was revealed by the noticeable
differences in intensity after the data was normalized to represent equivalent amounts of
unmodified cellulose. The CNCs modified using the DBTDL catalyst showed peaks of higher
intensity in the urethane region, and in the region representing the aliphatic carbons from the IPDI.
This resulted indicated that the DBTDL catalyst facilitated a higher grafting density of IPDI
molecules to the CNC surface when compared to the DABCO catalyst. It was determined that the
DBTDL catalyst was more efficient than DABCO for the reaction studied here. Intuitively, this
result was not surprising considering that the DABCO catalyst selects for the inherently less
reactive isocyanate. Data reported by Speier et. al. indicated a similar conclusion with the
calculated reaction rate constant for the secondary isocyanate using DBTDL occurring about twice
as fast as the reaction rate for the primary isocyanate using DABCO.'*" Additionally, the authors
reported that the reaction catalyzed by DBTDL reached 100% conversion sooner than the reaction

catalyzed by DABCO, with a 2:1 NCO:OH stoichiometry and a temperature of 20 °C.14/
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Figure 5.3: *C NMR spectra for um-CNCs and m-CNCs catalyzed with DBTDL and
DABCO.

5.3.2 Thermal Degradation of um-CNC and m-CNC

To compare the thermal degradation behavior of the um-CNCs and m-CNCs, the materials
need to be dried in a similar manner prior to TGA experiments since previous results have shown
that the degradation behavior was related to the drying method used.'®® After the CNCs were
functionalized with IPDI, the particles were washed with toluene to eliminate excess reactants, and
allowed to dry in a vacuum oven at 80 °C. Thus, the um-CNCs were also wet with toluene and
dried in a vacuum oven at 80 °C. When comparing the onset of degradation of freeze dried um-
CNC to the m-CNC particles, there were appreciable changes. These changes are shown in the
weight loss curves and derivative weight loss curves given in Figure 5.4. First, the onset of
degradation for the m-CNCs was increased. A similar increase in the onset of degradation was also

observed by Tang et. al. when wood based CNCs were chemically modified with PDMAEMA, 123
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and by Pereda et. al. when cotton CNCs and starch nanocrystals (SNC) were physically modified
with PEO.*® Here, the m-CNCs began to degrade at 300 °C, a 35 °C increase compared to the um-
CNCs. The um-CNCs also began to lose weight much earlier in the heating process (around 35 to
100 °C) than the m-CNCs. This difference was attributed to a small amount (approximately 6
wt.%) of water associated with the um-CNC particles.!? This moisture is likely not present for
the modified particles due to the incorporation of organic molecules on the CNC surface. The m-
CNCs also contained more char at the end of the run at 600 °C compared to the um-CNCs, 10 £
1.8 wt.% and 2.3 + 0.6 wt.%, respectively. This result also reflected the improved thermal stability
of the m-CNC particles.

To gain insight into the events involved in the degradation process, the derivative TGA
curve (Figure 5.4(b)) was considered. The degradation of the um-CNCs occurred in two major
steps while the degradation of the m-CNCs occurred in three major steps. These steps were
identified by the temperature associated with the maximum slope value in the weight loss signal,
appearing as a peak in derivative signal. The first temperature at maximum weight loss rate (T-
max 1) for both um-CNC and m-CNC was 280 °C. This peak signified the first degradation event
for both particles, although this event was more significant for the um-CNCs. This process was
attributed to the decomposition of the negatively charged sulfate ester groups on the CNC
surface.838 The um-CNCs continued to degrade more slowly with another event occurring at
approximately 450 °C. This decomposition was attributed to the slower kinetic degradation of the
crystalline interior® and also occurred for both types of particles. The m-CNCs exhibited an
additional mode of degradation at 330 °C. This event was characteristic of hard segment
polyurethane (-NHCOO) degradation and has been classified as the decomposition of a urethane

group into an isocyanate and alcohol group.'® These results provided further evidence of the
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CNClurethane functionality and demonstrated the improved thermal degradation behavior as a

result of the modification.
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Figure 5.4: Weight loss curves (a) and (b) derivative weight loss curves for um-CNCs (—)
and m-CNCs (- - -).

