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Abstract

This thesis describes the investigation of the properties of cellulose nanocrystals (CNCs) in water
and at interfaces in the presence of different water-soluble polymers and surfactants. The
potential of producing hydrogels, emulsions, and foams using both CNCs and surfactants and
polymers is extensively explored herein.

Interactions between CNCs and polymers were studied by measuring adsorption of polymers on
CNC-coated surface in quartz crystal microbalance with dissipation monitoring (QCM-D) and
surface plasmon resonance (SPR) instruments. Hydroxyethyl cellulose, hydroxypropyl guar, and
locust bean gum adsorbed onto CNC-coated surfaces, whereas dextran did not adsorb. Gelation
of CNC dilute dispersions was found for the samples added with adsorbing polymers, whereas
the introduction of non-adsorbing polymers showed no such change of rheological behaviors of
CNC dilute dispersions. The further addition of negative surfactant SDS or non-ionic surfactant
Triton X-100 disrupted the gels whereas cationic surfactant CTAB did not. These behaviors
illustrate the complexities associated with including CNC dispersions in formulated water-based
products where polymers and surfactants are commonly used as well.

The adsorption of cationic surfactants on CNC particle surfaces and the associated change of
CNC hydrophobicity were investigated. Surfactant-modified CNCs were then employed as
emulsifying agents to determine the effects of stabilizing oil-water interface with CNCs after
surfactant addition. Emulsion stability was substantially enhanced with the introduction of
surfactants. Based on the chemistry of cationic surfactants, and the extent CNC surface
hydrophobicity increases after surfactant binding, either oil-in-water or water-in-oil emulsions
were successfully produced. This in situ surfactant adsorption method thus offers a simple way
of modifying surface hydrophobicity of CNCs and allows fine tuning of CNC-based emulsion
properties.

Adsorbing polymers were used together with CNCs to prepare stable emulsions. The
introduction of polymers facilitated the production of emulsion droplets with enhanced stability
and smaller diameters. Both polymer-coated CNCs and the extra polymers partitioned at the
interface and worked as the emulsifiers in a synergistic manner, leading to a reduction in CNC
coverage on the emulsion droplet surfaces. Furthermore, reversible thermogelation of the
emulsion was obtained when thermosensitive polymers were added. No noticeable emulsion
coalescence occurred after multiple cycles of heating and cooling treatments of the emulsion gels.
Freeze-drying and air-drying of these emulsion gels produced oil powders containing oil content
as high as 94 wt. %.

Finally, highly stable wet foams were successfully produced using CNCs and the water-soluble
polymer, methyl cellulose. The effect of CNC and methyl cellulose concentration on the stability
of air-water interfaces was elucidated. Both foamability and foam stability were greatly
improved by adding CNCs to methyl cellulose solutions. The CNC particles helped to retain



fluid in the films and plateau borders between bubbles, increasing bulk viscosity, and impeding
water drainage. We also demonstrated that adding various monomers to CNCs- methyl cellulose
wet foams did not lead to noticeable foam breaking. The successful production of macroporous
structures with tailored chemistry and properties was achieved by subsequent polymerization of
the monomers added to the foam.
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Chapter 1 Introduction

1.1 Literature Review
1.1.1 Cellulose

Cellulose is the most abundant natural polymer on earth as it constitutes about half of all biomass,
with an annual production of estimated to be 10** tons per year." It is isolated mainly from higher
plants but also from bacteria (e.g. Acetobacter xylnium), animals (e.g. tunicate), and marine
plants (e.g. algae). Cellulose is defined as long polymer chains of cellobiose, which consists of 5-
D-anhydro-glucopyranose units (AGU units) covalently bonded together by the linkage between
the C1 anomeric carbon and the C4 oxygen atom.?* The chain is directionally asymmetric, with
a hemiacetal unit (the reducing end) on one end and a pendant hydroxyl group (the nominal
nonreducing end) on the other terminus (Figure 1.1). The chair conformation of the sugar units
and the equatorial positioning of the hydroxyl groups promote the formation of hydrogen bonds
within the chains. The intramolecular and intermolecular hydrogen bonds and van der Waals
interactions give rise to a highly crystalline extended structure that is entirely insoluble in water
and most other common solvents.”

Nonreducing end Cellobiose Reducing end

Figure 1.1. The chemical structure of cellulose. The repeat unit is called “cellobiose” which is
composed of two p (1—4) linked D-glucose units. (Figure reproduced from Ref.?)

In nature, cellulose does not occur as an isolated individual molecule, but it is found as fibrous
units assembled from approximately 36 individual cellulose molecules.* These fibrous units,
known as elementary fibrils, pack into larger units called microfibrils that display cross
dimensions ranging from 2 to 20 nm, depending on the source of celluloses. These microfibrils
are then in turn assembled into the cellulose fibers. The amorphous regions are distributed as
chain dislocations on segments along the elementary fibril where the microfibrils are distorted by
internal strain in the fiber and proceed to tilt and twist.® The ordered regions, on the other hand,
are crystalline as a result of tight packing of cellulose chains. The hydrogen-bonding network
and molecular orientation in cellulose can vary widely, which can give rise to cellulose
polymorphs or allomorphs. Six interconvertible crystalline allomorphs of cellulose, namely, I, 11,
11, 11y, 1V, and 1V, have been identified.” The crystal structure of native celluloses is cellulose
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I, whereas non-native celluloses (i.e. regenerated or derivatized) have different H-bonding
patterns and the potential for anti-parallel chain orientations such as II, I1l;; and 1V,,. The relative
amounts of crystalline cellulose and amorphous cellulose are origin dependent. Cotton is almost
entirely composed of pure cellulose (~95%) whereas the cellulose in woody plants is closely
associated with lignin and hemicelluloses (i.e. polysaccharides containing other sugars and sugar
derivatives) and only makes up ~42% of the cell wall.?

Cellulose has been traditionally used in the form of wood and plant fibers as an energy source,
building materials, and clothing.? To produce novel types of cellulose-based materials, the
controlled physical and/or chemical modification of the cellulose structure is necessary.
Therefore, cellulose esters and cellulose ethers as well as cellulose regenerates were developed.®
® The large-scale industrial production of cellulose esters and ethers facilitated application of
cellulose in coatings, films, membranes, pharmaceuticals, and foodstuffs. The reaction of
cellulose with nitric acid to form cellulose nitrate was carried out by the Hyatt Manufacturing
Company in 1870 to produce celluloid, the very first thermoplastic polymer material.®
Regenerated cellulose filaments were fabricated by spinning a solution of cellulose in a mixture
of copper hydroxide and aqueous ammonia.® Dissolving pulp with aqueous sodium hydroxide
and carbon disulfide produced a solution of cellulose xanthate that could be used to produce the
rayon fiber and cellophane.®®

1.1.2 Cellulose Derivatization

Cellulose is amenable to chemical derivatization due to the presence of three hydroxyl groups in
each glucose residue.® The chemical modification of cellulose and its derivatives has been
performed under both homogeneous and heterogeneous conditions.”® Homogeneous
derivatization involves dissolution or, at least, by the swelling of cellulose in the reaction
medium and modification of the entire cellulose chains. This remains extremely challenging as a
result of the limited solubility of cellulose in common solvents. Ionic liquids as the “green”
reaction media for homogeneous derivatization of cellulose have drawn much attention in recent
years.'® Heterogeneous methods, on the other hand, refer to situations where cellulose is not
dissolved in the reaction medium so the reaction occurs at the interface between the solid and
liquid phase giving rise to only surface modification.” They are the actually applied ones in the
industrial production of most commercial cellulose derivatives. The reactivity of the three
hydroxyl groups under heterogeneous methods can be affected by their inherent chemical
reactivity as well as the steric effects due to the supramolecular structure of cellulose. For
example, it has been found that the primary alcohol group can react ten times faster than the
other two secondary alcohol groups for esterification.

The industrial history of the chemical modification of cellulose to impart new properties can be
tracked back to 1870 with the production of the first thermoplastic cellulose-based material
“celluloid”, which involves the plasticization of cellulose nitrate with camphor. Cellulose nitrate
was formed by nitrating cellulose through exposure to nitric acid in the presence of sulfuric acid,

2
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phosphoric acid or acetic acid.® There are other commercially important cellulose esters such as
cellulose acetate, cellulose acetate propionate, and cellulose acetate butyrate.? ** These cellulose
esters have long played an important role in applications such as coatings, biodegradable plastics,
composites and laminates, optical films, and membranes and related separation media. The use
of etherification reaction provides another useful chemical modification of cellulose. Some
commercially important cellulose ethers are hydroxyalkyl celluloses, methyl cellulose, and
carboxymethyl cellulose. These cellulose ethers are water-soluble polymers and they have played
an important role in a host of applications, from construction products, ceramics and paints to
foods, cosmetics and pharmaceuticals.

Cellulose ethers can be prepared by treating alkali cellulose with a number of various reagents
including alkyl or aryl halides, alkene oxides, and unsaturated compounds activated by electron-
attracting groups.™ For example hydroxyethyl cellulose (HEC) and methyl cellulose (MC) can
be prepared by the action of ethylene oxides and methyl chlorides, respectively, on cellulose that
has been treated with alkali. Cellulose ethers can be either soluble in organic or agueous media,
but for the context of this thesis, only water-soluble cellulose ethers will be discussed.

Commercial cellulose ethers are normally graded based on the chemical nature of the substituent,
the degree of substitution (DS) or molar substitution (MS), and solution viscosity.** The DS
denotes the average number of alcoholic groups substituted per anhydroglucose unit, and can
thus vary between 0 and 3. Since etherification reactions generate new reactive sites that are
capable of chain branching, the extent of reaction or MS is used occasionally. MS is defined as
the moles of reagent combined per mole of anhydroglucose. Therefore, the ratio of MS to DS is a
measure of the average length of the hydroxyalkyl chain. These cellulose ethers are relatively
amphiphilic as a result of chemical grafting of hydrophobic alkyl chains.

