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Abstract

Colloidal gels of cellulose nanocrystals (CNCs) were prepared using three different
strategies by manipulating their colloidal stability. In the first approach, colloidal gels were
prepared by hydrothermally treating CNC suspensions. Desulfation of the CNCs at high
temperature appears to be responsible for the gelation of the CNCs, giving highly porous networks.
In the second approach, a carbon dioxide-switchable (CO 2-switchable) hydrogel was
prepared by adding imidazole to a suspension of CNCs. Sparging of CO 2 through the imidazolecontaining CNC suspension led to gelation of the CNCs, which could be reversed by subsequent
sparging with nitrogen gas (N2) to form a low-viscosity CNC suspension. The gelation process and
the properties of the hydrogels were investigated by rheology, zeta potential, pH, and conductivity
measurements, and the gels were found to have tunable mechanical properties. This work describes
a straightforward way to obtain switchable CNC hydrogels without the need to functionalize CNCs
or add strong acids or bases. These CO2-responsive CNC hydrogels have potential applications in
stimuli-responsive adsorbents, filters, and flocculants.
Lastly, physical colloidal gels were prepared by freeze-thaw (FT) cycling of CNC
suspensions. The aggregation of CNCs was driven by the physical confinement of CNCs between
growing ice crystal domains. FT cycling was employed to form larger aggregates of CNCs without
changing the surface chemistry or ionic strength of the suspensions. Gelation of CNC suspensions
by FT cycling was demonstrated in water and other polar solvents. The mechanical and structural
properties of the gels were investigated using rheometry, electron microscopy, X-ray diffraction
and dynamic light scattering. It was found that the rheology could be tuned by varying the freezing
time, the number of FT cycles, and concentration of CNCs in suspension.
iii

Considering the wide natural abundance and biocompatibility of CNCs, these approaches
to CNC-based hydrogels are attractive for producing materials that can be used in drug delivery,
insulating materials, and as tissue scaffolds.
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Lay Summary

Gels are soft materials that are mostly made up of water and can hold their shape. Dessert
jelly is an example of a gel that contains a network of entangled strands, forming a self-supporting
network. However, gels created using nanoscale particles that are 100,000 times smaller than the
width of a human hair, are of interest as they have unique and interesting properties. These
materials are called colloidal gels. Interestingly, colloidal gels can have self-healing properties and
can be controllably switched between liquid and gel states. This thesis provides a foundation of
strategies to gel nanoscale particles of cellulose, the major structural component of plants, and
understand the properties of these gels. These insights may be extended to other particle systems
for applications in environmental remediation, healthcare, and energy storage.
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Introduction
The development of materials has pervaded society throughout history. Advancements
in material chemistry innovation has evolved over the eras, from harnessing nature in the stone
age for tools, to forging metals in the bronze age, through the industrial revolution of mass
production, and towards the space age of putting man on the moon. These new technologies
have solved challenges we have faced by being stronger, lighter, more durable, more flexible,
and manufactured faster.
We can now build computers on a silicon wafer, harness the sun’s power using solar
cells, store energy in batteries between layers of carbon, grow cells in three dimensions in the
lab, and fuel a car using hydrogen gas. We are able to push the boundaries of what is possible
in materials science by understanding the fundamental principles governing how these systems
behave. Continued efforts to broaden the utility and perception of materials science is needed
to drive the next generation of progression in areas such as clean energy, tissue engineering,
and electronics.

1.1

Gels
Gels are three-dimensional (3D) networks that are predominantly composed of solvent

(>90 vol%). IUPAC defines a gel as a “non-fluid colloidal or polymer network that is expanded
throughout its whole volume by a fluid” and has a finite, usually rather small, yield stress. 1 The
yield stress of a material is the stress needed to plastically deform the material. Therefore, gels
are highly solvated, self-supporting structures that typically do not flow under their own weight
due to surface tension and intermolecular forces between the network. Nevertheless, there does
not appear to be a consensus on the definition of a gel and it has varied over the decades. 2
1

Gels are used in numerous applications including diapers, contact lenses, tissue
scaffolds, adhesives, soft electronics, water purification, and drug delivery. 3–7 The physical,
chemical, and biological properties of gels can be tuned to make them suitable for specific
applications. For example, highly-stretchable conductive gels have been prepared that can form
strong adhesions between various non-porous substrates that are typically difficult for gels to
adhere to including glass, silicon, ceramics, gold, titanium, and aluminum, and have
applications in biomedical adhesives, implantable electronics, and wound dressings. 8,9
Figure 1.1 shows a subset of the gels that exist. Gels can be classified as either
organogels or hydrogels, depending on whether the liquid phase is an organic solvent or water,
respectively. Alternatively, the solvent can be removed by ambient drying to produce xerogels,
or by freeze-drying or critical point drying from CO2 to produce aerogels, which are low
density, high surface area, porous networks that maintain the shape of the original gel. 10 Gels
can also be distinguished between chemical gels and physical gels. Chemical gels are formed
through covalent crosslinking of networked components. On the other hand, physical gels can
form extended networks through non-covalent interactions, including hydrogen bonding, ionic
interactions, and hydrophobic interactions.7 The main structural classes of gels include
polymeric, molecular, and colloidal, where the 3D structure-directing networking agent varies.

2

Figure 1.1. Three main structural classes of gels include polymeric, molecular, and colloidal systems. Depending
on the solvent, gels can be classified as either hydrogels or organogels. Solid lines represent covalent attachment
between monomers to form chains, while dotted lines represent non-covalent interactions between molecular
building blocks. Crosslinks between chains, fibers, or particles, can be covalent or non-covalent.

Polymeric gels are examples of chemical gels, where the monomers are covalently
bound to form elongated chains.5 The polymeric chains can then entangle, or chemically
crosslink,

to

create

a

3D

gel

network.

Examples

include

polyacrylamide,

polydimethylsiloxane, and sodium polyacrylate and have uses in contact lenses, drug delivery,
and diapers.5–7
Molecular gels, on the other hand, are examples of physical gels, where the monomers
interact through non-covalent intermolecular forces to form fibers. 4,11 These fibers undergo
similar physical entanglement to form an extended 3D gel network. Low-molecular-weight
gelators are a class of molecular gels that can reversibly self-assemble into gels, for example
by heating.12 In contrast, permanently covalently crosslinked polymeric gels require
irreversible bond-breaking to destroy the gel network.11 Peptide amphiphiles such as,
3

naphthalene-protected diphenylalanine, can form robust hydrogelators and gelation can be
triggered by pH, salt, solvent addition, or light.4,13,14
Colloidal gels are another example of physical gels. Colloidal gels consist of particles
that are of the order of 1 to 1,000 nm in at least one dimension. 15 The particles form a 3D
network that can form self-supporting hydrated structures.
Figure 1.2 gives examples of each type of gel and shows their microstructure by
scanning electron microscopy (SEM). Each of these gels can self-support their own weight,
either as a shape or when inverted, yet each relies on a different structure-directing component.
These systems can be chemically designed with stimuli-responsive behavior such as the DNAresponsive shape-changing polyacrylamide hydrogels, Figure 1.2A,16 or the azobenzenecontaining light-responsive molecular gelator that switches between liquid and gelled states
with UV irradiation, Figure 1.2B.17 In addition, inorganic materials can form colloidal gels
through the entanglement of high aspect ratio nanowires, Figure 1.2C.18 Interestingly, the
microstructure of each of these systems varies from largely amorphous networks in the
polymeric gel (Figure 1.2A) to a flexible fibrillar network (Figure 1.2B), and rigid wire mesh
networks (Figure 1.2C) depending on the structure-directing component. It is worth noting
that care must be taken when comparing the microstructures of different gel systems as the
drying process and imaging conditions can influence the final morphology observed.

4

Figure 1.2. Examples of polymeric, molecular, and colloidal gels. (A) DNA-containing polyacrylamide
polymeric hydrogel that shape-shift with the addition of DNA hairpins. SEM shows a relatively dense amorphous
microstructure. The hydrogel can swell substantially in response to specific DNA hairpin sequences and can be
patterned into various shapes and sizes.16 From reference 16. Reprinted with permission from AAAS. (B) Lightresponsive azobenzene-containing molecular gel, which self-assembles into stacked fibers. SEM shows a fibrillar
meshed network and inset of inverted gel.17 Reprinted with permission from reference 17. Copyright 2013
American Chemical Society. (C) Colloidal gel using silver nanowires at a volume fraction, φ, of ~0.01 v/v. SEM
shows the high aspect ratio of the silver nanowires and the formation of an entangled meshed network. Colloidal
gels were prepared with varying composition using 1D nanowires (Ag, Si, MnO2) and 2D colloids (MoS2,
graphene, h-BN).18 Reprinted from reference 18 licensed under CC BY-NC-ND 3.0.

5

The material properties of these gels can be designed for numerous applications by
varying their composition and processing conditions. Hydrogels, in particular, are of interest
for tissue engineering applications because their mechanical properties, for example their
Young’s modulus, can mimic those found in biological tissue including brain (0.1-1 kPa),
muscle (8-17 kPa), and pre-mineralized bone (25-40 kPa). 7,19 Hydrogels are currently being
explored as muscle-like materials that undergo stiffening when stretched, analogous to
mechanical training of biological muscle to increase strength. 20,21

1.1.1 Rheological Characterization of Gels
Generally, the gelling ability of a system can be evaluated by performing an inversion
test.2 During the inversion test, the sample is placed in a container and inverted. If the sample
does not flow to the bottom of the container over a set time (e.g. 5 min), then the system is
considered a gel. However, there are several limitations to this approach. For example, the size,
shape, and composition of the container can influence the surface tension and adhesive
properties of the sample to the container. In addition, the volume of the sample used, and the
inversion time, are both factors that can influence the inversion test result. For example, smaller
sample volumes, or samples being inverted for a shorter time, are more likely to pass the
inversion test.
Therefore, rheology is used to help characterize gel formation, by quantitatively
measuring the viscoelastic properties of a sample.22 Viscoelasticity describes the combination
of viscous and elastic properties of a material undergoing deformation. The viscosity of a
material is its ability to resist flow, whereas the elasticity of a material is its ability to resist
6

deformation and return to its original shape when the stress is removed. Rheology can be used
to measure the viscoelastic properties of a sample under oscillatory or continuous shear. 23 The
loss modulus, Gʺ, is related to the viscous component of a sample while the storage modulus,
Gʹ, is related to the elastic component. The complex modulus, G*, is related to the stiffness of
the material and can be calculated from the loss and storage moduli using Equation 1.1.

|𝑮∗ | =

(𝑮ʹ)𝟐 + (𝑮ʺ)𝟐

(1.1)

A system is said to be gel-like when the storage modulus, Gʹ, is greater than the loss
modulus, Gʺ, during oscillatory shear measurements. Gʹ is a measure of the elastic response of
a material, while Gʺ is a measure of its viscous response, so a gel exhibits greater elastic-like
behavior than viscous-like behavior. Ultimately, the inversion test should not be used as the
only metric to evaluate the gelling ability of various systems.

1.1.2 Colloidal Gels
Colloids are systems that consist of a dispersed phase suspended in a continuous phase,
which do not settle, aggregate, sediment, or precipitate over reasonable time scales (i.e. weeks
or months).15,24–26 There are several examples of colloids in natural and man-made systems
including milk, blood, soil, ink, and paint. 27 Colloids can form gels when the dispersed phase
is a solid and the continuous phase is a liquid. For example, the dispersed phase in dessert jelly
contains solid gelatin proteins while the continuous phase is water, along with some sugar and
artificial coloring and flavoring. Physical gels of colloidal systems are dynamic in nature,
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allowing them to assemble and disassemble due to non-covalent interactions between
individual dispersed particles to form extended 3D networks.28
One of the earliest reports of a colloidal gel was that of vanadium pentoxide in 1885, 29
and since then others have been prepared.30 The mechanism of network formation can vary for
colloidal systems between entanglement, for long nanowires, 18 to a percolation of rigid sheetlike particles depending on the nature of the colloid. 31 Alternatively, colloids can form gels by
the glassy arrest of particles in the system, where each particle is caged by its neighbours. 32,33
Despite significant progress, the kinetics of colloidal gelation are still not well understood. 34
Colloidal gels have been made using a variety of materials including metal and metal
oxide nanowires,18 graphene oxide,31 carbon nanotubes,35 clays,36–38 and cellulose
nanocrystals.39 Understanding these particulate systems is important and parallels many
systems we currently study including silica and alumina column chromatography, cosmetics,
water treatment, river sedimentation, catalytic coatings, and biological separations. 25,26,40
However, the gelation of colloidal systems is not well understood, yet it is of interest to prepare
soft materials with varying material properties.41 By furthering our understanding of colloidal
systems we can broaden the scope and applicability of these materials to improve their form,
function, efficiency, and utility.
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1.2

Cellulose Nanocrystals
Cellulose is the most abundant biopolymer on earth. Plant biomass is predominantly

made of cellulose (35-50% by weight) and contains hemicellulose (20-35% by weight) and
lignin (10-25% by weight) but can also be found in some bacteria, fungi, and tunicates. 42 The
microstructure of wood consists of the plant cell wall, which is composed of macrofibrils and
microfibrils, Figure 1.3. These fibrils are held together by other components including
hemicellulose and lignin, and contain regions of amorphous and crystalline cellulose, which
form a cellulose I crystal structure through hydrogen bonding. 43

Figure 1.3. Microstructure of wood showing the structural components and their relative length scales. (Tree:
“German Sherman Tree” by Jim Bahn (https://commons.wikimedia.org/wiki/File:General_Sherman_tree_
looking_up.jpg) is licensed under CC BY 2.0. Wood: “Rings of Fire” by Seth Anderson (https://www.flickr.com/
photos/swanksalot/4803155) is licensed under CC BY-NC-SA 2.0. Cell Wall: “Hard Soft Wood” by Mckdandy
(https://commons.wikimedia.org/wiki/File:Hard_Soft_Wood.jpg) is licensed under CC BY-SA 3.0.)
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Natural Resources Canada has stated that no nation derives more net benefit from trade
in forest products than Canada.44 This has spurred several government initiatives to develop
high value materials using nanocelluloses derived from forest products. 45 Nanocelluloses
include cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and microfibrillated
cellulose (MFC).46–49 CNCs are crystalline rod-like nanoparticles typically prepared through a
chemical treatment, whereas CNFs and MFCs are long flexible fibers with lower crystallinity,
typically prepared by mechanical treatment. Cellulose nanocrystals are transformative pulpbased products due to their high crystallinity and mechanical strength.

1.2.1 Preparation of Cellulose Nanocrystals
Cellulose nanocrystals (CNCs) can be prepared by treating wood pulp with
concentrated sulfuric acid, Figure 1.4. The sulfuric acid treatment selectively hydrolyzes the
amorphous cellulose, leaving behind crystalline rod-shaped particles with dimensions of 100300 nm by 5-20 nm, depending on the source of the pulp and the processing conditions. 43
Importantly, the sulfuric acid hydrolysis introduces negatively charged sulfate half-ester
groups onto the surface of CNCs. These negatively charged groups electrostatically stabilize
CNCs in water to make a colloidally stable system. Other acids, including hydrochloric,
hydrobromic, and phosphoric acids, can be used to prepare CNCs. However, sulfuric acid
hydrolysis tends to produce CNCs with superior colloidal stability. 43,50 Depending on the
sulfate group counterion, proton or sodium ion, CNCs can be abbreviated as CNC-H + or CNCNa+, respectively. The colloidal stabilities of CNC-H+ and CNC-Na+ suspensions are similar.
However, CNC-H+ suspensions tend to be more acidic (pH ~2), compared to CNC-Na+ (pH

10

~7). The surface chemistry of CNCs can also be modified through other synthetic strategies to
control their interactions and colloidal stability. 51,52

Figure 1.4. Schematic showing the preparation of CNCs by sulfuric acid hydrolysis selectively hydrolyzes the
amorphous regions in the cellulosic source producing crystalline rod-like particles with negatively charged sulfate
half-ester groups on their surface. A representative transmission electron microscopy (TEM) image of CNCs
shows their rod-like shape and varied size distribution.