A summary of the thermal degradation data for the toluene treated um-CNC and m-CNCs,
and freeze dried um-CNC is given in Table 5.2. Specifically, values for onset temperature of
degradation (T-onset) and temperatures at maximum weight loss for each degradation process (T-
max 1, T-max 2, and T-max 3) are shown. The freeze dried CNCs vacuum oven dried with toluene
had a similar T-onset, T-max 1, and T-max 2 compared to the freeze dried um-CNCs, indicating
that the additional washing and drying preparation steps did not have a significant impact on the
degradation behavior of the particles. Therefore, it was concluded that the increase in the onset of

degradation observed with the m-CNCs was solely due to the modification step and not the drying

method or some combination of the two.
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Table 5.2: Thermal degradation properties of CNC particles prepared by various methods.
Error represents 95% confidence intervals.

Particle: um-CNC um-CNC m-CNC
. freeze dry |vacuum oven (80 °C) |vacuum oven (80 °C
Drying method: from aquegus from freeze( dry : from freeze( dry :
T-onset (°C) 266 + 3 265 + 6 300+ 1
T-max 1 (°C) 289+ 0.5 287+ 1 286 + 10
T-max 2 (°C) 454 £ 0.1 433+ 10 329+ 2
T-max 3 (°C) - - 426 £ 4

5.3.3 Dispersion of CNCs in Polyurethane Composite

The um-CNC and m-CNC particles were incorporated into a polyurethane elastomer based
on IPDI and triol according to the procedure outlined in the Materials and Methods section. The
nanoparticle dispersion, polymer chemistry, and mechanical property were assessed with PLM
ATR-FTIR, and tensile testing, respectively. PLM is a useful tool for analyzing CNC dispersions
in transparent/amorphous media.}*®%8 The CNC particles will appear polychromatic at certain
concentrations if arranged in liquid crystalline domains, and as white/bright regions if they are
randomly oriented and clustered.'®1%2 The crystalline character of CNCs afford them an optical
anisotropy, giving rise to obvious birefringence when viewed under cross polarizers. Conversely,
if the PLM analysis yields uninteresting results (a dark image), it can be concluded that the CNCs
are well dispersed at this length scale. Additionally, PLM can give an indication of the
homogeneity of CNC dispersion at larger length scales when compared to electron microscopy
techniques considering the viewing area offered by each method. While SEM or TEM may allow
the user to see a few square nanometers or micrometers of the sample surface, optical microscopy
images are on the order of mm? and represent a 3 dimensional distribution of the CNCs, thus
providing a more complete picture of their dispersion. CNCs are also difficult to image with
electron microscopes given their low stability in the electron beam, elemental similarity to most

polymer matrices, and ~ 5 nm width. Viewing the um-CNC and m-CNC composites between
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crossed polarizers gave information about the degree of CNC dispersion achieved in the
polyurethane composites and these images are given in Figure 5.5(a). These images were
qualitatively compared to the neat polyurethane matrix, in which no birefringence was observed,
suggesting a completely amorphous material. The um-CNC composite appeared to have CNC
aggregates present across a large area of the sample, while the m-CNC composite showed limited
birefringence at identical CNC loadings. This result implied that the m-CNCs were dispersed in
the polyurethane matrix on the micrometer scale. Similar results were achieved when CNCs were
mixed with a waterborne epoxy system and filler-matrix compatibility was enhanced by physical
polymer/nanoparticle interactions.**® The m-CNCs were likely dispersed more homogeneously in
the polyurethane matrix due to increased chemical compatibility with the monomeric components
and the formation of urethane linkages. The m-CNC composite may have achieved better
dispersion due to covalent linkage formation between the triol and the pendant isocyanate group
on the m-CNC surface. The dispersion levels attained were likely related to the solvent used as
well, toluene. Generally, toluene is a poor solvent for CNCs and was used as the dispersing solvent
in both composite formulations, given its compatibility with the m-CNCs and volatility that
facilitates film formation from solvent-based processing methods. The dispersion of the um-CNC

particles in composites could be improved by using a better solvent for CNCs, like DMSO.
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In addition to displaying a stark contrast in the amount of birefringence observed in the
polyurethane composites, the bulk composites also had contrasting optical properties. These
differences are highlighted by Figure 5.5(b). The sample containing um-CNCs took on the white
color of the FD-CNC powders. Comparing the appearance of the m-CNC composite to the um-
CNC composite, it was clear that the modified particles have less of an impact on the bulk optical
property of the polyurethane sample. Coupling this observation with the polarized light
micrographs, it was concluded that the modified CNCs were well dispersed in the polyurethane
matrix and that the enhanced dispersion was due to the modification step.