Hydroxyethyl cellulose (HEC), a non-ionic water-soluble cellulose ether, is prepared by
nucleophilic ring opening of ethylene oxide, by the hydroxyl anions on the anhydroglucose ring
of cellulose.’! Due to good thickening, dispersing, emulsifying, film-forming, and water-
retention properties, HEC has been widely used in cosmetic products, pharmaceutical
preparations, polymerization processes, oil exploitation, coatings, building, food, textile,
papermaking, emulsions, paints and other industrial applications.

Methylcellulose (MC) has the most straightforward chemical composition among cellulose
derivatives with a partial replacement of hydroxyl groups with methoxy moieties. The balance
between hydrophilic hydroxyl and hydrophobic methoxy groups determines the aqueous
solubility of the polymer. If the DS is too low, sufficient hydrogen bonds remain that this MC is
still insoluble, whereas MC with a high DS is hydrophobic and is also insoluble in water.'?°
Therefore, the commercial products usually have an intermediate DS, ca. 1.7-2.0.

Commercial MC is a heterogeneous polymer consisting of highly substituted zones called
“hydrophobic zones” and less substituted ones called “hydrophilic zones. MC exhibits lower
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critical solution temperature (LCST) phase behavior in aqueous systems; at low temperature the
polymer is readily soluble in water, whereas sufficiently concentrated solutions gel above the
LCST. Depending on the degree of substitution, heating rate, and polymer concentration, the sol-
gel transition generally resides in the range of 50-60 °C.**'* At low temperatures, the water-
polymer interactions are stronger than the polymer-polymer interactions and “cagelike” water
structures surrounding the hydrophobic methoxyl groups were formed, leading to MC
solubilization in water. Upon heating, the MC molecules lose part of their affinity to the
surrounding water and there is an entropically favored release of bound and structured water,
leading to exposure of the hydrophobic regions and polymer chain association into fibrils of
about 14 nm. This fibrillation is observed as a sol-gel transition with considerably increased
storage modulus (G’) values as well as an increase in turbidity. Commercial MC is sold under a
variety of trade names and is used as a thickener and emulsifier in various food and cosmetic
products.

1.1.3 Nanocellulose

Nanocellulose is a term referring to nano-structured cellulosic materials with one dimension in
the nanometer range.!” Currently, the isolation, characterization, and search for applications of
novel forms of nanocellulose are generating much activity. Nanocellulose can be extracted from
forest and agricultural residues using top-down methods involving enzymatic/chemical/physical
strategies or produced via bottom-up routes using certain types of bacteria. Based on their
sources, dimensions, function, and preparation methods, nanocelluloses may be classified into
three main subcategories of microfibrillated cellulose (MFC), cellulose nanocrystals (CNCs), and
bacterial nanocellulose (BNC) (Table 1.1). CNCs have also been referred to in the literature as
cellulose nanowhiskers or nanocrystalline cellulose (NCC), and MFC is also sometimes called
nanofibrillated cellulose (NFC) or cellulose nanofibrils (CNF). Typical structures of these
cellulose types on the nanoscale can be seen in the transmission electron micrographs in Figure
1.2.

1.1.3.1 Microfibrillated Cellulose

Microfibrillated cellulose may be isolated from the cellulosic fibers using mechanical shearing
forces to rip the larger fibers apart into nanofibers. Produced through mechanically induced
destructuring strategy, MFC is composed of both crystalline and amorphous regions. Different
mechanical treatment procedures have been reported to prepare MFC. They typically involve
high-pressure homogenization and/or grinding. However, this process is responsible for the high
energy consumption over 25000 kWh per ton in the production of MFC as a result of the
required multiple passes through the homogenizers.'**° Pre-treatments are therefore used to
address this problem. Different pre-treatments such as mechanical cutting, acid hydrolysis,
enzymatic degradation, and the introduction of charged groups through carboxymethylation or
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation have been proposed to
facilitate this homogenization process and thus decrease the energy consumption.?*

4
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Table 1.1. The family of nanocellulose materials. (Figure reproduced from Ref.'")
Type of nanocellulose Synonyms Typical sources Formation and average size
microfibrillated nanofibrils, microfibrils, wood, sugar beet, h!gh pressure homogenizer
. potato tuber, hemp, diameter: 5-60 nm
cellulose (MFC) nanofibrillated cellulose .
flax length: several micrometers
nanocrystalline wood, cotton, hemp, :Fld hzdr.o;ys;;
cellulose (NCC), flax, wheat straw, fameter: >-/4nm

cellulose nanocrystals length: 100-250 nm (from plant

crystallites, whiskers, mulberry bark, ramie,

(CNCs), . ] o celluloses); 100 nm to several
rodlike cellulose Avicel, tunicin, algae, ]

. . micrometers (from celluloses of
microcrystals bacteria . .
tunicates, algae, bacteria)
. bacterial cellulose, . bacterial synthesis

bacterial nanocellulose . . low-molecular-weight . .
microbial cellulose, diameter: 20-100 nm; different

(BNC) . sugars and alcohols .
biocellulose types of nanofiber networks

b)

Figure 1.2. Transmission electron micrographs of a) MFC? and b) CNCs;* c) scanning electron
micrograph of BNC.? (Figure reproduced from Ref."")

Typical lateral dimensions of MFC are 20-60 nm and longitudinal dimension is in a wide range,
typically several micrometers. Therefore, each MFC fibril is composed of 10-50 microfibrils if
we consider that the microfibrils have a 2-10-nm-thick fibrous cellulose structure.?’ In addition,
the aspect ratio (length/diameter) of MFC is very high, which endows it with a low percolation
threshold and a very good ability to form a rigid network. MFC aqueous suspensions are pseudo-
plastic and display the shear-thinning property of gels or fluids that are viscous (thick) under
normal conditions, but flow and become less viscous (thin) when sheared.?* # Due to its
rheological behavior, MFC is being investigated as rheological modifiers that possess potential
applications in food, cosmetic, pharmaceutical, and oil recovery industries. The shear-thinning
behavior is of importance in industrial processing and particularly in coating applications.
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Due to the good film-forming properties of MFC, Berglund and coworkers formed cellulose
nanopapers by dewatering MFC through a vacuum-filtration method.?® The films were tough, as
judged from the high strain to failure observed. Syverud et al. used MFC as a surface layer (0-8%
of total basis weight) on base paper and observed that the strength of the paper sheets
significantly increased whereas their air permeability dramatically reduced.”® In addition to
papermaking applications, MFC has been used as reinforcement in composite materials. It has
been reported that MFC films impregnated with an epoxy resin give transparent composites with
excellent thermal conductivity.*® Furthermore, efforts are being made to use MFC-reinforced
starch foams for packaging applications as a replacement for polystyrene-based foams.*
Compared to conventional wood-based pulp fibers, the nanosized fibrils enable reinforcement of
the thin cell walls in the starch foam. By using various freeze-drying techniques, MFC-based
aerogels were successfully produced and used as porous templates.®* As a result of its non-
toxicity and tunable hydrophilicity, MFC has been used in emulsions and drug tablets.®

1.1.3.2 Bacterial Nanocellulose

The biosynthesis of cellulose takes place not only in plants, but also in bacteria, with Acetobacter
spp. strains being one of the most common. Bacterial nanocellulose, also called bacterial
cellulose, microbial cellulose, or biocellulose, is produced by the respective bacteria strains in
response to specific environmental conditions.***> The aerobic bacteria, such as acetic acid
bacteria of the genus Gluconacetobacter, are cultivated in common aqueous nutrient media with
low-molecular weight carbon and nitrogen sources, forming highly porous nanofiber network
structures (fiber diameter: 20-100 nm) with culture medium filling the voids. Unlike MFC and
CNCs isolated from cellulose sources, BNC is excreted by bacteria as exopolysaccharide through
biotechnological assembly processes from nutrient media. The molar mass, molar mass
distribution, and the supramolecular structure of BNC can be controlled by selecting the
substrates, cultivation conditions, various additives, and bacterial strain. Although identical to
cellulose from plant origins in terms of molecular formula, BNC is very pure cellulose with a
high degree of polymerization (DP values of 2000-8000), high crystallinity (60-90%), and good
mechanical properties.®*®**® As a result of the nanostructured network and morphological
similarities with collagen, BNC has been extensively tested for cell immobilization, cell
migration, production of extracellular matrices, and other medical applications.!” Previous in
vitro and in vivo evaluation showed that the BNC implants elicited no foreign-body reaction. In
addition, fibrosis, capsule formation, or giant cells were not detected around the implants, and
connective tissue was nicely integrated with the BNC implants. BNC-based membranes were
also functionalized with platinum nanoparticles and multiwalled carbon nanotubes to produce
electrocatalytic and electrically conductive materials, respectively.**°

1.1.3.3 Cellulose Nanocrystals

The dislocations or defects in native cellulose disrupt the crystalline ordering of the microfibril
chains, leading to formation of disorder (i.e. amorphous) regions. Cellulose nanocrystals (CNCs),

6
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rigid rod-like particles with widths of a few nanometers and lengths between 100 nm and several
micrometers, are produced by the removal of amorphous sections of a purified cellulose source
by acid hydrolysis, often followed by ultrasonic treatment (Figure 1.3).* This procedure was first
developed in 1949 by Rénby in Sweden, and later modified in Canada.*** Dimensions of the
liberated cellulose nanocrystals depend strongly on the hydrolysis conditions, cellulose sources
and their crystallinity. Cotton and wood vyield a narrow distribution of highly crystalline (90%
crystallinity) rod-like particles (width: 5-10 nm, length: 100-300 nm), whereas other sources like
bacteria, algae, and tunicin produce nanocrystals with larger size distributions and dimensions
comparable to those of MFC (width: 5-60 nm, length: 100 nm to several micrometers).**>°
Figure 1.4 shows the dimensions of CNCs from different cellulose sources.