CNCs are an emerging material whose use in technology offers economic and
environmental benefits, and utilizes Canada’s abundant forest resource. CNCs are attractive
due to their biocompatibility, biodegradability, high strength, low density, renewability, and
liquid crystalline properties.53 CNCs are currently being explored as additives and fillers in
polymer melts, cements, and cosmetics.54,55 Research into the fundamental properties of CNCs
and their applications is ongoing.56
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1.2.2 Colloidal Stability of Cellulose Nanocrystals
CNCs dispersed in water are an example of a colloidal system. The surface chemistry
of CNCs plays an important role in keeping CNCs dispersed without precipitating or
aggregating. CNCs have an overall negative charge due to the presence of negatively charged
sulfate half-ester groups on their surface. These negatively charged sulfate groups
electrostatically stabilize CNCs in suspension and have been shown to be dispersible in various
solvents including water, dimethylsulfoxide, and dimethylformamide. 53
There are several underlying principles that are critical to evaluating the colloidal
stability of CNCs that will be discussed, including surface charge, ionic strength, and kinetic
stabilization. A conceptual understanding of the interfacial interactions at the surface of CNCs
is important in developing strategies to controllably manipulate colloids in dispersion.
The electric potential from the surface of a dispersed charged particle changes as a
function of distance and is known as the electric double layer, Figure 1.5. Typically, a
negatively charged particle will have a layer of tightly bound counter ions on the surface,
known as the Stern layer. Further from the surface are loosely bound ions that associate with
the particle as it diffuses through the solvent. This boundary of loosely bound ions is known
as the slipping plane. The slipping plane is the surface at which the zeta potential, 𝝵, is
measured for charged particles. Although the electrostatic effects of the charged particle extend
to infinity, ions beyond the slipping plane do not strongly associate with the particle and move
through the solvent independently. Experimentally, these layers of associated ions extend only
a few nanometers from the particle’s surface and form the electric double layer. The potential
landscape of this electric double layer depends on a number of factors including pH, ionic
strength, concentration, and temperature.27
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Figure 1.5 shows a schematic representation of the electrostatic potential as a function
of distance, and the association of ions to the surface of a negatively charged particle into
various layers. The electric potential decays exponentially from the surface of the particle as
ions in solution shield the surface potential of the charged particle. The electrostatic potential
decays more rapidly when the ionic strength is increased (i.e. increased concentration of ions
in solution), for example, by the addition of sodium chloride.

Figure 1.5. Schematic representation of the electric double layer that forms on a charged surface showing the
change in surface potential as a function of distance, and the association of ions on their surface. Adapted from
reference.27

The zeta potential, 𝝵, is a measure of electric potential of a charged particle dispersed
in a medium and is a key indicator for the overall stability of a colloidal system. Typically,
particles with zeta potential values greater than 20 mV in magnitude are considered stable
dispersions.57 CNCs tend to have zeta potentials ranging from −20 mV to −50 mV depending
on their source and preparation conditions.43 This makes CNCs prepared with sulfuric acid
13

strongly charged and stable, since the pKa of the sulfate group is ~2 and are therefore ionized
in water over a wide range of pH values.50 However, CNCs prepared with hydrochloric acid
are weakly charged and show limited dispersibility due to the difficulty of hydroxyl groups to
ionize at lower pH, generally making them colloidally unstable in water.

Figure 1.6. Schematic representation of the forces exerted on a charge particle. The net interaction can be used
to describe their colloidal stability. Destabilization by increasing ionic strength or decreasing surface charge can
lower the energetic barrier to aggregation and drive particles to their thermodynamic minimum. Adapted from
references.27,58

The stability of charged particles in a colloidal system depends on the net interaction
of attractive van der Waals forces and repulsive electrostatic forces, and forms the basis of
DLVO theory, named after Derjaguin and Landau, 59 and Verwey and Overbeek.60,61
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Thermodynamically, particles want to aggregate due to van der Waals attraction,
however colloids are kinetically trapped systems due to their strong electrostatic repulsion,
Figure 1.6. In the absence of surface charge, where there is zero electrostatic repulsion
between particles, the net interaction approaches that of pure van der Waals forces and the two
particles will strongly attract each other over all distances. For highly charged particles in a
low ionic strength system, the energetic barrier is large and the particles are kinetically trapped
at a distance of approximately 1-5 nm.58 In this case, although thermodynamically the particles
want to aggregate, the energetic barrier may be too large to overcome under ambient
conditions. Therefore, the particles will remain at a distance defined by the secondary
minimum and are considered kinetically stable systems.
The energetic barrier decreases as the surface charge decreases or as the ionic strength
increases. Once the barrier is sufficiently small, the particles begin to aggregate, and the colloid
is destabilized. Therefore, these systems are highly dynamic and can be manipulated in various
ways to change their net interaction potentials.
The Schulze-Hardy rule empirically describes the strong valency dependency of ions
on the aggregation of hydrophobic colloidal particles. 62 Multivalent ions are said to destabilize
colloids much more strongly than monovalent ions. DLVO theory was able to predict the
critical coagulation concentration, CCC, that would destabilize a colloidal system, and found
it to be inversely proportional to the sixth power of the ion valency, z (Equation 1.2).

𝐶𝐶𝐶 ∝

1
𝑧

(1.2)
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However, the assumptions made in the Schulze-Hardy rule are not representative of
most systems and their effects are still being explored.63 More generally, the ionic strength and
the surface charge can be used as a measure of the colloidal stability. The ionic strength, I, is
defined in Equation 1.3 and depends on the concentration, c, of ions with valence z.

𝐼=

1
2

𝑐𝑧

(1.3)

The ionic strength gives an indication of the amount of salt in the system and the degree
of charge shielding of the colloidal particles. The Debye length, 𝜅−1, is inversely proportional
to the ionic strength and is defined by Equation 1.4, where I is the ionic strength, εr is the
dielectric constant, ε0 is the permittivity of free space, kB is the Boltzmann constant, T is
temperature, NA is the Avogadro number, and e is the elementary charge.24

𝜅

=

𝜀 𝜀 𝑘 𝑇
2 × 10 𝑁 𝑒 𝐼

(1.4)

The Debye length, 𝜅−1, can also be represented as the distance from a charged surface
at which the particle’s surface potential drops by a factor of e −1 (Euler’s number), depending
on the nature of the electrolyte. The Debye length is dependent only on the ionic strength and
is roughly 10 nm for systems containing 1 mM of NaCl and does not depend on the overall
charge of the particle.58 This distance can be used as a measure of how close two charged
particles can approach each other at a particular electrostatic potential.
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Ultimately, the colloidal stability can be disrupted by changing either the surface charge
or the ionic strength, and drive the aggregation of a colloid to its thermodynamic minimum.
CNCs are stabilized in water by a high negative surface charge and low ionic strength system.
Decreasing the overall surface charge, by surface treatment with surfactants or
functionalization, can destabilize CNCs.51 Alternatively, increasing the ionic strength with the
addition of salt can also destabilized CNCs by charge shielding the negative surface charge
and may lead to gelation.
It is important to first understand the electrostatic potential landscape of the charged
surface of CNCs, before we can manipulate these systems to modify their stability and control
their interactions.

1.2.3 Cellulose Nanocrystal Gels
Gels using CNCs have been prepared and are promising in various applications
including coatings, substrates for catalysis, filtration, and 3D cell cultures. 64,65 The two main
types of CNC gels are those composed of CNCs only, and those that contain CNCs along with
another structural components including synthetic or natural polymers such as agarose, 66
gelatin,67 alginate,68 polyvinyl alcohol,69 and polyacrylamide.70 CNC-containing gels can be
combined with other polymers through a variety of processing methods to improve their
swelling behavior and produce hydrogels that are more mechanically robust and stimuliresponsive. However, these CNC-containing systems tend to rely on entanglement as the
gelation mechanism, where the polymers bend, wrap around, or are chemically crosslinked
with CNCs, forming an extended mesh network.
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Alternatively, CNCs can be used as the only structural component in the gel. CNCs are
rigid rod-like particles that are not susceptible to bending or entanglement, but are still able to
form self-supporting percolated networks due to non-covalent interactions, including
hydrophobic/hydrophilic interactions and hydrogen bonding interactions, between individual
particles to form stabilized extended clusters. Percolating networks consist of a continuous
connected path of touching particles from one side of the system to the other. The concentration
and aspect ratio of the colloid are key features that can be used to evaluate their ability to form
percolated networks.71,72 Figure 1.7 shows the approximate particle density of 4 wt%
dispersions of CNCs and their potential to form percolated networks. The traditional
representation of CNC suspensions, Figure 1.7A, does not provide a representative model of
the number of interactions that exist in CNC suspensions. We estimated the particle density
based on the weight concentration, particle size, and the density of cellulose in a typical 4 wt%
suspension, Figure 1.7B, to be ~5000 particles per cubic micron. We assumed the cellulose
particles have a density of 1.6 g cm−3 and are monodisperse rectangular prisms with dimensions
of 200 nm by 5 nm by 5 nm.73 Nanoparticle tracking analysis was used to quantify the number
concentration of CNCs in suspension to be ~1500 particles per cubic micron, Figure 1.7C.
Nanoparticle tracking analysis is a technique that relies on laser scattering from a particle (or
aggregate of particles) to track their diffusion and determine their size. As a result of possible
particle aggregation and clustering, the calculated number concentration is likely lower than
reality.74 The dense nature of CNCs in these colloidal systems provides the foundation for the
formation mechanism of CNC-only gels. A large interaction number is favorable for the
formation of self-supporting 3D networks. At lower concentrations, the interparticle distance
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between CNCs may be too large to effectively produce extended networks. Therefore, it is
important to consider the concentration and particle density when preparing colloidal gels.

Figure 1.7. Representations of the particle density of CNCs in suspension. (A) Schematic representation of CNCs
in suspension.75 Reprinted with permission from reference 73. Copyright 2013 American Chemical Society (B)
Calculation of particle density based on the size (200 nm x 5 nm x 5 nm rectangular prisms), the concentration (4
wt%), and the density (1.6 g cm−3) of CNC suspensions, resulting in ~5000 particles in 1 µm 3 rendered to scale.
(C) Particle density based on nanoparticle tracking analysis (Figure A.1.1) of 4 wt% CNC suspensions resulting
in ~1500 particles in 1 µm3 rendered to scale.

CNC-only gels can be prepared in a number of ways including increasing the
concentration of CNCs,76 sonication,77 increasing the salt concentration,78,79 and chemically
crosslinking CNCs.80 It has been shown that simply increasing the concentration of dispersed
CNCs or sonicating can result in gel formation.76,77 In these cases, it is still not clear what the
mechanism of gelation is, for example through glassy arrest due to caging of particles around
each other, or aggregation due to a destabilization of the electric double layer at higher particle
concentrations, or the hydrophobic/hydrophilic interaction of CNC crystallite faces, or simply
physical proximity of particles to allow attractive forces, such as hydrogen bonding, to
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dominate. The addition of monovalent and multivalent salts is known to destabilize colloidal
systems and can be used to gel CNC suspensions.78,79 Gelation has also be achieved by
chemically crosslinking CNCs covalently, which are orthogonally functionalized with terminal
aldehyde and hydrazide moieties, through hydrazone linkages to form extended networks. 80
Each of these strategies exploit the colloid stability and percolating ability of CNCs to form
extended 3D networks. Ultimately, however, the differences in network formation between
entanglement and rigid percolation, and physical versus covalent crosslinking, are not well
understood for colloidal systems. Exploring the gelation of these systems may shed light on
the mechanism of formation and how these strategies can be translated to other colloids.
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1.3

Goals and Scope
Colloidal gels are systems that are not well understood in terms of their mechanism of

formation and control over their gelation. Control over their stability is of interest to access
new material properties. The focus of this thesis is to explore various ways in which we can
manipulate the colloidal properties of CNCs without chemically functionalizing their surface
to produce colloidal gels.
In Chapter 2, a decrease in surface charge causes the gelation of heat treated CNCs. 81
Sulfate groups on the surface of CNCs are susceptible to rapid hydrolysis at elevated
temperatures. The hydrolysis of these sulfate groups decreases the overall charge of CNCs and
the decrease in electrostatic repulsion causes CNCs to aggregate and form a gel. Changes in
the CNC counterion, concentration, and treatment temperature are explored, and the resultant
structural and morphological properties of the gels are characterized.
In Chapter 3, an oscillation in ionic strength is used to cycle between liquid and gel
states of cellulose nanocrystals.82 Amine-containing additives in the suspension can react with
CO2 and N2 to form the protonated and neutral species of the amine, respectively. The switch
between charged and neutral forms causes a drastic change in ionic strength that causes CNCs
to destabilize and form a gel. The reversible nature of the protonation event can be used to
cycle the material properties of the system between a gel and a liquid upon bubbling with CO 2
and N2, respectively.
In Chapter 4, the aggregation of physically confined cellulose nanocrystals between
growing ice crystals is shown to cause gelation.83 Thermodynamically, CNCs want to
aggregate but are kinetically trapped systems due to electrostatic repulsion. Freezing
suspensions of CNCs forces the particles into close proximity such that van der Waals forces
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dominate, and the particles do not fully redisperse upon thawing. Cycling this freeze-thaw
process causes the buildup of aggregated clusters in the system which can then form selfsupporting networks.
Each of these chapters explores an individual mechanism in which colloid systems can
be destabilized to produce colloidal gels from CNCs. Although cellulose nanocrystals were
used throughout this work, having a deeper understanding into why these colloidal gels form
can hopefully be extended to other colloidal systems with varying composition, size, shape,
and surface chemistry, to access different colloidal soft material gels.
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Hydrothermal Gelation of Cellulose Nanocrystals
2.1