5.3.4 Chemistry of CNC/Polyurethane Composites

To assess the effect that CNCs had on polyurethane chemistry, ATR-FTIR was used to
characterize the functional groups present in the composites, and the results are summarized in
Figure 5.6. For all concentrations tested here, there was no evidence of isocyanate absorption at
2240 cm™, thus indicating within the sensitivity of the measurement that all of the IPDI molecules
reacted. The band at 1700 cm™ represented the urethane linkage (-NHCOOQ), and the band at 3330
cm represented the secondary amide (-CONH), which typically absorbs in the 3460-3400 cm™

range but is lowered in the solid state and with hydrogen bonding.®* Additional bands in the
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fingerprint region (1500-600 cm™) were similar for all composites and represented a combination
of ether, amine, and hydrocarbon bonds.'°* While their identification was not trivial, the CNC
loadings used here did not create new bands, and intensities were comparable across all
wavenumbers tested here. Therefore, it was assumed that all composites had similar chemistry,

and similar concentrations of urethane linkages.
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Figure 5.6: ATR-FTIR spectra for 0, 1, and 5 wt.% um-CNC and m- CNC polyurethane
composites.

5.3.5 Mechanical property of CNC/Polyurethane Composites

The mechanical performance of the composites compared to the neat matrix was assessed
with tensile testing. The elongation at break for all samples tested ranged from 160 to 190%,
although all measurements fell within the error ranges of each other, so no change in this property
was observed with CNC addition. The data for tensile strength at break and work of fracture is
given in Figure 5.7, with error bars representing confidence intervals of 95%. As a general trend,

the samples containing m-CNC performed better than samples containing um-CNC at the same
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concentrations. For example, at a 1 wt.% concentration, the m-CNC composite had improved
tensile strength and work of fracture by 42% compared to the um-CNCs. This trend was more
apparent for the 5 wt.% samples, with a 163% increase in tensile strength, and a 132% increase in
the work of fracture for the m-CNC composites. In fact, the 1 wt.% m-CNC samples performed
better than the 5 wt.% um-CNC samples. Therefore, less of the modified material is needed to
achieve a similar or improved mechanical performance when compared to the unmodified
particles. Most significantly, the 5 wt.% m-CNC sample improved the tensile strength by 226%,

and the work of fracture by 257% when compared to the neat matrix.

16 1.4

14 1.2

12

m 0% m 0%

10

B 1% um-CNC B 1% um-CNC

0.8
B 1% m-CNC B 1% m-CNC

5% um-CNC 0.6 5% um-CNC
W 5% m-CNC { B 5% m-CNC
0.4
0.2
0 0

Figure 5.7: Tensile strength and work of fracture for um- and m-CNC composites and neat
polyurethane. Error represents 95% confidence intervals.

Tensile Strength [Mpal
[e)] (o]

SN

Work of fracture [J/cm”3]

N

Since the elongation at break was similar for all samples tested, it is possible that one of
the mechanisms of reinforcement was due to the stiffening of the matrix by the CNC particles.
While the tensile test standard chosen for this study did not allow for quantitative determination
of elastic modulus, the initial slope of the stress-strain curves suggested that it was increased with

increasing CNC loadings. This result was expected given that the CNCs were quite rigid compared
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to the soft polyurethane matrix3® (EL-cnc ~150 GPa, Epue ~ 0.025 GPa). However, the significant
increase in the tensile strength and work of fracture suggested that there was more at work here
than stiffening of the matrix. The factors affecting tensile strength and work of fracture include:
particle size, particle loading, and the strength of the filler-matrix adhesion.*® Assuming that for a
given concentration of m-CNCs or um-CNCs the effective particle loading and particle size was
similar, an increase in the tensile strength would imply good filler-matrix adhesion. The forces
behind filler-matrix adhesion can range from physical (electrostatic, mechanical interlocking, van
der Waals) to chemical (ionic, metallic, covalent).?® These results, along with the FTIR and PLM,
give evidence for strong m-CNC/polyurethane interactions such as chemical bonding.>®
5.4 Conclusions

