ABSTRACT

FACCHINE, EMILY GRACE. Dynamic Microstructures and Interactions of Biobased
Nanomaterial Suspensions. (Under the direction of Dr. Saad Khan and Dr. Orlando Rojas).

Biobased nanomaterials such as nanocellulose and nanochitin have major potential to
contribute to a more sustainable society. In order to realize this potential, a fundamental
understanding of these materials, their properties, and their interactions with each other and their
environment is a critical step. In pursuit of this goal, we have examined several such systems in
this work, in which we will present our observations and conclusions regarding various structures
and interactions in these systems and their implications for improved sustainability. For context,
Chapter 1 provides a brief overview of biobased nanomaterial properties and classifications while
highlighting some noteworthy previous studies that have laid the foundation for the work presented
here.

In Chapter 2 we study the rheological response of gel-like micro/nanofibrillated cellulose
(MNFC) suspensions, which are characteristically heterogeneous and prone to flocculation. To
understand these behaviors, we probe the response of the characteristic heterogeneous features to
different shear conditions, highlighting regimes in which the features persist and others in which
they are disrupted to facilitate homogeneity. These regimes are bound by apparent yield stress
transitions, in which the system exhibits an uncommon two-step yield mechanism related to the
sequential breakdown of first, the percolated gel network, and second, the large-scale aggregated
floc features. The results observed for this system are characteristic of the hierarchical structure
present in MNFC gels and provide insight to the interactions between flocs and fibrils. The details
also have the potential to help guide selection of processing conditions and product applications

in the commercialization of MNFC and related materials.



In Chapter 3, we shift our focus to cellulose nanocrystals and their propensity to form
chiral nematic phases in aqueous suspension. This behavior has been extensively documented and
it is generally thought that the minimum concentration at which these phases are observed (termed
¢”) is dependent on both crystal characteristics and suspension conditions, and as such can be used
as an aggregate indicator of surface charges, colloidal stability, and other properties. Current
methods of determining this value have considerable room for improvement with respect to time
requirement, sample requirement, precision and accuracy. Chapter 3 describes a method we have
developed to efficiently measure ¢” by quantifying the heat of interactions in the suspension during
a dilution experiment. We show how microcalorimetry can provide thermodynamic detail at a very
fine level, which allows us to detect viscous heating effects associated with the transition from a
suspension in the biphasic regime (above ¢”) to one that is fully isotropic (below ¢*). This method
is tested for a variety of CNCs with different properties, and good agreement is shown with the
expected values for critical concentration, indicating the universality of the approach.

Chapter 4 concerns synergistic hybrid systems accessible by combining two or more
varieties of biobased nanomaterials. As an example of such a system, we examine the range of
possible interactions when combining cationic nanochitin (NCh) with anionic cellulose nanofibers
(CNF). The system is characterized rheologically and calorimetrically, in order to link the
microstructural observations with measured particle interactions. We demonstrate the potential for
synergistic ionic complex formation, along with the competing effects of ionization and
deionization of the different species under various pH conditions. By manipulating these
interactions and controlling the ratio of NCh to CNF, we can access a wide range of rheological
profiles, allowing adjustment of elastic modulus (G”) across a full order of magnitude without

changing the solids content of the system. In conjunction with this promising opportunity for



tunability, we present several relevant considerations regarding the order of operations when
adjusting pH of the system and complexing materials of opposite charge, which are useful in

attempts to optimize the system behavior for target applications.
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AFM images showing the different morphologies of nanocellulose. (a)
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Figure 1.2. Nanocellulose hierarchy. Plant matter, such as wood, is
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microfibers which themselves are bundles of the smaller fibril units that
make up micro/nanofibrillated cellulose. Nanofibrils contain regions of

high crystallinity, which can be isolated to obtain nanocrystals .............cc.ccoceeeinennn

Figure 1.3. Molecular structures of cellulose and chitin polymers
subjected to common modification treatments. (a) monomer structure of
cellulose (b) substitution of a sulfate half-ester on cellulose surface by acid
hydrolysis (c) monomer structure of chitin (b) removal of acetyl group on

chitin surface by partial deacetylation ...

Figure 1.4 Examples of rheology plots. Top: Dependence of viscosity on
shear rate can exhibit several different relationships, including Newtonian,
shear-thinning, or yield stress. Bottom: Similarly, oscillatory frequency
sweeps can take different profiles, which include frequency dependence
of viscoelastic moduli in the case of liquid-like samples (left), or

frequency independence for solid-like samples (right) .........ccccceveiieiieiicieccecee,

Isothermal titration calorimeter (left) continuously collects and records the
heater power required to maintain isothermal conditions. This data
(center) can be integrated to provide the heat value associated with

interactions of each separate injection (Fght). ........ccocoiiriiiniiieie e 8

Cellulose nanocrystals are colloidally stable in aqueous suspension, and
at low volume fractions these suspensions are isotropic (left). Above a
critical concentration (c*), the particles will spontaneously align to form
a lower chiral nematic phase and upper isotropic phase (center) which
helps them maximize translational entropy, in keeping with Onsager’s
theory44 for rigid rods. At high enough concentrations and provided the
suspension is not kinetically arrested, full chiral nematic orientation can

be attained (FINL). ..oc.eeiiee e 10

(left) Agueous slurry of microfibrillated cellulose at 3.1 wt%. (center)
Transmission electron microscopy image of a network of highly entangled
fibrils exhibiting a wide diameter range. Fibrils are comprised of a highly
crystalline assembly of cellulose macromolecule chains, as seen in the
schematic on the right. (right) Chemical structure of a cellulose polymer
wherein crystalline regions are held together by extensive hydrogen
bonding. The multiscale dimensions typical of MNFC reflect the
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defibrillation process and the inherent structural hierarchy of cellulosic
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(@), G' (filled circles) and G" (open circles) measured as a function of
oscillatory frequency in the linear viscoelastic regime from a 1 wt%
MNFC suspension, confirming that G' > G" and both moduli are nearly
independent of frequency, conditions that are indicative of a percolated
gel network. (b), Oscillatory stress sweep indicates that the linear
viscoelastic region extends to ~1.5 Pa. (c), Viscosity profile reveals that
the suspension is shear-thinning and possesses a distinctive kink at
intermediate shear rates (1-10 s-1). (d) Shear stress versus shear rate

profile revealing a yields stress (extrapolated to low shear rate). ......................

Schematic illustration of the floc breakdown sequence for fibrillar MNFC
suspension under increasing shear conditions. Blue regions indicate fibril
networks or flocs, while white regions indicate voids between fibril
structures. Direction of shear is left to right (a) homogeneous network at
rest and low shear rates, (b) anisotropic log-rolling flocs at intermediate
shear rates, and (c) isotropic rolling flocs at high shear rates. Dashed lines
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rolling action and sinter together upon cessation of flow to restore the

homogenous network represented N (8) ......coocevvrerinieieiere e

Rheo-optical images of 1 wt% MNFC suspension during and after
application of steady shear at different shear rates: (a) initial sample
structure at rest, (b) at 1 s-1, (c) at 10 s-1, (d) at 100 s-1, (e) background
plate for reference (no sample), (f) after 1 s-1, (g) after 10 s-1, and (h) after
100 s-1. At applied shear rate 10 s-1, voids develop between anisotropic
flocs, and the textured silver surface of the upper rheometer plate can be
seen between these features (c,g). An example of an anisotropic
cylindrical (log-rolling) floc is visible in (c). Approximately 1 mm across,
it spans from the upper left corner of the image to the center bottom edge.

(a) Viscosity profile and (b) shear stress for fast quench test conditions;
(c) viscosity profile and (d) shear stress for slow quench conditions (see
the symbol legend in each case). The slow quench consists of 3 successive
shear sweeps: increasing shear rate (1), then decreasing shear rate (2) and
increasing shear rate (3). The fast quench subjects the specimen to two
back-to-back sweeps of increasing shear rate. In (c) and (d), the low shear
viscosity and shear stress do not recover their initial values due to locked-
in log-rolling structures (depicted in Figure 2.3b and seen in Figure 2.4c).

Dependence of final gel modulus (G’) on breakdown stress: (a) time
sweep of breakdown (3 or 17 Pa) and recovery (0.5 Pa) periods, (b) final
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Figure 2.7

Figure 3.1

Figure 3.2

Figure 3.3

frequency sweep after 3, 5, and 17 Pa breakdown periods, (c) relative final
gel modulus with respect to applied breakdown stress. At intermediate
values of applied oscillatory stress (red boxed region), the structure
develops anisotropic flocs (left inset) which are unable to reform a
percolated network. At high oscillatory stresses (green boxed region), the
structure is split into uniform isotropic flocs (right inset) which pack more

efficiently and thus recover the full initial gel modulus.............ccccoeiveiiinne,

Oscillatory stress sweeps demonstrate two step yield by the elastic stress
method, shown for different frequencies: (a) 0.5 rad/s, (b) 1 rad/s, (c) 5
rad/s. Primary yield stress is observed at 1.5 Pa regardless of frequency
and is associated with the transition from a continuous network to
anisotropic log-rolling flocs. Secondary yield stress shows some
frequency dependence and marks the transition from anisotropic to
isotropic flocs. Two step yield behavior is most pronounced at high
frequencies (c), indicating the anisotropic flocs possess a shorter

characteristic time scale than the original network structure ............c.ccccceevenee.

(a) Measured volume fraction of the anisotropic phase (¢) as discerned
from phase-separated FPL-CNC suspensions in vials (inset showing
representative CNC concentrations of 4, 5 and 6 wt.%) as a function of
CNC concentration. (b) Dependence of heat rate on CNC concentration
during dilution for as-received FPL-CNCs. Indicated here is the baseline
for a stirring cell containing only water (blue dashed line) and the baseline
at which c¢* of FPL-CNC suspensions is crossed at ~4 wt% (red dashed
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(a) Schematic diagram describing the underlying principle behind the use
of ITC to determine c*. Viscosity links liquid crystalline ordering and the
thermal response detected by ITC. Increasing the CNC concentration
provokes a response in both mesomorphic behavior and rheology, the
latter of which can be detected by ITC due to viscous heating (i.e., stirring
a more viscous material generates more friction and consequently more
heat than the same stir rate applied to a less viscous material). (b) Baseline
heat rate measured by ITC for water only at different stir rates. The
measured heat rate indicates the power supplied by the heater to maintain
isothermal conditions (25°C), which decreases (becomes less exothermic)
as the stir rate is increased. An increase in viscous heating lowers the
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(a) Measured values of ¢ as discerned from phase-separated FPL-CNC
and S-CNC suspensions (see legend) as a function of CNC concentration,
indicating that c* for S-CNC suspensions lies between 5 and 6 wt%. (b)
Dependence of heat rate on CNC concentration during ITC for FPL-CNC
and S-CNC suspensions (see legend). The heat rate corresponding to -162
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w/s (red dashed line) is used to identify c* (= 5.6 wt%) for the S-CNC
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Figure 3.4 (a) Measured values of ¢ as discerned from phase-separated FPL-CNC, D-
CNC and LD-CNC suspensions (see legend) as a function of CNC
concentration, indicating that c* for both D-CNC and LD-CNC
suspensions lies between 2 and 3 wt%. (b) Dependence of heat rate on
CNC concentration during ITC for FPL-CNC, D-CNC and LD-CNC
suspensions (see legend). The heat rate corresponding to -162 pl/s (red
dashed line) is used to identify c* for each suspension (see the text for
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Figure 3.5 Dependence of heat rate on CNC concentration during ITC for three
additional CNC suspensions (see legend). The heat rate corresponding to
-162 pJ/s (red dashed line) is used to identify c* for each suspension (see
the teXt FOr VAIUBS). ...

Figure 3.6 Values of c* measured here by ITC (ordinate) with respect to
corresponding c* values observed by phase separation or provided by the
source (abscissa). The solid line represents where they are equal for
reference. The symbols are identified (see legend) and represent various
CNC samples described in the teXE.........coiiiiiiiiie e

Figure 4.1 (a) Elastic modulus (G’) as a function of frequency, and (b) shear-
dependent viscosity of four different systems. The loss modulus (G’”) of
only one sample is shown for the sake of clarity. Stable CNF system
(green squares) exhibits higher elasticity and viscosity compared to stable
NCh system (red circles). Elastic modulus and viscosity of aggregated
NCh system (blue inverted triangles) and of NCh/CNF mixtures (black
triangles) are higher than the individual components, due to attractive
forces inducing aggregation of NCh and complexation in the mixed
system. (c-f) Schematic illustrations of each system ........ccccccovevviii e,

Figure 4.2 ITC thermogram of 0.01 wt. % NCh (pH 5) injected into 0.05 wt. % CNF
(pH 7). (a) continuous heat rate measured in the cell (b) integrated heat
values for each injection. Positive heat value indicates an exothermic
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Figure 4.3 In first regime of titration the dominant interaction is deprotonation of
nanochitin (pH 5) as it is injected into the sample cell (pH 7). (a) In
Regime 1, the magnitude of the heat signal closely follows the mass of
nanochitin deprotonated for each injection (shown on secondary axis)
until the pH reaches ~6 and deprotonation is no longer favored. (b)
Deprotonation and protonation of nanochitin are driven by pH changes.................
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Schematics of interactions in Regime 1 (top left, purple highlighted
region) and Regime 2 (bottom, yellow highlighted region). Magnitude of
heat signal for deprotonation decreases throughout Regime 1 as the pH
decreases and equilibrium shifts to favor the protonated form of NCh.
Magnitude of heat signal for ionic complex formation initially increases
as ionization of NCh is increased and driving force for complexation
improves, heat signal subsequently decreases when charge groups on CNF
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Comparison of NCh/CNF titration at different pH conditions. Acidic NCh
injected into acidic CNF (a,b) shows no ionic complex formation, since
adjustment of CNF to pH 3 causes protonation of the anionic COO- to
neutral charge COOH. (c,d) Similarly, nanochitin that has been pH-
neutralized prior to injection shows no binding interaction, since the
positive charges responsible for the ionic complexation are dependent on

the amine groups being in protonated form (NH3+).......ccooceviiiiviiiiiiincee,

Frequency spectra for (a) 0.02 g NCh per g CNF, (b) 0.11 g NCh per g
CNF, (c) 1 g NCh per g CNF. Colors and symbols indicate the pH
conditions; black squares indicate no pH adjustment; green circles
indicate pH of NCh adjusted to 7 before mixing (preneutralized); blue
triangles indicate pH of system adjusted to 7 after mixing
(postneutralized). Viscous modulus G” is shown for one data set in each

plot for reference, but all G” values follow similar behavior.............cccccevvvennee.

Elastic modulus (G’) plotted as a function of excess deprotonated
nanochitin (nanochitin beyond the established stoichiometric charge
equivalent of cellulose nanofibrils). When aggregation is present in the
system, it is the dominant rheological influence over entanglement and
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CHAPTER 1
Introduction
1.1 Motivation
Single-use plastics and petroleum-derived polymeric materials are ubiquitous in our daily
lives, and all of these contribute to the global problem of solid waste accumulation and overflowing
landfills. It is estimated that by the year 2050 the ocean may contain more plastic than fish,* due
to the habitual use of unsustainable materials. Biobased nanomaterials have legitimate potential as
replacements in numerous applications> which conventionally employ petroleum-derived
polymers, making them a critical step towards a more sustainable society. By virtue of their natural
origin, biobased nanomaterials have a reduced impact on the environment® and have even been
studied as remedial agents for environmental cleanup efforts.* In order to optimize and effectively
implement these materials, a thorough understanding of their properties and behaviors is an
important first step.
1.2 Background
A general overview of the key concepts including materials, methods, and some
noteworthy previous works in the field is provided here; however, each chapter contains the
relevant background necessary to be read on its own.
1.2.1 Biobased Nanomaterials
Biobased nanomaterials can be defined as a class of materials which are derived from
biological sources (plants, animals, fungi, etc.) and have at least one dimension in the nanoscale.
They can be prepared by bottom-up or, more commonly, top-down methods and possess a variety
of morphologies and surface chemistries. Perhaps the most widely used are nanocellulosic

materials, which can be grouped into different classes based upon their preparation method,



morphology, and surface properties. Additionally, a rapidly growing topic in the study of biobased
nanomaterials is nanochitin, which shares many properties and advantages of nanocellulose, but
possesses several distinctions which expand the potential applications. In this work, we will
discuss insights about the dynamic microstructures and particle interactions of several biobased
nanomaterials as they apply in aqueous suspensions. These findings are intended to aid
characterization and understanding of biobased nanomaterials and to facilitate their
implementation in new and existing applications.