Introduction
Hydrogels are three-dimensional (3D) hydrophilic networks that can undergo large

dimensional changes when hydrated and can reach over 90% water in composition. 6,7 They are
used for baby diapers, contact lenses, tissue scaffolds, drug delivery, and many other
applications. Hydrogels based on cellulose and cellulose nanofibers are known, 77,84,85 and they
are attractive as substrates for thermal insulators,86 oil absorbents,87–89 and 3D tissue
engineering scaffolds90 due to their biocompatibility, mechanical properties, and wide natural
abundance.
Cellulose nanocrystals (CNCs) can be obtained by treating wood pulp with sulfuric
acid.91–93 The CNCs obtained are typically ∼5–20 nm × 100–500 nm in dimension, depending
on the source of the pulp.50,73,94 Sulfate ester groups on the crystals give CNCs a negative
surface charge and render them dispersible in water. CNCs are being explored as additives to
polymers and other materials, because of their self-assembly, high crystallinity, high aspect
ratios, rheological properties, and mechanical properties.69,95–97 The unique liquid crystalline
properties of CNCs are also being investigated for their photonic properties in iridescent films
and as templates for other materials.98–103 Kelly et al. constructed photonic stimuli-responsive
composite hydrogels from CNCs and various polymers, including polyacrylamide. 70
Constructing hydrogels from CNCs is a desirable goal since these materials are a
renewable resource. In fact, there has been much recent progress in the development of
hydrogels from CNCs.104–108 Yang et al. used surface-modified cellulose nanocrystals as a
reinforcing

agent

to

prepare

injectable

carboxymethylcellulose/dextran

composite
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hydrogels.109 The improved mechanical properties and minimal toxicity of this system support
its use in tissue engineering applications.110,111
Importantly, the stability of CNCs in suspension is strongly dependent on the surface
charge of the individual crystals and the ionic strength of the solution. 79,112,113 Electrostatic
repulsion between negatively charged crystals stabilizes CNCs in suspension. The preparation
of CNC gels can thus be achieved by exploiting these two conditions: (a) an increase in ionic
strength or (b) a decrease in the surface charge of the individual CNCs; both result in a
decreased colloidal stability and may lead to gelation.
Gelation of CNC suspensions have been realized in a variety of ways. Simply
increasing the concentration of CNCs in suspension is known to lead to gelation due to a
decrease in the electrostatic double layer distance between CNCs. 39,76,113 Moreover, sonication
of CNC suspensions can result in gelation.77 Chau et al. showed that hydrogels with
viscoelastic properties can be obtained by combining CNCs with alkali metal salts. 112
Alternatively, surface functionalization of CNCs can also lead to hydrogel formation.
For example, hydrazone crosslinking has been shown to occur between hydrazide and
aldehyde-functionalized CNCs to form self-supporting hydrogels. 80 The coassembly of these
hydrazone-crosslinked CNC hydrogels with polypyrrole nanofibers, polypyrrole-coated
carbon nanotubes, or MnO2, give composite materials that are good supercapacitor electrode
materials owing to their high porosity and mechanical properties. 114 Other examples of
hydrogels constructed from CNCs are also known. 79,97,115
Hydrogels can be dried to afford lightweight aerogels that can be used as substrates for
various applications. For example, Wicklein et al. showed that freeze-cast aerogel composites
of cellulose nanofibers, graphene oxide, and sepiolite nanorods exhibit lower thermal
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conductivities and better fire-retardant properties than traditional insulating materials,
including expanded polystyrene and polyurethane foams. 116 Moreover, Smith et al. used
atomic layer deposition to coat CNC aerogels with Al2O3 to improve their oxidation resistance,
potentially allowing them to be added as reinforcing fillers in polymers with high-temperature
(∼175 °C) processing conditions.117
Here we report the facile and controlled preparation of hydrogels by the hydrothermal
treatment of suspensions of CNCs. At elevated temperature, the CNCs undergo desulfation
that reduces the surface charge of the crystals and induces gelation. The structural properties
of the hydrogels obtained have been investigated by electron microscopy, X-ray diffraction,
nitrogen adsorption, and rheology. This new, straightforward aqueous method to form CNC
hydrogels does not require the addition of polymers, metal salts, reagents, or other solvents in
order to control the degree of sulfation.
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2.2

Experimental

2.2.1 Materials and Instrumentation
All compounds were used as received without any further purification. Aqueous
suspensions of cellulose nanocrystals (CNCs) were provided by CelluForce Inc. in acidic form
(CNC-H+, 4 wt%, pH 2.3) or neutral form (CNC-Na+, 4 wt%, pH 6.9).98 In brief, ultrapure
aqueous CNC suspensions were prepared by dispersing spray-dried CNCs (CelluForce Inc.) in
deionized water, at a concentration of 2 wt%, by stirring overnight using a mechanical stirrer.
The dispersed CNC suspension was then sonicated at 70% power for 30 min (in batches of 3
L) using an ultrasonicator Vibra-Cell VC 750 (Sonics & Materials Inc.). The average energy
input was ∼9000 J g−1 of CNCs. The suspension was then filtered, first using grade 4 Whatman
filter paper, followed by grade 42 Whatman filter paper. The filtered CNC suspension was
dialyzed against deionized water overnight. The dialyzed suspension was concentrated to the
desired concentration using a rotary evaporator then stored in the fridge at 4 °C until further
use. The final pH and conductivity of the ultrapure CNC aqueous suspension was adjusted to
acidic form (CNC-H+, pH 2.3) using an ion-exchange resin (Dowex Marathon C hydrogen
form, 23–27 mesh particle size, Sigma-Aldrich), or neutral form (CNC-Na +, pH 6.9) by
neutralizing with NaOH, followed by filtration. The typical dimensions of CNC spindles were
determined by transmission electron microscopy size distribution analysis to be 191 ± 80 nm
by 13 ± 3 nm (Figure A.2.3) and have an electrophoretic surface charge of −4.44 C m −2.
Teflon-lined stainless steel autoclaves (23 mL, Parr Instrument Company, Illinois,
U.S.A.) were used during hydrothermal treatment of aqueous CNC suspensions. Scanning
electron microscopy (SEM) was performed at the UBC Bioimaging Facility on a Hitachi S4700
electron microscope with samples sputter-coated with platinum/palladium alloy. Hydrogels
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were solvent exchanged with ethanol prior to critical point drying using supercritical CO 2 with
an autosamdri-815 critical point dryer (Tousimis Research Corporation, Rockville, Maryland,
U.S.A.). Nitrogen sorption isotherms were acquired at 77 K using a Micromeritics ASAP 2020
analyzer. Pore-size distributions and specific surface areas were calculated from the adsorption
branches using the Barrett–Joyner–Halenda (BJH) and Brunauer–Emmett–Teller (BET)
methods, respectively. Thermogravimetric analysis was performed with a Pyris 6
thermogravimetric analyzer (PerkinElmer) under nitrogen gas with a heating rate of 5 °C min −1.
Powder X-ray diffraction patterns were recorded on a Bruker D8 Advance diffractometer
equipped with a Cu Kα sealed tube X-ray source and a NaI scintillation detector. Elemental
analysis (EA) was performed at the UBC Mass Spectrometry and Microanalytical Laboratory
on a Fisons Instruments Elemental Analyzer EA 1108 using flash combustion. Samples were
freeze-dried and rinsed with double-distilled H2O to remove any unbound sulfate ions by
vacuum filtration and freeze-dried again prior to elemental analysis. X-ray photoelectron
spectroscopy (XPS) was performed on a Leybold Max200 spectrometer using an aluminum Xray source operating at a base pressure of 1 × 10−9 Torr. Initial survey scans were acquired with
a pass energy of 192 eV, while higher resolution scans were acquired with a pass energy of 48
eV. XPS spectra were deconvoluted using XPSPEAK by curve fitting with a mixed Gaussian–
Lorentzian function after a Shirley type background subtraction. Samples were freeze-dried
and rinsed with double-distilled H2O to remove any unbound sulfate ions by vacuum filtration
and freeze-dried again prior to XPS analysis.
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2.2.2 Preparation of CNC Hydrogels
An aqueous suspension of CNC-H+ (10 mL, 4 wt%) was added to a Teflon-lined
stainless steel autoclave. The autoclave was sealed and heated to the desired temperature,
between 60 and 120 °C over 20 min, and held at the desired temperature for 20 h. After cooling
the autoclave to room temperature, the CNC hydrogel was collected and stored at room
temperature in sealed glass vials until further characterization was performed. Samples are
named CNC-TEMP, where TEMP denotes the treatment temperature (e.g., CNC-80, CNC120) or CNC-NT for no treatment. The conditions are explicitly described when conditions
including concentration (1, 2, or 4 wt%), treatment time, and CNC suspension pH (CNC-H +
pH 2.3 or CNC-Na+ pH 6.9) were varied.

2.2.3 Rheology
Rheological properties were characterized by a stress-controlled rotational rheometer
(Anton Paar MCR501) in strain-controlled or oscillatory mode using a parallel plate (diameter
50 mm) or a cone–plate geometry (diameter 25 mm, angle 4°). All measurements were
conducted at 25 °C. A thin film of mineral oil was applied to the sample periphery to suppress
water evaporation during the experiments.
Frequency sweep experiments were performed from 0.01 to 100 Hz within the linear
viscoelastic region (5% strain amplitude) in order to determine the viscoelastic moduli of the
samples, namely the storage modulus G′ and the loss modulus G″. Continuous shear ramps
were performed using shear rates ranging from 0.01 to 100 s −1 and a gap of 0.5 mm in order to
determine the viscosity material function of the samples. A gap size of 0.5 mm was chosen
since the upper limit of the shear rate examined in this study is large (100 s −1), which can
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induce edge failure if a larger gap size is used.118 The rheological properties such as storage
and loss modulus were compared with those obtained using a cone and plate geometry in order
to check for data consistency. The obtained results from both geometries were similar within
experimental error (data not shown).
Thixotropic experiments were performed in three intervals/steps using a cone–plate
geometry (diameter 25 mm, angle 4°). The sample was initially subjected to small amplitude
oscillatory shear (SAOS) at a certain frequency (10 Hz) for 5 min within the linear viscoelastic
region (LVE), followed by a large shear rate (200 s−1) for 5 min to break down the structure of
the gel, and finally, the material recovery was monitored over time under SAOS using the same
frequency used in the first interval.119 Interval (1) was performed at 10 Hz oscillatory frequency
and 5% strain (within LVE) for ∼5 min to reach steady state.
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2.3

Results and Discussion

2.3.1 Synthesis of CNC Hydrogels
While conducting preliminary experiments to carbonize CNCs under hydrothermal
conditions, we heated aqueous CNC suspensions in sealed Teflon-lined stainless-steel
autoclaves. Hydrothermal treatments have been used to prepare carbonaceous and other
functional materials, by heating water to mild temperatures (<200 °C) in a sealed, selfpressurizing environment.120,121 Unexpectedly, this hydrothermal treatment resulted in gelation
of the CNC suspension at temperatures above 80 °C. We attribute the gelation to the desulfation
of CNCs, which destabilizes CNCs in suspension, forming a gel (Figure 2.1). Autocatalyzed
desulfation has already been shown to occur spontaneously at ambient conditions and is
accelerated at elevated temperatures ranging between 70 and 100 °C in sealed glass vials. 122
However, the structural or rheological properties of these desulfated suspensions have not yet
been studied.

Figure 2.1. Overall synthetic route to CNC hydrogels. CNC suspensions treated hydrothermally undergo
desulfation, destabilizing them in suspension, causing gelation. Optical photograph (far right) of 2 wt% CNC-H+
suspension treated at 120 °C for 20 h.
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To the best of our knowledge, CNC hydrogels with tunable mechanical properties have
not been demonstrated without the addition of added polymer, solvent, salt, or chemical
functionalization. Here we show that hydrothermal desulfation of CNC suspensions can
produce hydrogels with tunable mechanical properties by varying conditions including
treatment temperature, time, pH, and concentration. We also discuss the changes in CNC
composition and structure following hydrothermal treatment.
Figure 2.2 shows hydrogels obtained from CNCs treated at various temperatures,
concentrations, and time. We focused on further characterizing hydrogels prepared using CNCH+ suspensions (pH 2.3) at a concentration of 4 wt% and heated for 20 h at various
temperatures. These conditions produced gels with a broad range of mechanical properties, as
seen in Figure 2.2A. Thermal treatments performed at elevated temperatures above 120 °C
(150, 180, and 210 °C) for 20 h caused discoloration, attributed to hydrothermal
carbonization.121 Therefore, subsequent thermal treatments were kept at, or below, 120 °C.
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Figure 2.2. Photographs of hydrothermally treated CNC suspensions. (A) Temperature dependence: Hydrogels
of 4 wt% CNC-H+ suspension (pH 2.3) treated at the indicated temperatures (°C) for 20 h. (B) Concentration
dependence: Hydrogels of CNC-H+ suspensions treated at 120 °C for 20 h at the indicated concentrations. (C)
Time dependence: Hydrogels of 4 wt% CNC-H+ suspensions treated at 120 °C for the indicated times. (D) pH
dependence: Hydrogels of 4 wt% CNC-Na+ suspensions (pH 6.9) treated at the indicated temperatures for 20 h,
showing the effect of pH on gelation; a higher temperature is required for gelation of CNC suspensions at higher
pH.
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Figure 2.2B shows CNC-H+ suspensions treated at varying concentrations (1, 2, and 4
wt%) at 120 °C for 20 h. Gel integrity decreased with decreasing concentration. A significant
amount of water was expelled from the hydrogel when the concentration of the treated CNCH+ suspension was 1 wt%. CNCs act as the structural framework within the hydrogel network.
Thus, at lower concentrations there are fewer CNCs supporting the gel structure, causing the
hydrogel to collapse slightly and expel water.
Moreover, the treatment time was varied (1, 2, 4, 8, 20, 48, and 72 h) for 4 wt% CNCH+ suspensions treated at 120 °C and was shown to influence gel integrity, as seen in Figure
2.2C. Excessive treatment time (72 h) caused slight discoloration due to partial hydrothermal
carbonization of CNCs.
Figure 2.2D shows hydrogels using CNC-Na+ suspensions (pH 6.9) at a concentration
of 4 wt% and heated for 20 h at various temperatures. The pH of the initial suspension
influences the critical temperature for gelation. A comparison of Figure 2.2A and D shows
that acidic CNC-H+ suspensions (pH 2.3) begin to gel at ∼80 °C following 20 h of treatment,
whereas neutral CNC-Na+ suspensions (pH 6.9) require higher treatment temperatures, ∼110
°C, before gelation is observed.

2.3.2 Desulfation of Aqueous CNC Suspensions by Hydrothermal Treatment
Elemental analysis (EA) and X-ray photoelectron spectroscopy (XPS) both support the
desulfation of CNC due to hydrothermal treatment. The degree of sulfation decreases
significantly with increased treatment temperature. Table 2.1 shows the relative decrease in
sulfur content after hydrothermal treatment between CNC-H+ suspensions treated at 120 °C
(CNC-120) and nontreated (CNC-NT). Although the amount of sulfur in CNC-120 was below
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the detection limit for elemental analysis, the sulfur content decreases significantly as treatment
temperature increases.

Table 2.1. Elemental analysis (EA) of 4 wt% CNC-H + suspensions treated at various temperatures for 20 h,
showing the weight percentage of sulfur, carbon, and hydrogen in each sample

a

CNC-NT

CNC-60

CNC-80

CNC-100

CNC-120

wt% sulfur

0.61

<0.4a

<0.4a

<0.4a

<0.1b

wt% carbon

41.06

41.73

42.44

41.48

41.61

wt% hydrogen

6.31

6.30

6.52

6.48

6.05

Below the quantification limit.
Below the detection limit.

b

Figure 2.3 shows the sulfur content (atomic %) determined from XPS, confirming a
decrease in the amount of sulfur between CNC-NT and CNC-120, further validating the
desulfation of the CNC surface at elevated temperature via hydrothermal treatment. Therefore,
the degree of sulfation can be tuned by varying the treatment temperature. This hydrothermal
method is advantageous over traditional methods, which require extensive reaction and
purification steps and the addition of reagents with limited control over extent of
desulfation.96,123,124
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Figure 2.3. Atomic percent of sulfur in each sample as determined by X-ray photoelectron spectroscopy. The
samples were prepared by heating 4 wt% CNC-H+ suspensions at various temperatures for 20 h.

The thermal stability of CNC samples treated at various temperatures was measured by
thermogravimetric analysis (TGA). The thermal stability of CNCs is known to increase with
decreasing degree of sulfation,125 and therefore, the higher the thermal stability, the greater the
extent of desulfation. The temperature at which the TGA curve intersects at 80 wt% remaining
was determined for each sample, and is represented as T80% (Figure A.2.1 and Figure A.2.2).
However, there is no clear trend of degradation temperature between samples, suggesting that
the thermal stability is not only dependent on the degree of sulfation but also other factors such
as surface area, crystallinity, and drying conditions.