The surface functionality of CNCs depends on the mineral acid used in the hydrolysis. Particles
are uncharged and colloidally unstable if prepared with hydrochloric acid (HCI), whereas
sulfuric acid (H,SO,4) hydrolysis results in more negatively charged and electrostatically
stabilized particles due to the sulfate ester groups introduced onto the surface of the crystallites
during reaction.>*** Phosphoric acid hydrolysis generates crystals with good dispersibility in
polar solvents as a result of surface phosphate groups.®® Interestingly, the difference in surface
functionalization also causes the phosphorylated CNCs to display a much higher thermal stability
than the sulfated CNCs. Ammonium persulfate oxidation can also produce CNCs with similar
dimensions and crystallinity, but with carboxylic acid groups on the surface instead of sulfate
ester groups.> The dimensions and surface charge densities of CNCs were also found to depend
on the duration of the hydrolysis, whereby a longer reaction time produced shorter crystals with
greater surface charge densities. The commonly employed recipe in our lab uses temperature of
45 °C, 64 wt. % sulfuric acid, 45 minute reaction times and acid to cellulose ratios of 17.5
mL/g.48, 55

Similar to other colloidally stable dispersions of rod-like particles, CNC suspensions of
sufficiently high concentrations undergo spontaneous phase separation into a lower anisotropic
phase and an upper isotropic phase.’®>” Within the anisotropic phase, the rod-like CNCs form a
chiral nematic (cholesteric) liquid crystal with the alignment of CNCs in each layer slightly
rotated with respect to adjacent layers.® A left-handed, cholesteric pitch can be observed
between crossed polarizers, where the spacing between lines within the characteristic fingerprint
texture gives half the pitch. The isotropic-to-anisotropic phase transition which occurs upon
increasing the concentration is attributed to higher packing entropy compared with the disordered
phase as a result of favorably excluded volume interactions.*® In the biphasic concentration range,
the isotropic and chiral nematic phases are in equilibrium. As the concentration of CNCs is
further increased, the whole suspension becomes liquid crystalline.>* The isotropic-to-anisotropic
equilibrium is sensitive to the nature and density of the charges on the surface of CNCs as well
as the presence of electrolytes in the suspension.>’ Non-adsorbing polymers can also induce an
entropic phase separation of aqueous suspensions of sulfated CNCs to an isotropic phase.®%®*
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Crystalline regions

= : }g ’i

Cellulose nanocrystals

. i‘:’ - _._o,‘o fom‘()' £ o
A 87 PN 0 L
Oon HO,S on

Figure 1.3. Schematic diagram illustrating the sulfuric acid hydrolysis of cellulose to produce
62
)

sulfated CNCs. (Figure reproduced from Ref.

Figure 1.4. Transmission electron micrographs of dried dispersion of CNCs derived from a)
tunicate,® b) bacterial,®* ¢) ramie,®® and d) sisal.*’ (Figure adapted from Ref.?)
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Due to their appealing intrinsic properties such as nanoscale dimensions, high surface area,
unique morphology, low density, and mechanical strength, CNCs have been extensively
employed as reinforcing agents in nanocomposites.®® Casting evaporation has been the main
technique of transferring CNCs from aqueous dispersion into an organic polymer matrix. Good
dispersibility of CNCs in the polymer matrix, as well as in the processing solvent, is critical for
significant mechanical reinforcement.®® Capadona et al. reported another versatile processing
approach of forming a three-dimensional template through self-assembly of individualized CNCs
and then backfilling the template with a polymer of choice.®” Twin screw extrusion has also been
used to prepare CNC-based nanocomposites in both conventional thermoplastic polymer
matrices and biodegradable polymers, such as polylactic acid.®®

1.1.4 Hydrogels

Hydrogels are usually referred to as polymer networks extensively swollen with water that
exhibit no flow in the steady-state. They sometimes are found as colloidal gels in which water is
the dispersion medium.®® They can be good candidates for various applications ranging from
biomedicine to daily chemicals, such as drug delivery systems, biosensors, and superabsorbent in
diapers.”® In general, polymeric hydrogels can be classified as physical and chemical hydrogels
based on the nature of crosslinking.”* In physical hydrogels, individual polymer chains are held
together via transient interactions such as ionic interactions, hydrogen bonds, metal-ligand
coordination, host—guest complexation, and hydrophobic associations.”>”® Although physical
gels do not possess permanent network structures and are more susceptible to shearing by
mechanical forces, their dynamic features can be regarded as advantageous characteristics
because they impart sensitivity and reversible gelation of the hydrogels to environmental stimuli.
In contrast, chemical hydrogels consist of chains that are interconnected by permanent non-
reversible bonds, which often make gels brittle and fragile and unable to withstand large
deformations.®

1.1.4.1 Nanocomposite Hydrogels

In general, nanocomposite hydrogels may be defined as cross-linked networks swollen with
water in the presence of nanoparticles or nanostructures.®*®2 The cross-linking can be obtained
through physical and/or chemical interactions. The nanoparticles can be used to either
chemically cross-link the hydrogel as particulate cross-linker, to adsorb or attach polymer chains,
or to add new functionalities to the hydrogel by simple entrapment within the hydrogel network.
In addition to mechanical reinforcement, the introduction of nanoparticles to hydrogel network
can also impart responsiveness to optical, thermal, barrier, magnetic, and electric stimulations,
which lead to applications in optics, sensors, actuators, electronics, separation devices, and drug
delivery.®

Previous studies focused on mechanical reinforcement of nanocomposite hydrogels using
nanoparticles such as laponite, silica, hydroxyapatite, carbon nanotube, and superparamagnetic
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iron oxide.?*®® Due to the favourable properties of CNCs, such as nanoscale dimensions, high
aspect ratio and Young’s modulus, hydrophilicity, biocompatibility, and facile surface
functionalization, a large body of recent work has focused on reinforcing hydrogels with CNCs
and investigating the role of interfacial layer between CNCs and hydrogel matrix on the
mechanical reinforcement.

1.1.4.2 CNC Physical Hydrogels

The viscosity and moduli of CNC suspensions increases steeply with concentration and two
critical values can be observed, namely, the overlap and the gelation concentration, which
depend strongly on the aspect ratio of the nanocrystals.?*** The thickening effect provided by the
presence of CNCs in aqueous dispersions is attributed to the network formation due to particle
entanglements and physical crosslinking upon increasing particle concentration. These hydrogels
are self-standing and anisotropic alignment of the CNCs can be confirmed using cross polarized
lenses. Shear thinning is also observed for CNC suspensions as a result of the axis alignment of
CNCs parallel to the flow direction. The balance of attractive forces (van der Waals forces and
hydrogen bonding) and repulsive forces (electrostatics) between CNC particles can be tuned by
changing the degree of protonation of the CNC surface functional groups. For example, sulfated,
carboxylated and aminated CNCs can be protonated or deprotonated by changing the pH and gel
formation can be fine controlled by destabilizing the colloidal suspensions, i.e., by reducing the
surface charge density and thus the repulsive forces between particles.

Another common route to modify the rheological properties of CNC suspensions involves the
addition of polymers.*? Depending on the nature of the particle-polymer interactions, enhanced
stability or flocculation of the suspensions can be observed.”*®* Flocculation due to bridging by
adsorption of polymers on particle surfaces or depletion by nonadsorbing polymers induces
formation of viscoelastic gels. Mckee et al.*® demonstrated a particularly facile and scalable
fabrication process for tunable all-cellulose thermoresponsive gels incorporating a mixture of
CNCs physically bound together by methylcellulose (Figure 1.5).

In addition, CNCs have been incorporated as fillers to reinforce polymer hydrogels with no
covalent attachment to the hydrogel networks. For instance, Yang et al.®” found that the elastic
component and the capacity to dampen deformation stress was enhanced by increasing the
interface between CNCs and in situ polymerized poly(acrylic acid) chains. Abitbol et al.”
obtained structural reinforcement and a decrease of crystallinity for hydrogel samples by loading
CNCs into polyvinyl alcohol (PVA) hydrogels through repeated freeze-thaw processing,
suggesting the improved interaction between CNCs and PVA. Lin et al.” reported that when p-
cyclodextrin (4-CD) grafted CNCs are mixed with Pluronic polymer, supramolecular hydrogels
can be obtained as a result of the in situ host-guest inclusion interaction. Although surface
modification of CNCs or polymerization of the hydrogel matrix around the CNCs was required
for the successful gel formation, no permanent covalent bonds between CNCs and the polymer

10



Ph.D. Thesis - Zhen Hu McMaster University - Chemical Engineering

networks were present to produce the nanocomposite hydrogels. Therefore, the examples
described above are still defined as CNC physical hydrogels in this thesis.
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Figure 1.5. Photograph showing gelation in a cellulose nanocrystals and methylcellulose mixture
at 60 °C. Also included is a schematic representation of the nanocomposite hydrogel. The
suggested adsorption of MC on CNC is indicated by red arrows. (Figure adapted from Ref.*)

1.1.4.3 CNC Chemical Hydrogels

In most demonstrations of nanocomposite hydrogels reinforced with CNCs, the particles are
physically entrapped within the gel matrix to yield the mechanical enhancing effects. Some other
works have instead used CNCs with particular surface modifications as both nanofillers and
particulate cross-linker to achieve the reinforcement. Recently, Yang et al.'® prepared a series of
nanocomposite hydrogels through in situ grafting of poly(N,N-dimethylacrylamide) (PDMA)
chains on CNC surfaces. The CNC—polymer interfacial interactions consist of reversible physical
interactions and stable covalent bonds: the CNCs functionalized with a silane coupling agent act
as particulate anchors to covalently graft PDMA, and the interpenetrated PDMA shells entangle
to form reversible physical networks. The same research group also prepared cellulose
nanocrystal-poly(acrylamide) (CNC-PAM) composite hydrogels with a double network
combining a permanent network through chemical cross-links and a transient network by surface
adsorption.’® They suggested that attractive physical interactions in the network increased the
fracture strength of the hydrogels via reversible adsorption—desorption processes on the CNC
surface. Dash et al. 1 obtained gelatin-based hydrogels employing the reaction between
aldehyde groups on the surface of oxidized CNCs and amine groups on gelatin. Similarly, Yang
et al.’® prepared injectable hydrogels based on the hydrazone bond formation between aldehyde-
functionalized CNCs and hydrazide-modified polymers (Figure 1.6). The CNC nanocomposite
hydrogels exhibited dimensional stability in 60 day swelling experiments and showed no
significant cytotoxicity to 3T3 fibroblasts in an MTT assay, implying their potential biomedical
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applications where longer term dimensional stability and enhanced mechanical strength are
desirable.'®
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Figure 1.6. Schematic representation of injectable hydrogels reinforced with CNCs, prepared
using a double-barrel syringe. The cross-linking hydrogel components include hydrazide-
functionalized carboxymethyl cellulose, aldehyde-functionalized dextran, and either unmodified
CNCs or aldehyde-modified CNCs. Transmission electron micrograph of CNC-reinforced
hydrogel with 0.25 wt % loading implies the incorporation of CNCs in the hydrogel network,
where individual CNC crosslink points are highlighted by the red boxes. (Figure reproduced
from Ref. 1)

1.1.5 Pickering Emulsions

An emulsion is a mixture of immiscible liquids, usually oil and water, with one liquid dispersed
in the continuous liquid phase. It is well known that low molar mass surfactants and surface-
active polymers are commonly employed as emulsifiers in the preparation of emulsions.
Colloidal particles with intermediate wettability can function in similar ways to surfactants by
adsorbing at oil-water interfaces and stabilizing emulsion droplets.***'% So-called Pickering
emulsions are found in many formulated products such as food, pharmaceutical, household
cleaning, and personal care products.