The reaction of freeze dried CNCs with IPDI was optimized to yield modified cellulose
particles with a high surface coverage of the di-functional monomer. ATR-FTIR and *C NMR
confirmed that the particles had both isocyanate and urethane functionality, and indicated that the
DBTDL catalyst selectively reacted the secondary isocyanate. The pendant primary isocyanate
group was then used as a route to facilitate covalent bond formation with a polyurethane elastomer,
resulting in a significant improvement in the tensile properties at 5 wt.% m-CNC compared to the
neat matrix. This study demonstrated a unique and versatile modification scheme not yet reported
previously in the literature. Some advantages of this modification scheme were made apparent by
a marked improvement in thermal degradation and nanoparticle dispersion in the selected polymer
matrix, two highly sought after features concerning cellulose nanomaterials. Additionally, this
functionalization method may serve as a platform for the addition of other desirable functional

groups and/or as a means for increasing compatibility with a range of organic solvents and
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polymers. Overall, the functionalization scheme presented is anticipated to be useful in a range of

applications not limited to the composite application presented here.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and Conclusions

This work provides a basis for designing two CNC/thermoset composites, specifically a
waterborne epoxy and an elastomeric polyurethane. While the processing methods were specific
to the polymer systems chosen in this work, the fundamental ideas are transferrable to other
CNC/polymer composites. The results demonstrate the successful completion of the specific
objectives outlined in Chapter 1. The key findings for each objective are summarized as follows:

6.1.1 Incorporation of CNCs into a commercial waterborne epoxy resin and optimizing
CNC dispersion

CNCs were successfully used to improve the mechanical property of a waterborne epoxy
resin. In Chapter 2, CNCs were mixed together with an epoxy emulsion and amine crosslinker
with up to 15 wt.% CNCs in the cured composites. CNCs resulted in increased tensile modulus,
storage modulus, and loss modulus. However, when considering the elementary upper and lower
limits on the theoretical composite modulus, the enhancement was not optimized. Therefore,
Chapter 3 investigated an alternate processing strategy for the CNC/epoxy composites. As learned
here, when the CNCs were premixed with the epoxy emulsion, rather than added simultaneously
with the amine, their dispersion in the cured polymer matrix was improved. By enhancing the CNC
dispersion, the storage modulus, work of fracture, and tensile strength were improved compared
to the neat matrix and compared to the less homogeneously dispersed composites at an identical
CNC concentration. This study highlighted the importance of carefully choosing processing
parameters when designing CNC composites, as processing will have a significant impact on

mechanical properties and CNC dispersion.
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6.1.2 Investigation of CNCs as Emulsifiers with Tensiometry

Chapter 4 details the first investigation of CNCs as interfacial tension modifiers using
DGEBA as the oil phase, as well as the influence of a nonionic surfactant with CNCs, and an
amine molecule with CNCs. Similar to other work involving the interfacial tension of dodecane
and toluene, it was determined here that neat CNCs do not significantly lower the DGEBA/water
interfacial tension, and that CNCs were not present at the interface in a significant quantity. The
image charge effect was investigated for the first time with CNCs as a possible reason for the
CNCs not partitioning at the oil/water interface, and it was concluded that the image charge did
not play a significant role in hindering their interfacial adsorption. Also analogous to previous
work, CNCs were found to facilitate surfactant desorption from the interface which was observed
by an increase in the DGEBA interfacial tension in the aqueous CNC/surfactant mixtures
compared to the surfactant-only case. CNCs also increased the DGEBA/water interfacial tension
in the presence of amine with respect to the amine-only case, however, when the internal pressure
of the DGEBA droplet was decreased, the droplet conformed to a non-spherical shape, indicating
the presence of CNCs at the oil/water interface. Such a phenomenon is referred to as the crumpling
effect. It was concluded that the amine was responsible for facilitating CNC adsorption to the
DGEBA interface through visualization of droplet shape irregularity via the crumpling effect. Zeta
potential measurements indicated an electrostatic association between the amine and CNCs, and it
was hypothesized that this electrostatic attraction was responsible for facilitating CNC adsorption
to the DGEBA interface. Another benefit to this study was the first visualization of CNCs at an
oil/water interface using tensiometry, a method that is cheaper and more efficient than the labor
and time intensive steps involved in electron and confocal microscope imaging, such as staining,

freeze drying, and sputtering.
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Overall this study looked at a new oil and water system not yet studied with CNCs to
determine the ability of CNCs to act as emulsifiers. The important findings are that CNCs were
not present at the oil/water interface unless coupled with the amine molecule, and that CNCs can
be visualized at the interface via tensiometry.