Nanocellulose is derived from a variety of natural sources (e.g., wood, cotton, bacterial
sources) and can be divided into 3 categories with distinct properties: micro/nanofibrillated
cellulose (MFNC, Figure 1.1a), cellulose nanofibrils (CNF, Figure 1.1b), and cellulose
nanocrystals (CNCs, Figure 1.1c). Several reviews are available on specifics of production of
nanocelluloses® and their various properties,®® and an extensive review discusses standard

characterization techniques thereof.°

Figure 1.1. AFM images showing the different morphologies of nanocellulose. (a) MNFC, (b)

CNF (c) CNC. (Adapted from Benitez and Walther, 2017)*°



Briefly, cellulose nanocrystals (CNCs) possess characteristically shorter aspect ratios than
the two fibrillar varieties of nanocellulose, in addition to higher crystallinity and stiffness. CNCs
are typically produced by acid hydrolysis of the source material, which dissolves less-ordered
regions in the cellulosic fiber structure, leaving intact particles of highly ordered cellulose polymer
chains bound to one another by extensive hydrogen bonding. Many preparation protocols also
impart charged moieties to the particle surface, such as sulfate half-esters in the case of sulfuric
acid hydrolysis preparation routes. Higher aspect ratio forms of nanocellulose are designated as
MNFC or CNF. MNFC particles are characteristically somewhat heterogenous and polydisperse,
produced by purely mechanical means without chemical modification or enzymatic pretreatment
of the cellulose source. This means that the degree of defibrillation is often highly varied, and
aggregation can be a major factor since no stabilizing surface charges are deliberately applied
(although in some cases there is still an appreciable charge as a result of native functional groups,
such as carboxylates from hemicelluloses).!! CNF particles are typically more uniform than MNFC
and have superior colloidal stability due to the inclusion of an enzymatic or chemical modification
step in their preparation, for the purpose of imparting charged groups on the surface. For example,
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl or TEMPO-mediated oxidation is often used to convert
CNF surface hydroxyl groups to carboxylates. While this improved colloidal stability and
uniformity is preferred for certain applications, the less homogenous MNFC cellulose has its own
advantages, such as reduced environmental impact due to chemical-free preparation. Additionally,
the broad range of size scales at play in these systems provide some hierarchical structural features
(Figure 1.2) that can provide value in various applications. Among these three main morphology

classifications (CNC, CNF, and MNFC), surface chemistry and particle properties can be tuned in



a number of ways, creating a vast library of particles and suspensions from which to choose for

targeted applications.

HO OH HQ  OH

. QH? ﬁ?
?%@pm .
%m °”é;{

\ ceIIquse ,°

', chains . i’
7

nanocrystal

nanofibril

microfibril

cellulose microfiber

Figure 1.2. Nanocellulose hierarchy. Plant matter, such as wood, is comprised of plant cells, and
the plant cell walls contain cellulose-based microfibers which themselves are bundles of the
smaller fibril units that make up micro/nanofibrillated cellulose. Nanofibrils contain regions of

high crystallinity, which can be isolated to obtain nanocrystals.

Nanochitin is similar to nanocellulose in many ways but is sourced from animal matter
such as shrimp and crab shells rather than from plant or bacterial sources as with nanocellulose.
The chitin polysaccharide structure differs from cellulose in the presence of an acetyl amine group
in place of one of the hydroxyls on each glucose unit (Figure 1.3). This functional group imparts

a higher degree of hydrophobicity than what is typical for nanocellulose. This functional group is



also a target for deacetylation treatments, which are commonly used to convert the acetyl amine
to an amine group, giving the nanochitin particles a positive surface charge in acidic conditions.*?
Similar to nanocellulose, nanochitin can be manipulated to take the form of a short rigid chitin
nanocrystal (ChNC) by acid treatment®® or longer, more flexible chitin nanofibril (ChNF)!* by
mechanical methods and/or partial deacetylation, but these distinctions and their characterization
are less mature than in the case of nanocellulose, and at times the more general designation

nanochitin (NCh) is preferred.
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Figure 1.3. Molecular structures of cellulose and chitin polymers subjected to common
modification treatments. (a) repeat unit of cellulose (b) substitution of a sulfate half-ester on
cellulose surface by acid hydrolysis (c) repeat unit of chitin (b) removal of acetyl group on chitin

surface by partial deacetylation



1.2.2 Methods

Two primary methods are employed in this work: rheology and calorimetry. Both are
concerned with elucidating information about microstructural features and interparticle
interactions of biobased nanomaterials in aqueous suspension. Chapter 2 is supported primarily by
rheological measurements and Chapter 3 primarily by calorimetry. Chapter 4 is dependent on both
methods and the complementary data that they provide.

1.2.2.1 Rheology

Rheology is used to directly measure the microstructure via material functions, e.g.
viscosity, elasticity, and yield stress, by quantifying stress responses under the application of shear.
These measurements are critical for a fundamental understanding of the suspension behavior as
well as for employment of the materials in target applications (coatings, 3D printing). In addition
to direct microstructural information, it is possible to indirectly characterize some particle
interactions. For example, time-dependent or shear-dependent structure responses can be
interpreted to gain insight about attractive forces between the particles which form the network
structure.

Rheological tests can be split into two groups: steady shear experiments and dynamic
oscillatory experiments. Steady shear provides details about how the material responds to different
applied shear rates (Figure 1.4). This response can be Newtonian, as in the case of water or honey,
meaning that the viscosity value is independent of the applied rate of shear. More complex fluids
such as colloidal suspensions or polymer solutions are often shear-thinning, meaning that the
apparent viscosity is reduced when higher shear rates are applied. This response is typically due
to alignment of particles or breakage of weak attractions between them (an example of indirect

particle interaction detectable by rheological measurement). Yield stress behavior can also be



detected in steady shear experiments, by the absence of a Newtonian plateau and a slope of ~ -1 at
low shear rates. In contrast to steady shear, which depends upon the sample being subjected to
large-scale deformations, oscillatory shear experiments can elucidate the characteristics of the
material “at rest” by applying small oscillatory deformations and allowing characterization of the

material without destruction of the network.
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Figure 1.4 Examples of rheology plots. Top: Dependence of viscosity on shear rate can exhibit
several different relationships, including Newtonian, shear-thinning, and/or yield stress. Bottom:
Similarly, oscillatory frequency sweeps can take different profiles, which include frequency
dependence of viscoelastic moduli in the case of liquid-like samples (left), or frequency
independence for solid-like samples (right).
1.2.2.2 Calorimetry

Isothermal titration calorimetry is an analytical method by which heats of interaction
between two liquids can be quantified. This technique is frequently used to measure, for example,
binding constants between proteins and ligands!® and surfactant parameters such as critical

aggregation concentration.'® The titrant is injected into a sample cell which contains the titrand



while temperature is continuously monitored in the sample cell along with a reference cell (Figure

1.5, left). Heat evolved or absorbed by the interactions between titrant and titrand cause small

changes in
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Figure 1.5. Isothermal titration calorimeter (left) continuously collects and records the heater
power required to maintain isothermal conditions. This data (center) can be integrated to provide

the heat value associated with interactions of each separate injection (right).

the temperature of the sample cell, which are compensated for by a feedback heater based on
continuous monitoring of AT between the sample and reference cells. The heat rate supplied is
proportionate to the heat evolved or absorbed in the cell (Figure 1.5, center panel) and can be
integrated with respect to time, allowing assignment of a heat value to each injection or
concentration ratio of titrant to titrand (Figure 1.5, right). Hence the thermodynamics of the
interaction can be analyzed, by direct measurement of enthalpy and calculation of entropy via
Gibbs free energy.
1.2.3 Previous efforts in the field

Nanoparticles of cellulose and chitin are readily dispersible in water, and the resultant

hydrogels and aqueous suspensions possess properties that can be employed for rheology-

modifying applications or mechanical reinforcement, but with less environmental impact than



many conventional additives. The surface charges make them colloidally stable, their high aspect
ratio makes them shear-thinning, and yield stress behavior is observed at relatively low
concentrations (0.5 wt% in the case of MNFC)'". Additionally, CNCs and chitin nanocrystals
(ChNCs) both exhibit chiral nematic phase formation in aqueous suspension (Figure 1.6), which
permits their use in optical, sensing, and templating applications®®.

These and other properties have led to avid study of biobased nanomaterial suspension
systems over the past decades. Here we will highlight a few select works relevant to the present
studies. More specifics about relevant previous works are provided in the introduction sections for
each chapter. We have already mentioned the existence of several reviews covering production,*®
properties,?® and characterization® of nanocellulose. The properties of most interest to this
dissertation are the rheology, chiral nematic phase formation, and ionic complexation effects of
these materials. Regarding these topics, several more targeted reviews are available, which cover
rheology of pulp fiber supsensions,?* nanocellulose suspensions in general,?? and specifically
nanofibrils.?® A number of original studies were of particular value in laying the foundation for the
present works. lotti et al.?* and Hill?® were among the first to conduct rheological studies of MNFC
suspensions. Later work by Nechyporchuk et al.?8 and Nazari et al.?” was instrumental in exploring
wall slip and yield stress behaviors of these suspensions, and Saarikoski et al?® were among the
first to visualize and quantify flocculated structures which are so influential in the shear behavior.
Much of this work was informed by previous research pertaining to pulp suspensions,?®*° which
share many characteristics with nanocellulose in general but especially with MNFC. Several more
generalized studies compare the rheology of the different classifications of nanocellulose.®
Naturally, the differing aspect ratios and morphologies between crystals and fibrils create distinct

rheological behavior; hence CNC rheology has also been the specific focus of numerous



investigations.>>” For example, there is some indication®>3 that the formation of ordered
mesophases has a marked impact on the flow behavior, as these aligned regions can flow intact at
low shear rates and be broken down to individual crystals at higher shear. This is just one example
of how the liquid crystalline properties of CNCs are an important topic of study, and this area has
also been avidly explored, beginning with their adherence to Onsager theory® and following with
ionic strength effects®%4°, aspect ratio effects*#? surface charge effects*.
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Figure 1.6. Cellulose nanocrystals are colloidally stable in agueous suspension, and at low volume
fractions these suspensions are isotropic (left). Above a critical concentration (c*), the particles
will spontaneously align to form a lower chiral nematic phase and upper isotropic phase (center)
which helps them maximize translational entropy, in keeping with Onsager’s theory** for rigid
rods. At high enough concentrations and provided the suspension is not kinetically arrested, full

chiral nematic orientation can be attained (right).

A related set of works on nanochitin is available, beginning with the identification and
characterization of its potential as a biobased nanomaterial®® which sparked a cascade of
investigations into its properties, and numerous comparisons to nanocellulose.*® The existing body

of literature on nanocellulose served as a template for the subsequent study of nanochitin, and
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which has come to be an important topic in the community of biobased nanomaterials research.
With this development, efforts have emerged to formulate and characterize systems which make
use of both materials simultaneously.*’
1.3 Dissertation Scope

Three primary phenomena will be discussed in this work, pertaining to three different
biobased nanomaterial systems. For each, we have focused on an aspect that is (i) specific to that
material, (ii) of interest to the fundamental understanding thereof and (iii) useful in the pursuit of
employing the material in real applications. In our first study (Chapter 2), we investigated shear
behavior in micro/nanofibrillated cellulose (MNFC) suspensions. MNFC lacks the stabilizing
charges found in many other biobased nanomaterial systems, which significantly influences the
shear response. The lack of electrostatic repulsion creates a complex dynamic of flocculation and
subsequent floc breakage under shear. We examined this behavior, its limits and tunability by
quantifying the network structure using rheological tests and linking these measurements to
visually observed microstructural features in situ. The findings of this work have implications for
use of MNFC in 3D printing or coating applications, by identifying shear regimes which are likely
to generate defects and inhomogeneities. The findings also highlight some underlying insights
about the mechanics of the system, which imply a likeness to soft glassy materials. This
relationship can be of interest in attempts to model the behavior of the system.

In the second study (Chapter 3), the chiral nematic ordering transition is examined for
CNC suspensions. The liquid crystalline behavior is among the most avidly studied properties of
CNCs, and a key parameter of this behavior is the minimum concentration required to drive phase
separation (c*). However, conventional methods to determine this value are typically slow and can

be imprecise. To address this challenge, we posed the following question: do the interactions which
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drive phase separation exhibit an enthalpic component which can be detected calorimetrically? In
this chapter, we present a new technique to characterize the concentration threshold for CNC
suspensions, below which the system will remain isotropic and above which it will phase separate
into anisotropic chiral nematic phase and an isotropic phase. The proposed method has the
potential to expedite characterization of new samples and serve as a quality control tool, as well
as opening the door to a discussion of the underlying thermodynamic mechanisms at play in the
spontaneous phase separation of CNCs.

In the third study (Chapter 4), we branch out into the study of nanochitin. We make use
of the opposite charges on nanochitin (positively charged) and CNF (negatively charged) to form
ionic complexes, in which the microstructure properties are very finely tunable. The interactions
between the nanoparticles are measured using isothermal titration calorimetry, which allows us to
quantify the ratio at which the attractions are most relevant and decouple the complex pH effects
of both systems. The microstructure of each component and various conditions for mixed systems

of the two are characterized using rheology.
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CHAPTER 2
Shear-dependent Structures of Flocculated Micro/NanoFibrillated Cellulose (MFNC) in

Aqueous Suspensions

2.1 ABSTRACT: Cellulosic nanomaterials constitute a topic of growing commercial interest for
numerous applications, many of which demand a working knowledge of the rheology of the
materials. We demonstrate here that aqueous suspensions of micro/nanofibrillated cellulose
(MNFC) exhibit complex shear behavior governed primarily by fibrillar floc dynamics. Regimes
corresponding to structure formation, persistence and breakdown are quantitatively differentiated.
We assess the recovery of the network structure as a function of the applied breakdown conditions
and identify critical conditions that characterize the floc dynamics as isotropic or anisotropic. A
two-step yield dynamic generates persistent anisotropic flocs that effectively prohibit recovery of
the initial gel structure under certain conditions. Processing within this stress window entails a risk
of generating heterogenous, potentially irreproducible structures and properties. An in-depth
understanding of the rheology of aqueous MNFC suspensions and their floc-dominated rather than
fibril-dominated nature is critical to rationally tailoring properties through selection of judicious

processing conditions.

2.2 INTRODUCTION
Nanocellulose remains an active and ubiquitous subject of research due to its many
promising and diverse applications, including composite materials, food products, personal care,
and medical supplies.!> Of the many advantages of these cellulosic nanomaterials, some of the
most important are their sustainability and biodegradability. They therefore constitute suitable

candidates to replace conventional additives such as thickeners® and reinforcing agents* while

20



reducing environmental impact.® These materials are generally classified according to their
morphology: cellulose nanocrystal (CNC) and micro/nanofibrillated cellulose (MNFC), the latter
of which is the subject of the present study. The stability of MNFC fibrils in aqueous medium is
strongly dependent on both surface charge and fibrillar morphology.®’ Charges can result from
residual functional groups present in the raw cellulose source®’ (e.g., from hemicellulose or lignin)
or from deliberate modification of the cellulose hydroxyl groups (e.g., during TEMPO-mediated
oxidation or carboxymethylation). Figure 2.1 illustrates the hierarchical nature of an MNFC
suspension. The elementary fibrils are held intact by hydrogen bonds between polymer chains.
These fibrils form a highly entangled and flocculated network, thereby creating a heterogeneous

slurry-like material that exhibits gel-like properties at concentrations as low as 0.1 wt%.!%!!

SRR
SRR
e e st

Figure 2.1. (leff) Aqueous slurry of microfibrillated cellulose at 3.1 wt%. (center)

Transmission electron microscopy image of a network of highly entangled fibrils exhibiting a wide
diameter range. Fibrils are comprised of a highly crystalline assembly of cellulose macromolecule
chains, as seen in the schematic on the right. (right) Chemical structure of a cellulose polymer
wherein crystalline regions are held together by extensive hydrogen bonding. The multiscale
dimensions typical of MNFC reflect the defibrillation process and the inherent structural hierarchy

of cellulosic materials in nature.Of particular interest in this study is the relationship that exists
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between microstructure and shear as both of these characteristics play pivotal roles in the practical
use of these materials in various applications. Floc dynamics in heterogenous slurries create
complex flow behavior in aqueous MNFC suspensions and have been the subject of limited
investigation but remain inadequately understood.!!"!*> Previous studies addressing this issue have
focused on specific rheological phenomena such as wall slip,'® shear banding'” and yield stress, '8
and repeatedly point out that collecting accurate and relevant rheological measurements is
nontrivial for these suspensions. We echo the sentiment that great care must be exercised to
interpret results correctly.!”!® To this point, the importance of boundary effects in MNFC

suspensions has been described by Nazari et al.'®

in a detailed rheological study, which also served
to quantify yield stresses for suspensions at concentrations above 2 wt% MNFC. They describe
the formation of a dilute boundary layer during shear, especially at high concentrations. A similar
assessment of wall depletion is also reported for lower concentrations by Saarinen et al.,'® who
emphasize the importance of boundary-dominated flow below the yield stress at 0.5 and 1 wt%
MNFC. Nechyporchuk et al.!” have examined the possibility of roughening plate surface topology
to mitigate interfacial slip, which they suggested was of primary concern at low shear rates, in
agreement with the observations by Saarinen et al.,'® below the yield stress. Xu and Li'* offer
further insight into the yield stress and, in particular, its response to an added electrolyte, which
can promote the formation of glassy clusters. Many of these prior findings stem from flocculation
dynamics, which have been imaged by Saarikoski et al.'* and Karpinnen et al.'* In-situ
descriptions of the development of flocs under increasing shear rates, along with accompanying
size/shape analyses of the flocs, afford a complementary interpretation of unexpected rheological

measurements, such as the “kink” or flow instability evident in the MNFC viscosity profile noted

by Iotti et al.'® and others.!>!17-182021 The prevailing description of this unique behavior presumes
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anisotropic “log-roller” flocs under certain shear conditions and smaller isotropic flocs under more
intense shear.'?!> The formation and breakdown of flocs by these mechanisms have also been

2223 which possess significantly larger dimensions but

described for wood pulp fiber suspensions,
similar flow properties.