While traditional emulsions are stabilized by amphiphilic surfactant molecules, more recently
Pickering emulsions have garnered significant interest. Inorganic or petrochemical-based
particles of silica, clay, calcium carbonate, hematite, polystyrene, Fe3O, particles, and microgels,
which range in size from nanometers to micrometers, can all act as emulsifiers.}%®
Interestingly, small changes in the chemical composition of the liquids and/or particles, salt
concentration, pH, temperature, and particle shape, lead to major changes in emulsion properties
and rich physicochemical phenomena.**¢*%

The type and stability of emulsions stabilized by surfactants is dominated by the hydrophile-
lipophile balance (HLB), however, colloidal particles in Pickering emulsions do not have to be
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amphiphilic to adsorb at the oil-water interface.'®® ?° Instead, particles with partial wettability in
both immiscible liquid phases will partition preferentially at the interface and can be extremely
stable to coalescence depending on the particle size, shape, concentration, degree of particle
aggregation and wettability.’® 12 Additionally, while conventional surfactants are typically
used to lower oil-water interfacial tension, Pickering emulsions with micrometer sized droplets
are often formed with a relatively small reduction of interfacial tension.*?**#*

The conventional model for Pickering emulsions assumes the formation of a densely packed
particle layer at the oil-water interface, which prevents droplet coalescence by a steric barrier
mechanism.'®* ' The magnitude of the steric barrier is controlled by the energy required to
remove a spherical particle from the oil-water interface (4E) which is a function of the three-
phase contact angle of the particle (6ow), and can be calculated according to equation 1:

AE = 1ir?y,y, (1 —|cos Howl)z [1]

where r is the radius of the particle, and yo is the oil-water interfacial tension.'?**?® This energy
is considerably large (on the order of 10° kgT for a 100 nm particle) at contact angles around
90°. 12 19129 Therefore, once a partially wettable particle is at the oil-water interface, it will not
leave spontaneously. Furthermore, Pickering emulsions are stabilized due to the mechanical
barrier which slows Oswald ripening (coalescence) and the high viscosity of the continuous
phase which slows creaming/sedimentation.*®

In the case of spherical hydrophilic particles which adsorb to interfaces (oil-water or air-water),
the three-phase contact angle @ measured in the aqueous phase is normally < 90° and a larger
fraction of the particle resides in water than in the non-polar phase. For hydrophobic particles,
is generally greater than 90° and the particle resides more in oil or air than in water. By analogy
with surfactant molecules, the monolayers of particles will curve such that the larger area of the
particle surface remains on the external side, leading to oil-in-water (o/w) emulsions or agueous

foams when 6 < 90° and water-in-oil (w/0) emulsions and aerosols when 6 > 90° (Figure 1.7).2%
130

In many commercial products, both surface-active molecules and particulate emulsifiers are used
to optimize emulsion characteristics. The role of surface-active molecules in providing enhanced
stability of particle-stabilized emulsion is reported to be threefold: (1) to lower the interfacial
tension to favor droplet formation, (2) to change particle contact angle and hydrophobicity and (3)
to induce flocculation of the solid particles in the continuous phase.?” **' Adsorption of
surfactants on nanoparticles competes with the adsorption of surfactant at the oil-water
interface.*? For example, loss of surfactant to an oppositely charged particle’s surface lowers the
amount of free surfactant that may adsorb at the oil-water interface, which may raise the
interfacial tension.’***® On the contrary, like-charged particles and surfactants often show a
decrease in interfacial tension as surfactant is driven to the interface because it is repelled by the
suspended particles.*3**%
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Figure 1.7. a) Schematic representation of small spherical particles at a planar fluid-water
interface for a contact angle (measured through the aqueous phase) less than 90° (left), equal to
90° (center) and greater than 90° (right); b) Corresponding probable positioning of particles at a
curved fluid-water interface. For < 90°, Pickering aqueous o/w emulsions or foams may form
(left). For 8 > 90°, Pickering w/o emulsions or aerosols may form (right).(Figure adapted from
Ref. %)

In addition to varying the charge on surfactant headgroups, Binks and co-workers have
extensively studied the effect of varying the amphiphile tail length and concentration to tune the
interactions between surface-active molecules and particles, which led to more controlled and
stable emulsions. For instance, double phase inversions (o/w [1] to w/o to o/w [2]) have been
observed in Pickering emulsions containing silica or calcium carbonate nanoparticles with added
surfactant.™" *¥%4% The inversions are attributed to the adsorption of oppositely charged
surfactant at the particle surface which changes the particle wettability (Figure 1.8). The contact
angle of the particles at the planar oil-water interface has been measured directly using freeze-
fracture shadow-casting cryo-scanning electron microscopy, which allowed single-particle
contact angle measurements of high accuracy.’® It is shown that upon increasing surfactant
concentration, particles undergo a hydrophilic—hydrophobic—hydrophilic transition that closely
corresponds to the double phase inversion observed in the emulsions. Surfactants that can pack
densely on the particle surface or that have long (or multiple) alkyl tails easily lead to more
hydrophobic particles at low surfactant concentration which then become hydrophilic again at
high surfactant concentration due to surfactant bilayer adsorption (or maybe more precisely
admicelle aggregates adsorbed on the nanoparticle surfaces).
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Figure 1.8. Schematic representations (top) of the effect of surfactant concentration on the
adsorption of surfactant on particle surfaces and its influence on particle wettability and
emulsion type; freeze-fracture shadow-casting cryo-scanning electron microscopy images
(bottom) of the interfacial silica nanoparticles in the presence of increasing amount of surfactants.
(Figure reproduced from Ref.'*%)

Because surfactant adsorption on particles is readily reversible and polymer adsorption is
essentially an irreversible process, high molecular weight polymers have been used to more
permanently tune the interfacial properties of particles. Saleh et al.*** found that physisorbed
layers of amphiphilic PMAA-block-PMMA-block-PSS triblock copolymers improved the
colloidal stability of iron nanoparticles in water, drove them to adsorb at the oil/water interface,
and formed a highly stable emulsion (Figure 1.9). Adsorbing surface-active polymers onto
nanoparticles makes the nanoparticles efficient emulsifiers; concentrations as low as 0.04 wt. %
are sufficient to stabilize emulsions for many months. Similarly, Feng et al. *** observed that
salt-bridge interactions between carboxylic acid groups of single-walled carbon nanotubes
(SWCNTs) and amine groups on amine-terminated polystyrene drove the assembly of SWCNTSs
to the oil/water interface. In addition to adsorbing polymers onto nanoparticles to produce
efficient emulsifiers, Saigal et al. *** obtained highly stable xylene-in-water and cyclohexane-in-
water emulsions at extremely low particle concentrations by using silica nanoparticles with
poly(2-(dimethylamino)ethyl ~ methacrylate)  brushes grafted from their  surfaces
(SiO,—PDMAEMA) as the emulsifying agent. Interestingly, these emulsions were thermally
responsive, rapidly breaking upon increasing the temperature above the critical flocculation
temperature of the SiO,—PDMAEMA particles in water.
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The enhanced emulsification effectiveness of polymer-adsorbed or polymer-grafted
nanoparticles relative to that of bare particles is attributed to the surface activity of polymer
chains.'*® Whereas bare particles often do not reduce interfacial tension significantly,
adsorbed/grafted polymer chains are normally surface-active and capable of partitioning to the
oil/water interface to decrease the interfacial tension.®® In addition to lowering the interfacial
tension, swollen polymer brushes on nanoparticles between two approaching emulsion droplets
may inhibit droplet coalescence via steric or electrosteric repulsive forces. Compared to soluble
polymers or surfactants used as emulsifiers, complete removal of one polymer-coated
nanoparticle from the oil/water interface would require the simultaneous removal of many
additional polymer chains that are adsorbed or grafted to the same nanoparticle.
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Figure 1.9. Schematic representation (left) of polymer-modified iron nanoparticle partitioning at
oil/water interface; optical micrograph (right) of o/w emulsion droplets stabilized by polymer-
modified iron nanoparticles. (Figure reproduced from Ref.'*!)