6.1.3 Developing a Formulation for a Versatile CNC Surface Modification

A diisocyanate molecule with isocyanate groups of unequal reactivity was successfully used
to modify the CNCs. ATR-FTIR, $3C-NMR, and elemental analysis confirmed that the secondary
isocyanate group preferentially reacted with CNCs hydroxyl groups and that the primary
isocyanate group remained unreacted. Two appealing features of the IPDI functionalization were
realized by an increase in the onset temperature of thermal degradation of the modified CNCs, and
by the visual inspection of increased compatibility with organic solvents and the polyurethane
matrix. The composites produced with modified CNCs present only one example of their
application, however this was the first report of using IPDI to modify CNCs, which prevented the
undesirable chain extension of the CNCs in the composites. Avoiding the chain extension, and
resulting agglomeration, of the CNCs resulted in composites with improved tensile strength and
work of fracture with respect to the neat matrix and with respect to the CNC composites produced
with unmodified CNCs at the same loading.

The modification step outlined in Chapter 5 offers a versatile route to CNC composites with
a wide range of polymer matrices with labile protons such as polyamines, polyols, and
carboxylated polymers. The free isocyanate on the modified CNCs could also provide a route to

additional functionalities such as acrylate or amine.
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6.2 Recommendations and Future Work

Based on the findings of this work, a number of key scientific questions have been raised.
The following section seeks to provide possible directions for furthering this work.

6.2.1 CNCs as emulsifiers

The tensiometry experiments discussed in Chapter 4 underlined some important
considerations for designing waterborne epoxy emulsions using CNCs. If CNCs would be used in
an emulsion formulation, the optimal concentration found here was 0.34 wt.% CNC with 1 mM
surfactant, given that this combination of emulsifiers had the lowest DGEBA/water interfacial
tension. The tensiometry experiments did not involve mechanical stirring or agitation of the
mixture which could have a significant impact on the CNCs ability to stabilize emulsions by
providing a mechanical driving force towards particle adsorption.!?® Therefore, determining an
‘in-house’ epoxy formulation using surfactant and CNCs would be useful to understanding if
CNCs with nonionic surfactants can yield stable emulsions. If so, determining the long term
stability and droplet size would be an important study to furthering CNC-stabilized emulsions and
composite technologies.

Another interesting route to particle stabilized emulsions involves the use of CNCs with
chitin nanofibers (ChNF). Chitin is the second most abundant biopolymer on the planet, and are
derived from renewable sources such as crab and shrimp shells.*®® ChNFs are on the order of 5-50
nm in width and up to several micrometers in length.!%® ChNFs are stabilized by protonating its
amine groups with a strong acid, and thus are positively charged.’®® CNCs and ChNFs would have
a strong electrostatic attraction which could potentially result in emulsions stabilized by 100% bio-
renewable particles, instead of the more common particle-surfactant mixtures.*61%2 Such an

emulsion would be mechanically robust to particle coalescence, however, CNCs and ChNFs have
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a tendency to severely aggregate and sediment when mixed together at alkaline pH.2% Developing
a strategy to maintain CNC/ChNF particle dispersion in the aqueous phase by adjusting pH or
electrostatic charge would enable these particles to be used in novel ways not yet reported in
literature. For more information refer to Appendix A.

Cellulose particle size, surface charge, and surface chemistry are variables that will also
play a significant role in CNCs’ ability to stabilize emulsions. Therefore, it is worthwhile to
investigate the interfacial tension properties of cellulose nanofibers (CNFs), which typically have
—COOH functionality instead of the sulfate ester (-SO3°) group on CNCs. CNFs are 4 to 40 times
longer than CNCs?8 which may facilitate a higher degree of interfacial coverage, as suggested by
previous work with BCNs.3*