Despite similar advances thus far, a comprehensive description of aqueous MNFC suspension
dynamics under shear, including direct imaging of structural evolution, the correlation of structure
with yield stress, and structure recovery following shear and thixotropic effects, remains missing.
Of particular importance is how these related phenomena can be quantitatively correlated and
controllably manipulated to optimize properties. Due to the large volume of studies performed on
modified MNFC (such as TEMPO-oxidized CNF?**?%), systems with fewer charges and more
heterogeneous morphologies are less well understood by comparison. While this failing can likely
be attributed to experimental challenges inherent in characterizing heterogeneous media, the
industrial relevance of this type of MNFC cannot be denied in light of its lower cost and facile
production. For these reasons, the present work seeks to directly relate the rheological
measurements of heterogeneous MNFC to specific morphological phenomena, namely, the
formation and development of flocculated structures. This course of study is necessary to establish
reliable testing protocols and elucidate complex structural behavior that has proven difficult to
observe or explain. We have detected a sensitive relationship between floc structures and shear
responses of MNFC suspensions wherein the critical factor is shear history. This dependence is
apparent in several instances, including, for example, floc behavior and the characteristic kink
encountered during steady shear. In addition, we have investigated a complex multi-step yield
behavior that appears to reflect a hierarchical fibril/floc network structure and relate directly to

recovery of the broken structure. By combining such rheological measurements with direct
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visualization of the structure, we can draw connections between microstructure and flow behavior.
A two-step yield process is indicative of hierarchical structure breakdown, which we explicitly
identify and characterize with rheological measurements that confirm consistency and
reproducibility. A key finding here is the dominant influence of floc morphology on structural
development, which is not intuitive given the highly fibrillated nature of the system. The ability to
predict the corresponding microstructure resulting from a variety of applied mechanical stimuli or
vice-versa can be a valuable tool to guide selection of cellulosic nanomaterials for different
applications and to expedite their processing and handling. This type of structure-property
relationship has substantial implications for both process and product design with respect to

nanocellulose applications.

2.3 EXPERIMENTAL

Preparation and characterization of MNFC suspensions. Sodium-form MNFC as a 3.1 wt%
aqueous slurry (“cellulose nanofibrils”) was purchased from the University of Maine Process
Development Center. The concentration was adjusted by dilution with deionized water, followed
by probe sonication (Cole-Parmer 750 W Ultrasonic Processor, 2000 J/g MNFC) to reduce fibrillar
aggregation and improve sample homogeneity. Samples were stored under refrigeration prior to
analysis to prevent bacterial growth. While the results provided here correspond to a 1 wt% MNFC
aqueous suspension, tests were conducted on concentrations ranging from 0.5 to 3.1 wt% with
similar results, as evidenced in the Appendix B (described in following sections). Further details
regarding concentration effects can be found elsewhere.'? To prepare the samples for transmission
electron microscopy (TEM) imaging, a 10 uL. drop of a 0.01 wt% MNFC suspension was placed
on a carbon-coated copper TEM grid (300 mesh) and left to dry overnight at ambient temperature.

Digital images were subsequently acquired on a JEOL 2000FX microscope operated at an
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accelerating voltage of 200 kV. Measured fibril diameters ranged from 5 to 200 nm, with a mean
value of 33 nm and a mode of 5-10 nm (cf. Figure A.1 in Appendix A). Further discussion
regarding estimates of particle aspect ratios as determined by the Simha equation®® and diffusion
constants based upon a long thin rod approximation®!' can also be found in Appendix A. The
MNFC surface charge was measured as 0.015 mmol/g with a Mutek particle charge detector by
titration with poly(diallyldimethylammonium chloride).

Rheological analysis of MNFC suspensions. Steady and dynamic rheological tests were
performed on either a stress-controlled rheometer or a DHR-3 Discovery Hybrid Rheometer (TA
Instruments). Some experiments were repeated on both instruments to confirm reproducibility.
Data were collected between concentric cylinders in which the aluminum cylindrical periphery
was recessed and the gap between the inner and outer cylinders (with radii of 14 and 15 mm,
respectively) was 1 mm. This setup was chosen to reduce water expulsion by mechanisms of wall
depletion, inertia and compression, each of which can artificially increase the suspension
concentration and influence the experimental results (as indicated®® for parallel-plate
measurements). Concentric-cylinder experiments were duplicated using serrated parallel plates to
determine the influence of wall slip. Results reported here have been repeated in triplicate with a
standard error of < 20% (including between rheometers). Representative viscosity profiles are
provided rather than averaged data to avoid obscuring distinctive features at intermediate shear
rates. An oscillatory pre-shear step of 60 s at a stress amplitude of 20 Pa and frequency of 0.5 rad/s,
followed by recovery for 10 min, established a consistent starting structure after initial sample
loading.>*-3° Steady-state apparent viscosities were measured by varying the shear rate from 0.01
to 1000 s! in both increasing and decreasing order to ascertain the effect of shear history. Each

shear rate was applied for up to 12 min to ensure steady state was reached prior to data acquisition.
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Oscillatory frequency sweeps (at a stress amplitude of 0.5 Pa) and stress amplitude sweeps (at a
frequency of 0.5, 1.0 or 5.0 rad/s) were performed to obtain the dynamic storage and loss moduli
(G' and G", respectively) and yield stress under different shear histories. The chosen stress
amplitude of 0.5 Pa was confirmed to be within the linear viscoelastic regime by an oscillatory
stress sweep.

To quantify microstructure recovery, a predetermined breakdown stress (up to 100 Pa) was
applied for 5 min to rupture the microstructure, followed by a recovery time of 10 min at an
oscillatory stress of 0.5 Pa (within the linear viscoelastic regime). During both breakdown and
recovery, the frequency is held constant at 0.5 rad/s. Each sample was subjected to a frequency
sweep (at 1 rad/s) before and after this procedure, and structure recovery was quantified here as
the ratio of the final elastic modulus value to its initial value (G'/Go').

Real-time images of structural evolution under shear were collected with a rheo-optical
plate (TA Instruments) in conjunction with a digital camera and a 40-mm stainless steel,
sandblasted parallel plate. In this parallel-plate arrangement, the lower plate is transparent, and the
camera is placed beneath the plate to capture images of the structure in the flow and vorticity

directions. A schematic diagram of this setup is depicted in Figure A.2 in the Appendix A.

2.4 RESULTS & DISCUSSION
2.4.1 Structural evolution
The frequency spectra acquired from a 1 wt% MNFC suspension is displayed in Figure
2.2a. The entangled fibrillar network is manifested as a physical gel due to extensive aggregation
and entanglement (as is visible in Figure 2.1), which is consistent with previous results obtained
from analogous systems.!%!” Signature features of network behavior in a 3-dimensional gel include

G' exceeding G" over the entire frequency range examined and both moduli being independent of
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frequency.’®3” This frequency sweep is conducted within the linear viscoelastic region as
determined by oscillatory stress sweep shown in Figure 2.2b. The oscillatory stress sweep shows
a small overshoot in the value of G’’ near the end of the linear viscoelastic regime. This “weak

3839 with attractive

strain overshoot” behavior is a typical feature of soft glassy materials
interactions between particles. In many systems such behavior is attributed in systems to large
scale structural rearrangement.*’ In the case of MNFC, the attractions between flocs (due hydrogen
bonding) could cause the viscous modulus to increase slightly as the structure transitions from an
intact network to a broken system of fibrillar flocs, which have a brief opportunity to interact with
each other before the increased oscillatory stress separates them entirely. However, a full
understanding falls beyond the scope of this study.

The corresponding viscosity profile measured from the same sample is presented in Figure
2.2¢ as a function of shear rate. We first note the absence of a Newtonian plateau, which is
consistent with gel-like properties. This shear-thinning profile is characteristic of a yield-stress
material (for which the slope is approximately —1 at low shear rates) and possesses a distinctive

and reproducible “kink™ at intermediate shear rates. Yield stress behavior is also indicated by the

plateau of shear stress observed at low shear rates in Figure 2.2d.
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Figure 2.2. (a), G' (filled circles) and G" (open circles) measured as a function of oscillatory
frequency in the linear viscoelastic regime from a 1 wt% MNFC suspension, confirming that G' >
G" and both moduli are nearly independent of frequency, conditions that are indicative of a
percolated gel network. (b), Oscillatory stress sweep indicates that the linear viscoelastic region
extends to ~1.5 Pa. (c), Viscosity profile reveals that the suspension is shear-thinning and possesses
a distinctive kink at intermediate shear rates (1-10 s™). (d) Shear stress versus shear rate profile

revealing a yields stress (extrapolated to low shear rate).

The dominant influence on suspension viscosity is shear-induced rearrangement of flocs.
More specifically, changes in the floc shape and size dictate the flow properties of the bulk
system.!> The kink evident in Figure 2.2¢ is a result of the floc mechanics that accompany
breakdown of the structure at various shear rates, as illustrated in Figure 2.3. Initially, the fibrils

exist as a percolated gel network at rest (Figure 2.3a). At low shear rates, the network flows in
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this state. Under intermediate shear, the continuous network is disturbed and rifts begin to develop
in the vorticity direction, perpendicular to the direction of shear. As the system reaches steady
state, these voids grow and eventually separate the network into a heterogeneous system of
anisotropic floc structures that move with a log-rolling motion (Figure 2.3b). Anisotropic log-
rolling flocs have been predicted*! by simulations for some model systems under various
conditions of shear and confinement. This motion persists as the shear rate increases further up to
a critical range at which the shear is strong enough to disrupt the anisotropic structures. At these
conditions, the flocs begin to split into smaller, isotropic, spheroidal units (Figure 2.3¢) in a
transition that is similar to behavior observed in attractive colloids.*?

The transition from anisotropic to isotropic flocs is deemed responsible for the kink in the
viscosity profile. As the shear rate increases further, the isotropic flocs continue to split and
decrease in size, contributing to the shear-thinning behavior. This proposed sequence of floc
evolution is confirmed in Figure 2.4 using real-time rheo-optical imaging by observing the initial
suspension structure at rest (Figure 2.4a), as well as structure progression at selected shear rates
of 1, 10 and 100 s™'. During and after application of a shear rate of 1 s™! (Figures 2.4b and 2.4f,
respectively), the structure is indistinguishable from the initial state and appears as a homogeneous,
intact network spanning the entire field of view. Application of shear at a rate of 10 s! promotes
the formation of anisotropic rolling flocs that persist throughout the field of view (Figure 2.4c¢). It
is important to recognize that elongated (log-shaped) flocs are oriented normal to the flow
direction. Upon cessation of this intermediate shear in Figure 2.4g, distinct holes indicative of
sample heterogeneity remain in the structure. An image of the sandblasted plate with no sample in
the gap is included in Figure 2.4e to identify the background visible in the voids. Upon application

of a high shear rate (100 s™!' in Figure 2.4d), these heterogeneities are altogether eliminated and
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the suspension structure once again becomes homogeneous, which is corroborated when the shear
ceases (Figure 2.4h). Taken together, this sequence of images provides direct experimental

evidence that supports the floc breakdown mechanism pictured in Figure 2.3.

| shear dlrectlon anisotropic rollers isotropic rollers

. |“I ‘

v0|ds sintering points

—

Figure 2.3. Schematic illustration of the floc breakdown sequence for fibrillar MNFC suspension
under increasing shear conditions. Blue regions indicate fibril networks or flocs, while white
regions indicate voids between fibril structures. Direction of shear is left to right (a) homogeneous
network at rest and low shear rates, (b) anisotropic log-rolling flocs at intermediate shear rates,
and (c) isotropic rolling flocs at high shear rates. Dashed lines indicate distinct flocs
(approximately spherical) which move with a rolling action and sinter together upon cessation of

flow to restore the homogenous network represented in (a)
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Figure 2.4. Rheo-optical images of 1 wt% MNFC suspension during and after application of
steady shear at different shear rates: (a) initial sample structure at rest, (b) at 1 s!, (c) at 10 5!, (d)
at 100 s, (e) background plate for reference (no sample), (f) after 1 s, (g) after 10 s!, and (h)
after 100 s'. At applied shear rate 10 s™!, voids develop between anisotropic flocs, and the textured
silver surface of the upper rheometer plate can be seen between these features (c,g). An example
of an anisotropic cylindrical (log-rolling) floc is visible in (¢). Approximately 1 mm across, it spans

from the upper left corner of the image to the center bottom edge.

2.4.2 Shear history
The implications associated with isotropic and anisotropic shear regimes of floc flow
behavior prompt further investigation wherein we have examined two different steady shear
sequences. In this context, the term “quench” is used to indicate cessation of shear or how we end
our shearing experimental protocol; “fast quench” indicating direct cessation of experiments from

31



(or after) a high shear rate, and “slow quench” indicating gradual cessation by reducing shear rate
from high to low before coming to rest. This nomenclature is adopted from related experiments by
Moghimi et al.*? In slow quench tests, the first shear sweep is performed from low to high shear
rate, followed by a second sweep from high to low shear rate, and a final low-to-high shear sweep.
Conversely, fast quench experiments are conducted from an initial low-to-high shear sweep,
immediately followed by an identical low-to-high sweep only. Representative data acquired from
1 wt% MNFC suspensions are presented in Figure 2.5, although we hasten to point out that similar
results are observed for a range of concentrations up to 3 wt% (cf. Figure A.3 in the Appendix
A). These results unequivocally confirm that shear history has a pronounced effect on flow
properties. Fast-quench tests (Figure 2.5a,b red squares) result in full recovery of the initial low-
shear properties (i.e., the viscosity and shear stress evaluated at low shear rates) from the initial
increasing sweep (black circles) even without a rest period between the steps. On the other hand,
in the case of the slow-quench conditions, values of low-shear properties from the initial increasing
shear sweep (Figure 2.5¢,d black circles) are not recovered in the subsequent steps (Figure 2.5c,
blue triangles and red squares), even if the system is allowed to rest for 15 min before the final
increasing shear sweep. Below, we endeavor to explain this difference in the reverse context of
the structure breakdown mechanism previously described with regard to Figure 2.3.

Under fast-quench conditions, the gel network reforms from a state of small, isotropic flocs,
which develop at high shear rates during the first shear sweep (Figures 2.3¢) and form a quasi-
homogeneous medium (Figures 2.4d and 2.4h), prior to the start of the second sweep. The
homogenous network depicted in Figure 2.4h is known to assemble from small isotropic flocs that
result from the high-shear breakup of the intermediate structures depicted in Figure 2.4g. While

these small isotropic flocs are difficult to visualize discretely at the concentration pictured here,
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extensive floc size analysis and imaging has been conducted by previous researchers.!>!¢ During
the slow-quench sequence, the small isotropic flocs are subjected to intermediate and low shear
rates in the second (decreasing) shear sweep, which gives them the opportunity to reorganize into

the cylindrical (log-rolling) flocs characteristic of these conditions (Figures 2.3b and 2.4d)
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Figure 2.5. (a) Viscosity profile and (b) shear stress for fast quench test conditions; (c) viscosity
profile and (d) shear stress for slow quench conditions (see the symbol legend in each case). The
slow quench consists of 3 successive shear sweeps: increasing shear rate (1), then decreasing
shear rate (2) and increasing shear rate (3). The fast quench subjects the specimen to two back-
to-back sweeps of increasing shear rate. In (¢) and (d), the low shear viscosity and shear stress do
not recover their initial values due to locked-in log-rolling structures (depicted in Figure 2.3b

and seen in Figure 2.4c).
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The spacing between these anisotropic structures is expected to be too large for them to
rejoin and subsequently form a homogeneous network when shear ceases. As a result, the
measured stress and low-shear viscosity are depressed relative to the original network structure.
All measurements appear to be affected up to ~10 s of the final increasing sweep. At this shear
rate, the suspension is once again exposed to the high shear rates that form small isotropic flocs.
Images of the gel structure under shear in Figure 2.4 provide convincing support for making a
distinction between the two shear-history regimes of slow and fast quench, and further raise an
important issue regarding the identification of the range of shear rates (or applied stresses) that fall
into each category. To address this point in more quantitative fashion, we employ oscillatory shear,
discussed below.