In all of these experiments, the particles were modified with surfactants prior to the formation of
emulsions. Addition of surfactants to a particle-stabilized emulsion, however, led to complicated
emulsion behavior. Binks et al.** observed a coalescence induced increase in emulsion droplet
size after the addition of nonionic surfactant C1,E7 to tricaprylin-in-water emulsions stabilized by
surface modified silica particles. Vashisth et al.*** studied the effect of adding sodium dodecyl
sulfate (SDS) to dodecane-in-water emulsions stabilized by fumed silica particles and found that
SDS displaces nanoparticles from the interface. Similarly, Whitby et al.** noticed that the rate
and extent of creaming and flocculation of the drops were enhanced upon diluting emulsions
stabilized by silica particles in SDS solutions. They attributed it to a significant drop in the
oil/water interfacial tension upon addition of surfactant due to its preferential adsorption at the

oil/water interface.
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1.1.6 CNC Pickering Emulsions

In many applications, non-toxic and biocompatible colloidal particles derived from biomass are
preferred, making starch,™*™7 chitin,*****° and cellulose particles (microcrystalline cellulose,*
B MFC, 2158 CNCs, ™% BNC,™"**® and cellulose derivatives™™) more suitable. Various
fibrillated cellulose materials have been successfully used as emulsifiers.®® 1%t However,
fibrillated cellulose has the drawback of producing emulsion droplet networks rather than
individual droplets as a result of their high aspect ratio. Therefore, shorter and well-defined
cellulose particles such as CNCs appear to be excellent candidates for interfacial stabilization in
a more controlled manner.** ** Capron and co-workers showed that the aspect ratio of CNCs
directly influences the coverage ratio of CNCs on the surface of emulsion droplets giving rise, on
the one hand to a dense organization (surface coverage >80%) with short CNCs from cotton and
on the other hand to an interconnected network of low covered droplets (40%) when longer
nanocrystals from bacterial cellulose are used (Figure 1.10).%**

2

Figure 1.10. Scanning electron micrographs of polymerized styrene-water emulsions stabilized
by a) cotton cellulose nanocrystals, b) bacterial cellulose nanocrystals, and c) Cladophora
cellulose nanocrystals. (Figure reproduced from Ref.!**)

The surface charge density of CNCs has been shown to play a major role in how well CNCs
stabilize the oil/water interface. Kalashnikova et al.*®* found that CNCs with a surface charge
density above 0.03 e/nm? were not able to efficiently stabilize the interface, whereas a decreasing
surface charge density led to stable emulsions. The surface charge reduction can be readily
achieved by a desulfation process or by screening charge repulsions. The authors suggested that
although being globally hydrophilic, CNCs possess hydrophobic edges, which enable the
formation of stable oil-in-water emulsions.'®?

The hydrophobicity of cellulose nanoparticles can be increased by using agents such as silanes or
alkylamines to facilitate the stabilization of water-in-oil (w/o) emulsions.®* '®* However, the
hydrophobization process typically involves multiple steps of surface modification and
purification. In addition, some CNC surface chemistries are detrimental to some specific
applications. For instance, hydrophobization of cellulose particles by silylation is not suitable for
fuel emulsions because the silicon atom may poison the exhaust catalyst. Therefore, in situ
surface modification of cellulosic nanomaterials using surfactants is highly desirable.'®*
Emulsions stabilized by the combination of both colloidal particles and surfactants allow for
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emulsion properties to be finely tuned, requiring relatively small amounts of both stabilizers due
to particle-surfactant synergy. Due to rising environmental, health and safety concerns regarding
a number of synthetic surfactants, stabilizing emulsions using CNCs and less surfactant is
considered favorable. Replacing conventional surfactants with natural amphiphilic molecules or
biocompatible surface-active polymers should also be beneficial for some applications where
low-toxicity is highly desired.

Functional materials based on CNC emulsions have attracted a great deal of attention in recent
years due to their wide range of applications. Tasset et al.'® prepared lightweight cellulose
foams by freeze-drying o/w emulsions stabilized with CNCs. The same research group also
produced high-internal-phase emulsion “gels” by making CNC-stabilized emulsions with equal
parts oil and water and then slowly increasing the oil content (Figure 1.11).®° In another
literature example, Nypeld et al.®® reported production of hybrid CNC magneto-responsive
microbeads and microcapsules by using CNC Pickering emulsion as media. Such hybrid systems
can be used for application in colloidal stabilization, concentration, separation, sorption, and
delivery, among others. Li et al. **" used electrospinning of CNCs/poly(lactic acid) w/o
emulsions to prepare composite ultrafine fibers. In these fibers, CNCs were aligned along the
core (in the core—shell fibers), or on the wall (in the hollow fibers) and acted as nucleating agent
influencing PLA crystallinity, and improved the strength and stiffness of the electrospun
composite fibers.

Pickering emulsion Pickering

—
increasing
Internal
phase

Figure 1.11. Confocal laser scanning microscopy images of emulsions stabilized by cotton CNCs
containing increasing amounts of hexadecane stained with BODIPY (inset images showing the
gel formation at high oil volume fraction). (Figure adapted from Ref.™)

1.1.7 CNC Wet Foams

Foams occur in mixtures of immiscible fluids in which a vapor phase is dispersed as millimeter-
sized bubbles in the continuous phase of a liquid.*®® Surfactants and proteins are the most widely
used foaming agents in a range of areas including the detergent, food, and cosmetic industries,
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and yet it appears that they may possess certain deficiencies when long-term foam stability is
required. There have been a number of publications in recent years investigating colloidal
particles as stabilizers for foams which are stable for months or years.'®® 90 The detailed
mechanisms of foam stabilization using particles are still under debate. It is generally accepted
that drainage of the intervening fluid between air bubbles followed by the close approach of
bubble surfaces and bubble coalescence can occur, resulting in foam collapse, loss of gas and
foam structure and texture. In addition, gas diffusion from smaller to larger bubbles as a result of
differences in Laplace pressure, leading to coarsening of the foams. The effect is called
disproportionation, and is analogous to Ostwald ripening in emulsions. Together, drainage,
coalescence and coarsening lead to foam instability.

Similar to the stabilization of emulsions, the key to the air bubble stabilizing mechanism by
particles is that, if the surface energy (or contact angle) of the particles with the aqueous phase is
in the correct range, then the adsorption energy per particle can be up to several thousand KT,
making it almost impossible to force particles off of the interface.®® Partially hydrophobic silica
nanoparticles have been used as the sole stabilizer of air bubbles; the foams were completely
stable to collapse, coalescence, and disproportionation.**® "*172 Although a detailed picture of
the particle film stabilizing the bubbles is far from clear, the particles tend to become highly
aggregated in the aqueous phase and at the air-water interface.

The well-documented flotation process involves the attachment of mineral particles to air
bubbles by adding to the slurry surface-active molecules as frothing agents and collectors.
Recently, Yang et al.”**" provided an excellent example of using particles to stabilize air
bubbles and improve flotation efficiency. The hydrophobic nanoparticles were adsorbed onto
much larger, hydrophilic mineral particle surfaces to facilitate attachment to air bubbles in
flotation.

Compared to the body of work describing particle-stabilized oil-in-water and water-in-oil
emulsions, up to now there have been relatively few studies of the stabilization of foams by
particles. In addition to silica particles, other colloidal particles such as clay platelets,*”” iron
particles,'”® metal oxide nanoparticles,'’”® polymer latex,**® CaCO; rods,*® and (non CNC)
cellulose particles,’®®* have been employed as the stabilizing agents. Surface modification of
the particles is normally required to tune the hydrophobicity by chemical functionalization of the
surface. An easier and more versatile approach to modify the wettability of the particles is the in
situ adsorption of amphiphilic molecules onto the particle surface.!***% By changing the
surfactant concentration, the attachment of surfactant-decorated particles to ail-water interface
can be readily adjusted. It has been determined that foams are most stable when particles are
strongly flocculated corresponding to them possessing a low charge, being maximally

hydrophobic and containing a monolayer of adsorbed surfactant.

While most forms of nanocellulose have been demonstrated to be capable of stabilizing
emulsions without the use of additional surfactants, this has not been shown for foams. Lam et
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al.*™® suggested a few reasons why the stabilization of oil-water interfaces is easier than air-water

interfaces: (1) The air-water interfacial tension is higher than that at oil-water interface, leading
to larger capillary pressures in the foam films than emulsion films; (2) The density difference
between the dispersed and continuous phases is higher in foams than in emulsions, driving more
enhanced phase separation in the former; (3) The solubility and diffusivity of a gas in H,O is
normally higher than that of the typical emulsion oil phase in H,O, causing easier foam
destabilization than emulsion destabilization. Relatively hydrophilic particles can stabilize o/w
emulsions, but they may not be hydrophobic efficient in stabilizing foams. Hunter et al.'®
presented a detailed comparison of the particle properties necessary for foam stabilization
compared to emulsion stabilization.

Most nanocellulose materials by themselves do not have strong interfacial activity to produce
stable foams, however amphiphilic behavior can be imparted by either physical adsorption of
amphiphilic molecules or by chemical surface modification. For instance, aqueous foams
stabilized with up to 1 wt.% nanofibrillated cellulose were prepared by adsorbing positively
charged octylamine on the surface of the fibrils.®** Careful removal of the water through freeze-
drying resulted in highly porous, lightweight cellulose foams (pore size ~ 300-500 um). In this
work, NFC particles were “brought to the interface” by the octylamine.