2.3.3 Characterization of CNC Hydrogel Structure
CNC hydrogels were dried by critical point drying with supercritical CO 2, following
solvent exchange with ethanol, to afford highly porous aerogels. Scanning electron microscopy
(SEM) of CNC aerogels treated at various temperatures shows a highly porous interconnected
cellulosic network, as seen in Figure 2.4.
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Figure 2.4. Scanning electron microscopy (SEM) micrographs of 4 wt% CNC-H+ suspensions treated at different
temperatures for 20 h, (A) 80, (B) 90, (C) 100, and (D) 110 °C, followed by critical point drying with supercritical
CO2. Scale bar represents 1 μm. The inset of (B) shows a photograph of a typical CNC aerogel (CNC-90).

CNC suspensions with varying concentrations of 1, 2, and 4 wt% were treated at 120
°C for 20 h to yield aerogels with densities of 0.026, 0.036, and 0.068 g cm −3, and BET specific
surface areas of 354, 272, and 158 m2 g−1, respectively (Figure 2.5). These experiments clearly
show that we can tune the density and surface area of the final aerogel by varying the initial
concentration of CNC suspension.
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Figure 2.5. SEM micrographs of CNC-H+ suspensions treated at 120 °C for 20 h with varying concentrations of
(A) 1, (B) 2, and (C) 4 wt%, followed by critical point drying with supercritical CO2. Scale bar represents 1 μm.
(D) Typical nitrogen sorption isotherm and inset of BJH pore size distribution of CNC aerogel (4 wt% CNC-120).

Powder X-ray diffraction (PXRD, Figure 2.6) confirmed that the CNCs remain
crystalline within the hydrogels. There appears to be minimal structural change even in the
nanocrystals processed at 120 °C, as the peaks at 15°, 16°, 22°, and 34° 2θ are indicative of
the characteristic crystalline planes of cellulose Iα (1−10), (110), (200), and (004),
respectively.126 The characteristic CNC PXRD pattern supports the notion that it is primarily
the CNC surface charge that results in hydrogel formation, rather than the formation of an
amorphous cellulose network. Thus, the hydrothermal treatment can controllably and
selectively catalyze the hydrolysis of negatively charged sulfate half-esters on the surface of
the nanocrystals without causing significant degradation of the CNCs themselves.
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Figure 2.6. Powder X-ray diffraction patterns of CNCs for (a) untreated CNCs (CNC-NT), (b) CNC suspension
treated at 120 °C for 20 h (CNC-120), and (c) CNC suspension treated at 180 °C for 20 h (CNC-180).

2.3.4 Rheological Properties of CNC Hydrogels
The rheological properties of CNC hydrogels were investigated using a stresscontrolled rotational rheometer equipped with a parallel plate or a cone-and-plate geometry.
Dynamic frequency sweeps and continuous shear ramps were performed in order to examine
the rheological properties of CNC hydrogels treated at various temperatures. Figure 2.7
depicts the viscoelastic moduli of CNC hydrogels prepared from 4 wt% suspensions
(CNC−H+) treated at various temperatures from 60 to 90 °C. Figure 2.7 shows that CNC
hydrogels treated at temperatures greater than 80 °C exhibit gel-like characteristics, since the
storage modulus (G′) is greater than the loss modulus (G″) and both of these properties (G′ and
G″) are independent of frequency. However, only CNC-80 and CNC-90 exhibited G′ > G″ over
the entire frequency range tested, suggesting that these hydrogels form robust threedimensional networks. The transition from liquid-like to gel-like behavior seems to occur at a
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temperature between 70 and 80 °C for 4 wt% suspensions, which is in agreement with inversion
test results in Figure 2.2A.

Figure 2.7. Frequency sweep of 4 wt% CNC-H+ suspensions treated at various temperatures for 20 h. CNC-NT
(black ▲), CNC-60 (red ■), CNC-70 (green ●), CNC-80 (blue ◆), and CNC-90 (magenta ▼). Storage modulus
(G′, closed symbol) and loss modulus (G″, open symbol) as a function of angular frequency measured at a strain
of 5%. Error bars correspond to average standard deviation, n = 5.

Figure 2.8 shows the viscosity of 4 wt% CNC-H+ suspensions treated at various
temperatures as a function of shear rate. As the shear rate increases, the viscosity decreases for
all samples, demonstrating that these hydrogels are shear thinning. Thus, they can be delivered
through syringe injection, making them applicable for biological applications including
localized drug delivery, 3D printing, and tissue engineering. The viscosity can be tuned by
varying the treatment temperature resulting in materials with a range of viscosities. Control
over the final viscoelastic properties of these materials provides flexibility to leverage specific
material characteristics for particular material requirements.
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Figure 2.8. Continuous shear ramp of CNC hydrogels using rotational rheology. The viscosity as a function of
shear rate is plotted for CNC hydrogels treated at various temperatures. CNC-NT (black ▲), CNC-60 (red ■),
CNC-70 (green ●), and CNC-80 (blue ◆). Error bars correspond to average standard deviation, n = 5.

Figure 2.9 shows the thixotropic recovery of CNC hydrogels after continuously
shearing the sample for 5 min (break in horizontal axis from 5 to 10 min in the graphs of Figure
2.9). The recovery of the storage modulus (G′) and loss modulus (G″) was monitored after
cessation of destructive shear (breakdown of structure) until a plateau was reached. Each
hydrogel sample readily recovers its viscoelastic properties as both G′ and G″ gradually
increase over time. The gelation time, tG, is described as the time at which G′ begins to exceed
G″ and occurs <5 s after cessation of destructive shear for all samples. Since the gelation time
is short, the contribution of motor inertia to the gelation time may not be neglected. Figure
2.9A and B show no thixotropic behavior, as these fluids are simply viscoelastic ones (below
gelation as shown in Figure 2.7). However, Figure 2.9C and D show a gradual plateau
recovery of the G′ and G″ over the course of several minutes which implies strong thixotropic
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behavior and recovery. The recovery time decreases as the treatment temperature increases
from 80 to 90 °C (Figure 2.9C and D), suggesting a stronger network formation and faster
recovery due to a greater degree of desulfation and fewer repulsive interactions. In some
instances, the hydrogels recover to a greater or lower stiffness than observed initially,
suggesting that the hydrogels undergo restructuring during continuous shear and can recover
to form a more or less robust gel after structural breakdown caused by shear (Figure 2.9C).

Figure 2.9. Thixotropic investigation of CNC samples treated at different temperatures. (A) CNC-60, (B) CNC70, (C) CNC-80, and (D) CNC-90 hydrogel recovery over time after continuous shear that causes a breakdown
of the structure of the hydrogel network. The storage modulus (G′, closed symbol) and loss modulus (G″, open
symbol) gradually increase demonstrating thixotropic recovery of these hydrogel networks. The various colors
show repeats of the same test.
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2.4

Conclusions
We have shown that CNC hydrogels can be prepared through a straightforward

hydrothermal treatment of aqueous suspensions of CNCs at elevated temperatures. Desulfation
of the CNC surface occurs during hydrothermal treatment, resulting in a destabilization of
CNCs in suspension. The loss of negatively charged sulfate groups from the surface disrupts
the electrostatic repulsion between CNCs, causing gelation. Using this approach, we can
prepare CNC hydrogels with a range of mechanical properties, including hydrogels that exhibit
thixotropic recovery and shear thinning characteristics. CNC hydrogels prepared in this
manner could be leveraged for biological applications, since no added salts or other solvents
are required, they are syringe injectable, and they are able to recover their mechanical
properties. We can dry these hydrogels to produce highly porous, low density, self-supporting
aerogel networks as a support for different applications.
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CO2-Switchable Cellulose Nanocrystal Hydrogels
3.1

Introduction
Hydrogels are three-dimensional hydrophilic networks that swell when hydrated and

can hold up to 40 times more water compared to their dry weight. 5–7 The physical, chemical,
and biological properties of hydrogels can be tuned to make them suitable for a wide variety
of biomedical applications, including tissue scaffolds, drug-delivery vehicles, and contact
lenses.6,81,127,128 Hydrogels that can change their dimensions and properties in response to
stimuli are attractive as carriers for controlled drug release, scaffolds for tissue engineering,
and actuators.129–132 Recently, Kim et al. created a hydrogel actuator with a layered structure
consisting of cofacially oriented electrolyte nanosheets [unilamellar titanate-(IV)] embedded
in an electrostatically anisotropic hydrogel matrix [poly-(N-isopropylacrylamide)] that can
undergo thermoresponsive deformation enabled by a permittivity switch. 133,134 Other
hydrogels that can respond to temperature,135–137 pH,138–140 light,141–143 ionic strength,144–146
concentration of specific biomolecules,147–149 electric fields,150,151 and magnetic fields152,153
have also been explored.129
Cellulose is the most abundant natural and renewable organic biopolymer produced on
earth, present in plants, tunicates, algae, fungi, and bacteria.154–156 Cellulose nanocrystals
(CNCs) can be obtained by the acid hydrolysis of cellulose fibers with concentrated sulfuric
acid, yielding highly crystalline (54–88%) rod-like nanoparticles with widths of 5–70 nm, and
lengths of 100–500 nm depending on the cellulose source.50,64,73,94,157 In recent years, there has
been enormous interest in using CNCs in a wide range of applications owing to its
renewability, biocompatibility, and its physicochemical properties such as low density, high
specific surface area, liquid crystallinity, and high mechanical strength. 48,50,93,95,98,158–161
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Hydrogels incorporating CNCs have a number of advantageous properties including
biocompatibility, renewability, and high mechanical strength that make them suitable for a
range of promising applications including coatings, wound dressings, tissue engineering
scaffolds, and drug delivery systems.64 There are many ways in which these hydrogels have
been constructed. For example, Ureña-Benavides et al. made CNC-only hydrogels by
increasing the concentration of aqueous dispersions of sulfonated CNCs. 39 Gonzales et al.
prepared physically entrapped nanocomposite hydrogels using poly-(vinyl alcohol) and CNCs
for wound dressing applications.162 Also, Yang et al. reported tough, stretchable, and isotropic
nanocomposite hydrogels, where CNCs are encapsulated by flexible polymer chains of poly(N,N-dimethylacrylamide), examples of chemically entrapped CNC hydrogels. 163 Other
examples of hydrogels incorporating CNCs have been reported. 70,164–166
Sulfate half-ester groups are functionalized onto the surface of CNCs during sulfuric
acid catalyzed hydrolysis of cellulose pulp. These sulfate groups give CNCs an overall
negative charge and render them dispersible in water, because of electrostatic repulsion. 167,168
Destabilizing CNCs, either through a decrease in surface charge or an increase in ionic
strength, can cause attractive interactions (e.g. van der Waals forces and hydrogen bonding) to
dominate, resulting in hydrogel formation.112,113 We have shown previously, in Chapter 2,
that decreasing the surface charge by hydrothermal desulfation decreases the electrostatic
repulsion and results in gelation.81 Shafiei-Sabet et al. and Chau et al. showed that increasing
the ionic strength of a CNC suspension by addition of salt decreases the Debye length, causing
aggregation of the CNCs and hydrogel formation.79,112 Furthermore, even a simple increase in
the CNC concentration or sonication of the suspensions might result in gelation. 76,77,79,113
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Previous studies on CNC hydrogels have explored the reversibility of the gelation
process; for example, Kan et al. reported poly-(4-vinylpyridine)-grafted CNCs that show pHresponsive flocculation and sedimentation.169 Also, Way et al. showed that functionalization
of CNCs with carboxylic acid or amine yields pH-responsive CNC suspensions. 170 However,
the repeated switching using acids and bases results in the accumulation of salt over several
cycles, which leads to an increase of the ionic strength and influences the dispersibility of
CNCs in suspension, and further purification is necessary to remove the accumulated salt. 171,172
Carbon dioxide (CO2) is a naturally abundant, biocompatible, and inexpensive gas that
can react with amines to form ammonium bicarbonate salts. Removal of CO 2 can be achieved
by simply heating, sonicating, or sparging the solution with an inert gas such as N 2 or Ar.172
Mercer et al. reported that the ionic strength of an aqueous amine-containing solution can
significantly increase with the addition of CO2 because of the formation of carbonic acid,
which protonates the amine and leads to charged hydrogen carbonate and ammonium salts.
Heating or sparging the solution with N2 or air reverses the reaction, removing CO2 and
decreasing the ionic strength.173 CO2-switchable amine-containing ABA triblock copolymer
hydrogels have been investigated by Han et al.174 Robert et al. demonstrated the use of
nitrogen-containing polymers as CO2-switchable water treatment additives that were able to
settle out fine particulates such as kaolinites and montmorillonite clays. 175 Furthermore, Wang
et al. demonstrated the CO2-responsive gelation of CNC suspensions by functionalizing CNCs
with terminal imidazole groups.171 However, these approaches typically require chemical
functionalization to achieve CO2-responsive gelation.
Su et al. demonstrated the reversible aggregation and dispersion of dodecane/water
emulsions and polystyrene latexes using a “switchable water” system, with the simple addition
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of N,N-dimethylethanolamine, that undergoes a CO2-triggered change in ionic strength.176
However, the system was not designed to gel.
In this chapter, we report the CO2-switchable gelation of CNC suspensions containing
imidazole without the need for any covalent functionalization. The gelation process can be
reversed by the removal of CO2 by sparging the gel with N2. The CO2-triggered gelation is
attributed to an increase in ionic strength due to the protonation of imidazole and the formation
of bicarbonate in solution. This significant increase in ionic strength results in the
destabilization of CNCs in suspension, forming a gel. Rheology, zeta potential, pH, and
conductivity measurements were used to investigate the gelation process and the properties of
the stimuli-responsive hydrogels.
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3.2

Experimental

3.2.1 Materials
All compounds were used as received without any further purification. Imidazole was
obtained from Acros. The ultrapure aqueous suspension of cellulose nanocrystals (CNCs) was
provided by FPInnovations in acidic form (CNC-H+, 4 wt%, pH 2.3) and was prepared by a
previously reported method.177 In brief, spray-dried CNCs were mechanically stirred overnight
in deionized water at a concentration of 2 wt%. An ultrasonicator Vibra-Cell VC 750 (Sonics
& Materials Inc.) instrument was used to sonicate the CNC suspension in 3 L batches for 30
min at 70% power, which corresponds to an average energy input of ∼9000 J g−1 of CNC. The
suspension was then filtered through grade 4 Whatman filter paper, followed by grade 42
Whatman filter paper, and then dialyzed overnight against deionized water. The desired
concentration was adjusted using a rotary evaporator, and an ion-exchange resin (Dowex
Marathon C hydrogel form, 23–27 mesh particle size, Sigma-Aldrich) was used to adjust the
pH and conductivity of the ultrapure CNC aqueous suspension to the acidic form (CNC-H +,
pH 2.3) followed by filtration. CNC suspensions were stored at 4 °C until further use. The
typical dimensions of CNC spindles were determined by transmission electron microscopy to
be 384 ± 89 nm by 14 ± 4 nm (Figure A.3.1). Elemental analysis (EA) of 4 wt% CNC-H+ was
performed at the UBC Mass Spectrometry and Microanalytical Laboratory on a Fisons
Instruments elemental analyzer EA 1108 using flash combustion. The sulfur, hydrogen, and
carbon elemental compositions were found to be 0.77 wt% sulfur, 5.97 wt% hydrogen, and
41.01 wt% carbon.
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3.2.2 Preparation of Reversible CNC Hydrogels
An imidazole solution (0.1 M) was added to an aqueous suspension of CNC-H + (4
wt%, 4.5 mL) and sparged with CO2 for 5 min. The amount of imidazole was varied from 0.5
to 2 mL of the 0.1 M imidazole solution (1:9, 1:4.5, 1:3, and 1:2.25 imidazole to CNC-H +
volume ratio). Samples were stored in sealed glass vials until further characterization was
performed. To reverse the gelation, the hydrogels were sparged with N 2 for 45 min and stored
in sealed glass vials. No sonication, vortex, magnetic stirring, or filtration was applied to
samples during the CO2 and N2 sparging processes or prior to any measurements.