6.2.2 CNC/IPDI modifications

The modification scheme presented in Chapter 5 rendered the CNCs with reactive isocyanate
groups, and in this regard several new possibilities for CNC functionality are available via
isocyanate chemistry. A few possibilities will be presented here. The pendant isocyanate group on
the modified CNCs would be reactive to monomers containing hydroxyl or amine functionality.
The monomers 4-vinylaniline and 2-(hydroxylethyl) methacrylate (HEMA) contain one amine and
one hydroxyl group, respectively. 4-vinylaniline contains an aromatic ring attached to a vinyl
bond, this functionality could enable CNCs compatible with polystyrene. The HEMA monomer
contains methacrylate functionality which could render CNCs to be more compatible with a
number of vinyl polymers such as: polyvinyl alcohol (PVA), polyvinyl acetate (PVAc), and
poly(methyl methacrylate) (PMMA). When the CNCs are modified with the monomers illustrated
in Figure 6.1, after modification with the IPDI, then the CNCs would then be equipped with a new

reactivity imparted by the vinyl bonds. The vinyl bonds on the CNCs could then participate in a
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free radical polymerization, leading to CNCs covalently bonded to the polymer matrix. For more

information on these modifications, refer to appendix A.

@)
T e
H,C
@ X )  CHs

Figure 6.1: Chemical Structure of (a) 4-vinylaniline and (b) 2-(hydroxyethyl) methacrylate.

Another possibility for CNCs modifications could examine alternate isocyanate-containing
molecules. For example, 2,4 toluene diisocyante (2,4-TDI) is also a difucntional isocyanate
molecule with unequal reactivity of its isocyanate groups, but it is different from IPDI in that the
central ring is aromatic instead of aliphatic. It has been reported that the para positioned isocyanate
(p-NCO) was approximately 4 times as reactive as the ortho positioned isocyanate (0-NCO).164
The 0-NCO group is sterically hindered by the neighboring methyl group attached to the aromatic
ring at the C1 position, although the relative reactivities changed with temperature. 2,4-TDI is used
in higher volumes compared to IPDI in polyurethane production and could therefore present a
higher volume market for use with CNCs. If CNCs were successfully modified with 2,4-TDl in a
similar manner to the IPDI modified CNCs and incorporated into a polyurethane matrix, the
aromatic ring on 2,4-TDI would facilitate a more rigid, rather than flexible polyurethane with a
higher glass transition temperature. A short chain polyol could also facilitate more rigid
composites. In this regard, several formulations could be developed to yield an extensive library

of CNC/polyurethane composites with tailorable properties.
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APPENDIX A

A.1 Interfacial Tension of DGEBA with CNCs and ChNFs

The interfacial tension of DGEBA was measured in an aqueous ChNF suspension of 0.25
wt.% chitin nanofibers (ChNF). Similar to the CNCs, it was determined that this concentration of
ChNF (0.25 wt.%) was insufficient to lowering the interfacial tension of DGEBA with an
interfacial tension value of 16.9 mN/m after 80 minutes of equilibration. However, when a much
lower concentration of ChNFs were combined with CNCs in equal weight, (0.016 wt.% particles),
the interfacial tension was decreased to 14.4 mN/m, a value lower than the interfacial tension of
DGEBA in the presence of only CNC or only ChNF. This result showed that CNCs and ChNFs
can synergistically lower the interfacial tension of an epoxy oil. However, at the CNC/ChNF
concentration of 0.016 wt.%, the particles still appeared to be severely aggregated and settled out
of solution, which was not ideal to measuring the interfacial tension. If the particles could be
suspended in solution, their ability to lower the DGEBA interfacial tension could be further
enhanced. Figure A.1 shows the dynamic interfacial tension curves of DGEBA with aqueous
suspensions of ‘highly concentrated’ CNC (0.34 wt.%) and ChNF (0.25 wt.%) solutions versus

the CNC/ChNF solution at 0.016 wt.%.
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Figure A.1: Dynamic interfacial tension cuves for DGEBA in CNC, ChNF, and CNC/ChNF
aqueous suspensions.

In addition to lowering the interfacial tension of DGEBA, the CNC/ChNF suspensions also
gave visual confirmation of particles at the interface via the crumple test. Figure A.2 shows a
deformed DGEBA droplet in the 0.016 wt.% CNC/ChNF suspension. Here, the crumpling was
more severe compared to the CNC and amine case. Additionally, a particle halo can be observed

surrounding the DGEBA droplet, and the sedimented particles can be observed at the bottom of

the container.