Some other researchers also reported generating cellulose-based foams, but these cellulose
particles were mostly on a micrometer size-scale. Al-Qararah et al.'®” foamed Kraft fibers from
wood pulp in the presence of SDS to generate foams containing cellulose fibers. However, they
found that the fibers were not adsorbed at the interface. Hydrophobic cellulose microparticles of
hypromellose phthalate have been formed in situ by a liquid-liquid dispersion technique and used
to create foams that were stable for months (Figure 1.12).*%® The short-term and long-term
stabilization of interfaces strongly depended on the cellulose particle concentration. Micrometer-
sized hydrophobic cellulose particles were also made through precipitation of ethyl cellulose
onto Tencel and combined with caseins or whey proteins to give significant improvements in
stability of bubbles. The complexes formed using hydrophobic cellulose particles and caseins or
whey proteins gave significant improvements in stability of foams and bubbles to coalescence
and disproportionation compared to either component alone.*® Jin et al.'® also reported that
super stable aqueous foams with various bubble sizes were stabilized by food grade colloidal
ethyl cellulose particles. However, to the best of our knowledge, no example of aqueous foams
comprised of CNCs alone or in combination with amphiphilic molecules exists yet in the
literature.
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Figure 1.12. a) Appearance of the foams stabilized by hydrophobic cellulose microparticles of
hypromellose phthalate; b) and c) Optical micrographs of wet foam. (Figure reproduced from
Ref.'®)

1.1.8 CNC Solid Foams

Polymeric foams are utilized in a range of applications such as mechanical dampeners, solid
supports for catalysis and separations, immobilization of enzymes and proteins, thermal and
acoustic insulating materials, and medical devices.*****® Macroporous polymer foams have been
produced by dispersion of a gaseous phase in a fluid polymer phase, thermally induced phase
separation, hydrocarbon templating, and emulsion templating.'®***> Emulsion templating has
become a very active research area for the production of macroporous polymers with tailored
porosity and pore structure. In order to fabricate polymeric foams with high porosity, high
internal phase emulsions (HIPES) are normally utilized as templates, which is often defined as a
concentrated emulsion with a minimum internal phase volume ratio of 74 %.'% Both
surfactants'®®*" and particles’® have been used as the stabilizers to create water-in-monomer
emulsions and subsequent polymerization of the monomer phase and removal of dispersed water
phase lead to emulsion templated macroporous polymeric foams. The prepared macroporous
polymers are often termed poly-HIPEs. Various types of poly-HIPEs have been synthesized
using different solid particles as stabilizers, including silica nanoparticles, titania particles, iron
oxide nanoparticles, microgels, carbon nanotubes, and graphene oxide.*" 1%2% However, to the
best of our knowledge, no poly-HIPEs have been produced by using CNCs as the particulate
stabilizers.

Tasset et al.'®® reported another versatile method of preparing lightweight cellular foams by
freeze-drying o/w emulsions stabilized by CNCs. The foams exhibited cell sizes similar to the
droplets of the starting emulsion as a result of the robustness of the starting emulsion drops to
withstand centrifugation and freeze drying without collapsing. Further functionalization of the
foams was achieved by addition of positively charged chitosan, whereas addition of negatively
charged alginate promoted coalescence leading to a networked porous structure with no defined
pore shape. To avoid using oil to prepare emulsions and freeze-drying to produce porous foams,
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Cervin et al.’® introduced the production of a lightweight and strong porous cellulose foam by
air drying aqueous foams stabilized with surface-modified NFC. However, the inability to
readily tailor the surface functionality, structural and mechanical properties of the cellulosic
foams produced by these methods have been a motivation for researchers to design new ways of
making macroporous foams using nanocellulose materials.

Centrifugation

cyclohexane

Figure 1.13. Schematic representation of the preparation of o/w emulsion stabilized by CNCs,
subsequent concentration by centrifugation, and freeze-drying to prepare CNC macroporous
foam. (Figure adapted from Ref.'®%)

1.2 Objectives

As new, green, and sustainable materials, CNCs are currently being evaluated in a variety of
applications, including as reinforcing agents in nanocomposites, as stabilizers for emulsions and
foams, and as templating materials. Most of these formulated chemical products in food,
cosmetics, and biomedical industries, are complex mixtures of particulate materials and
surfactants and polymers. However, there is a lack of understanding of the relationship between
CNC, surfactant and polymer interactions and the properties of these components in solution and
at interfaces. Before this work was initiated, the majority of work in the literature was focused on
studying the properties of CNCs in aqueous systems and oil-water interfaces in the absence of
any other surface-active components. The overall objective of this thesis is to investigate the
properties of CNCs in solution and at interfaces in the presence of different water-soluble
surfactants and polymers. The potential of producing hydrogels, emulsions, and foams using
CNCs and surfactants and polymers is also explored herein. The specific goals of this work are
summarized below:

1.  To understand the influence of water-soluble polymers and surfactants on the rheological
and gelation behavior of CNC dispersions at high ionic strength. The results can provide
industries with generic design rules for formulating aqueous products with CNCs.
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2.  Toinvestigate the effect of cationic surfactants and non-ionic polymers on the properties of
Pickering emulsions stabilized by CNCs. Through this work, a better understanding of
tuning emulsion type, emulsion droplet size, and emulsion stability was achieved, which
could pave the way for developing emulsion-based products incorporating CNCs. In
addition, the exploration of producing emulsion gels and oil solids using CNCs may lead to
interesting applications in various industries.

3. To determine the effects of adding CNCs to polymeric foaming agents on foamability and
foam stability. Furthermore, fabrication of polymeric macroporous solid foams by using
CNC-based agqueous foams as the templates, was also studied. The research findings in this
work may offer some insights into the design of both aqueous and solid foams in a wide
range of applications.

1.3 Thesis outline

Chapter 1: Introduction. This chapter presents a thorough background of this project as well as
the relevant literature and research objectives. The thesis outline is also listed in this chapter.

Chapter 2: Tuning cellulose nanocrystal gelation with polysaccharides and surfactants. This
chapter studies the adsorption of non-ionic polysaccharides on CNCs and correlates the
adsorption behavior with gelation of CNCs upon addition of these polysaccharides. An increased
effective volume fraction mechanism was proposed to explain the gelation of dilute CNC
suspensions after adsorbing polysaccharides on the CNC surfaces. The effect of adding
surfactants to gels made by CNCs and polysaccharides was also investigated. This work has been
published in Langmuir.?®*

Chapter 3. Surfactant-enhanced cellulose nanocrystal Pickering emulsions. This chapter
evaluates the tailoring of Pickering emulsions stabilized by CNCs through addition of cationic
surfactants with different chemical structures and concentrations. The change in CNC wettability
from surfactant adsorption was directly linked to emulsion properties; adding surfactant
generally increased hydrophobicity of CNCs, enhanced the emulsion stability, decreased the
droplet size, and controlled the dispersed phase of CNC Pickering emulsions. A double phase
inversion, from o/w to w/o and back to o/w, was observed for emulsions with CNCs and
increasing amounts of double-tailed surfactants. This work has been published in Journal of
Colloid and Interface Science.*®*

Chapter 4. Synergistic Stabilization of Emulsions and Emulsion Gels with Water-soluble
Polymers and Cellulose Nanocrystals. This chapter reports the production of stable emulsions
with tunable droplet sizes by using CNCs and water-soluble non-ionic polymers. The co-
stabilization of oil-water interfaces with both CNCs and polymers was suggested. Temperature-
induced gelation of the emulsions stabilized by CNCs in the presence of polymers was
demonstrated. In addition, freeze-drying of the emulsion gels led to production of oil solids with
oil content as high as 94 wt.%. This chapter is in preparation for publication.
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Chapter 5. Preparation and Templating Properties of Stable Wet Foams of Cellulose
Nanocrystals and Methyl Cellulose. This chapter describes the production and characterization of
stable aqueous foams based on CNCs and methyl cellulose. The foamability, foam stability, and
water drainage of foams with CNCs at various loadings were examined to investigate the effect
of adding CNCs. The production of macroporous composite solid foams with tunable properties
using aqueous foams based on CNCs and methyl cellulose as the templating materials was also
demonstrated. This chapter is in preparation for publication.

Chapter 6: Concluding remarks. This chapter summarizes the major contributions of this study.
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Chapter 2 Tuning Cellulose Nanocrystal Gelation with
Polysaccharides and Surfactants

In chapter 2, all experiments were conducted by myself with assistance from Robin Ng
(undergraduate student). Dr. Robert Pelton aided in the modelling of volume fraction increase
and gelation after polymer adsorption. The paper was initially drafted by myself, and edited later
to final version by Dr. Robert Pelton and Dr. Emily D. Cranston. This chapter has been published
in Langmuir, 2014, 30 (10), pp 2684-2692. Copyright © 2014 American Chemical Society.
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ABSTRACT: Gelation of cellulose nanocrystal (CNC)
dispersions was measured as a function of the presence of
four nonionic polysaccharides. Addition of hydroxyethyl
cellulose (HEC), hydroxypropyl guar (HPG), or locust bean
gum (LBG) to CNC dispersions induced the gelation of dilute
CNC dispersions, whereas dextran (DEX) did not. These
behaviors correlated with adsorption tendencies; HEC, HPG,
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and LBG adsorbed onto CNC-coated quartz crystal microbalance sensors, whereas DEX did not adsorb. We propose that the
adsorbing polysaccharides greatly increased the effective volume fraction of dilute CNC dispersions, driving more of the
nanocrystals into anisotropic domains. SDS and Triton X-100 addition disrupted HEC—CNC gels whereas CTAB did not.
Surface plasmon resonance measurements with CNC-coated sensors showed that SDS and Triton X-100 partially removed
adsorbed HEC, whereas CTAB did not. These behaviors illustrate the complexities associated with including CNC dispersions in
formulated products: low CNC contents can induce spectacular changes in rheology; however, surfactants and soluble polymers

may promote gel formation or induce CNC coagulation.

B INTRODUCTION

Although cellulose nanocrystals (CNC) were first reported in
1949, only now is CNC entering the marketplace in
commercial scale quantities. Also called nanocrystalline
cellulose or cellulose whiskers, CNC particles are stiff colloidal
sized rods, approximately 100 X 10 X 10 nm*.** Aqueous CNC
suspensions can be colloidally stable in water because of surface
charged sulfate half-ester, carboxylate, or phosphate ester
groups,* depending on the CNC preparation method. As a
new, green, and sustainable material, CNC is currently being
evaluated in a variety of applications, including as reinforcing
materials in nanocomposites,® as stabilizers for emulsions and
foams,® and as components of drilling fluids.” The recent patent
literature is rich with descriptions of many other potential
applications, many of which exploit the intrinsic thickening and
gelation properties of small rod-shaped particles. However,
most formulated chemical products, including food and
cosmetics, are complex mixtures of surfactants and polymers
in relatively high ionic strength solutions. Herein we set out
initial results describing the influence of nonionic, water-soluble
polymers on the rheological and gelation behaviors of CNC
dispersions at high ionic strength. In addition, we show that
surfactants alter the behavior of CNC—polymer mixtures. Our
ultimate goal is to develop generic design rules for CNC-
containing formulations. The following paragraphs summarize
the relevant literature.