3.2.3 Rheology
Rheological measurements were performed by a stress-controlled rotational rheometer
(Anton Paar MCR501) in strain-controlled or oscillatory mode using a cone–plate geometry
(diameter 25 mm, angle 4°). All measurements were performed at 25 °C, and the sample
periphery was covered with a thin film of low-viscosity mineral oil to prevent evaporation of
water during the experiments. The viscoelastic moduli (storage modulus G′ and the loss
modulus G″) were determined by frequency sweep experiments from 0.1 to 100 rad s −1 within
the linear viscoelastic region (5% strain amplitude). Continuous shear ramps were performed
using shear rates from 0.01 to 100 s–1 to measure the viscosity of the sample.

3.2.4 Zeta Potential Measurements
The zeta potential, ζ, of the samples was measured at room temperature on a Malvern
NanoZS particle size analyzer (Malvern Instruments Ltd., Malvern). A suspension of
imidazole (0.1 M), CNC-H+ (4 wt%), and water in a 1:3:1600 volume ratio and a suspension
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of CNC-H+ (4 wt%) and water in a 1:400 volume ratio were measured. Each measurement was
performed in triplicate.

3.2.5 Conductivity and pH Measurements
Conductivity and pH measurements were performed using an Omega PHH-7200
microprocessor-based waterproof pH/conductivity/temperature tester. We measured three
samples: a suspension of imidazole (0.1 M), CNC-H+ (4 wt%), and water in a 1:3:12 volume
ratio; a solution containing imidazole (0.1 M) and water in a 1:15 volume ratio; and a
suspension of CNC-H+ (4 wt%) and water in a 3:13 volume ratio. CO2 was sparged through
the samples for 5 min followed by sparging of N 2 for 45 min, and the conductivity was recorded
simultaneously. The sparging was cycled 5 times for each sample.
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3.3

Results and Discussion

3.3.1 Ionic Strength Increase
Herein, we report a CO2-switchable CNC hydrogel. This responsive hydrogel was
produced by mixing imidazole in an aqueous suspension of cellulose nanocrystals (CNCs).
Figure 3.1 shows the CO2-switchable aggregation and redispersion mechanisms of these
imidazole-containing CNC suspensions. The CNCs have an overall negative charge due to
sulfate half-ester groups on their surface, which causes electrostatic repulsion and renders them
dispersible in water. Sparging the suspension with CO 2 leads to a reaction between water and
CO2 to form carbonic acid (Scheme 3.1), resulting in a decrease of the pH of the solution. As
the pH decreases, the proportion of protonated imidazole (pKaH 6.95) increases, and charged
hydrogen carbonate and imidazolium salts are formed (Scheme 3.2). The formation of these
charged species causes an increase in the ionic strength, screens the negative surface charge
on CNCs, and reduces the electrostatic repulsion between CNCs. The increase in ionic strength
causes a decrease in the Debye length, which is a measure of the electrostatic repulsion distance
between two particles. CNCs with a shorter Debye length can come closer together whereby
hydrogen bonding and van der Waals interactions might dominate, causing aggregation and
ultimately gelation. The protonation of the imidazole was investigated by

1

H NMR

spectroscopy (Figure A.3.2). A downfield shift of the peaks assigned to the hydrogen atoms
of imidazole occurs when CO2 is sparged through a diluted imidazole solution (Ha, 7.11–7.35
ppm; Hb, 7.75–8.40 ppm) because the protonation of imidazole leads to a deshielding of the
hydrogen nucleus.
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Figure 3.1. Reversible aggregation and redispersion of the CO2-switchable CNC suspensions containing
imidazole in the presence and absence of CO2.

Scheme 3.1. Reaction of CO2 with water to give carbonic acid.

H2CO3 +

N
N
H

NH
N
H

HCO3

Scheme 3.2. Reaction of imidazole with carbonic acid to give imidazolium hydrogen carbonate.
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Both reactions in Scheme 3.1 and Scheme 3.2 are reversible. Thus, sparging the
hydrogel with N2 reverses the carbonic acid reaction, expelling CO2 and increasing the pH of
the solution. As the pH increases, a proportion of the imidazolium ion is deprotonated, and the
ionic strength decreases, causing CNCs to redisperse and form a stable colloidal suspension.
Again, a shift of the hydrogen peaks can be observed in the 1H NMR spectrum (Figure A.3.2)
when imidazolium is sparged with N2. Sparging the solution with N2 results in an upfield shift
of the peaks (Ha, 7.35–7.19 ppm; Hb, 8.40–7.96 ppm), due to the deprotonation of the
imidazolium and therefore an increase in the shielding of the hydrogen nucleus.
Figure 3.2 shows the CO2-switchable behavior of our CNC hydrogels. A suspension
containing imidazole and CNCs was sparged with CO 2 for 5 min and allowed to stand for 1 h,
forming a hydrogel. The gelation could be reversed by sparging with N 2 for 45 min, forming
a fluid suspension. The gelation and redispersion of imidazole-containing CNC suspensions
using CO2 and N2 was repeated five times. Although the focus of this work is on imidazolecontaining CNC-H+ suspensions, we observed similar gelation behavior for imidazolecontaining CNC-Na+ suspensions (Figure A.3.3).

Figure 3.2. Photograph showing the CO2-switchability of the CNC hydrogel [4.5 mL of CNC-H + (4 wt%) and
1.5 mL of 0.1 M imidazole] after alternate CO2 and N2 sparging for 5 and 45 min, respectively. Samples were
prepared in parallel and cycled individually, with slight volume differences due to solvent loss during cycling.
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3.3.2 pH of CNC Hydrogels
To better understand the mechanism of the hydrogel formation, we measured the
change in pH and conductivity of the CNC hydrogels while sparging with CO 2 and N2. Figure
3.3A shows a plot of pH as a function of time while sparging CO 2 (5 min), N2 (45 min), and
again with CO2 (5 min) through suspensions containing CNC-H+, water, and imidazole at
different concentrations. Figure 3.3B shows the change in conductivity over five cycles of
alternating sparging of the suspension with CO 2 and N2. As a control experiment, we examined
the effect of CO2 on dilute CNC-H+ suspensions in the absence of imidazole. The diluted CNCH+ suspension has a pH of ∼3, which is considerably lower than the pH of pure distilled water
(pH ~7), because of the proton counterions of the sulfate half-ester groups on the CNC surface.

Figure 3.3. pH measurements of switchable CNC hydrogel (▲ 0.1 M imidazole + 4 wt% CNC-H + + water, 1:3:12
v/v/v), diluted CNC-H+ (■ 4 wt% CNC-H+ + water, 3:13 v/v), and diluted imidazole (● 0.1 M imidazole + water,
1:15 v/v). (A) The pH is plotted as a function of time while alternate CO2 (red) and N2 (blue) sparging for 5 or
45 min, respectively. (B) The pH is plotted as a function of alternating CO2 (red) and N2 (blue) sparging cycles.
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As shown in Figure 3.3A, sparging a suspension of imidazole (0.1 M), CNC-H+ (4
wt%), and water in a 1:3:12 volume ratio with CO 2 for 5 min results in a pH decrease from
7.86 down to 5.3, and therefore below the pKaH of imidazole (pKaH = 6.95). Subsequent
sparging of the gel with N2 for 45 min increases the pH up to 7.46 (above 6.95), consistent
with the removal of CO2. Figure 3.3B shows that the pH of this imidazole-containing CNC
suspension changes repeatedly between ∼5.3 (below pKaH of imidazole) and ∼7.4 (above pKaH
of imidazole), over five cycles of sparging the suspension with CO 2 and N2, demonstrating that
the reaction to form carbonic acid in the aqueous CNC/imidazole mixture is reversible. The
imidazole to CNC volume ratios were determined empirically after testing various volume
ratios for CO2/N2 switchability (see Experimental 3.2.2). We found that a 1:3 imidazole (0.1
M) to CNC (4 wt%) volume ratio gave consistent CO 2/N2 switchable mixtures.
In contrast, sparging a suspension of CNC-H+ (4 wt%) and water (3:13 v/v) with CO2
or N2 does not show any change in pH, as shown in Figure 3.3A. Furthermore, over the course
of five cycles of sparging the imidazole-free CNC suspension with CO2 (5 min) and N2 (45
min), the pH does not change significantly, as seen in Figure 3.3B. The pH only shows a slight
decrease, which we attribute mostly to water evaporation that leads to a slight increase in the
concentration of the acidic CNCs.
Figure 3.3A shows that sparging a solution of imidazole (0.1 M) and water in a volume
ratio of 1:15 v/v with CO2 for 5 min decreases the pH from 9 down to 5.36. Sparging the
solution with N2 for 45 min subsequently raises the pH up to 7.66, which is slightly lower than
the starting value. This difference in pH after CO2/N2 cycling could be due to water evaporation
that results in a slight increase in the imidazole concentration, as well as to the presence of
unconverted imidazolium species in solution even after N2 sparging. Imidazole-containing
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CNC suspensions show a change in pH whilst sparging with CO2 and N2, while CNC
suspensions without imidazole do not show a change in pH. Therefore, the protonation of
imidazole during sparging of the suspension with CO2 is implicated in the observed gelation
of imidazole-containing CNC suspensions.
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3.3.3 Conductivity of CNC Hydrogels
The conductivity of a solution is dependent on ionic strength. 178 We carried out
conductivity studies of the imidazole/CNC mixtures to examine the change in ionic strength
during cycling between N2 and CO2. Although the ionic strength of a solution can be
determined from the specific conductance of the solution, we did not quantify this, as the
surface charges on the CNCs are difficult to account for.
Figure 3.4A shows the change of conductivity as a function of time while sparging
different suspensions containing CNC-H+, water, and imidazole with CO2 (5 min), N2 (45
min), and again with CO2 (5 min). Figure 3.4B shows the change in conductivity over the
course of sparging these same suspensions with alternating CO 2 and N2.

Figure 3.4. Conductivity measurements of switchable CNC hydrogel (▲ 0.1 M imidazole + 4 wt% CNC-H + +
water, 1:3:12 v/v/v), diluted CNC-H+ (■ 4 wt% CNC-H+ + water, 3:13 v/v), and diluted imidazole (● 0.1 M
imidazole + water, 1:15 v/v). (A) The conductivity is plotted as a function of time while alternate CO 2 (red) and
N2 (blue) sparging for 5 or 45 min, respectively. (B) The conductivity is plotted as a function of alternate CO2
(red) and N2 (blue) sparging cycles.
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As shown in Figure 3.4A, a suspension of imidazole (0.1 M), CNC-H+ (4 wt%), and
water in a volume ratio of 1:3:12 v/v/v shows an increase in the conductivity from 5 up to 340
μS cm−1 upon sparging the suspension with CO2 for 5 min. Subsequent sparging of the
suspension with N2 for 45 min resulted in a decrease in conductivity to 40 μS cm−1. Figure
3.4B shows the changes in conductivity of this imidazole-containing CNC suspension as it is
repeatedly sparged, alternating between CO2 and N2. The conductivity typically alternates
between 340–380 μS cm−1 (high ionic strength) and 5–56 μS cm−1 (low ionic strength) during
the sparging cycles, whereby the conductivity is slightly increasing possibly due to water
evaporation and the presence of unconverted imidazolium species remaining in solution even
after N2 sparging.
In contrast, sparging a suspension of CNC-H+ (4 wt%) and water (3:13 v/v) with CO2
or N2 shows almost no change in conductivity, as seen in Figure 3.4A,B. The dilute CNC-H+
suspension has a conductivity of 310 μS cm−1, which is considerably higher than the
conductivity of pure distilled water (about 5 μS cm−1) because of the charged sulfate groups
on CNC particles and their counterions. However, over the course of five sparging cycles with
CO2 (5 min) and N2 (45 min), the conductivity increases, possibly due to water evaporation,
the solubility of CO2, and the increase in CNC concentration.
Figure 3.4A shows that sparging a suspension of imidazole (0.1 M) and water in a
volume ratio of 1:15 v/v with CO2 for 5 min increases the conductivity from 0 up to 440 μS
cm−1. Sparging with N2 for 45 min drops the conductivity down to 24 μS cm −1, which is slightly
higher than the starting value, possibly due to water evaporation, and the presence of
unconverted imidazolium species remaining in solution even after N 2 sparging.
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The conductivity measurements indicate that the reaction of imidazole, not CNCs,
generates ions when the suspension is sparged with CO 2. The formation of these ions,
consistent with Scheme 3.2, increases the ionic strength of the suspension and, consequently,
the conductance of the suspension.
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3.3.4 Zeta Potential Measurements of CNC Hydrogels
The zeta potential, ζ, of CNCs after alternating CO2 and N2 sparging cycles were
investigated and are shown in Figure 3.5.

Figure 3.5. Zeta potential of switchable CNC hydrogel (▲ 0.1 M imidazole + 4 wt% CNC-H+ + water, 1:3:1600
v/v/v) and diluted CNC-H+ (■ 4 wt% CNC-H+ + water, 1:400 v/v). The ζ potential is plotted as a function of
alternate CO2 (red) and N2 (blue) sparging cycles. Error bars correspond to average standard deviation, n = 3.

Figure 3.5 shows that the ζ potential of an imidazole-containing CNC suspension (0.1
M imidazole with 4 wt% CNC-H+ diluted 400 times) shows reversible CO2-switchable
behavior. Sparging the suspension with CO2 for 5 min increases the ζ potential from −56 to
−32 mV because of the formation of imidazolium bicarbonate salts, in agreement with the
conductometric measurements. Subsequent sparging of the suspension with N 2 for 45 min
decreases the ζ potential back to −52 mV. Figure 3.5 demonstrates the oscillation of the ζ
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potential over three cycles. The ζ potential increases with each N 2 sparging possibly due to
water evaporation and the increase in the CNC concentration.
In comparison, a CNC-H+ (4 wt%) suspension diluted 400 times with water shows only
a small ζ potential change between −28 and −32 mV, as seen in Figure 3.5. This may be caused
by the dissolution of CO2 in water to form carbonic acid, which slightly impacts the CNC
surface charge.
The ζ potential, conductivity, and pH measurements all support the reaction mechanism
shown in Figure 3.1. Sparging the suspension with CO2 leads to the formation of carbonic
acid which can be seen in Figure 3.3A as the pH of the suspension increases. When the pH
drops below the pKaH of imidazole (pKaH = 6.95), a larger proportion of the imidazole is
protonated. Because of the formation of these charged hydrogen carbonate and imidazolium
salts, the conductivity (Figure 3.4A) and ζ potential (Figure 3.5) increase. The higher ionic
strength screens the negative surface charge on CNCs, reduces their electrostatic repulsion,
and causes aggregation and ultimately gelation. Sparging the hydrogel with N 2 reverses the
carbonic acid reaction, expelling CO2 whereby the pH of the suspension increases as seen in
Figure 3.3A. A greater proportion of the imidazolium ion is deprotonated when the pH is
higher than the pKaH of imidazole and can be seen in the decreasing conductivity and
decreasing ζ potential (Figure 3.4A and Figure 3.5). Decreasing ionic strength allows the
CNCs to redisperse and form a stable colloidal suspension.
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3.3.5 Rheological Properties of CNC Hydrogels
We investigated the mechanical properties of the CNC/imidazole hydrogels using
rheology. Dynamic frequency sweeps were performed to examine the viscoelastic moduli,
storage modulus (G′), loss modulus (G″), and complex modulus (|G*|). In addition, continuous
shear ramps were performed to examine the viscosity of the CNC hydrogels.
Figure 3.6 shows that, prior to sparging with CO2, imidazole-containing CNC
suspensions (0.1 M imidazole + 4 wt% CNC-H+, 1:3 v/v) show liquid-like behavior (G″ > G′
at low frequencies). However, after sparging imidazole-containing CNC suspensions with CO 2
for 5 min, the storage modulus (G′) is greater than the loss modulus (G″), and both properties
(G′ and G″) are independent of frequency, which is characteristic of a gel-like (soft solid)
material.