2.4.3 Microstructure recovery

As a consequence of the shear-dependent floc structures observed under steady-shear
conditions, we now seek to characterize the recovery behavior of MNFC physical gels from
different shear-generated floc regimes and examine how network structure is affected by specific
stress conditions and, in turn, how this relationship governs the ultimate network strength. To
elucidate the effect of breakdown condition on gel structure, microstructure recovery is measured
here according to a protocol that is similar to one previously employed.**-** The microstructure
recovery protocol used in this work is a four step procedure as follows:

(7) Initial structure characterization by frequency sweep (G’o) (black dashed line in Figure 2.6a,
black symbols in Figure 2.6b); (i/) Breakdown stress application (Figure 2.6a, time 0 to 300 s);
(iii) Recovery interval (Figure 2.6a, time 300 to 900 s); (iv) Final structure characterization by
frequency sweep of final modulus (G’) (Figure 2.6b, for representative breakdown stresses in

red, blue and green symbols) and normalized final modulus as G’/G’¢ (Figure 2.6c¢).
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The results reflect the same difference observed in the fast- vs. slow-quench steady-shear
experiments: the most recently applied shear level determines the recovery of the structure.
According to the results displayed in Figure 2.6¢, application of a high stress (> 17 Pa)
promotes complete recovery of the gel network (G'/Go' ~ 1) after 10 min (although the actual
recovery occurs much faster). A low stress (< 1.5 Pa) within the linear viscoelastic regime (Figure
2.2b) has relatively little impact on the ultimate network structure. In the intermediate stress region
(between 1.5 and 17 Pa), however, network structure recovery is sensitively dependent on the

applied breakdown conditions. Incomplete network recovery at intermediate stress levels is
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Figure 2.6. Dependence of final gel modulus (G’) on breakdown stress: (a) time sweep of
breakdown (3 or 17 Pa) and recovery (0.5 Pa) periods, (b) final frequency sweep after 3, 5, and 17
Pa breakdown periods, (c) relative final gel modulus with respect to applied breakdown stress. At
intermediate values of applied oscillatory stress (red boxed region), the structure develops
anisotropic flocs (left inset) which are unable to reform a percolated network. At high oscillatory
stresses (green boxed region), the structure is split into uniform isotropic flocs (right inset) which

pack more efficiently and thus recover the full initial gel modulus.

attributed to the same structure breakdown depicted in Figure 2.3 and reproduced for convenience
as insets in Figure 2.6¢c. Although this breakdown sequence is initially observed under steady

shear, the structure is anticipated to respond in similar fashion to increasing stress amplitude during
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oscillatory shear. This expectation is supported by heterogeneous structures detected in the in-situ
rheometer images during oscillatory tests (Figure A.4), which are indistinguishable from those of
the steady shear tests. If this equivalence is valid, we expect that a range of intermediate stress
conditions exists in which the resulting structure resembles Figure 2.3b, namely, anisotropic log-
rolling flocs separated by large voids. The mechanism of microstructure recovery depends on
fibrillar contact points and floc sintering, in which case it follows that the presence of voids will
hinder recovery of the initial network. This explains the stress regime resulting in incomplete
recovery from 1.5 to 17 Pa. The decreasing recovery from ca. 1-2 Pa in Figure 2.6¢ suggests that
anisotropic flocs are developing and separating farther apart as the stress is increased. Similarly,
we infer that beyond this range the log-rolling flocs have begun to transition to isotropic flocs,
possibly decreasing in size at escalating stress levels, as described by Saarikoski et al.'* Since
isotropic flocs pack more efficiently and possess more contact points, the network structure is
increasingly able to recover its initial elasticity. This echoes the behavior observed in the fast-
quench steady-shear tests described in the previous section. The quantitative relationship between
extent of recovery and applied stress amplitude is a topic that certainly merits additional study.
Related shear-dependent recovery behavior has been observed by Moghimi et al.** for colloidal
gels and by Burns et al.*® for nanodiamond suspensions. In both systems, intermediate breakdown
conditions result in weaker network structures than those subjected to more severe breakdown
conditions. In the case of colloidal gels, the dynamic mechanism of breakdown/recovery is
comparable to the behavior described herein and relies on the formation of anisotropic log-rolling
flocs, as confirmed by Brownian Dynamics simulations. Such similarity sheds light on the
structural interpretation of MNFC suspensions subjected to shear. These similarities indicate that

it may be more accurate to envisage the suspension as a system of flocs, rather than as a system of
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fibrils. While systems composed of TEMPO-oxidized or otherwise modified CNF might follow
models of repulsive colloidal fibrils,* the rheological behavior of low-charge, aggregated MNFC
suspensions appears to be better described in terms of attractive flocs rather than by the dynamics
of individual fibrils. A critical distinction in the present system is most likely the low surface
charge of the MNFC (0.015 meq/g), which might be unable to overcome the attraction of van der
Waals interactions and extensive interfibrillar hydrogen bonding. The nanodiamond system

1.3 also consists of attractive flocs. In that instance, however, the system

examined by Burns ef a
behaves as a hierarchy of tightly bound aggregates which could flocculate together to form more
loosely arranged structural elements. The reported minimum recovery at intermediate stress levels
is attributed to the breakdown of loosely bound flocs, whereas smaller, tightly associated
aggregates remain intact. In both these systems and in the MNFC suspensions investigated here,
weak attraction of flocs results in intermediate shear-dependent structures, creating distinct
regimes of flow-induced morphological development.
2.4.4 Two-step yield

On the basis of the complexity accompanying structure buildup and breakdown, apparent
yield stress constitutes a relevant property by which to characterize and predict the behavior of
MNFC suspensions. Keeping in mind that measurements of yield stress are most certainly
impacted by shear history, we have considered two experimental strategies in this study. From
steady-shear experiments, we can extract the dynamic yield stress from the stress plateau at low
shear rates.!>* 46 As pointed out by Fall et al.,* however, this method can be misleading for
complex systems with time-dependent or shear-history effects. For this reason, we also discern the

static yield point from plots of elastic stress as a function of oscillatory strain, where the elastic

stress is calculated from the product of strain and the elastic (storage) modulus. Prior studies have
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established that the maximum elastic stress provides a systematic and reliable measure of the yield
stress.!$3324% Figure 2.2d displays the dynamic yield stress obtained from steady shear
measurements of a 1 wt% MNFC suspension. This is typically obtained by extrapolation of the
data to zero shear rate. In our figure we see that this stress (shown only up to low shear rates as the
value seems flat) reveals the yield stress is ~1.5 Pa, which is in favorable agreement with
significant experimental phenomena already mentioned. First, from the microstructure recovery
trials, the onset of incomplete recovery occurs at an applied breakdown stress of ~1.5 Pa (Figure
2.6¢). Taken together, these results indicate that ~1.5 Pa is the stress required to sustain anisotropic
flocs. Moreover, the viscosity kink apparent in steady-shear sweeps (Figure 2.2¢) corresponds to
a stress of 1.5 Pa, followed by a sharp increase to a higher stress (~10 Pa) with increasing shear
rate (Figure 2.2d). This sudden increase is attributed here to the transition from anisotropic to
isotropic flocs as the higher shear rate overcomes the stress required to break apart the anisotropic
flocs.

Alternatively, the yield stress deduced from the elastic stress approach is provided in
Figure 2.7 In this case, the maximum in the elastic stress corresponding to the yield point provides
further confirmation of a structural transition at the same critical value of 1.5 Pa. These data also
reveal additional insight into the structural rearrangement of MNFC. While a plot of elastic stress
as a function of strain typically exhibits a single maximum at the yield point,*>* this MNFC
suspension possesses two local maxima at different strain levels. The existence of dual peaks could

arise from wall slip or some other measurement artifact, but repeated tests conducted with
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Figure 2.7. Oscillatory stress sweeps demonstrate two step yield by the elastic stress method,
shown for different frequencies: (a) 0.5 rad/s, (b) 1 rad/s, (c) 5 rad/s. Primary yield stress is
observed at 1.5 Pa regardless of frequency and is associated with the transition from a continuous
network to anisotropic log-rolling flocs. Secondary yield stress shows some frequency dependence
and marks the transition from anisotropic to isotropic flocs. Two step yield behavior is most
pronounced at high frequencies (c), indicating the anisotropic flocs possess a shorter characteristic

time scale than the original network structure

serrated plates at different frequencies have come to reveal that this feature is inherently related to
structure breakdown. On the basis of this finding, we therefore propose the incidence of a two-step
yield mechanism, which is consistent with the progression of structure breakdown previously
suggested for the suspension in Figure 2.3. Recalling the different aspects of structure breakdown
for this system, we assign a yield stress to each of the two transitions to explain this two-peak
behavior. In this case, the first (or primary) yield stress represents the transition from a percolated
network structure (Figure 2.3a) to one of log-rolling, anisotropic flocs (Figure 2.3b). Likewise,
the secondary yield stress indicates a transition from anisotropic to isotropic flocs (Figure 2.3¢).
Furthermore, considering the microstructure recovery from the perspective of a two-step yield, we
suggest that the structure overcomes the first yield stress but not the second in the regime of poor

recovery (at intermediate stress values). The regime of inferior recovery begins at a stress of ~1.5
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Pa (Figure 2.6¢), and elastic stress measurements identify an initial or “primary” yield stress (ty1)
of 1.5, which is independent of frequency.

Although the primary yield stress is frequency independent, an increase in oscillatory
frequency promotes a systematic increase in the stress associated with the second maximum (ty2),
from 0.36 Pa at 0.5 rad/s (Figure 2.7a) to 0.53 Pa at 1 rad/s (Figure 2.7b) and 0.90 Pa at 5 rad/s
(Figure 2.7¢). This relationship implies a time dependence of the isotropic floc behavior. At higher
frequencies (shorter time scales) the measured response is more elastic. Frequency-dependent
yield behavior has also been recorded for cellulose nanocrystals, where higher frequency resulted

in a higher measured yield strain. Derakshandeh et al.*3

credit their observation to the increasing
effect of Brownian motion at low frequencies. They contend that facilitated local particle
rearrangement promotes suspension flow. This agrees favorably with what is observed for
colloidal glasses of spherical particles,* which we have already pointed out exhibit several
parallels with MNFC suspensions. However, if the micron to millimeter size scales of interest in
the present system are considered, it is highly unlikely that Brownian forces are responsible for

frequency dependence here. Hill*¢

also predicts that Brownian forces are negligibly weak in this
system. A more likely reason for such frequency dependence remains unclear at the present time,
but warrants future study. The hypothesis of a two-step yield mechanism is predicated on reports
that other systems display hierarchical structure and similar rheological behavior.’>! One of these,
a model colloidal gel composed of spherical poly(methyl methacrylate) particles stabilized by
chemically grafted poly(hydrostearic acid), exhibits**** both the two-step yield behavior and
microstructure recovery sequence encountered in this work. This further corroborates that treating

MNEFC suspensions as flocs, rather than fibrillar systems, can be more descriptive of their physical

behavior.
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This fundamental distinction between flocs and fibrils is of paramount importance to any
effort that endeavors to model and/or predict material behavior. Moreover, since MNFC is
becoming increasingly essential as a rheological modifier in coatings and 3D printing inks, a
thorough understanding of its structural features and their response to shear is crucial to designing
devices that rely on flow. Operating in the intermediate shear regime will lead to the development
of persistent log-rolling flocs, which are likely to manifest as defects in a 3D-printed structure or
a coating applied, for example, by doctor-blade or draw-rod methods. Of neglected significance is
the cessation of shear. If a suspension is purposefully subjected to high stresses during processing
with the intention of generating a homogeneous microstructure, that benefit could be completely
lost if the shear rate is reduced gradually (as in the slow quench) rather than abruptly (as in the fast
quench). While this study has successfully identified several rheo-optical features of MNFC
suspensions that (i) help to explain the origin of experimental observations and (ii) establish the
dominant role of flocs in hierarchical structure breakdown/recovery, interesting scientific
questions remain to be answered regarding this complex system. One of these issues is the range
over which the mechanisms described here apply. While these are believed to be specific to the
gel regime, they could depend sensitively on dispersion quality and suspension concentration. The
nature of the recovered structure as a function of breakdown condition is another topic that
deserves further study, as is the behavior of the secondary yield stress under different shear
conditions, especially with regard to changing oscillatory frequency. Our results provide insight
into the flow behavior and accompanying structure of MNFC suspensions and, by doing so,

confirm the complexity of these systems.
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2.5 CONCLUSIONS

Distinct structural regimes of MNFC suspensions under shear flow have been observed
and explained based on floc mechanics. Differences in low-shear viscosity following fast and slow
quench conditions, the window of minimum structure recovery following oscillatory shear, and
the existence of a two-step yield mechanism can all be related to a systematic progression of floc
structures from a homogeneously percolated network through an anisotropic log-rolling regime at
intermediate shear to a system of uniform, isotropic flocs at high shear. Favorable quantitative
agreement is achieved between all the rheological measurements performed here, with a critical
stress of 1.5 Pa corresponding to the primary yield stress from elastic stress measurements, as well
as the onset of incomplete structure recovery, the viscosity kink and the dynamic yield stress from
slow-quench flow curves. In summary, all of the results reported here and their similarities with
previously documented systems make a strong case for interpreting MNFC morphologies on the
basis of flocs rather than fibrils, even though the system is fundamentally an aqueous suspension
of fibrils. The hierarchical approach proposed here to elucidate flow-induced structure in MNFC
suspensions explains a number of interesting experimental observations and provides a largely
unexplored means by which to understand and control flow-related properties.
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CHAPTER 3
Quantitative Calorimetric Studies of the Chiral Nematic Mesophase in Aqueous

Cellulose Nanocrystal Suspensions

3.1 ABSTRACT. Aqueous suspensions of cellulose nanocrystals (CNC) can spontaneously form
a chiral nematic mesophase at a critical concentration (¢"). Unfortunately, no current analytical
technique permits rapid detection of ¢”. Herein, we introduce a facile and accurate approach to
assess ¢ rapidly (< 2 h) from a small sample volume and compare our results to those obtained by
conventional methods. Our strategy employs isothermal titration calorimetry (ITC) to measure the
heat of interaction, which can identify the onset of mesophase formation since it is sensitive to
suspension viscosity and thus capable of detecting small changes in the suspension environment.
We measure ¢ for CNC samples differing in surface charge and aspect ratio and find that lower
aspect ratios and higher surface charges both increase ¢”. Our ITC results reveal the role of CNC
interactions prior to visual observation of mesophase formation and elucidate effects related to

nanocrystals and their suspensions.

3.2 INTRODUCTION
Cellulose nanocrystals (CNCs) have become a popular research topic as a broadly
promising biomaterial. They continue to attract increasing attention due largely to their interesting
aqueous suspension behavior, as well as their renewability, biodegradability and promising
properties.! Their potential uses span a wide and diverse range of applications, including
reinforcement media for polymer nanocomposites,” biomimetic materials and optically-active
coatings.> One common method of preparing CNCs involves the hydrolysis of cellulose sources

in sulfuric acid.*> This treatment dissolves the less ordered regions of native cellulose fiber,
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leaving behind rigid, crystalline nanoparticles with a high aspect ratio. It simultaneously converts
a fraction of the hydroxyl moieties on the surface of the nanocrystals to negatively charged sulfate
half-ester groups, resulting in improved colloidal stability in aqueous suspensions due to
electrostatic repulsion by the sulfate groups. In many cases, acidic ester are ion exchanged with
sodium to facilitate redispersion after drying the nanocrystals.® Of the many interesting properties
of CNC aqueous suspensions, their propensity to form a chiral nematic mesophase is among the
most avidly studied.”'* Previous investigations of this mesomorphic behavior have been
illuminating, and it is generally accepted that formation of a chiral nematic mesophase is driven
by the rod-like shape and inherent chirality of CNC.! A critical concentration (c¢*) can be defined,
above which the CNCs phase-separate into anisotropic (bottom) and isotropic (upper) fractions.
The value of ¢* depends primarily on the aspect ratio®'* and surface charge of the CNCs.!>1
Higher aspect ratios favor ordering and shift ¢* to lower concentrations, in agreement with the
theory of Onsager.!” Conversely, increasing surface charge shifts ¢” to higher concentrations in
suspensions of protonated CNCs. In this case, the increased total ionic strength of the suspension
screens repulsive charges, resulting in a reduction in the effective volume fraction, so that a higher
crystal concentration is required for the suppressed electrostatic double layers (EDLSs) to overlap. '
High CNC volume fractions can alternatively induce volume-arrested states, i.e., gelation or

colloidal glass formation,'® which can disrupt or compete with cholesteric mesophase formation.

The complexity between rheological and mesomorphic behavior has naturally motivated
numerous studies that provide a strong foundation for further investigation into the liquid
crystalline ordering of CNCs. A seminal study has been conducted by Reid et al.,*° who
systematically compared the properties of different commercially available and lab-produced

h, 10,21-23

CNCs. Detailed studies have elucidated the roles of ionic strengt aspect ratio?* and surface
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charge”’l 5,25,26

on mesophase formation, and phase diagrams describing CNC ordering and kinetic
arrest at varied ionic strength conditions have been reported by Honorato-Rios et al>’ The
rheological behavior of aqueous CNC suspensions has been the subject of numerous related

investigations, 837

and viscosity has frequently been used as an indicator of CNC ordering on
the presumption that pre-aligned chiral nematic domains exhibit more pronounced shear-thinning
behavior than a fully isotropic suspension of rods.*® This can, however, be an exquisitely delicate
measurement because of the interrelationship between shear and alignment. While shear can detect
ordering, it can also either induce or disrupt ordering depending on how it is applied. In addition,
measuring the viscosity of very dilute suspensions at low shear rates can be experimentally
challenging.®® Hence, using viscosity as a means to identify CNC ordering has limitations.