CNC Phase Behavior. Colloidal stability has a profound
influence on CNC dispersion behavior. Colloidally unstable
CNC particles adhere upon contact giving precipitates with
dilute dispersions and a space filling gel floc for concentrated
dispersions. Sulfated CNC particles are electrostatically

© 2014 American Chemical Society

< ACS Publications

39

2684

stabilized by high surface charge densities of approximately 1
charge group for every 10 surface anhydroglucose units.® The
critical coagulation concentration of NaCl for sulfated
CNC’™"" and for much longer nanofibrillated cellulose'? is in
the range 10—50 mM, whereas Araki'® reported aggregation of
carboxylated CNC between 100 and 500 mM NaCl.

Colloidally stable dispersions of rod-shaped particles undergo
isotropic phase-to-isotropic phase + anisotropic phase tran-
sitions at low volume fractions, behaviors predicted by
Onsager,'* Flory,"> and others.'® Dong et al. published a
detailed study of the phase compositions as functions of
electrolyte concentration and counterion type.'”'® Because
they found that the major features of their experimental results
were ca(ptured with SLO (Stroobants, Lekkerkerker, Odijk)
theory,'"? we show some of the model’s predictions in Figure
1 as plots of the volume fractions of the anisotropic (presumed
to be nematic) phase, ¢, as functions of the overall CNC
concentration. The model parameters, including 1/x;, the Debye
length, and De, the effective diameter of the CNC rods, are
shown in the Figure. The biphasic regions sits between two
CNC concentrations; C, is the CNC concentration corre-
sponding to the isotropic phase-to-isotropic phase + anisotropic
phase transition, and C, is the total CNC concentration at
which the isotropic phase disappears. For the middle curve in
Figure 1, the biphasic (isotropic + anisotropic) region falls in
the narrow CNC concentration range between C, = 36 g/L and
C, =47 g/L.
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Figure 1. Schematic illustration of CNC phase behaviors modeled by
SLO theory."*!? Parameters for the two L = 115 nm curves were taken
directly from Table 2 of Dong et al.'” L is the nanocrystals length, De
is the nanocrystals effective width, and 1/k is the Debye length.

Comparison of the three cases in Figure 1 illustrates two
important variables controlling phase behavior. Salt addition
lowered the effective diameter of the nanocrystals, De, shifting
the biphasic region to higher concentrations and broadening
the range of the biphasic region. By contrast, the SLO model
predicts that lengthening the CNC particles by 50% shifts the
biphasic region to a much lower CNC concentration, while
increasing the width of the biphasic region.

We emphasize that the simulated phase behaviors in Figure 1
are approximate—Dong et al.'”'® showed that CNC
concentrations are not constant in the biphasic regions.
Furthermore, Wierenga and Philipse®® make the interesting
point that rod suspensions are often present as unstable glasses
if the rods have insufficient mobility to form the thermody-
namically favored mixed phases.

CNC is a promising additive for aqueous formulations
because low concentrations can give large increases in
viscosities.”*' ~** Our focus is on the interplay of water-soluble
polymers and surfactants with CNC rheology and gel
formation. The first publications describing CNC were from
Gray's group and described interactions with water-soluble
polymers dextran (DEX) and dye-labeled dextran.*~*” Neither
dextran nor the labeled dextran adsorbed onto the sulfated
CNC surfaces. Furthermore, nonionic dextran did not influence
the phase behavior of anisotropic suspensions (ie, CNC
concentrations > C,). By contrast, dextran labeled with ionic
dyes shifted C, to higher values, giving a coexisting isotropic
phase. Some combinations of nonionic dextran and labeled
ionic dextran gave two isotropic phases in equilibrium with the
anisotropic phase.

Boluk®® reported dynamic viscosity measurements of dilute
CNC suspensions in hydroxyethyl cellulose (HEC) or
carboxymethyl cellulose (CMC) solutions. HEC is a popular
thickener for formulated chemical products because the
polymer does not interact strongly with surfactants® and
tends not to adsorb onto surfactant-coated surfaces.’® They
found that CNC greatly increased the viscosity of HEC
solutions to the point of giving very weak gels. On the basis of
isothermal titration calorimetry results, it was proposed that
HEC did not adsorb onto CNC surfaces and that increased
viscosities were due to depletion induced attractive interactions
between CNC particles.

Surfactants are present in most formulated chemical
products. Although not classical surfactants, Beck-Candanedo
reported the influence of ionic dyes on the phase behavior of
completely anisotropic dispersions (i.e., CNC concentration >
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stable cationic CNC particles were obtained with high dosages.
Finally, we have found no publications describing the properties
of CNC suspensions in mixtures of surfactants with water-
soluble polymers—a common situation with formulated
products. Herein we report results of an initial investigation
that shows the critical feature is whether or not the
polysaccharides adsorb onto CNC surfaces.

B EXPERIMENTAL SECTION

Materials and Methods. Hydroxypropyl guar (HPG, 2.5x 10°
Da, degree of substitution (DS) of 0.36) was obtained from Alcon
Laboratories (Fort Worth, TX). Sigma-Aldrich provided hydroxyethyl
celluloses: HEC250 MW = 250 kDa, DS = 1, and molar substitution
(MS) = 2; HEC720 MW = 720 kDa, DS n/a, and MS = 2.5; and,
HEC1300 MW = 1300 kDa, DS n/a, and MS = 2.5. Locust beam gum
(LBG, 310 kDa), dextran (DEX, 2000 kDa), sodium dodecyl sulfate
(SDS), cetyltrimethylammonium bromide (CTAB), poly(ethylene
glycol) p-(1,1,3,3-tetramethylbutyl)phenyl ether (Triton X-100),
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer,
TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl), sodium bro-
mide, and sodium hypochlorite (NaClO, available chlorine, 10—
15%) were all obtained from Sigma-Aldrich. The water used in all
solutions was deionized and further purified with a Barnstead
Nanopure Diamond system (Thermo Scientific, Asheville, NC).

Sulfuric Acid Hydrolysis of Cellulose. Following Revol et al,,
CNC was prepared by sulfuric acid hydrolysis of cotton from cotton
filter aid (Whatman ashless filter aid, GE Healthcare Canada,
Mississauga, Ca.nada).3 40 g of the filter aid was treated with 700
mL of 64 wt % sulfuric acid (Fischer Scientific) at 45 °C for 45 min
with constant stirring (mechanical stirrer) in a water bath. Immediately
following the acid hydrolysis, the suspension was diluted 10-fold with
water to quench the reaction. The suspension was centrifuged at 6000
rpm for 10 min four times to concentrate the cellulose and to remove
excess aqueous acid. The precipitate was then rinsed, centrifuged, and
dialyzed against water for 2 weeks until the pH of external dialysis
reservoir stabilized. The suspension was sonicated in continuous mode
for 30 min (Sonifier 450, Branson Ultrasonics, Danbury, CT) at 50%
output while cooling in an ice bath to prevent overheating in order to
unhinge any loosely bound CNC particles. Dowex Marathon C
hydrogen-form resin (Sigma-Aldrich) was introduced to the cellulose
suspension for 48 h and then removed by filtering through hardened
ashless filter paper (Whatman 541). The resultant aqueous suspension
was approximately 1 wt % cellulose, and the concentration was
increased by evaporation at ambient conditions. The surface charge
density of CNC was calculated to be 0.16 + 0.02 mequiv/g as
measured by conductometric titration, with average crystal dimensions
of 128 X 7 nm from transmission electron microscopy (TEM) images.
A small amount of toluene (50 uL per 1 L of suspension) was added to
the cellulose suspension to avoid bacterial growth.

Hydrochloric Acid Hydrolysis of Cellulose and TEMPO
Oxidation. 10 g of the cotton filter aid was hydrolyzed with 2.5 M
HCl at 70 °C for 2 h as described by Kalashnikova et al.® Acid was
removed by successive centrifugations at 6000 rpm for 10 min and
redispersion of the solid materials in purified water until pH was above
S. The resultant precipitate was then dialyzed against water for 2 weeks
to remove any remaining contaminants, deionized by mixing with
mixed bed ion-exchange resin, and concentrated to constitute the
stock suspension, which was used to prepare oxidized cellulose
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nanocrystals. Oxidation experiments were carried out as previously
published with minor modifications.* 10 mg of TEMPO and 200 mg
of sodium bromide were added while magnetically stirring the
cellulose suspension (60 mL of 1 wt %) that had previously been
sonicated for 3 min. The TEMPO-mediated oxidation of the cellulose
nanocrystals was initiated by slowly adding 4.9 mL of NaClO over 20
min at room temperature under stirring. The reaction pH was
maintained constant at 10 by adding 1 M NaOH solution until the pH
was stable, indicating that the reaction was finished. About 5 mL of
methanol was then added to quench the extra oxidant. After adjusting
the pH to 7 by adding 1 M HCI, the TEMPO-oxidized product was
rinsed with purified water by centrifugation and further purified by
dialysis against water for a week. The carboxylic content in the
oxidized cellulose nanocrystals, with average dimensions of 119 X 8
nm from TEM images, was determined to be 0.20 + 0.04 mequiv/g by
conductometric titration.

Conductometric Titration. Titrations were performed using a
Burivar-12 automatic buret (ManTech Associates) as described
previously on both sulfated and carboxylated CNC to determine the
charge content of the suspensions. 50 g portions of 0.5 wt % CNC
suspensions in 1 mM KCl was titrated using slow base-into-acid
titrations (30 min/unit pH).

Electrophoretic Mobility. Electrophoretic mobility values were
measured using a ZetaPlus analyzer (Brookhaven Instruments Corp.)
operating in phase analysis light scattering mode. A total of 10 runs
(each composed of 15 cycles) were conducted; the experimental
uncertainties represent the standard error of the mean of the replicate
runs. The CNC and polymer concentrations were kept 0.4 wt % and 1
g/L, respectively. SDS, CTAB, and Triton X-100 were later added to
CNC suspensions that had been previously mixed with polymer
solutions and concentrations of the surfactants were kept 10, 2, and 2
mM, respectively.