Figure 3.6. Frequency sweep of CO2-switchable CNC hydrogels (0.1 M imidazole + 4 wt% CNC-H+, 1:3 v/v)
before sparging with CO2 (black ■), after sparging with CO2 for 5 min (red ▲), and after sparging with N2 for 45
min (blue ●). Storage modulus (G′, closed symbol) and loss modulus (G″, open symbol). As the storage modulus
(closed symbols) could only be measured for the gel (red), G′ is not shown for the other samples.

61

In addition, after sparging the treated hydrogel with N2 for 45 min, we were able to
recover the liquid-like properties of the mixture. For these liquid-like samples, the storage
modulus (G′) was below the detection limit, and significant instrument noise was observed for
the loss modulus (G ) when the angular frequency was less than 1 rad s−1 (data not shown in
Figure 3.6).
Figure 3.7 shows the change in the complex modulus (|G*|) at an angular frequency
(ω) of 25.12 rad s−1, for imidazole-containing CNC suspensions (0.1 M imidazole + 4 wt%
CNC-H+, 1:3 v/v) following 5 min of CO2 and 45 min of N2 sparging, cycled five times.
Sparging the imidazole-containing CNC suspension for 5 min with CO 2 raises the complex
modulus from 1.2 to 34.1 Pa while subsequent N2 sparging drops the complex modulus back
down to 1.3 Pa. This change in modulus represents the reversible gelation process and the
increasing stiffness of the hydrogel upon the addition of CO 2. However, the complex modulus
tends to increase after multiple cycles, likely because of the evaporation of the water
concentrating the hydrogel network, as seen in Figure 3.7. There may be other phenomena
responsible for this trend, such as incomplete redispersion of the CNCs, and the presence of
unconverted imidazolium species remaining in solution even after N 2 sparging cycles.
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Figure 3.7. Frequency sweep cycling of CO2-switchable CNC hydrogels (0.1 M imidazole + 4 wt% CNC-H+,
1:3 v/v) after alternate CO2 (red) and N2 (blue) sparging. The change in complex modulus, |G*| (black ▲), is
shown over several CO2 and N2 sparging cycles. Angular frequency, ω = 25.12 rad s−1.

Figure 3.8 shows the viscosity of CNC hydrogels (0.1 M imidazole + 4 wt% CNC-H +,
1:3 v/v) as a function of shear rate, before CO2 treatment, after 5 min of CO2 sparging, and
after 5 min of CO2 followed by 45 min of N2 sparging. As the shear rate increases, the viscosity
decreases for all samples, demonstrating the hydrogels are shear thinning. Figure 3.8 depicts
the CO2-switchable behavior of our CNC hydrogels, since the viscosity for the CO 2 treated
hydrogel is higher than the untreated imidazole-containing CNC suspension. Sparging the gel
with N2 causes the viscosity to decrease, but it remains slightly higher than before treatment.
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Figure 3.8. Continuous shear ramp of CO2-switchable CNC hydrogels (0.1 M imidazole + 4 wt% CNC-H+, 1:3
v/v) showing the viscosity (η) for imidazole-containing CNC suspensions before CO2 treatment (black ■), after
5 min of CO2 sparging (red ▲), and after 5 min of CO2 followed by 45 min of N2 sparging (blue ●).

Figure 3.9 shows the cycled switching in the viscosity of the imidazole-containing
CNC hydrogel (0.1 M imidazole + 4 wt% CNC-H+, 1:3 v/v) by sparging with CO2 and N2 over
five cycles at a shear rate of 10 s–1. CO2 treatment increases the viscosity of the imidazolecontaining CNC suspensions by ∼0.5 Pa s each cycle, while N2 sparging significantly reduces
the viscosity by at least 0.4 Pa s. Figure 3.9 shows that the viscosity of the hydrogel increases
over time after repeated CO2 and N2 sparging cycles, likely due to evaporation of water, a
change in the aggregation state of CNCs, and the presence of unconverted imidazolium species
remaining in solution even after N2 sparging cycles.
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Figure 3.9. Continuous shear ramp cycling of CO2-switchable CNC hydrogels (0.1 M imidazole + 4 wt% CNCH+, 1:3 v/v) after alternate CO2 (red) and N2 (blue) sparging. The change in viscosity, η (black ■), is shown over
several CO2 and N2 sparging cycles. Shear rate = 10 s–1.
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3.3.6 Imidazole Concentration
The influence of the imidazole concentration was investigated by preparing four
hydrogels with varying volumes of 0.1 M imidazole solution, varying from 0.5 to 2 mL (Table
3.1). The time needed for gelation and the rheological properties of the hydrogels were
investigated.

Table 3.1. Hydrogels with different imidazole concentration, the imidazole to CNC-H+ volume ratio, and the
corresponding gelation times

4 wt%

0.1 M

Imidazole to CNC-H+

Gelation time after

CNC-H+

imidazole

volume ratio

sparging for 5 min with
CO2

a

4.5 mL

0.5 mL

1:9

no gel observed

b

4.5 mL

1.0 mL

1:4.5

no gel observed

c

4.5 mL

1.5 mL

1:3

gel after 1 h

d

4.5 mL

2.0 mL

1:2.25

gel after 30 min

Table 3.1 shows the different gelation times observed as the imidazole concentration
in the CNC suspensions was varied. Faster gelation times were observed for higher imidazole
concentrations. The mixtures with 1:9 and 1:4.5 imidazole (0.1 M) to CNC-H + (4 wt%) volume
ratios do not form gels. The sample with a 1:3 imidazole to CNC-H + volume ratio forms a gel
after 1 h, while the sample with 1:2.25 imidazole to CNC-H+ volume ratio forms a hydrogel
after 30 min. This gelation behavior can be explained by the higher ionic strength produced
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after sparging concentrated imidazole suspensions with CO 2. A higher ionic strength leads to
a higher shielding of the surface charge and therefore enables faster aggregation of CNCs.
Figure 3.10 shows photographs of imidazole-containing CNC suspensions that were
sparged with CO2 for 5 min and aged for 24 h. As shown, the two suspensions with a low
imidazole concentration (1:9 and 1:4.5, 0.1 M imidazole to 4 wt% CNC-H + volume ratio) do
not form a gel even after 24 h.

Figure 3.10. Photograph showing the CO2-switchable CNC hydrogels with different imidazole to CNC-H+
volume ratios after 5 min of CO2 sparging followed by aging for 24 h: (a) 1:9, (b) 1:4.5, (c) 1:3, and (d) 1:2.25
imidazole (0.1 M) to CNC-H+ (4 wt%) volume ratios.

Figure 3.11 shows the viscoelastic moduli, storage modulus G′ and loss modulus G″,
of the hydrogels with varying imidazole concentrations. Figure 3.11 clearly shows that the
hydrogels with a higher imidazole concentration (1:2.25 and 1:3, 0.1 M imidazole to 4 wt%
CNC-H+ volume ratio) have gel-like characteristics, since the storage modulus is greater than
the loss modulus (G′ > G″), and both are independent of the angular frequency. Furthermore,
the larger storage modulus of the hydrogel with 1:2.25 imidazole to CNC-H + volume ratio
implies that this hydrogel is stronger compared to the hydrogel with 1:3 imidazole to CNC-H +
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volume ratio. The sample with 1:4.5 imidazole to CNC-H + volume ratio does not show gellike behavior. The loss modulus (G″) and the storage modulus (G′) overlap over an extended
range of angular frequency, and the slope of both (G′ and G″) is 0.5. This behavior is
characteristic of the gelation point of a material.179 The samples with imidazole to CNC-H+
volume ratios below 1:4.5 show liquid-like behavior, as seen in Figure 3.11. For the 1:9
imidazole to CNC-H+ volume ratio sample, the storage modulus (G′) is below the detection
limit for the instrument and is therefore smaller than the loss modulus (G″), which implies
liquid-like behavior. Furthermore, no reliable data for G′ and G″ could be measured for liquidlike samples when the angular frequency was below 1 rad s−1.

Figure 3.11. Frequency sweep of switchable CNC hydrogels with different imidazole to CNC-H + volume ratios
after 5 min of CO2 sparging: 1:9 (black ■), 1:4.5 (blue ●), 1:3 (red ▲), and 1:2.25 (yellow ▼) imidazole (0.1 M)
to CNC-H+ (4 wt%) volume ratios. Storage modulus (G′, closed symbol) and loss modulus (G″, open symbol) as
a function of angular frequency measured at a strain of 5%. Some curves are not shown as the data were below
the detection limit of the instrument.
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Figure 3.12 shows the viscosity of the CNC hydrogels with varying imidazole
concentrations as a function of shear rate. With increasing shear rate, the viscosity decreases
for all samples, which indicates that the hydrogels are shear thinning. The graph also depicts
that when the imidazole concentration is higher, the viscosity of the hydrogel is higher.

Figure 3.12. Continuous shear ramp of switchable CNC hydrogels after 5 min of CO 2 treatment using rotational
rheology. The viscosity η as a function of shear rate is plotted for the different imidazole to CNC-H+ volume
ratios (Table 3.1): 1:9 (black ■), 1:4.5 (blue ●), 1:3 (red ▲), and 1:2.25 (yellow ▼) imidazole (0.1 M) to CNCH+ (4 wt%) volume ratio.
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3.3.7 Other Amines
This chapter has focused on imidazole-containing suspensions. We initially explored a
mix of over 30 mono- and poly-amines empirically, with pKaH spanning ~2-11, but found that
imidazole was the best candidate we tested for CO 2-switchable CNC hydrogels.
To explore whether other amines would work, we mixed 0.5 mL of different amines
dissolved in water (0.1 M) with 4.5 mL of a 4 wt% CNC-H + suspension and sparged CO2
through these suspensions for 5 min. If no gelation was observed after 30 min, additional amine
was added (in 0.5 mL aliquots), and the experiment was repeated until a maximum of 2.5 mL
of amine solution was added or a gel formed. According to their gelation behavior we
categorized the different amines into three groups. All the amines tested, including their
amount, pKaH, and gelation behavior, are tabulated in Table A.3.1. The amines in group 3
either did not gel or formed very strong gels for which the attractive interactions are too strong
to redisperse the CNCs using N2, making the gelation irreversible. The amines in group 2
formed weak gels, though other factors including foaming, or a color change were observed.
Group 1 amines formed weak, colorless gels. These weak gels were sparged with N 2 for 1 h,
but only the imidazole CNC-H+ hydrogel showed a reversible switch between gel and liquid
states. pH measurements of diluted group 1 amines during CO2 and N2 sparging lead us to
conclude that the pKaH of the amine must be carefully chosen to form CO2-reversible
hydrogels. If the pKaH is too low, the proportion of protonated amines is not sufficiently high
enough to destabilize the CNCs in suspension when sparged with CO 2, and gelation may not
occur. Alternatively, if the pKaH is too high, the proportion of protonated ammonium ions in
solution is too high, even after sparging with N2, limiting the reversibility of gelation for these
CNC suspensions. Future studies considering the influence of the pKaH, the number of amine
70

groups (e.g. diamines, triamines, polymeric amines), the hydrophobicity, the size of the
molecule, and the concentration, could help to impose requirements on the amine to achieve
reversible protonation and deprotonation with CO 2 and N2 sparging.

71

3.4

Conclusion
We have shown that CO2-switchable CNC hydrogels can be prepared by the addition

of imidazole to an aqueous suspension of CNCs. Sparging CO 2 through this suspension forms
charged hydrogen carbonate and imidazolium salts, leading to an increase in ionic strength and
better screening of the negatively charged CNC particles. Therefore, agglomeration of the
CNCs occurs, and a hydrogel is formed. Sparging N2 through the dispersion reverses the
reaction, thereby deprotonating the imidazolium ion, and the ionic strength decrease allows
the CNC particles to redisperse and form a stable suspension. Using this approach, we can
switch the gelation of CNC hydrogels by simply sparging CO 2 or N2 gas, without the need for
any extensive chemical functionalization, or the addition of acids or bases as a trigger. These
reversible CO2-switchable CNC hydrogels could have potential in various applications,
including switchable adsorbents, flocculants, and tissue engineering.
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Freeze-Thaw Gelation of Cellulose Nanocrystals
4.1

Introduction
Gels are three-dimensional (3D) networks that typically consist of more than 90 vol%

solvent. Gels can be formed through covalent crosslinking of networked components
(chemical gels) or through non-covalent interactions, including hydrogen bonding, ionic
interactions, and hydrophobic interactions, of network components (physical gels). 11 Physical
gels are of interest owing to their reversible aggregation mechanisms, which can allow tuning
of the network structure in response to various stimuli including temperature, light, CO 2, and
pH.180–182 The dynamic nature of physical gels makes them attractive for applications in 3D
printing, tissue engineering, and controlled drug release.90,105,183–187
There has been extensive research into gels formed from molecules and
polymers,22,128,188,189 but gels formed from colloids are equally interesting.28,190 Colloidal gels
are a self-supporting physically percolated network of nanoparticles. They have been prepared
using various materials, including metal and metal oxide nanowires, carbon nanotubes, and
graphene oxide.18,31,35 Doi and Edwards developed a theory for the phase behavior of rod-like
particles transitioning between dilute, semi-dilute, and concentrated regimes, which can be
used to predict the concentration for gel formation depending on the length and aspect ratio of
the components.18 However, these colloidal systems tend to rely on entanglement rather than
a percolation mechanism, where the particles bend and wrap around each other to form an
entangled mesh network.
The Derjaguin and Landau, Verwey and Overbeek (DLVO) theory is used as a
foundation for our current understanding of colloidal stability. The DLVO theory takes into
account attractive van der Waals forces and repulsive electrostatic double layer forces that act
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between charged particles in suspension. Thermodynamically, colloidal suspensions are
unstable, but exist due to the kinetic stability provided by the electrostatic repulsion between
charged particles.191
Cellulose nanocrystals (CNCs) are biocompatible materials made from the most
abundant biopolymer on earth, cellulose. CNCs are rod-shaped particles with dimensions of
~100-500 nm by ~5-20 nm, and are produced by treating wood pulp, or other biomass, in
sulfuric acid.50,94,157 The sulfuric acid treatment introduces negatively charged sulfate halfester groups onto the surface of CNCs, and electrostatic repulsion between particles stabilizes
CNCs in suspension. CNCs have attracted interest due to a number of their physicochemical
properties including high degree of crystallinity, low density, high specific surface area, liquid
crystallinity, and robust mechanical properties.43,50,73,177 As well, the photonic properties of
CNCs that arise from their organization into a cholesteric liquid crystal have been widely
explored.98,100,101,192
Previous work on colloidal gels used particles that are typically less than 100 nm in
width and greater than 1 µm in length and are relatively flexible. CNCs, on the other hand, are
rigid rod-shaped particles that are not susceptible to bending or entanglement but are able to
form self-supporting percolated networks due to hydrogen bonding interactions between
individual particles. The differences in network formation between entanglement and rigid
percolation is not well understood for colloidal systems.
CNC can aggregate to form colloidal gels by disrupting the subtle balance of forces
between the CNCs through increased concentration, chemical modification, covalent
crosslinking, changing ionic strength, or heating. 64,71,194,76,79,81,82,112,114,170,193 Previous reports
have also demonstrated the production of cellulose-based aerogel materials by freeze-drying
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suspensions of cellulose nanofibrils (CNFs)195 and cellulose nanocrystals (CNCs).193,196,197
Freezing of various colloidal systems has been explored, 198,199 however, the structural or
rheological properties of freeze-thaw (FT) casted CNC gels have not been investigated.
Typically, anisotropic freezing, covalent crosslinking, or high concentrations are required for
FT gelation of CNC suspensions.
Here, we show the versatile preparation of physical colloidal gels from CNCs by a
simple freeze-thaw cycling procedure. In this process, the CNC colloids are destabilized in
suspension and undergo aggregation and network formation to give gels. We show that this
simple freeze-thaw procedure can be used to gel CNCs in water and polar organic solvents,
giving hydrogels and organogels, respectively.
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4.2