Conventionally, ¢” is routinely determined by polarized optical microscopy*>* by checking for
the presence of birefringent domains in suspensions between crossed polarizers. Another,
somewhat imprecise method that is perhaps the most commonly used in practice is direct
visualization of phase separation. For example, an aqueous CNC suspension left to stand for an
extended time under quiescent conditions will phase-separate if the concentration is above ¢”, and
the presence of anisotropic domains can be observed visually once they exceed the wavelength of
visible light, which may take days to weeks.!* These protocols are valuable to check whether a
given suspension is above or below ¢”, but they are impractical to determine the value of ¢ with
precision. In addition to being laborious, they can also be inconvenient if sample quantity is
limited. To the best of our knowledge, no method is currently available to test a single suspension
and determine ¢” directly. In the present work, we propose a calorimetric method to discern ¢ of

suspensions differing in CNC aspect ratios and surface charges. By automatically and continuously

diluting an initially concentrated suspension (above c”), we can quickly and accurately determine
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the value of ¢* by measuring the heat flux of the sample by isothermal titration calorimetry (ITC).
We demonstrate here that, by injecting a concentrated suspension with small volumes of water at
short time intervals, the response can be measured over a wide range of concentrations at high
resolution. Changes in viscosity (which are previously shown to relate to liquid crystalline
behavior)**¥40 throughout the experiment can be interpreted to provide an accurate estimation of
¢” for various samples with different properties that impact their liquid crystalline behavior. Since
¢’ constitutes such an important fundamental property of CNC suspensions, an expedient method
by which to ascertain it can afford a highly beneficial advantage.

3.3 EXPERIMENTAL

3.3.1 Materials

Cellulose nanocrystals were purchased from Forest Products Laboratories, FPL (Madison,

WI), where they were prepared by sulfuric acid hydrolysis and distributed in sodium form as a 12
Wt% aqueous suspension. Samples were tested as-received and after being subjected to several
different treatments, including (i) size fractionation as described elsewhere!* to separate higher
(anisotropic fraction) and lower (isotropic fraction) aspect ratios and (ii) acid-catalyzed desulfation
as proposed by Jiang et al.? to reduce surface charge by removing some of the sulfate groups.
Additional CNC grades provided by collaborators from University of British Columbia (UBC) and
Hebrew University of Jerusalem (HUJI) were used as-received, and a summary of the materials

examined in this study is provided in Table 3.1.
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Table 3.1. Summary of CNCs used in this study and their key properties.

CNC Source Expected Surface charge Zeta Length  Width Aspect
designation c’ potential ratio
(Wt%) (umol OSOs/g (mV) (nm) (nm)
CNO)

FPL-CNC  FPL 4 330 -46 120+ 38 5.6+0.5 21
D-CNC FPL (modified) 3 - -37 148 +41 53+0.6 28
S-CNC FPL (modified) 6 - -40 108+32 63+04 17
LD-CNC FPL (modified) 3 - -44 150+42 55+04 27
175-CNC ~ HUIJI 0.7 157 -38 94+7 45+02 21
875-CNC  HUIJI 0.5 87 -36 101+6 57+02 18
UBC-CNC UBC 7 235 -33 127+49 7.0+2 18

3.3.2 Methods

Acid-catalyzed desulfation was conducted according to the procedure described
elsewhere.?® Here, 500 mL of suspension containing 1 wt% CNC was heated to 80 °C, at which
point HC1 was added to achieve a final acid concentration of 12.5 mM and the suspension
subsequently stirred for 2 h. The reaction was then quenched in an ice bath, followed by dialysis
against DI water (until a stable pH was achieved) to remove free sulfate groups and ultrafiltration
in a stirred cell to increase the suspension concentration to ~6 wt% (as previously recommended®).
Aspect-ratio fractionation was performed using a previously established method.'* A 7 wt%
aqueous CNC suspension was allowed to equilibrate for 1 week, resulting in nearly even separation
into isotropic and anisotropic phases. The top fraction (isotropic) was removed by pipetting, and
each of the separated phases was then fractionated two additional times, for a total of 3 iterations.
The thrice-anisotropic fraction has a statistically higher aspect ratio, and the thrice-isotropic has a
reduced aspect ratio. Dilution (by addition of DI water) of anisotropic fractions and concentration
(by ambient evaporation) of isotropic fractions between iterations was necessary to achieve an
approximately even split, since the anisotropic fraction was inherently more concentrated. Atomic

force microscopy (AFM) images of the resultant suspensions were acquired on an Asylum MFP-
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3D instrument. In the case of each sample, a 0.01 wt% CNC suspension was dropped onto freshly
cleaved mica that had been treated for 30 min with a 0.01 wt% poly-L-lysine solution. This was
allowed to sit for 1 min, rinsed with DI water and blown dry with nitrogen gas. Particle dimensions
were then determined by ImagelJ,*' with 140-300 individual particles measured from 4-7 images
per sample. Zeta potentials were measured from a 0.01 wt% CNC suspension with 10 mM NaCl
by a Malvern ZetaSizer (NanoZSP). Surface charges were discerned by conductometric titration.*
A low-volume TA Instruments NanoITC was used for the ITC experiments. In this procedure, the
sample cell was filled with concentrated aqueous CNC suspension (initially above ¢*), whereas the
reference cell contained deionized (DI) water. The titration syringe was also loaded with DI water
and injections were performed in 1.0-2.5 pL increments, with 250-600 s between each dilution.
Changing injection volume or equilibration time did not noticeably influence the results, since the
relationship between viscosity and concentration is not impacted by either factor (as demonstrated
for the case of variable injection concentrations in Figure B.1). Stirring was maintained at 350
rpm throughout each test run by the rotating titration syringe. The heating power required to
maintain isothermal conditions was monitored continuously and integrated over the time interval
of the injections to yield the change in enthalpy associated with each injection.
3.4.1 Heat rate considerations

To validate the calorimetry method introduced here, we first evaluate the result for a sample
with a known ¢” value. Commercially available CNCs from Forest Products Laboratories (FPL)
have been previously reported!*#243 to exhibit phase separation at 4-5 wt% with some degree of
batch-to-batch variability. The sample employed in this study forms a cholesteric mesophase at 4
wt% when left standing quiescently in a vial (Figure B.2). Since no evidence of birefringence is

observed at 3 wt% CNC, we infer that the value of ¢” lies between 3 and 4 wt%. The time required
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for this suspension to exhibit visible phase separation is more than two weeks, which is
substantially longer than the time needed to induce phase separation in suspensions with higher
concentrations of 5 or 6 wt% (~ 3 days). The longer equilibration time, coupled with the
observation that the volume fraction of the anisotropic phase (o) is relatively small at 4 wt% (¢ =
0.06), suggests that ¢" is likely only slightly below that suspension concentration. In Figure 3.1a,
¢ is presented as a function of suspension concentration and confirms that ¢ is strongly dependent
on CNC content, as expected, and that a suspension with 8 wt% CNC is well above c". Starting
with this concentration, we have performed an incremental suspension dilution while monitoring
the heat flow required to maintain isothermal conditions. To simplify data presentation, we have
removed the injection peaks (which were uniform throughout the experiment and representative
of the heat of dilution) and plotted only the equilibrium baseline values associated with the end of
each injection in Figure 3.1b. A representative excerpt of the full raw data is included in Figure
B.3. The baseline heat rate of an ITC experiment provides a measure of the viscosity of the

sample,***

since the stirring action of the syringe produces more pronounced viscous heating
effects for a higher viscosity sample.***” As a consequence, less power is required from the heater

to maintain the target temperature, as depicted in Figure 3.2a.
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Figure 3.1. (a) Measured volume fraction of the anisotropic phase (¢) as discerned from phase-
separated FPL-CNC suspensions in vials (inset showing representative CNC concentrations of 4,
5 and 6 wt.%) as a function of CNC concentration. (b) Dependence of heat rate on CNC
concentration during dilution for as-received FPL-CNCs. Indicated here is the baseline for a
stirring cell containing only water (blue dashed line) and the baseline at which ¢” of FPL-CNC

suspensions is crossed at ~4 wt% (red dashed line and arrow).

As the dilution proceeds to lower concentrations and therefore lower viscosities, the heat rate

decreases accordingly. Furthermore, the baseline appears to level off at low CNC concentrations,
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approaching a horizontal asymptote at about -168 uJ/s, which is the baseline heat rate of a cell
containing only water for the relevant experimental parameters (25°C and 350 rpm). The results
evident in Figure 3.1b illustrate a key concept: the difference in baseline heat rates is associated
with viscous heating and, hence, the suspension viscosity. In other words, decreasing the CNC
concentration promotes a reduction in viscosity, which is reflected in the ITC signal due to the
reduced viscous heating effects, as diagrammed in Figure 3.2a. This concept is further verified by
measuring the baseline heat rate for the sample cell across a range of stir rates. As expected,
increasing the stir rate from 150 to 450 rpm elevates viscous heat and lowers (less exothermic)

power output from the heater to maintain isothermal conditions (Figure 3.2b).
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Figure 3.2. (a) Schematic diagram describing the underlying principle behind the use of ITC to
determine ¢”. Viscosity links liquid crystalline ordering and the thermal response detected by ITC.
Increasing the CNC concentration provokes a response in both mesomorphic behavior and
rheology, the latter of which can be detected by ITC due to viscous heating (i.e., stirring a more
viscous material generates more friction and consequently more heat than the same stir rate applied
to a less viscous material). (b) Baseline heat rate measured by ITC for water only at different stir
rates. The measured heat rate indicates the power supplied by the heater to maintain isothermal
conditions (25°C), which decreases (becomes less exothermic) as the stir rate is increased. An

increase in viscous heating lowers the demand on the heater.
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Previous work has established that the viscosity of a CNC suspension is related to its liquid
crystallinity.2731334043 X et al.* have observed that isotropic CNC suspensions (< 3 wt%) exhibit
Newtonian behavior, while suspensions that are initially biphasic or liquid crystalline are shear-

thinning. Haywood et al.*°

point out that biphasic suspensions often display a characteristic 3-
region viscosity profile, and Van Rie et al.*® have found that samples at CNC concentrations above
¢’ exhibit an apparent viscosity that has a more negative slope with respect to shear rate compared
to samples to isotropic suspensions. This leads us to a second key concept: the onset of liquid
crystallinity can be detected by ITC due to the flow behavior of CNC suspensions. We will make
use of this relationship to determine ¢* precisely and expediently. Taken together, these two key
concepts indicate that the ITC heat signal can be used to determine the concentration
corresponding to the onset of mesophase formation by straightforward dilution. Starting with our
benchmark sample of FPL CNC, we use this result from ITC to calibrate our further measurements,
in which case the heat rate of -162 pJ/s in Figure 3.1b is selected as the critical value identifying
the transition from isotropic to biphasic suspension. We hypothesize that CNCs with different
properties cross through this critical heat rate at their respective ¢” thresholds on the premise that
c” is associated with a “critical viscosity” that can be identified via viscous heating effects detected
by ITC.
3.4.2 Aspect ratio effect

According to the theory proposed by Onsager!” for rigid rods in suspension, rods
possessing a shorter aspect ratio will exhibit a higher value of ¢*, which has been verified'* for
size-fractionated CNCs intended to separate the nanocrystals on the basis of their length. Using

the same protocol, we compare as-received CNCs with a suspension containing CNCs with a lower

aspect ratio (S-CNC) to ascertain whether ITC correctly tracks the change in c’. After
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fractionation, the average length of the crystals determined by AFM is reduced from 120 £+ 38 nm
to 108 = 32 nm (cf. Figure B.4). Measured values of ¢ from visual observation (Figure B.5) are
provided as a function of CNC concentration in Figure 3.3a and confirm that ¢ is higher (between
5 and 6 wt% S-CNC) than for the unfractionated parent FPL-CNCs. The corresponding ITC results
for S-CNC suspensions are included in Figure 3.3b and reveal that the concentration evaluated at
-162 pl/s (for ¢* of FPL-CNC in Figure 3.1b) is ~ 5.6 wt% for the shorter CNCs, in favorable

agreement with both the amorphous fraction data in Figure 3.3a and theoretical expectations.
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Figure 3.3. (a) Measured values of ¢ as discerned from phase-separated FPL-CNC and S-CNC
suspensions (see legend) as a function of CNC concentration, indicating that ¢* for S-CNC
suspensions lies between 5 and 6 wt%. (b) Dependence of heat rate on CNC concentration during

ITC for FPL-CNC and S-CNC suspensions (see legend). The heat rate corresponding to -162 pJ/s

(red dashed line) is used to identify ¢ (= 5.6 wt%) for the S-CNC suspension.
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3.4.3 Surface charge effect

Abitbol et al.,*® as well as others, have demonstrated that a reduction in surface charge
lowers ¢”. To discern whether ITC can predict this behavior, we have chemically modified the as-
received FPL-CNCs by using a well-established desulfation protocol to partially remove surface
charges. Based on visual observation of phase separation (Figure B.6) and the corresponding
anisotropic volume fraction measurements for the desulfated CNC (D-CNC) presented in Figure
3.4a, we expect ¢ to fall between 2 and 3 wt%, especially since ¢ = 0.12 at 3 wt% D-CNC. This
result confirms that a reduction in surface charge lowers ¢ . In Figure 3.4b, the heat rate for the
desulfated CNCs (D-CNC) crosses the selected ¢ threshold (at -162 pJ/s) at a concentration of ~
2.7 wt%, which favorably agrees with visual observations. Also included in Figure 3.4 for
additional comparison are corresponding findings from aqueous suspensions composed of a
fractionated and desulfated CNC (LD-CNC) with longer nanocrystals and a larger aspect ratio (see
Table 3.1). The value of ¢” in this system is estimated as < 3 wt% from phase-separation
observations (Figure B.7) in Figure 3.4a and measured as ~ 2.1 wt% from ITC results in Figure
3.4b. The observation that ¢” in this case is lower than that of the D-CNC suspensions further
corroborates the expected relationship between aspect ratio and c¢’. At 3 wt% nanocrystal

concentration, for instance, ¢ = 0.12 for the D-CNC suspensions, whereas ¢ = 0.58 for the LD-
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CNC suspensions (Figure 3.4a), clearly indicating that the latter possesses a lower critical

concentration.
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Figure 3.4. (a) Measured values of ¢ as discerned from phase-separated FPL-CNC, D-CNC and
LD-CNC suspensions (see legend) as a function of CNC concentration, indicating that ¢* for both
D-CNC and LD-CNC suspensions lies between 2 and 3 wt%. (b) Dependence of heat rate on CNC
concentration during ITC for FPL-CNC, D-CNC and LD-CNC suspensions (see legend). The heat
rate corresponding to -162 wJ/s (red dashed line) is used to identify ¢” for each suspension (see the

text for values).
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3.4.4 Generalized analysis validity

To establish the general validity of the ITC method as a precise analytical technique, we
have obtained CNC samples with different properties from other sources. Two that were
characterized in an earlier study'” (designated here as 175-CNC and 875-CNC) have been kindly
provided by the authors of that work. Their respective ¢ values are 0.50 and 0.65 wt%, as
determined in that study by visual observation of phase separation. Measurement of these
suspensions by ITC in Figure 3.5 indicate ¢" transitions at 0.87 and 0.84 wt%, respectively.
Although these values of ¢” are qualitatively comparable to those acquired previously visual
observation of phase separation, the discrepancy between previous and present values of ¢* might
indicate some unidentified error in the measurement protocol. It is also possible, however, that the
condition of the as-received samples altered their mesomorphic behavior. More precisely, the
samples have been stored for 2 years, in which case they might have aggregated or denatured (in
terms of surface charge). Factors such as these would not be unexpected and could strongly
influence the onset of mesophase formation. While the sample quantity was insufficient to assess
¢” by complementary methods, duplicate ITC trials ensure good reproducibility of the results
reported here. A third sample, prepared at the University of British Columbia (UBC-CNC),
possesses a ¢ value of ~ 7 wt% from visual observation of phase separation in the presence of 1
mM NaCl (Figure B.8). Since ionic strength strongly affects the viscosity of colloidal suspensions,
we have performed ITC with and without added electrolyte. At 1 mM NacCl, the viscosity of the
suspension is suppressed, along with the baseline heat rate, resulting in an overestimation of ¢” (~
9 wt%). This observation emphasizes the importance of viscosity as a factor in the baseline heat
rate for ITC experiments, and illustrates that the empirical threshold identified in this work is not

universal. Without the addition of electrolyte, however, ¢ is measured to be ~ 5.3 wt%. Although
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this value is lower than the anticipated value of 7 wt%, it is reasonable based on previous efforts
that indicate the addition of 1 mM NaCl should increase ¢* by = 1 wt% due to a reduction in
effective volume fraction as an increase in ionic strength suppresses the electrostatic double layer
of the nanocrystals. For example, Honorato-Rios et al.*’ have recorded ¢* between 3 and 4 wt%
for an electrolyte-free CNC suspension. Incorporation of 1 mM NaCl raises ¢* to between 4 and 5
wt%. Similarly, Dong et al.'° have found that ¢” shifts from 5.7 to 7.4 wt% upon increasing the
ionic strength of a CNC suspension from 0.1 to 1 mM. Considering this precedent, we believe that
the value of ¢* measured here from the electrolyte-free suspension is acceptable given the higher

¢ at 1 mM NaCl.
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Figure 3.5. Dependence of heat rate on CNC concentration during ITC for three additional CNC
suspensions (see legend). The heat rate corresponding to -162 pJ/s (red dashed line) is used to
identify ¢ for each suspension (see the text for values).
3.5 DISCUSSION
To help assess the merit of ITC as a quantitative analytical method to determine ¢"

expediently, Figure 3.6 displays values of ¢* measured by this technique against values visually

observed by phase separation or provided by the sample source. Because phase-separation
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observations are only assessed in intervals of ~ 1 wt%, a slight underestimation in ¢" is expected
by ITC since the resolution is higher (~ 0.1 wt%). For example, in the case of FPL-CNC
suspensions, phase separation is visually detected at 4 wt%, which indicates that ¢* must be less
than 4 wt%. Indeed, the precision of ITC is one of its great advantages, but this aspect is difficult
to evaluate at present given the lack of comparable detail afforded by other experimental methods.
For other strategies developed to assess ¢, the precision of the measurement is frequently limited
by the concentration interval selected. Furthermore, the accurate preparation of suspensions of
known concentration can be challenging due to the discrepancies in composition between the
isotropic and anisotropic phases. Utilization of ITC effectively eliminates the need for painstaking
preparation of a series of suspensions precisely differing in CNC concentration. Data
reproducibility in ITC has also proven to be very consistent; for instance, a series of 4 repeated
measurements starting with the same suspension concentration of as-received FPL-CNC yields a
standard deviation of less than 0.1 wt%. In addition to excellent experimental reproducibility, ITC
offers several other practical advantages. First, it requires relatively small sample volumes (as little
as 300 pL for a single trial) if the sample concentration is above c¢". This can easily be achieved by
water evaporation or by stirred-cell ultrafiltration'® if the initial sample does not meet this
requirement. Moreover, equilibration is not required as it is in the case of phase-separation
observations. Use of phase separation to identify mesomorphic behavior necessitates quiescent
equilibration for long times ranging from ca. 24 h up to 4 months.!* In marked contrast, an entire
ITC experiment lasts only a few hours. A quantitative comparison of the improved efficiency of
ITC relative to conventional approaches is included in the Appendix B, in which we estimate that
sample quantity can be reduced by a factor of ~40x and time by a factor ~60x of by the use of this

method.
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Figure 3.6. Values of ¢* measured here by ITC (ordinate) with respect to corresponding ¢” values
observed by phase separation or provided by the source (abscissa). The solid line represents where
they are equal for reference. The symbols are identified (see legend) and represent various CNC

samples described in the text.