CNC/ChNF settled particles

Figure A.2: Deformation of DGEBA droplet in 0.016 wt.% CNC/ChNF suspension. Note
the particles surrounding the droplet and settled particles.

125

|



A.2 IPDI modified CNCs

The modification procedure to yield CNCs attached to one isocyanate group and having one
free isocyanate group involved a purification step and separation step upon the completion of the
reaction. Once the excess reactants were removed, the modified CNCs could then be mixed with
an organic solvent, or incorporated with the polyurethane reactants. With this particular reaction,
however, it was discovered that when the modified CNCs were allowed to sit in a DMSO
suspension for a few days, the free isocyanate group was consumed. This was not unexpected
given that isocyanates are highly reactive functional groups. The free isocyanate group could have
reacted with unreacted hydroxyl groups on the CNCs, or with small amounts of water in the DMSO
suspension. In any case, in order to successfully use the IPDI modified CNCs, it is prudent to
quickly use them as this will ensure their best performance. Figure A.3 gives the ATR-FTIR
spectra of modified CNCs tested immediately after synthesis and 8 days after synthesis. The

disappearance of the band at 2240 cm™ indicated the lack of isocyanate functionality.
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Figure A.3: ATR-FTIR spectra of m-CNC measured immediately after synthesis and 8
days after synthesis.
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The utility of the IPDI modification was demonstrated by the enhanced mechanical
performance of the modified CNC polyurethane composites. This example illustrated a manner in
which the modified CNCs could be used in a polymer composite. Another way to demonstrate the
utility of the IPDI modification was to incorporate new monomers on the CNC surface via the
unreacted isocyanate group in a second modification step. After the CNCs were functionalized
with IPDI and washed with toluene, the product was re-dispersed in tetrahydrofuran (THF) and
added to a round bottom flask heated to 60 °C and purged with nitrogen. 1 gram of 2-
(hydroxylethyl) methacrylate (HEMA) was added to the flask, along with 0.05 grams of the
DABCO catalyst, and the reaction proceeded overnight with a nitrogen purge. Although a
condenser was attached to the round bottom flask, a considerable amount of THF was evaporated
throughout the reaction given its low boiling point. Therefore, the particles were taken directly
from the reaction flask and dried in a vacuum oven. Figure A.4 shows the ATR-FTIR spectra of
unmodified CNCs, CNCs modified with IPDI, and CNCs modified with HEMA after the IPDI
modification. Evidence of the successful IPDI modification is shown by the isocyanate band at
2240 cm* for the IPDI modified CNCs, and an increase in the urethane band at 1725 cm™. When
the CNCs were modified with HEMA after the IPDI modification, the isocyanate band was
consumed and the urethane band intensity was increased. This indicated that the isocyanate was
consumed by the hydroxyl group on the HEMA molecule, and that higher quantities of urethane

were present through the hydroxyl/isocyanate reaction.
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Figure A.4: ATR-FTIR spectra of unmodified CNCs (um-CNC), modified CNCs with IPDI
(m-CNC_IPDI), and modified CNCs with IPDI and HEMA (m-CNC_IPDI_HEMA).

A.3 Onset of Thermal Degradation of Polyurethane/CNC Composites

The thermal degradation behavior for the polyurethane/CNC composites was tested with
TGA. Approximately 7 mg of the polymer samples was added to the platinum TGA pan and heated
to 600 °C at a rate of 10 °C/minute. The onset of thermal degradation was automatically determined
by the TA Universal Analysis software by selecting a point before and after the onset of
degradation. The data is given in Figure A.5 for the 5 wt.% um-CNC and m-CNC composites, and
the neat matrix. The onset of degradation for the neat polyurethane occurred at 260 °C, which was
consistent with previous reports. When 5 wt.% un-CNC was added to the polyurethane, the onset
of thermal degradation was slightly increased to 267 °C, although this result did not appear to be
statistically significant. A larger difference was observed for the 5 wt.% m-CNC composite, with

an onset of thermal degradation of 287 °C. The improvement in the thermal degradation was likely
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due to the improved thermal degradation of the m-CNCs compared to the um-CNCs. This data

highlights an additional benefit to the polyurethane matrix imparted by the m-CNCs.
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Figure A.5: Onset of Thermal degradation for the neat polyurethane and composites
containing 5 wt.% um-CNC and 5 wt.% m-CNC.
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