Experimental

4.2.1 Materials and Instrumentation
All chemicals were used as received without any further purification. Cellulose
nanocrystals (CNCs) were provided by FPInnovations as either a powder, or an aqueous
suspension with a sodium counterion (CNC-Na+, 4 wt%, pH 6.5, conductivity 400 μS cm−1).
CNC powders and suspensions were obtained using previously described procedures. 81,177
Elemental analysis (EA) was performed at the UBC Mass Spectrometry and Microanalytical
Laboratory on a Fisons Instruments Elemental Analyzer EA 1108 using flash combustion.
Samples were freeze-dried and rinsed with double-distilled H2O to remove any unbound
sulfate ions by vacuum filtration and freeze-dried again prior to elemental analysis. Zeta
potential and dynamic light scattering experiments were measured at room temperature on a
NanoBrook Omni (Brookhaven Instruments). A suspension of CNC-Na + (4 wt%) at various
freeze-thaw cycling stages was diluted 1:100 with water and each sample was measured in
triplicate. Scanning electron microscopy (SEM) was performed at the UBC Bioimaging
Facility on a Hitachi S4700 electron microscope with samples sputter-coated with
platinum/palladium alloy. Powder X-ray diffraction (PXRD) patterns were recorded on a
Bruker D8 Advance diffractometer equipped with a Cu Kα sealed tube X-ray source and a NaI
scintillation detector. 2D X-ray diffraction patterns were recorded on a Bruker APEX DUO
with an APEX II CCD detector in transmission mode using a Cu Kα sealed tube X-ray source.
Samples were placed 40 mm away from the detector in a 0.7 mm glass capillary and measured
at room temperature.
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4.2.2 Preparation of Freeze-Thaw CNC Hydrogels
An aqueous suspension of CNC-Na+ (5 mL, 4 wt%) was added to a 20 mL glass
scintillation vial (27 mm diameter, 55 mm height) and sealed. The vial was rapidly placed into
a dewar containing liquid nitrogen (LN2) for 5 min, such that the meniscus of the CNC
suspension was below the LN2 level. The frozen sample was thawed at room temperature for
at least 2 h. Successive freeze-thaw (FT) cycling was performed by freezing the sample for 5
min in LN2, followed by 2 h of thawing at room temperature. Unless otherwise noted, the
freezing time was 5 min in LN2, and the thaw time was at least 2 h.

4.2.3 Preparation of Freeze-Thaw CNC Organogels
CNC powder (spray-dried CNC-Na+) was dispersed in 10 mL of solvent, either H2O,
dimethylsulfoxide (DMSO), or dimethylformamide (DMF). The sample was then sonicated
using a probe sonicator (QSonica Sonicator Q700) for 10 min at 50% amplitude (~10 kJ). The
suspension was submerged in LN2 for 5 min, followed by at least 2 h of thawing at room
temperature. Successive freeze-thaw (FT) cycling was performed as described above by
freezing for 5 min in LN2 followed by thawing to room temperature for at least 2 h.

4.2.4 Rheology
Rheological properties were characterized using a MCR501 rheometer (Anton Paar)
with a cone-plate geometry (diameter 25 mm, angle 4°, gap 0.57 mm) in strain-controlled and
oscillatory shear modes. All measurements were conducted at 25 °C. A thin film of
polydimethylsiloxane oil was applied to the sample periphery to suppress solvent evaporation
during the experiments. Frequency sweeps were performed over the frequency range from 0.01
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to 100 rad s−1 with a 5% strain amplitude. The complex modulus at the frequency of 8.9 rad
s−1 was used to compare changes in rheological properties between FT cycles.

78

4.3

Results and Discussion
The CNCs used in this work were obtained from sulfuric acid treatment of kraft pulp

and had dimensions of 384 ± 89 nm by 14 ± 4 nm.82 We noticed that suspensions of CNCs in
water that were frozen formed gels when thawed and the CNCs in the gels were difficult to
redisperse. To explore the controlled gelation of CNCs through this approach, we first
investigated the freezing of 4 wt% CNC suspensions for variable lengths of time. Samples
were immersed in liquid nitrogen (LN2) for times ranging from 30 s to 10 min then
subsequently warmed to room temperature over a period of 2 h. When placed upside down
(inverted), all of the samples that were frozen for longer than 1 min retained their shape
(Figure 4.1A), but none were able to pass the inversion test after 5 min, Figure 4.1B.
Qualitatively, the viscosity of the thawed samples increased the longer they had been
submerged in LN2, suggesting the aggregation of CNCs into larger clusters forming
interconnected networks. However, the samples did not pass the inversion test after 5 min for
all freezing times tested, as the networks formed were relatively weak and could not support
their weight after only one FT cycle. After approximately 2 min of LN2 treatment, the sample
properties did not change significantly so a freezing time of 5 min in LN2 was used for all
subsequent FT cycling experiments.
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Figure 4.1. Optical photographs of freeze-thawed CNC suspensions. (A) 4 wt% CNC-Na + suspensions showing
the effect of freezing time in liquid nitrogen (LN2) on the gel properties. Sample vials were immersed in LN2 for
the time indicated followed by 2 h of thawing at room temperature. The samples become more viscous as the
freezing time in LN2 is extended. (B) The samples are weak gels and cannot support their weight while inverted
after 5 min. (C) Freeze-thaw (FT) cycling of 4 wt% CNC-Na+ suspensions in liquid nitrogen. Sample vials were
immersed in liquid nitrogen for 5 min followed by 2 h of thawing at room temperature. Subsequent cycling of the
FT process (1, 2, 3, or 4 times) yielded gels with self-supporting structures. (D) FT cycling of 4 wt% and 8 wt%
CNC-Na+ suspensions in DMF, DMSO, and water. The gelation characteristics depend on the chosen solvent and
concentration of CNCs. Control sample represents a 4 wt% CNC-Na + suspension before FT cycling.

We next investigated the successive FT cycling of 4 wt% CNC suspensions. As shown
in Figure 4.1C, the samples form self-supporting hydrogels after successive FT cycling.
Furthermore, FT cycling can be used to gel CNCs in polar organic solvents, including
dimethylformamide (DMF) and dimethylsulfoxide (DMSO), Figure 4.1D. Non-polar solvents
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did not show this behavior as CNCs have limited dispersibility in non-polar or weakly polar
solvents (acetone, ethanol, toluene, hexanes; data not shown).
Elemental analysis of the gels shows that there is no significant change in sulfur content
after FT cycling, Table A.4.1. A decrease in sulfur content would suggest a loss of negatively
charged sulfate groups from the surface of CNCs, which is known to destabilize CNCs in
suspension.81,122 Therefore, we attribute the mechanism of gelation to aggregation, caused by
physical confinement of CNCs between growing ice crystals.
To better understand the structural properties of the gels, we prepared a CNC hydrogel
by 4x FT cycles in water then freeze-dried it to form an aerogel. The aerogel was analyzed by
scanning electron microscopy (SEM) and powder X-ray diffraction (PXRD). SEM of the CNC
aerogel shows the formation of an interconnected, porous cellulosic sheet network, Figure
4.2A-C. The formation of sheets is consistent with the physical confinement of CNCs between
growing ice crystals, paralleling the observed arrest of colloids in confined spaces. 200 CNCs
sandwiched between growing ice crystals then aggregate into sheets to form the porous aerogel
network.
PXRD was performed on freeze-dried CNC samples (control) and the aerogel, Figure
4.2D. There is no significant change in the diffraction patterns between the two samples, which
suggests that FT cycling does not disrupt the crystallinity of the CNCs. Therefore, it is not the
amorphous cellulose that contributes to the gelation of these systems, rather gelation is largely
driven by CNC aggregation due to physical confinement upon freezing. Although there have
been reports of directional freezing of CNC suspensions to produce aerogels with ordered
networks,196,197,201 we did not see evidence of ordered CNC alignment after FT cycling from
2D X-ray diffraction, Figure A.4.1.
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Figure 4.2. Microstructure of freeze-thawed CNC hydrogel. (A-C) Scanning electron micrographs of freezedried 4 wt% CNC-Na+ suspensions after 4x FT cycles. (D) Powder X-ray diffraction pattern for 4 wt% CNC-Na +
suspension before (black dashed line) and after 4x FT cycles (red solid line).

Zeta potential and dynamic light scattering measurements were performed to
investigate changes in the colloidal stability and aggregate size of CNCs in suspension, Figure
4.3. The data confirm that FT cycling induces aggregation of CNCs. The zeta potential of CNC
aggregates shows a gradual increase in absolute value, suggesting the aggregation of
negatively charged CNCs into larger clusters with a more negative zeta potential, Figure 4.3A.
Similarly, the effective diameter of the colloids in suspension increases from 120 nm to 440
nm after 4x FT cycles, indicating that larger aggregated clusters of CNCs form after each FT
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cycle, Figure 4.3B. Figure A.4.2 shows representative lognormal size distributions for each
FT cycle. The mode of lognormal distribution was used to compare the change in effective
diameter of CNC samples after each FT cycle.

Figure 4.3. Zeta potential (A) and dynamic light scattering effective diameter (B) of 4 wt% CNC-Na + suspensions
after FT cycling. Error bars represent standard deviation of each sample measured in triplicate. Control sample
represents a 4 wt% CNC-Na+ suspension before FT cycling.

The rheology of the CNC hydrogels was investigated using a rotational rheometer
equipped with a cone-and-plate geometry. Dynamic frequency sweeps were performed to
compare the rheological properties of CNC hydrogels prepared under various conditions,
Figure A.4.3. We found that successive FT cycling can increase the complex modulus of CNC
suspensions by more than two orders of magnitude, from 0.4 to 150 Pa (at the frequency of 8.9
rad s−1). We found that the complex modulus of CNC samples plateaued or saturated after
approximately 2 min of freezing in LN2, Figure 4.4A. Suspensions frozen at −12 °C required
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significantly longer freezing times (more than 2 weeks) for the complex modulus of the
resultant hydrogel to plateau, Figure A.4.4.

Figure 4.4. Rheological properties of freeze-thawed CNC hydrogels. (A) Complex modulus (at the frequency of
8.9 rad s−1) of 4 wt% CNC-Na+ suspensions after freezing in liquid nitrogen for various times between 0 and 10
min. Error bars represent standard deviation of three independent samples. (B) Complex modulus (at the
frequency of 8.9 rad s−1) of 4 wt% CNC-Na+ suspensions after FT cycling in liquid nitrogen. Error bars represent
standard deviation of three independent samples. Control sample represents a 4 wt% CNC-Na+ suspension before
FT cycling.

The rheology of CNC suspensions can be tuned by FT cycling. The complex modulus
of 4 wt% CNC suspensions after each FT cycle shows a significant increase of over two orders
of magnitude followed by incremental increases, reaching a plateau at approximately 100 Pa,
Figure 4.4B. The use of FT cycling demonstrates our ability to control the final rheological
properties of the hydrogel by changing the number of FT cycles.
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The concentration of the starting suspension is important for the formation of hydrogels
by FT cycling. Suspensions of 1 wt%, 2 wt%, and 3 wt% CNCs do not form hydrogels even
after 4x FT cycles, Figure 4.5A. The complex modulus of all suspensions increases after each
FT cycle, but this is not sufficient to form a self-supporting hydrogel for concentrations below
4 wt%, Figure 4.5B. The 4 wt% suspensions can form self-supporting hydrogels after just 2x
FT cycles, and gelation can be achieved at significantly lower concentrations than those
reported previously using 10 wt% CNC suspensions and anisotropic freezing to form
hydrogels.196 FT cycling provides greater control over the stability and rheological properties
of the resultant hydrogel at lower concentrations.

Figure 4.5. Freeze-thaw gelation of CNC suspensions with varying concentration. (A) FT cycling of CNC
suspensions with varying concentrations in water. The concentration of CNCs needs to be greater than 3 wt% to
produce self-supporting hydrogels after repeated FT cycling. (B) Complex modulus (at the frequency of 8.9 rad
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s−1) of CNC suspensions with varying concentrations in water after repeated FT cycling. Control sample
represents a 4 wt% CNC-Na+ suspension before FT cycling.

We believe that gelation of CNC suspensions by FT cycling occurs due to irreversible
aggregation of physically confined CNCs upon freezing, Figure 4.6. Electrostatic repulsion of
negatively charged sulfate half-ester groups on the surface of CNCs stabilize the particles in
suspension. However, ice crystals formed during freezing excludes CNCs in suspension and
forces the colloids into the inter-crystalline grain boundaries between growing ice crystals. The
physical confinement of CNCs during freezing causes attractive van der Waals forces to
dominate and results in CNCs aggregating into clusters and lamellar sheets, which inhibits
redispersion even after thawing. CNCs aggregate into larger extended clusters after each FT
cycle and can form three-dimensional self-supporting hydrogel networks.