3.6 CONCLUSIONS

In this study, we have presented a method by which the critical concentration
corresponding to the onset of CNC mesomorphic behavior can be rapidly and efficiently measured
by ITC. The method is based on two key underlying principles: (7) the viscosity of a suspension
influences the heat generated by stirring, and (i7) liquid crystallinity in a CNC suspension can be
detected from changes in viscosity. This technique is successful at accurately estimating ¢ for 7
CNC grades from different sources and possessing different properties. The relationship between
liquid crystalline ordering, suspension viscosity and viscous heating is complex, since nanocrystal
considerations (e.g., surface charge, aspect ratio, polydispersity, and surface chemistry) and the
suspension environment (e.g., ionic strength, temperature, pH, and dispersability?®) all influence
both viscosity and mesomorphic behavior, but not necessarily to the same degree. Despite the

analytical challenges this relationship presents, it also means that both properties constitute
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sensitive indicators of relevant experimental parameters, making them powerful tools for
characterization and quality control. This technique has the potential to elucidate fundamental
structure/property relationships for CNC, as well as for other liquid crystalline systems. The
advantages of the method include short measurement time, small sample volume and improved
experimental resolution, but additional study of the nuanced relationship between viscosity and ¢”
would augment its general applicability. A more rigorous and detailed exploration of the sensitive
interplay between nanocrystal characteristics, suspension properties, viscosity, and liquid
crystalline behavior is clearly warranted. Such analysis has the potential to extend the application
of this method to a plethora of other phase-separating systems and facilitate detailed
characterization even in the absence of previously established standards.
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CHAPTER 4

Synergistic ionic complexes of cellulose nanofibrils and nanochitin are pH responsive with

precise tunability

4.1 ABSTRACT Biobased nanomaterials, especially nanocellulose and nanochitin, are a
promising resource due to their sustainability and suitability for use in a broad variety of
applications. In this work we demonstrate how ionic complexes in aqueous suspension can employ
the complementary properties of cationic nanochitin (NCh) and anionic cellulose nanofibrils
(CNF) to develop a hybrid material with precise control over rheological properties and pH
responsive behavior. Adjusting the pH environment of the suspensions can induce or prohibit
complex formation by changing the protonation state of one or both constituent nanoparticles.
Using this principle, we were able to finely adjust the elastic modulus (G”) of the complex in
aqueous suspension across a full order of magnitude (~2 Pa to ~20 Pa) while keeping the solids
content of the suspension constant at 0.5 wt. %. We utilized isothermal titration calorimetry to
measure and characterize the interparticle interactions, allowing us to select the NCh and CNF
ratios and pH conditions to generate a particular rheological profile. The wide variety of
morphologies and surface chemistries available in biobased nanomaterials present an opportunity
to create a vast library of nanomaterial complexes with properties targeted for specific
applications.
4.2 INTRODUCTION

Biobased nanomaterials are an active and growing topic of study, with particular focus on
nanocellulose due to its abundance and, more recently, nanochitin due to its analogous and
complementary properties. This class of materials presents a number of advantages derived from
their tunable surface chemistry and morphology, making them attractive candidates for many
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diverse applications. Incorporation of these materials is driven largely by a societal motivation to
increase the utilization of biobased components and thereby decrease negative environmental
impacts, such as reliance on single-use plastics, dependence on fossil fuels and use of harsh
solvents and reagents. They have been employed in medical uses®?, water purification,® emulsion
stabilization,*> and many other fields with great success.

In nearly all these applications, a working understanding of the rheological behavior is
imperative to optimize the system properties and processing conditions. To this end, numerous
rheological studies have been conducted on nanocellulose®° and (to a lesser extent) nanochitin,*t-
14 but detailed studies on the rheology of systems of the two materials combined remain scarce.
Such mixed systems are worthy of detailed study, since engineering materials that employ the
assets of both nanoparticles can create unique advantages for different applications. For example,
manipulating the behavior of oppositely charged materials is a useful tool to create physically
crosslinked structures with tunable properties. This strategy has been employed in layer by layer
assembly methods®® and fabrication of self-assembled microfibers,'® most often with oppositely
charged polyelectrolytes like polydiallyldimethylammonium chloride (polyDADMAC) and
polystyrene sulftonate (PSS). The opposite charges present on certain forms of nanocellulose and
nanochitin make them promising candidates for this technique.!’ This strategy also aligns with the
broader goal to decrease environmental impact, by mitigating or reducing the use of crosslinking
agents.

The conditions and properties of ionic complex formation pertaining to polyelectrolytes
have been studied in quite some detail.*® They have well-documented use in drug delivery*® and
have noteworthy rheological properties,?® including the propensity to form coacervates.?

Additionally, there have been several fundamental studies which make use of isothermal titration

77



calorimetry in the analysis of thermodynamics of polyelectrolyte complex (PEC) formation which
have provided important insights.?2-?® Namely, the work by Fu and Schlenoff?® detailing the
enthalpy changes affiliated with ion exchange for a series of different counterion affinities is of
great importance to any thermodynamic investigation of PEC formation. Lounis et al. provided
valuable insight about the relationship between charge density and the stoichiometry of complex
formation, using PDADMAC/PSS as a model system.?* Another illuminating study, by Huang and

Lapitsky,?’

conducted an investigation to formation of colloidal particles and subsequently
macroscopic aggregates as counterions are added to polyelectrolytes. Work by Feng et al®?
distinguished between complex formation of strong and weak polyelectrolytes and presented
several important considerations regarding ionization of species at changing pH which are
expected to be applicable in the complex formation of colloidal biobased nanomaterials.

Despite the illuminating body of work regarding the characterization of model
polyelectrolyte systems, fundamental understanding of the same method as it applies to biobased
colloidal nanomaterials is less thorough. However, works dealing with complexes of polymeric
forms cellulose, chitin or chitosan?-% can be a good starting point to understand and predict the
interactions of the corresponding colloidal nanomaterials. Benselfelt et al. evaluated the of use
anionic carboxylated cellulose as a substrate for multilayers of PDADMAC/PSS,* which is a well-
known PEC system. Two other studies?®?° explored composites or blends of cellulose and chitin
polymers, referring to benefits derived from hydrogen bonding between the two, but neither case
mentioned the potential for ionic complex formation between charged forms. Many studies that

contain efforts to create composites of polymeric cellulose and/or chitin have also involved the use

of ionic liquids,-3* which can be avoided if the colloidal nanomaterial forms are used instead.
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Separate works have delved into the task of creating ionic complexes from colloidal
biobased nanomaterials, but in many cases, these have been heavily focused on their respective
applications, and the studied systems were often confined to aerogel or hydrogel
morphologies.**%® Two additional works'®% developed fibril morphologies by complexing
anionic CNF with cationic chitosan or PDADMAC, both with great success. A similar principle
has been employed to ionically crosslink alginate using calcium in electropsun mats.*

Although a wide variety of hybrid biobased nanomaterial systems is emerging in the
literature, much of the fundamental basis for creating, optimizing and tuning these materials
remains unexplored. The objective of this study is to look closely at the interactions which drive
formation of ionic complexes, in particular those that are relevant for biobased colloids such as
nanocellulose and nanochitin. Some key aspects of such behavior include the charge ratio
stoichiometry, ionization effects in changing pH conditions, and the manifestation of the ionic
interactions in the microstructure of the materials, which can be evaluated by studying the
rheological properties. Using rheology to elucidate the microstructure and calorimetry to quantify
specific particle interactions, we will demonstrate the importance of pH effects that must be
thoroughly understood in order to successfully take advantage of the ionic behaviors of biobased
nanomaterials and explain how these can be manipulated to finely tune the rheological properties
of the mixed aqueous suspension. The microstructural details of composite/complex properties
determined through rheological measurements will be coordinated with the corresponding
measured interactions of the starting materials, with a particular focus on semi-dilute solutions,
rather than hydrogels, aerogels, or fibril morphologies. Such semi-dilute solutions are best suited
for calorimetric studies and can provide a basis for understanding of interactions in other designed

systems.
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4.3 EXPERIMENTAL
4.3.1 Materials
CNF was prepared according to a method previously described.**' Briefly, disintegrated

birch fibers from a Finnish pulp mill were disintegrated via 6 passes of high-energy
microfluidization (M110P, Microfluidics Int. Co., Newton MA). No enzymatic or chemical
treatment was applied, so any surface charges present are the result of residual carboxylates.**3
The preparation of NCh was described in our previous report.** In brief, the sample designated as
NCh-S is equivalent to the NCh used in this work. Purified a-chitin (obtained from frozen blue
crabs at a Finnish seafood market) was treated with 33 wt % NaOH solution at 90 °C for 3.5 h, at
a liquid-to-solid ratio of 25 mL/g*. The resulting partially deacetylated chitin was washed, dried,
redispersed in Milli-Q water, and the pH was adjusted to 3.0 before subjecting the sample to
mechanical defibrillation using a high speed blender (T-25 Ultra-Turrax Digital Homogenizer,
IKA, Germany). The resultant coarse suspension was further processed to fine suspension via
ultrasonication (Sonifier 450, Branson Ultrasonics Co., Danbury, CT, U.S.A.; 40 minutes at 50%
strength, 5 s on-2 s off). Centrifugation (5 min 10,000 rpm) was carried out after ultrasonication
to remove remaining large particles. Concentration was adjusted by addition of MilliQ water
followed by vortex mixing (~10 s). Adjustment of pH conditions was done by addition of dilute
sodium hydroxide or hydrochloric acid as needed.

4.3.2 Methods

Titration experiments were done using a Low Volume NanolTC isothermal titration

calorimeter. In this technique, a suspension of aqueous NCh is incrementally injected to a sample
cell containing aqueous CNF. The heater power required to maintain isothermal conditions is

continuously monitored and is automatically reduced or increased to account for any heat absorbed
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or evolved by the interactions taking place in the sample cell. As such, the heat rate can be
integrated to provide a quantitative indication of the heats of interaction between two materials.
To measure the interactions between nanochitin and nanocellulose, a 0.01 wt% NCh aqueous
suspension was titrated into 0.05 wt% CNF aqueous suspension, in a series of 25 injections of 2
uL each with an equilibration time of 400 s between injections. These initial concentrations were
established after previous experiments with higher NCh ratios showed the heat signal to be
saturated after a single injection. Corresponding blank experiments were also performed using the
same protocol to decouple competing effects and background heats. These included NCh into
water, water into CNF, acid into CNF, neutralized NCh into CNF, and NCh into acidic CNF.
Relevant data sets are included in Figure C.1. Injection equilibration time used was 400 s, but
equivalent results were obtained for injection times up to 1200 s (Figure C.2). The first injection
is often conventionally excluded from analysis*® due to baseline equilibration effects and diffusion
out of the syringe during the equilibration period. A standard injection volume of 2.5 uL was used
for all experiments. Steady and dynamic oscillatory rheological experiments were conducted on
an Anton Paar MCR 300 rheometer with a 25 mm parallel plate geometry, using a 1 mm measuring
gap. Steady shear viscosity measurements were done for shear rates ranging from 10 to 10? s™%.
Frequency sweeps were performed at an oscillatory strain of 1%, determined to be within the linear
viscoelastic regime according to oscillatory strain sweeps. The lower limit of frequencies for the
low modulus sample(s) was often dictated by the transducer limit of the rheometer Tests were

repeated in triplicate and standard errors were < 15%. Average values are reported.
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4.4 RESULTS & DISCUSSION
To understand the formation of ionic complexes between CNF and NCh, comprehending
ionization of the constituent nanoparticles is a critical prerequisite. In both materials, the charge
group responsible for forming the complex is subject to deionization under specific pH conditions.
These charges are also responsible for the colloidal stability of the materials by maintaining
electrostatic repulsion in aqueous suspension. NCh is colloidally stable at pH < 6 due to the
protonated amine group, which has a pKa of 6.3 according to previous studies.*? At pH 6, ~65%
of the amine groups are protonated as calculated by the Henderson Hasselbach equation*’ and there
is a known decrease in colloidal stability ((-potential 30 mV)*® compared to pH 5, where ~95% of
the groups are protonated (C-potential 60 mV, Figure C.3). Similarly, CNF is colloidally stable
for pH > 4, due to the pKa (~3.6) of the residual carboxylate groups on the fibril surfaces. Below
3.9, the COO- is protonated to COOH and in the absence of electrostatic repulsion, the particles
aggregate.*®>2
4.4.1 Microstructure comparison of NCh, CNF and mixed system
Figure 4.1 shows the dynamic and steady shear rheological properties of NCh and CNF
and their combinations under different conditions. When both materials are at their native pH based
on their preparation protocols (i.e., ~7 for CNF and ~4 for NCh), the microstructure of each
suspension is based primarily on the morphology and aspect ratio of the colloidally stable

nanoparticles (represented schematically in the cartoons presented with the plots).
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Figure 4.1. (a) Elastic modulus (G’) as a function of frequency, and (b) shear-dependent viscosity

of four different systems. The loss modulus (G’”) of only one sample is shown for the sake of

clarity. Stable CNF system (green squares) exhibits higher elasticity and viscosity compared to

stable NCh system (red circles). Elastic modulus and viscosity of aggregated NCh system (blue

inverted triangles) and of NCh/CNF mixtures (black triangles) are higher than the individual

components, due to attractive forces inducing aggregation of NCh and complexation in the mixed

system. (c-f) Schematic illustrations of each system

Under these conditions, the elastic modulus of the CNF system (~6 Pa) is approximately an order

of magnitude higher than the NCh system (~0.4 Pa) (Figure 4.1a), at equivalent solids content
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(0.5 wt. %). CNF is clearly gel-like, as we see that G’ is independent of frequency and is higher
than G” (complete data set shown in Appendix C, Figure C.4). NCh shows weak-gel like features
with G’ becoming flat at low frequencies and larger than G’ as seen for many weak gel systems.>
This result is consistent with the viscosity versus shear rate plot (Figure 4.1b) where we see the
absence of a Newtonian plateau at low shear rate indicating buildup of network structure. The
viscosity of CNF shows similar features except has a higher value. Possible schematic
representations of the microstructure are shown in the bottom row of Figure 4.1. It is expected
that the CNF system will have a higher elastic modulus and viscosity when both systems are
colloidally stable, by virtue of its higher aspect ratio, and the length and flexibility of the fibrils
which promote entanglement. The aspect ratio of CNF is estimated to be on the order of ~100 or
more (Figure C.5), although as previously noted,** quantitative measurements fibril length are
challenging due to entanglement and fibrils passing in and out of the field of view. NCh aspect
ratio for the samples used here was previously quantified as ~15 by Bai et al.®> and a qualitative
sense of the different aspect ratios of the materials can be gleaned from microscopy images (Figure
C.5,6). The increased entanglement and higher number of contact points in the CNF network
reduce the mobility of the fibrils, resulting in higher viscosity and elasticity of the gel-like system.

When the pH of the NCh system is adjusted from 4 to 7 (above the pKa of NHs*), the
elastic modulus increases by about two orders of magnitude, from ~0.4 to ~30 Pa (Figure 4.1a,
red and blue symbols respectively). This can be attributed to aggregation of particles as the
electrostatic repulsion is reduced or eliminated by the deprotonation of the stabilizing amine
groups (NHs* = NH2). Attractive van der Waals forces and hydrogen bonding can now facilitate
assembly of a network structure of NCh particles. Previous cases®™ have shown that such

aggregation often favors an end-to-end configuration due to the lowest density of charge groups

84



being on the particle end, resulting in an increased effective aspect ratio. This is depicted in the
cartoon (Figure 4.1e)

Based on this understanding of the aspect ratio effect, an equal mixture of shorter NCh and
longer CNF in stable suspension would be expected to have a G” value which falls between the
values measured for each individual component. However, we find instead that the mixed system
(pH ~5.5) at the same total solids content has an elastic modulus and viscosity that are slightly
higher than either individual component (Figure 4.1, black symbols). We can attribute this to the
attractive forces between the negatively charged CNF particles and positively charged NCh
particles resulting in increased effective aspect ratio, ionic crosslinking, network formation, and
therefore increased viscosity and structural elasticity. We envision the extent of this synergistic
effect to be a function of the ratio of the two components, a topic we explore in a subsequent
section.

4.4.2 Thermal interactions between NCh and CNF

To quantify these hypothesized interactions between charged particles, we make use of
ITC to calorimetrically detect the interactions when the components are mixed. The thermogram
for a titration of NCh into CNF is shown in Figure 4.2. Figure 4.2a represents the continuous
power supplied by the feedback heater to maintain isothermal conditions, which is a direct function
of the heat evolved or generated by the interactions in the cell. Figure 4.2b represents that heat
rate integrated with respect to time and plotted as discrete values associated with each individual
injection. The secondary y-axis shows pH of the sample cell. A positive heat value indicates an
exothermic event in the sample cell. Note that while the initial prepared NCh suspension at 0.5 wt.

% was at pH 4, dilution with DI water to concentration 0.01 wt. % increases the pH to ~5.
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Figure 4.2. ITC thermogram of 0.01 wt. % NCh (pH 5) injected into 0.05 wt. % CNF (pH 7). (a)
continuous heat rate measured in the cell (b) integrated heat values for each injection. Positive heat

value indicates an exothermic event.

There are several factors that are important to recognize with respect to interpreting the
thermogram. As previously noted, the charge groups on both species are sensitive to pH changes.
Prior to the beginning of the ITC experiment, each component is at its native pH resulting from its
preparation method. This means that with each injection of NCh suspension (pH 5) into CNF
suspension (pH 7), there is a pH change to consider in addition to the potential ionic complex
formation. Since the particles must be in charged form in order to form complexes, it is important
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to track the ionization of each species throughout the experiment, as the ionization state will
directly impact the interparticle interactions. The calculated pH value for each injection is shown
on the secondary y-axis for reference (Figure 4.3a). Calculations have been confirmed by
checking the pH at the end of the experiment and for select ratios in the middle of the titration.
Taken together, the charge densities and changing pH environment can account for the 3-regime
shape that we see in the thermogram, which we will discuss in terms of Regime 1 (injections 1-6,
up to mass ratio 0.02 g NCh to g CNF), Regime 2 (injections 7-10, ratio 0.02-0.03) and Regime 3

(injections 11-24, mass ratio > 0.03).
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Figure 4.3. In first regime of titration the dominant interaction is deprotonation of nanochitin (pH
5) as it is injected into the sample cell (pH 7). (a) In Regime 1, the magnitude of the heat signal
closely follows the mass of nanochitin deprotonated for each injection (shown on secondary axis)
until the pH reaches ~6 and deprotonation is no longer favored. (b) Deprotonation and protonation

of nanochitin are driven by pH changes.

Regime 1 (deprotonation): (Figure 4.3) Throughout the experiment, the pH is decreasing
due to the addition of acidic NCh (Figure 4.2b), but at the start of the experiment the bulk pH in

the cell is above 6.3 (pKa of NH3* charge groups on NCh). This means the initial injections result
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in deprotonation of NH3z* to NH.. Similar interactions have been shown for titration of acidic
chitosan into neutral pH liposomes.*® Since the nanochitin used here is partially deacetylated, the
surface chemistry is closely related to that of chitosan. The mass of chitin deprotonated with each
injection decreases as the pH increases in the cell due to NCh addition, causing a corresponding
increase in the % ionization of the amine groups. This accounts for the decrease in the magnitude
of the heat signal through Regime 1, which tracks closely with the calculated mass of chitin
deprotonated during each injection (Figure 4.3a) (See Appendix C for details on calculation of
deprotonated chitin). The earliest injections represent extensive deprotonation (Figure 4.4, purple
highlighted region), but with continued addition of NCh, the pH decreases and the equilibrium
shifts to favor protonated NCh. At the end of Regime 1, the pH in the cell has decreased to 6.0,
which corresponds to 65% protonation of NHs"™ as calculated by the Henderson-Hasselbach
equation. At this point, further deprotonation of incoming NCh is no longer favored, and there is
enough positively charged NCh in the cell to drive ionic complex formation with negatively
charged CNF. Throughout this experiment the pH is still well above the pKa of the CNF
carboxylate group (~3.6), so no protonation of that species is expected. For reference, heat of
dilution of an equivalent pH change (without protonation/deprotonation) exhibits a small and
constant value of ~10 pJ (Figure C.7).

Regime 2 (complexation): As ionic complex formation proceeds, the pH continues to
decrease with continued addition of NCh, and ionic complex formation correspondingly becomes
more vigorous due to the increased availability of positively charged NCh. For this reason, the
magnitude of the heat signal, which had previously been decreasing due to decreasing driving force
for protonation of NHs", begins to increase (Figure 4.4, yellow highlighted region). The increase

continues through Regime 2 for three injections as ionization of NH3" increases (from 65% at pH
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6.0, injection 6 to 75% at pH 5.8) and availability for ionic complex formation increases
correspondingly. A brief decrease for 1 injection follows, this being the injection where the CNF
charges are fully consumed. The last injection of Regime 2 is therefore smaller than the previously
increasing ones, because although the ionization of NCh is still increasing, the NCh entering the
cell during this injection does not have a full stoichiometric equivalent of CNF charge available to

complex, and hence the magnitude of heat signal is decreased.
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Figure 4.4. Schematics of interactions in Regime 1 (top left, purple highlighted region) and
Regime 2 (bottom, yellow highlighted region). Magnitude of heat signal for deprotonation
decreases throughout Regime 1 as the pH decreases and equilibrium shifts to favor the protonated
form of NCh. Magnitude of heat signal for ionic complex formation initially increases as ionization
of NCh is increased and driving force for complexation improves, heat signal subsequently

decreases when charge groups on CNF are consumed.
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Regime 3 (saturation): It is evident that after mass ratio 0.03 g NCh per g CNF, the heat
signal is reduced to a small constant value, found to be less than or equivalent to the background
heat of dilution measured in a blank experiment (i.e. injecting NCh into pH 7 water, Figure C.1).
This is an indication that at this mass ratio, the number of charge groups associated with NCh has
exceeded the number of available charge groups associated with CNF, and further addition of NCh
does not result in complexation or other measurable interaction. Previous trials which made use of
higher initial concentrations of NCh (Figure C.8) reached this ratio with fewer injections but
showed the same leveling-off behavior at the same ratio, corroborating the hypothesis that this is
an indication of fully “saturated” CNF charges. The saturation occurs at a mass ratio of
approximately 0.03 g NCh per g CNF. It has previously been noted that CNF (prepared by
mechanical methods and free from chemical modification) has a substantially lower charge density
(~40-80 mmol/kg)*? than typical deacetylated NCh (~120-300 mmol/kg)®’, and this particular
sample of NCh has an even higher estimated surface charge of ~1500 mmol/kg® so it is not
surprising that the charges are consumed so quickly. Analogous interactions for polyelectrolyte
complexes of polylysine (PLL) and copolymers of acrylamide and 2-acrylamido-2-methyl-1-
propanesulfonate (PAMAMPS) have been studied by Lounis et al.,?* where the heat signal levels
off once charge compensation is reached. The stoichiometric charge equivalence at a mass ratio of
0.03 is corroborated by the fact that the zeta potential crosses from negative to positive somewhere
between a ratio of 0.02 and 0.11 (Figure C.9). Further addition of NCh beyond this point does not
interact to form an ionic complex, but does cause the pH to continue decreasing.

To verify the limits of the pH conditions, we performed two blank experiments where the
pH conditions were outside of the window in which complexation is expected. In the first of these

(Figure 4.5a,b), the CNF suspension was adjusted to pH 3 prior to the titration with NCh. In this
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case, the COO- groups on the CNF surface are largely (~90%) protonated to neutral charge COOH,
and thus are not inclined to form ionic complexes with the cationic NCh. Indeed, the heat signature
measured for this titration is comparable to the signal of NCh into water (Figure C.5), and we
conclude that no interaction takes place. In the second experiment (Figure 4.5¢,d) NCh was
adjusted pH 7 prior to the titration. In this case, cationic NHs" is ~83% deprotonated to neutral
charge NH>, and similarly no ionic complexation is detected in the thermogram. There is a slight
increase in the magnitude of the heat with each injection over the course of the experiment (Figure
4.5d), which may be an indication of increased viscous heating as the NCh content increases and
the particles, which are no longer colloidally stable at neutral pH, form aggregates and cause the
viscosity to increase. The injection syringe maintains the same stir rate of 350 rpm throughout the
experiment as the medium becomes increasingly more viscous, the heat evolved increases

correspondingly.®®
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Figure 4.5. Comparison of NCh/CNF titration at different pH conditions. Acidic NCh injected
into acidic CNF (a,b) shows no ionic complex formation, since adjustment of CNF to pH 3 causes
protonation of the anionic COO" to neutral charge COOH. (c,d) Similarly, nanochitin that has
been pH-neutralized prior to injection shows no binding interaction, since the positive charges
responsible for the ionic complexation are dependent on the amine groups being in protonated
form (NH3").
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4.4.3 Order of operations and pH conditions

Given the demonstrated sensitivity to pH conditions and the earlier observations regarding
the viscosity and elasticity of the suspensions and their dependence on aspect ratio and particle
interactions, we identified an opportunity to tune the rheology by manipulating this behavior. To
this end, we considered two main variables: First, the ratio of NCh to CNF, of which we tested
three values: 1, 0.11, and 0.02 g NCh per g CNF (all at total solids content 0.5 wt%). And second,
the pH environment of the mixture, of which we tested three conditions: (1) no pH adjustment, (2)
“preneutralization,” or pH adjustment of acidic NCh (from ~4 up to ~7) before mixing with CNF,
and (3) “postneutralization,” meaning pH adjustment of the system after mixing (from ~5 up to
~T7). The order of operations is important, because for the ionic complexation of NCh and CNF to
proceed the NCh amine groups must be in their protonated form (at low pH) before mixing. As
such, we expect that for addition of preneutralized NCh to CNF, the particles will not interact. This
expectation is strengthened by the ITC result shown in Figure 4.5¢,d. However, in the
postneutralized system, the cationic amine groups will already have complexed with anionic
carboxylates on CNF. In this case, only excess amine groups beyond the charge equivalence of
CNF will be neutralized when the pH is adjusted. The frequency spectra for the various conditions
are shown in Figure 4.6. G is only shown for one sample on each plot to maintain clarity, but the

full data sets including G can be found in Appendix C (Figure C.10).
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Figure 4.6. Frequency spectra for (a) 0.02 g NCh per g CNF, (b) 0.11 g NCh per g CNF, (c) 1 ¢
NCh per g CNF. Colors and symbols indicate the pH conditions; black squares indicate no pH
adjustment; green circles indicate pH of NCh adjusted to 7 before mixing (preneutralized); blue
triangles indicate pH of system adjusted to 7 after mixing (postneutralized). Viscous modulus G”

is shown for one data set in each plot for reference, but all G values follow similar behavior.

Low NCh content (Figure 4.6a) In the case of the lowest ratio of nanochitin, there is no
substantial difference in the value of the elastic modulus for different pH conditions. This is
because of the large excess of CNF, which dictates that CNF entanglement is still the dominant
rheological influence. It is worth noting that the value of G’ for all three systems at this ratio (~2
Pa at frequency 1 rad/s) is in fact slightly higher than for pure CNF (0.7 Pa, Figure 4.1a). This can
be attributed to a small increase in G’ caused by aggregation (in the case of preneutralized NCh)
or ionic complexation (in the case of acidic or postneutralized NCh). Both cases are associated
with attractive particle interactions which would be expected to cause an increase in G’.

Medium NCh content (Figure 4.6b) The impact of neutralizing NCh is most evident at
this ratio (0.11 g NCh per g CNF), because it is only slightly in excess of the stoichiometric ratio
of NCh charges to CNF charges (~0.03 g NCh per g CNF). In this case, G’ appears to be a direct

function of the mass of NCh subjected to pH adjustment. Although the mass of NCh is constant
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among these three samples, the amount available for conversion of NH3" to NHx is not constant.
For the postneutralized system, a fraction of the NH3" groups on the NCh surface are irreversibly
complexed with COO- groups on CNF and are thus unavailable to be neutralized when the pH is
adjusted. For the preneutralized NCh, all of the NH3" groups are deprotonated. This means they
are unavailable to complex with CNF and instead form aggregates in the absence of the stabilizing
charges. This sample therefore has the highest G’, due to having the most neutralized NCh and
therefore the most aggregation. In the acidic sample (free from pH adjustment), the NCh remains
protonated and no aggregation takes place, hence G’ shows the lowest value. Figure 4.7 shows G’
of all samples plotted as a function of neutralized chitin content, and highlights the strong influence
of aggregation on the structural properties.

High NCh content (Figure 4.6¢) In the case of the equal mixture (1 g NCh per g CNF),
NCh is in extreme excess of the stoichiometric charge equivalent to CNF. The dominant
rheological effect is therefore aggregation of NCh particles, and as such the elastic modulus is
higher than for the other ratios or for a pure CNF system.The system which was left in acidic
condition (no pH adjustment) exhibits the lowest modulus, since aggregation is not a significant
factor in this case because the amine groups remain protonated. The difference between the sample
neutralized before mixing and the one neutralized after mixing is small and is proportionate to the
number of groups that were irreversibly complexed with CNF and thus unavailable for

deprotonation.
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Figure 4.7. Elastic modulus (G’) plotted as a function of excess deprotonated nanochitin
(nanochitin beyond the established stoichiometric charge equivalent of cellulose nanofibrils).
When aggregation is present in the system, it is the dominant rheological influence over

entanglement and ionic attraction.

It is evident from Figure 4.7 that the extent of NCh aggregation has a powerful influence
on the microstructure of the mixed system. It is important to recognize this impact and tailor the
system accordingly; in order to best take advantage of the ionic complex effects, the order of
operations of NCh addition and pH adjustment of the system must be considered and chosen
deliberately depending upon whether such aggregation is desired in the system or not.

4.5 CONCLUSIONS

NCh and CNF are both high-value materials with demonstrated use in a wide variety of
applications, but by taking advantage of their inherently complementary properties, we can create
a synergistic system with increased potential and improved performance for some applications.
The concentration-dependent and pH-dependent behaviors of these materials in aqueous

suspension provide an opportunity to finely tune the microstructure and elasticity of the system
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over a full order of magnitude without adjusting the solids content, by manipulating both the
concentration and pH conditions. By applying the same principles to other varieties of biobased
nanomaterials (e.g., TEMPO-CNF, CNC, nanochitin with different charge densities), an almost
limitless array of tunability emerges. Exploiting this opportunity for complex formation can also
reduce or mitigate the use of crosslinking agents or ionic liquid solvents in some instances and

thereby reduce environmental impact.
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CHAPTER 5
Summary and Outlook
5.1 Overview
In this work, three different aqueous suspension systems of biobased nanomaterials have

been studied, and a characteristic behavior of each has been explored from the perspective of
interactions between the suspended particles. In Chapter 2, micro/nanofibrillated cellulose
(MNFC) interactions drive flocculation; in Chapter 3, cellulose nanocrystal (CNC) interactions
generate a thermal signature that allows detection of ¢”; in Chapter 4, ionic attractions of
nanochitin (NCh) and cellulose nanofibrils (CNF) induce complex formation. These interactions
shape the microstructure and shear response of the suspensions, the understanding of which is
critical to guide the implementation of these materials and optimization for target applications.
Although many questions remain unanswered, the efforts of the biobased nanomaterial research
community have been promising thus far, and represent real progress towards long-term, practical
implementation of sustainable materials. In this chapter, we provide a brief summary of each of
the studies presented in this work and offer some perspectives on recommended next steps, which
may directly follow from the work presented herein and add value and application to the insights
already provided.