Figure 4.6. Schematic showing freeze-thaw gelation caused by physically confined aggregation of CNCs between
growing ice crystals. The CNCs do not fully redisperse when thawed.
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4.4

Conclusions
In summary, we have shown that physical colloidal gel networks can be formed by a

simple freeze-thaw cycling procedure of CNC suspensions in liquid nitrogen at relatively low
concentrations of 4 wt%. Moreover, FT cycling of CNC suspensions in LN2 can produce
hydrogels with tunable rheological properties by varying the concentration, freezing time,
freezing temperature, and number of FT cycles. The destabilization of CNCs by physical
confinement allows for the preparation of hydrogels with tunable properties without the need
for chemical modification, addition of salts, or other additives.
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Conclusion and Future Directions
5.1

Conclusions
In 2017, the forest products industry contributed nearly $25 billion (1.6%) to Canada’s

nominal gross domestic product (GDP).202 However, the forest products market is undergoing
a continued decline due to changes in the world markets towards electronic media and away
from paper-based communications.44,203 Therefore, continued development in nanocellulosebased technologies is needed to boost the growth of the forest products industry in Canada. In
2018, the global market for nanocellulose was estimated at approximately $380 million and
projected to grow to nearly $880 million by 2023.204,205 There remains an interest in developing
high value materials using CNCs, so developing transformative platforms to expand their
scope is essential.
The goal of this thesis was achieved by demonstrating various ways in which we can
gel CNCs. A conceptual foundation was provided to describe the colloidal stability of CNCs
highlighting the importance of surface charge, ionic strength, and kinetic stabilization.
In Chapter 2 we found that hydrothermally treating CNC suspensions causes them to
gel at elevated temperatures. Desulfation of the surface of CNCs was found to be the cause of
gelation due to a destabilization of their surface charge. The loss of sulfate groups from the
surface of CNCs caused a decrease in the magnitude of negative charge on their surface,
reducing the electrostatic repulsion between particles, causing them to aggregate. These
aggregated CNC networks were able to form robust 3D hydrogels. We found that by varying
the preparation conditions we could prepare hydrogels and aerogels with differing properties,
including hydrogels that were self-recovering and shear thinning, and aerogels with tunable
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porosity and density. This chapter lays the foundation for subsequent work to prepare colloidal
gels using CNCs using various stimuli by controllably disrupting their colloidal stability.
In Chapter 3 we showed that we can reversibly trigger the gelation of imidazolecontaining CNC suspensions using CO2. The ionic strength of the system could be drastically
increased by bubbling CO2 into the system due to the formation of charged imidazolium salts.
The increased ionic strength was effective at charge shielding the negatively charged CNCs,
resulting in gelation. We found that the gelation can be reversed by bubbling with N 2 to remove
CO2, and revert the system back to a low ionic strength liquid as the imidazolium deprotonated
and returned to its neutral form. We showed that this reversible switching between gel and
liquid states could be cycled five times without the need for extensive chemical
functionalization.
In Chapter 4 a simple freeze-thaw cycling process was used to gel CNC suspensions
using liquid nitrogen at relatively low concentrations of 4 wt%. The rheological properties of
the CNC hydrogels could be tuned by varying the concentration, freezing time, and number of
cycles. We found that we could destabilize the system by physically confining CNCs between
growing ice crystals to form 3D gel networks in several solvents. The ability to gel CNC
suspensions without the need for chemical modification, addition of salts, or other additives is
attractive as a general strategy to prepare colloidal gels with varying composition.
In summary, each chapter in this thesis explores a mechanistically different way to
destabilize colloidal CNC suspension, from a decrease in surface charge due to desulfation, to
switching the ionic strength using CO2/N2, and irreversible aggregation due to physically
confinement. These strategies exploit various properties of colloidal systems to manipulate
their stability and form new soft colloidal gel materials.
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However, there remain limitations in our understanding of the precise mechanism of
aggregation and redispersion that occur in these dynamic colloidal gels. It is unclear why our
systems show reversible liquid to gel transitions considering the thermodynamic sink predicted
by DLVO theory for particles to aggregate. Thermodynamically, the redispersion of particles
once they have aggregated seems counterintuitive. Similarly, the preference for these systems
to form 3D gel networks rather than precipitate was surprising. The combination of strong
interparticle interactions through hydrogen bonding and the mechanical rigidity of the
individual CNC particles may contribute to the formation of percolated colloidal gel networks.
Future studies using small-angle X-ray scattering or small-angle neutron scattering may
provide further insight into the aggregation dynamics during colloidal gel formation similar to
those performed on clay suspensions.206
Ultimately, the goal of this thesis was achieved and has highlighted the key conceptual
factors in controlling colloidal stability. This work has laid a foundation for preparing colloidal
gels using various triggers for applications in catalysis, tissue engineering, environmental
remediation, filtration, and 3D printing.50,64,73,207–209
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5.2

Future Directions

5.2.1 Light-Responsive Gelation of Cellulose Nanocrystals
A long-standing challenge that we hoped to tackle was the light-responsive gelation of
CNC suspensions. Our strategy was to use a sulfonated spiropyran, a reversible photochromic
molecule that can ring-close upon irradiation and ring-open spontaneously over time in the
dark, to destabilize the surface charge of CNCs by triggering a change in pH. Ultimately, we
were not able to decrease the pH drastically enough to disrupt the charge of the sulfate halfester groups on the surface of CNCs to cause gelation, but we did see a change in the
rheological properties of the system in response to irradiation, Figure 5.1.

Figure 5.1. The reversible ring-closing and ring-opening of spiropyran in response to light (405 nm). A
spiropyran-containing CNC suspension was irradiated during rheological analysis. The complex modulus is
plotted as a function of time as the system was irradiated in 1 min intervals, followed by a slow recovery in the
dark for 2 or 5 min.
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The complex modulus varied in direct response to irradiation and recovered slowly in
the absence of light. However, the absolute change in modulus was only 1-2 Pa, which was
not a large enough difference to observe gelation macroscopically. We believe the change in
complex modulus is due to a change in the effective ionic strength of the system due to the
formation of the ring-opened spiropyran zwitterion. The localization of positive charge in the
ring-opened form may act to destabilize CNCs in suspension and vary their rheological
properties. This system would be of interest for 3D printing applications as it would provide
spatial and temporal control over gelation. Further work is required to identify the broader
mechanism of destabilization and amplify its effect to achieve reversible light-responsive
gelation.

5.2.2 Redox-Switchable Gelation of Cellulose Nanocrystals
Electrochemically triggering the gelation of CNC suspensions using electrodes, or
reducing/oxidizing agents, is of interest to prepare gel coatings, electrolytes, and filters. A
judicious choice of reducing and oxidizing agents needs to be made to prevent undesirable
side-products that may interfere with the colloidal stability of the gel after repeated cycling.
We found that ferrocene-containing CNC suspensions in DMSO can gel upon
oxidization with hydrogen peroxide, Figure 5.2. Neutral ferrocene can be oxidized, using
hydrogen peroxide (H2O2), to positively charged ferrocenium, causing a significant increase
in the ionic strength of the system. The increase in ionic strength results in gelation of CNCs
in suspension. The process may be reversed by reducing the positively charged ferrocenium
(high ionic strength system) back to the neutral ferrocene species (low ionic strength system).
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Efforts to reduce ferrocenium using hydrazine and return the system back to its liquid state
proved unsuccessful so far.

Figure 5.2. Redox-responsive gelation of ferrocene-containing CNC gels.

5.2.3 Anisotropic Cellulose Nanocrystal Gels and Aerogels
CNCs can self-assemble into a chiral nematic structure where the particles adopt a
layered helical arrangement. Over time, CNCs above a critical concentration separate into an
isotropic phase and chiral nematic (anisotropic) phase. Capturing the anisotropic phase of selfassembled CNCs has been a long-standing theme in our research group for potential
applications in catalysis, energy storage, sensors, and chiral separations. 201,210,211 We found
that the chiral nematic phase of CNCs could be captured as a hydrogel by hydrothermally
treating CNC suspensions after allowing them to phase separate for 5 days, Figure 5.3.
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Figure 5.3. Hydrothermal gelation of phase-separated CNC suspensions. Optical photographs of phase separated
CNC suspensions after 0, 2, and 5 days imaged through cross-polarizers. Scanning electron micrographs of the
critical point dried porous CNC aerogel showing the isotropic (top layer) and anisotropic (bottom layer).

These anisotropic hydrothermally treated CNC hydrogels can be dried by critical point
drying from CO2 to produce highly porous anisotropic aerogels that retain the original chiral
nematic structure in the bottom anisotropic layer. Combining CNC suspensions with polymeric
precursors during hydrothermal treatment may produce elastic hydrogel networks that may
show color changing behavior as the chiral nematic pitch of the hydrogel is compressed.
Furthermore, removing the solvent to prepare highly porous isotropic and anisotropic aerogels
could be of interest as a scaffold for high surface area post-functionalization for applications
in filtration, templating, and catalysis.
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5.2.4 Colloidal Gels with Varying Composition, Size, and Shape
We would like to see these strategies extended to other colloidal systems to broaden the
applicability of colloidal gels. For example, making conductive gold nanorods, or graphene
oxide nanosheets, that can percolate reversibly or in response to a stimulus would be of interest
as soft electronic switches. As a liquid, the colloidal particles do not percolate and there is no
continuous connected path of touching particles from one side of the liquid to the other, Figure
5.4A. In the colloidal gel, however, there may be extended percolation of the colloids in the
system, Figure 5.4B. The percolation of the gold nanorods, for example, means there is a
continuous connected path of interacting particles from one side of the system to the other.
This gelation event may result in a drastic increase of the bulk conductivity of the system and
may have applications in soft electronic devices and sensors. Factors such as the flexibility and
hydrogen bonding between particles would be of interest to evaluate the degree of percolation
and the formation of a colloidal gel.

Figure 5.4. Schematic representation of a percolating network forming a connected path through the system. (A)
Dense dispersion of particles that do not percolate. (B) Percolated particles forming a continuous path from one
side of the system to the other. Adapted from reference 210 licensed under CC BY-NC 4.0.212
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Alternatively, using colloids with intrinsic magnetic, piezoelectric, photophysical, or
electronic properties, could broaden the scope of the potential material properties between
dispersed and gelled states. Ultimately, a deeper understanding of how colloids can be
manipulated to form gels is needed to expand their material properties before researchers can
begin using them as functional soft materials.
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Appendix
A.1

Supporting Information for Chapter 1

Figure A.1.1. Nanoparticle tracking analysis showing the size distribution and particle concentration of a 4 wt%
CNC suspension diluted 1,000,000 times. CNCs measured had an average size of 150 ± 5 nm and a particle
concentration of 1.51 ± 0.03 x 1015 particles mL−1. Error bars represent standard deviation (n = 3). We
acknowledge the assistance of Kelsi Lix and Prof. Russ Algar.
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A.2

Supporting Information for Chapter 2

Figure A.2.1. Thermogravimetric analysis curves of 4 wt% CNC-H+ samples treated at various temperatures for
20 h, showing the determination of the degradation temperature at which the TGA curve intersects at 80 wt%
remaining for each sample, represented as T80%. CNC-120 (orange), CNC-100 (purple), CNC-80 (green), CNC60 (blue), CNC-NT (red).

Figure A.2.2. Temperature at which TGA curve is 80 wt%, T80%, for each sample. Samples were heated at a
rate of 5 °C min−1 under N2.
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Figure A.2.3. Transmission electron micrograph analysis of CNCs , which are 191 ± 80 by 13 ± 3 nm in
dimension. Errors correspond to average standard deviation, n = 335. ImageJ (NIH, http://imagej.nih.gov/ij/) was
used to manually measure CNC lengths and widths. Scale bar represents 500 nm.
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A.3

Supporting Information for Chapter 3

Figure A.3.1. Transmission electron microscopy analysis of CNCs , which are 384 ± 89 nm by 14 ± 4 nm in
dimension. Errors correspond to average standard deviation, n = 250. (A) TEM image of CNCs deposited on the
grid from their 0.004 wt% suspension. The scale bar is 500 nm. ImageJ (NIH, http://imagej.nih.gov/ij/) was used
to manually measure CNC lengths and width. (B) Size distribution of the width (blue) and length (red) of the
CNCs, determined by analyzing 250 CNCs.
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Figure A.3.2. The 1H NMR (400 MHz, D2O) spectra of imidazole (i) before CO2 treatment (δ7.11 [Ha, s], δ7.75
[Hb, s]), (ii) after 5 min of CO2 sparging (δ7.35 [Ha, d], δ8.40 [Hb, s]), (iii) after 5 min of CO2 followed by 45 min
of N2 sparging (δ7.19 [Ha, s], δ7.96 [Hb, s]), (iv) with H2SO4 (δ7.38 [Ha, d], δ8.59 [Hb, s]), and (v) with NaOH
(δ7.09 [Ha, d], δ7.70 [Hb, s]).

Figure A.3.3. Photograph showing the CO2-switchability of a CNC-Na+ (4 wt%, 4.5 mL) and imidazole (0.1 M,
1.5 mL) mixture after sparging for 5 min with CO2 and then 45 min with N2, showing similar gelation behavior
as CNC-H+ containing samples.
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Table A.3.1. Gelation behavior of different amine-containing CNC-H+ suspensions.

Amines

imidazole
ethanolamine
isopropylamine
triethylamine
diethylamine
diisopropylamine
dipropylamine
N,N-diisopropylethylamine
trimethylamine hydrochloride
methylamine hydrochloride
n-hexylamine
n-octylamine
n-hexyldecylamine
oleylamine
4-aminophenol
1,2-phenylenediamine
2-aminophenol
3-aminophenol
1,3-phenylenediamine
1,4-phenylenediamine
N,N,N',N',N''pentamethyldiethylenetriamine
N,N,N',N'tetramethylethylenediamine
ethylenediamine
bis(3-aminopropyl)amine
1,3-diaminopropane
hexamethylenediamine

Formula

Amine
amount
[mL of
0.1 M
solution]
Group 1
C3H4N2
2.5

C2H7NO
1.0
C3H9N
2.0
C6H15N
2.0
C4H11N
2.5
C6H15N
2.0
C6H15N
2.0
C8H19N
2.5
Group 2
C3H9N·HCl
2.0
CH5N·HCl
2.5
C6H15N
1.5
C8H19N
2.0
C16H35N
1.5
C18H37N
1.0
C6H7NO
3.5
C6H8N2
2.5
Group 3
C6H7NO
2.5
C6H7NO
2.5
C6H8N2
2.5
C6H8N2
2.5
C9H23N3
0.5

Behavior after
CO2 sparging

pKaH

weak gel
(reversible)
weak gel
weak gel
weak gel
weak gel
weak gel
weak gel
weak gel

6.9213
9.5213
10.6213
10.8213
11.1213
11.1213
11.0213
10.8214

weak gel (salt)
weak gel (salt)
weak gel (foamed)
weak gel (foamed)
weak gel (foamed)
weak gel (foamed)
weak gel (colored)
extremely weak gel
(colored)

9.8213
10.6213
10.6215
10.7215
10.6215
10.0216
10.5213
4.5/<2213

no gel
no gel
no gel
strong gel (colored)
strong gel

9.7213
9.8213
4.9/2.6213
6.2/2.7213
9.2217

C6H16N2

0.5

strong gel

9.1217

C2H8N2
C6H17N3
C3H10N2
C6H16N2

0.5
0.5
0.5
0.5

strong gel
strong gel
strong gel
strong gel

10.7/7.5213
10.9218
10.9/9.0215
11.0/10.7213
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A.4

Supporting Information for Chapter 4

Table A.4.1. Elemental analysis of freeze-dried hydrogel after 4x FT cycling.

wt% sulfur
wt% carbon
wt% hydrogen

Control (no FT cycling)
0.99
39.75
6.04

FT 4x
0.98
39.93
6.04

Figure A.4.1. 2D XRD patterns of 4 wt% CNC-Na+ samples (A) before (control), and (B) after 1x FT cycles.
The 2D XRD patterns show uniform radial intensity and do not show any angular anisotropy, suggesting an
isotropic arrangement of CNCs. There was no observed alignment of CNCs after FT cycling, which further
supports an aggregation-induced gelation mechanism due to physical confinement after repeated FT cycling.

Figure A.4.2. Representative dynamic light scattering lognormal distributions of 4 wt% CNC-Na + suspensions
showing the increase in apparent diameter as CNCs aggregate after each FT cycle. Control sample represents a 4
wt% CNC-Na+ suspension before FT cycling.
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Figure A.4.3. Representative dynamic frequency sweeps of FT CNC samples showing the storage modulus, G'
(closed symbols), and the loss modulus, G" (open symbols), for 4 wt% CNC suspensions before FT cycling
(circles), after 1x FT cycle (squares), and after 4x FT cycles (triangles). G' is greater than G" over all frequencies
tested for 4 wt% CNC suspensions that have undergone at least 2x FT cycles.

Figure A.4.4. Complex modulus at the frequency of 8.9 rad s−1 of 4 wt% CNC-Na+ suspensions after freezing at
−12 °C for various times between 0 and 26 days.
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