5.2 Shear-generated structures of flocculated MNFC suspensions (Chapter 2)

5.2.1 Summary: Shear-generated structures of flocculated MNFC suspensions

In Chapter 2, we examined the relationship between application of shear and evolution of

microstructure in flocculated MNFC suspensions. We found that heterogeneous features are
reproducibly generated by specific shear regimes. These are the result of aggregation between

fibrils and floc development under shear, and they can be avoided or disrupted by deliberate
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application of higher shear levels if particular care is taken in the cessation of shear. Specifically,
an immediate stop of shear application from a high shear rate is preferable over a gradual reduction
of shear rate to prohibit formation of heterogeneous features. The observation of a two-step yield
mechanism reinforced the significance of hierarchical nature of MNFC suspensions, in which each
structural level yields independently. Quantitative agreement was found between the critical values
detected via steady shear measurements, structure recovery measurements, and yield stress
measurements. Taken together, these experiments indicate that the observed behaviors are not an
artifact of measurement and are in fact inherent to the specific system. The results of this work
have implications for several applications of MNFC suspensions, such as coatings and 3D printing,
and can be used to help guide the selection of processing conditions and end-use applications.
5.2.2 Outlook: Shear-generated structures of flocculated MNFC suspensions

We chose to focus on a concentration of 1 wt%, for two reasons: (1) the phenomena of
interest which motivated the work (such as viscosity kink) were particularly visible in this system,
allowing clear demonstration of these effects as we explored the cause, and (2) this value is on
the order of a concentration that would likely be used in a real system as a thickener or reinforcing
additive. We consider this study to be a useful demonstration of the shear-induced floc formation
and breakdown processes at hand, but the field would benefit substantially from further
investigation to the analogous effects at a wider range of concentrations. This insight would inform
selection of properties for additional applications and help create a more complete picture of the
fundamental behavior to guide analysis and modeling efforts for this and related systems. Extended
studies that explore the persistence or development of the recorded behaviors in combined systems
with additives or other components (interacting or noninteracting) would likewise broaden the

real-world impact of the discoveries presented in this work. A similarly useful effort would be a
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study on the drying effects of the heterogeneities; for example, how drying time is affected by the
presence of heterogenous features and how the properties of the final product (dried coating, film,
or aerogel) are impacted by these features, as determined by surface characterization and
mechanical testing.

5.3. Calorimetric detection of chiral nematic ordering transition (Chapter 3)

5.3.1 Summary: Calorimetric detection of chiral nematic ordering transition

In Chapter 3 we proposed a new method by which the critical concentration (c*) of a chiral

nematic CNC suspension can be determined using calorimetry. We developed this method by
measuring the heat of interaction during dilution of previously well-characterized CNC samples,
focusing on two properties known to impact the ¢ value: aspect ratio and surface charge. Our
results indicate that the viscosity change associated with dilution of a sample is delicately
influenced by the driving forces for chiral nematic phase separation, leading to a different heat
signal for an isotropic suspension (below c*) compared to one that will phase separate at
equilibrium (above ¢*). Once we established a critical heat value indicative of ¢”, we tested it by
predicting the ¢” values of new samples provided by colleagues in the field. The agreement of our
predicted values with the values expected or measured by other techniques indicates the potential
for a new standard of characterization. This method reduces the required time to find ¢” from days
to hours, and the necessary sample volume from milliliters to microliters. The technique can also
be utilized as a quality control tool for well-characterized samples.

5.3.2 Outlook: Calorimetric detection of chiral nematic ordering transition

It is evident from this work that viscosity and chiral nematic phase formation are linked in

a complex manner. We have established a criterion for calorimetric measurement of ¢” in CNC

suspensions, but certain experiments indicate challenges in testing of samples with dramatically
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different rheological properties. To this point, a rigorous fundamental study of the relationship
between viscosity and phase separation would be a major benefit to the field. This subject has been
touched upon in previous works, but a comprehensive study including thixotropy, steady state
viscosity, and shear-induced orientation is still missing and would elucidate some of the
fundamental basis for the thermal responses observed in this work. Additionally, we found in the
course of this work that a deliberately fractionated CNC suspension of higher aspect ratio appears
to exhibit notably lower viscosity compared to equivalent suspensions that have not been subjected
to fractionation. The explanation for such a distinction was not immediately within the scope of
this work, but it does appear to be a relevant and interesting research question, especially for a
thorough fundamental understanding of CNC suspensions, their rheological properties and their
chiral nematic phase behavior.
5.4 lonic complexes of nanocellulose and nanochitin (Chapter 4)
5.4.1 Summary: lonic complexes of nanocellulose and nanochitin

In Chapter 4 we explored ionic complex formation of anionic nanocellulose with cationic
nanochitin in aqueous suspension. Specifically, we studied the interactions as quantified by
isothermal titration calorimetry, which revealed a complex interplay of interactions, including
protonation and deprotonation equilibrium effects due to the differing pH conditions of the
materials, in addition to the expected electrostatic attraction and ionic bond formation. We
decoupled these interactions by adjusting the initial pH conditions of the suspensions, revealing a
broad range of microstructure properties accessible for an aqueous suspension at a single solids
content. A precise degree of control over viscosity and elasticity of this system was demonstrated
by adjustment of the nanochitin to nanocellulose ratio and pH conditions of the mixture. This

tunability can provide an advantage by facilitating the use of these particles outside of their typical
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operable windows (i.e., pH conditions that allow colloidal stability, solids contents suitable for
target application, compatibility with additional components). These interactions are synergistic
in that they have the potential to increase the elasticity of the system and provide irreversible
structural connections similar to a crosslinked system, but without the use of covalent crosslinkers.
5.4.2 Outlook: lonic complexes of nanocellulose and nanochitin

The advantages of combining the properties of nanocellulose and nanochitin have begun
to attract deserved attention, and this study is an early step towards realizing the potential of such
hybrid systems. Several additional aspects can broaden and deepen the understanding provided by
this study and its value to real world applications. One example is higher solids contents, which
will undoubtedly be associated with a more complex set of rheological behaviors. As the
concentration of either particle is increased, thorough mixing of the suspensions will be impacted
which is likely to affect the homogeneity of the suspension and its response to shear. Additionally,
implementing other varieties of nanocellulose and nanochitin, such as CNCs and higher aspect
ratio ChNFs with varying levels of surface charge can expand the potential pH conditions, network
structures and aggregation behaviors expected in the composite system. One can imagine quite
readily the wide variety of properties accessible by substituting a fibril/fibril system or a
crystal/crystal system for the system studied here, which is most accurately identified as
fibril/crystal due to the relatively low aspect ratios (~15) of NCh used. This extensive library of
available components deserves thorough characterization to guide material selection for relevant

applications.
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Appendix A

Supporting Information for Chapter 2
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Figure A.1. Fibrillar diameters (top) as measured from transmission electron microscopy images

(bottom).
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Figure A.2. Schematic diagram of the rheo-optical imaging setup.
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Figure A.3. Slow-quench (a-c) vs. fast-quench (d-f) test sequences for MNFC suspensions

differing in composition (in wt%): (a,d) 2, (b,e) 2.5, (c,f) 3.1% (c,f). The symbols are described in

the legends.
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Figure A.4. Rheometer image from intermediate oscillatory stress (10 Pa)

Fibril size analysis

The difficulty of accurately measuring lengths of MNFC has been documented,'? but an
approximation can be reached by using the relationship between intrinsic viscosity and aspect
ratio. The manufacturer® lists the fiber dimensions for MNFC as follows: “Fiber dimensions:
nominal fiber width of 50 nm, lengths of up to several hundred microns.” By applying the Simha
equation* using calculated intrinsic viscosity and the density of fibrils as provided by the
manufacturer (1.5 g/cm?), we predict an aspect ratio of 189.

Iwamoto et al.” studied the use of the Simha equation to estimate aspect ratios of TEMPO-
CNFs and found that it resulted in an underprediction, with actual aspect ratios roughly twice the
estimated value. We therefore take the prediction of 189 as an approximation of the minimum
aspect ratio and consider that a more reasonable estimate is obtained by doubling this value (a =

378). With this updated estimate, and TEM measured diameters in the range of 5-200 nm, we
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arrive at lengths of individual fibrils in the range of 2-75 um. When considering the extensive
entanglement and aggregation at play in the system, the manufacturer’s estimate of “several
hundreds of microns” remains valid in practice.

Generally, particle sizes > 1 pM are not expected to show remarkable Brownian motion,’
and in the case of MNFC the largest fibril dimension is almost always in excess of that limit,
sometimes by an order of magnitude or more. While some systems of cellulose nanomaterials may

2),”8 the samples

exhibit Brownian effects in the limits of very dilute suspensions (@ << a
discussed here are not considered dilute and are expected to have substantial contributions of
hydrodynamic forces (Pe > 1).°

We refer to an analysis presented by Tao et al. for long thin rods,!” and we calculate
rotational and translational diffusion constants to be D; = 7.67*10* s and Dy = 1.17*10"3m?s™".
This calculation assumes a fibril length of 38 um and diameter of 10 nm.

Using a fibril length of 38 pm and diameter of 10 nm, cellulose density 1.5 g/cm?, a 1.0 wt.
% suspension is calculated to have a number density of 1.76x10'> mL.

We note that these calculations are subject to certain limitations, such as approximation of

MNEFC particles as long thin rigid rods, and these values should be taken only as relative measures

for comparison and not necessarily as definitive quantifications.
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-156
-158
-160
-162
-164

Heat rate (pJ/s)

N
o
o

-168 ' '
2% 3% 4% 5%
CNC concentration (wt. %)

Figure B.1. Reproducibility of ¢* measurements from ITC. Four different runs of suspensions
containing as-received FPL-CNC confirm close agreement in terms of the heat rate signal. The

average value at which they cross the threshold heat rate (at -162 pJ/s) is 3.95 £ 0.08 wt%.

Figure B.2. Optical image of a suspension containing a vial of 4 wt% FPL-CNC between crossed

polarizers. The lower anisotropic region appears bright and yields ¢ = 0.06.
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Figure B.3. Raw heat signal measured by injecting water into an aqueous suspensions with 8 wt%
FPL-CNC. Each “step” indicates an injection of 2 puL of water into the 170 pL cell, resulting in a
slightly reduced CNC concentration and a corresponding shift to a new baseline at a more
exothermic heat value. The heater provides additional heat to maintain isothermal conditions to

account for the reduction in viscous heating effects in the cell.
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Figure B.4. AFM images of as-received FPL-CNC (left) and FPL-CNC after a reduction in CNC

aspect ratio due to fractionation (right). Measurements of several images yield the nanocrystal

dimensions and, as a consequence, their aspect ratios (see Table 3.1).
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Figure B.5. Fractionated S-CNC suspensions prepared at different concentrations (see labels) and

revealing the first evidence of mesophase-induced phase separation at 6 wt% (¢ = 0.08).

Figure B.6. Desulfated D-CNC suspensions prepared at different concentrations (see labels) and

revealing the first evidence of mesophase-induced phase separation at 3 wt% (¢ = 0.12).
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Figure B.7. Desulfated and fractionated LD-CNC suspensions prepared at two concentrations (see
labels) and revealing the first evidence of mesophase-induced phase separation at 3 wt% (¢ =

0.58). No phase separation is observed at 2 wt%.

Figure B.8. Aqueous UBC-CNC suspensions prepared at several concentrations with 1 mM NaCl

and revealing the first evidence of mesophase-induced phase separation at 7 wt%.
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Sample Calculation.

To establish the efficiency of this approach, the following sample calculation estimates that the
experimental time to identify ¢* can be reduced by 60x, while the sample volume can be reduced
by 40x. In the ITC instrument used in this study, a typical titration experiment can be completed
in 100 min (20 injections of 2.5 puLL with 300 s equilibration after each injection), with 300 pL of
sample at a single concentration (provided it is initially above c¢*). Note that, although the
calorimeter is loaded with 300 puL of sample, the active cell volume in which dilution and heat
balance proceeds is 170 pL. In addition, after each injection, an equivalent volume is expelled
from the well-mixed cell through a one-way outlet in similar mass-balance fashion as a continuous
stirred tank reactor. Hence, the concentration after the nth injection (c,) can be calculated as ¢, =
cn-1 (170 - v;)/170, where v; is the volume of the injection in puL (2.5 in this example). If we take
the initial suspension concentration as ¢y = 8 wt%, the cell concentration will be reduced to 5.95
wt% after 20 injections of 2.5 pL, and the experiment will generate data points at concentration
intervals of approximately 0.1 wt% (see Table B1). In the event that the ¢” threshold has not been
crossed, the experiment can be extended by simply reloading the syringe with DI water and
repeating the same procedure. With a new initial concentration of 5.95 wt%, the second stage of
injections will reduce concentrations down to 4.42 wt%, and so on. Since removal and reloading
the titration syringe can be accompanied by backmixing via diffusion from the more concentrated
cell overflow volume reservoir into the active cell volume is possible, ¢y should be selected to so
that ¢ can be reached in a single experiment. For comparison purposes, however, we will be
conservative in estimating experimental time and assume that this condition was not met, in which
case 3 reloading steps are necessary. We allow 20 min prior to each trial to load the syringe (5

min) and equilibrate the initial heat baseline (15 min) for a total experimental time of 330 min and
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a “hands-on” or active time of 15 min. This will provide data points at 60 discrete concentrations
(3 rounds X 20 injections per round). To achieve the same number of suspension concentration
data points by observation in capillary tubes, one might prepare 200 uL per concentration and
permit quiescent equilibration for up to 2 weeks (cf. Figure B.8). This would require a sample
volume 40X greater than that used by ITC and an experimental time 60X greater. Direct observation
would yield additional information regarding ¢. Furthermore, one would not likely prepare 60
different concentrations, since many would be visually indistinguishable or might be so far above
or below ¢” that they would be unnecessary. We make this comparison to illustrate the potential
for ITC to provide a quick initial measurement, which can then be corroborated and expanded

using complementary methods to provide additional details about the sample (e.g., ¢ and pitch).

Table B.1. Concentration progression of an ITC experiment

Injection ~ CNC concentration Baseline heat rate
(Wt%) (W/s)
1 7.88 -115.76
2 7.77 -118.29
3 7.65 -120.15
4 7.54 -121.75
5 7.43 -123.21
6 7.32 -124.53
7 7.21 -126.40
8 7.11 -127.60
9 7.00 -129.33
10 6.90 -130.26
11 6.80 -132.25
12 6.70 -133.72
13 6.60 -134.65
14 6.50 -135.98
15 6.41 -137.17
16 6.31 -138.37
17 6.22 -140.10
18 6.13 -140.76
19 6.04 -142.09
20 5.95 -143.56
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Appendix C

Supporting Information for Chapter 4

—e— NCh (pH 4) into CNF (pH 7

e NCh (pH 7) into CNF (pH 7

% ® NCh (pH 4) into CNF (pH 3)
A NCh (pH 4) into water
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Figure C.1. Thermogram for NCh titrated into CNF compared with blank runs of NCh injected

into water, NCh injected into acidic CNF, and neutralized NCh injected into CNF.
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Changing the equilibration time per injection has no apparent impact on the results.
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Figure C.3. Zeta potential of NCh as a function of pH. At lower pH, % protonation and therefore

% ionization of the NH. groups to NHs" is higher, resulting in a more positive zeta potential and a

more stable suspension.
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Figure C.4. Frequency sweeps showing G’ (filled symbols) and G” (open symbols) for (a) CNF

at pH 7 (b) NCh at pH 5 (c) equal mixture CNF + NCh at pH ~5.5 (d) NCh adjusted to pH 7
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Figure C.5. Morphology of CNF (TEM). Scale bar is 200 nm.
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Figure C.6. Morphology of NCh (TEM). Scale bar is 200 nm.
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Figure C.7. Dilute HCI (pH 4) into water (pH 7). Changing pH alone (in absence of

protonation/deprotonation) exhibits a constant and small heat signal.
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Figure C.8. 0.1 wt% NCh into 0.1 wt% CNF reaches the charge saturation point (0.03 g NCh per

g CNF) in fewer injections than is required for 0.01 wt% NCh INTO 0.05%, but the value is the

same.
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Figure C.9. Zeta potential of 0.5 wt% total solids in water at different NCh ratios. The (-

potential crosses from negative to positive between 0.02 and 0.11 g NCh per g CNF
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Figure C.10. Frequency sweeps including G’ (filled symbols) and G” (open symbols) for mixed

systems of CNF + NCh at 0.5 wt% solids for different mass ratios, (a) 0.02 g NCh per g CNF, (b)

0.11 g NCh per g CNF, (c) 1 g NCh per CNF. Symbols represent pH conditions, black squares

indicate no pH adjustment, green circles indicate NCh was neutralized prior to mixing, blue

triangles indicate the mixture was neutralized after addition of NCh to CNF.
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Sample calculation: Mass of deprotonated nanochitin per injection

Mass of NCh deprotonated per injection is calculated by applying the Henderson-Hasselbach
equation for the pH of the given injection, multiplying % ionization by mass of NCh in the cell for
the injection, and subtracting the amount for the previous injection.

For the n™ injection, the mass of nanochitin subjected to deprotonation can be calculated as
follows:

% deprotonation at pH n:
pH, =pKa + logio[A-]/[HA]
pKa=6.3
logio[A]/[HA] =pH, —pKa=x
[A/[HA] = 10° = % deprotonation
Nanochitin mass in cell after injection n (ax ):
a, = (syringe concentration) * (volume of injection) * (n)
Deprotonated nanochitin mass in cell (d,)
dn = an*(% deprotonation)
Deprotonated per injection n (p):

P = dn — dn-l
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