Dynamic Light Scattering. Measurement were made using a
Brookhaven BI-APD dynamic light scattering apparatus with a
detector angle of 90°. A Melles Griot HeNe operating at a wavelength
of 633 nm was used as the light source. The scattering intensity was
between 100 and 250 keps for all measurements. Each sample was
measured for three runs with 3 min for each run. The results were
analyzed using a BI-9000AT digital autocorrelator, version 6.1
(Brookhaven Instruments Corp.), and the CONTIN statistical method
was used to calculate the particle size distribution.

Preparation of CNC-Coated Sensors. TiO, SPR sensors
(Bionavis) and silica QCM-D sensors (Q-Sense AB) were cleaned
by dipping in ethanol, rinsing with purified water, and drying with
nitrogen gas followed by UV/ozone treatment for 15 min. The silica
QCM-D sensors were spin-coated at 3000 rpm for 60 s, with a layer of
1.0 g/L polyvinylamine (PVAm), M,; = 45 kDa (BASF, Ludwigshafen,
Germany) as the adhesive layer. Excess, unadsorbed PVAm was
removed by washing with water. Next, the CNC suspension (2 wt %)
was spin-coated onto the substrates at 3000 rpm for 60 s. To ensure
that the spin-coated films did not desorb in water, they were heat-
treated in an oven at 80 °C for 2 h, rinsed with purified water, and
dried with N, gas. Some CNC desorption was observed with shorter
(15 min) heating times. The same procedure was followed to spin-coat
TiO, SPR sensors with a CNC film. However, the adhesive layer of
PVAm was not required for coating on the cationic TiO, SPR sensors.

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). Adsorption measurements were performed with an E4
QCM-D instrument from Q-Sense AB (Sweden) where the third, fifth,
and seventh overtones were recorded. QCM-D measures the damping
of the crystal oscillation (the dissipation factor D) in addition to the
frequency shift (Af) of a quartz crystal sensor in contact with an
adsorbing medium. All the data were normalized to the fundamental
frequency by dividing the result with the overtone number (3). Before
the adsorption experiments, all CNC-coated QCM-D sensors were
soaked in purified water overnight. All experiments were performed at
23 °C, using HEPES buffer solutions (150 mM, pH 7.4).

For each adsorption experiment, the sequence of injections was
identical: (1) an aqueous solution of HEPES buffer was injected at a
constant flow rate of 150 #L/min until the baseline frequency shift was
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less than 0.5 Hz over 10 min; (2) the 1 g/L hydroxyethyl cellulose
(HEC), hydroxypropyl guar (HPG), locust bean gum (LBG), or
dextran (DEX) in HEPES buffer were injected at 150 #L/min until the
baseline was again stable, typically after 30 min; (3) the samples were
rinsed with HEPES buffer at 150 yL/min until the baseline was stable,
typically after S min.

Surface Plasmon Resonance (SPR) Measurements. SPR
experiments were performed using the SPR Navi200 (Bionavis,
Finland) at 23 °C. An increase in layer thickness adsorbed on the SPR
sensor produces a shift in optical resonance properties of the sensor.
This shift is detected as an increase in the SPR angle (Hmk) where the
reflected light intensity is minimized.® Reflected intensity as a
function of incident angle was collected over the angular range of 40°—
807 such that the SPR angle position and the angle of total internal
reflectance (6,;,) were both detected. The 0, is related to the refractive
index of the surrounding medium, and if the medium changes, 6,
shifts and the SPR angle shifts by the same amount. As such, it is
important to subtract 6 from the SPR peak angle to ensure that
measured angular shifts are due to adsorbed material alone and not to
media effects. SPR sensorgrams are presented as A0, —Afy; as a
function of adsorption time. All SPR measurements were performed
using 670 and 785 nm wavelengths for the bare sensor surfaces and the
CNC-coated sensor surface before and after polymer adsorption.
Polysaccharide solutions were introduced at 100 yL/min.

The SPR data (full angular scans from 40° to 80°) were simulated
using Winspall 3.02 (Max-Planck Institute for Polymer Research
Mainz, Germany). This model treats the surface as a uniform slab and
yields plots of slab thickness versus refractive index. By making
independent measurements at two wavelengths, it is possible to
estimate a unique combination of slab thickness and refractive index.*
Details of the method and optical constants are given in the
Supporting Information.

For polymer desorption experiments as a result of surfactant
addition, the sequence of injections was identical: (1) an aqueous
solution of HEPES buffer was injected at a constant flow rate of 100
#L/min until the baseline A6, —A6;, shift was less than 0.005 over 5
min; (2) the 1 g/L hydroxyethyl cellulose (HEC, M,, = 250 kDa) was
injected at 100 yL/min until the baseline was again stable, typically
after 20 min; (3) the samples were rinsed with HEPES buffer at 100
pL/min until the baseline was stable, typically after S min; (4) SDS
(10 mM in HEPES buffer), CTAB (2 mM in HEPES buffer), or
Triton X-100 (2 mM in HEPES buffer) was injected at 100 #L/min
until the baseline was again stable, typically after 20 min; (S) the
samples were rinsed with HEPES buffer at 100 xL/min until the
baseline was stable, typically after 10 min.

Gelation Tests. Equal volumes of CNC suspensions (ranging from
0.5 to 20 wt %) and each polysaccharide solution (in 300 mM HEPES
buffer) with different concentrations were mixed together, and gelation
was assessed by a modified test tube inversion method. Specifically, if
no liquid accumulation was observed on the bottom of the inverted
vial/tube 30 min after mixing of polymers and CNC suspensions, it
was concluded that a gel had formed. Some HEC—CNC gels were
treated with surfactants. Equal volumes of surfactant solution (SDS,
CTAB, or Triton X-100) were combined and immediately vortexed.
The tube inversion tests were repeated as before to determine the
effects of surfactant addition on gelation. The final concentrations of
SDS, CTAB, and Triton X-100 in the samples were kept to 10, 2, and
2 mM, respectively.

Rheology. Storage (G') and loss moduli (G”) were measured
using a CC2S concentric cylinder cell with a sample volume of 16 mL
of an STRESSTECH HR ATS rheometer (Rheologica Instruments) at
21 °C. A strain sweep was first performed to identify the linear
viscoelastic range of each hydrogel composite, followed by a frequency
sweep over the range of 0.01—10 rad/s to determine the shear-
dependent complex viscosity, G’, and G” of the hydrogels. An example
strain sweep is shown in Figure SI 13 of the Supporting Information.

Polarized Optical Microscopy (POM). Color micrographs were
obtained using a Nikon Eclipse LV100POL microscope with a 530 nm
phase retardation plate. With the retardation plate, isotropic areas
appear dark pink and oriented regions, either blue or yellow, the
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difference being a 90° in-plane rotation of the sample alignment
direction. Digital images were taken of samples in rectangle hollow
capillary tubes (VitroCom, Mountain Lakes, NJ).

B RESULTS

Interactions of Water-Soluble Nonionic Polysacchar-
ides with CNC Surfaces. CNC dispersions were prepared by
conventional sulfuric acid hydrolysis, yielding average crystal
dimensions of 128 nm X 7 nm and a charge content of 0.16 +
0.02 mequiv/g. For a few experiments, carboxylated cellulose
nanocrystals (CNC-COOH) were also prepared,® producing
particles with average dimensions of 119 nm X 8 nm and a
charge content of 0.20 + 0.04 mequiv/g. TEM micrographs
and example conductometric titrations are shown in Figures SI-
1 and SI-2, respectively. Many of the measurements reported in
this paper were performed in 150 mM HEPES buffer at pH 7.2.
Compared to the conditions used for many of the classic CNC
studies, this is a high ionic strength that was chosen to more
closely mimic conditions in commercial formulated aqueous
products. Pristine sulfated CNC is electrostatically stabilized,
and DLS measurements indicated some aggregation in HEPES
buffer concentrations greater than 100 mM (see Figure SI-3).

The interactions of four polysaccharide types with CNC
surfaces were probed by dynamic light scattering (DLS),
microelectrophoresis, QCM-D, and SPR. In all cases the results
suggest HEC, hydroxypropyl guar (HPG), and locust bean gum
(LBG) adsorb onto cellulose in 150 mM HEPES buffer,
whereas DEX does not. For example, Table 1 shows that DEX

Table 1. Electrophoretic Mobility (EM) and Apparent
Diameter of 0.04 wt % CNC Dispersions in the Presence of
0.1 g/L Polysaccharides and Surfactants”

CNC EM apparent diameter
additive 107% m?*/(V s) (nm)

no additive —2.56 + 0.21 113 + 10
DEX —229 + 018 111 + 10
HPG 300 + 28
LBG 218 +£ 20
HEC1300 269 + 25
HEC720 228 + 20
HEC250 —0.11 £ 0.07 190 + 18
HEC250 + SDS 10 mM —2.34 + 0.06

HEC250 + CTAB 2 mM 0.19 + 0.16

HEC250 + T. X-100 2 mM -222 £ 0.19

“Apparent diameters were based on the Stokes law conversion of
diffusion coeflicients obtained by DLS using the CONTIN analysis.
The error estimates are the standard error of the mean apparent
hydrodynamic diameter of three runs of each sample.

had little influence on CNC apparent diameter, whereas the
other three polymers induced a substantial increase in the
apparent size of the CNC crystals. Note the apparent diameters
were based on sphere models that do not account for the
particle shape. DLS measurements in the presence of the
remaining polysaccharides and varying ionic strengths are
shown in the Supporting Information (Figure SI-3), and these
results are consistent with the adsorption of all polymers except
DEX.

The electrophoretic mobilities of dilute CNC in 2 mM NaCl
with and without polysaccharides are summarized in Table 1.
Without polymers, the mobility is highly negative, reflecting the
high surface charge density of sulfate half-ester groups. Again,
we see that in the presence of DEX the mobility was slightly
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decreased, whereas in HEC, LBG, and HPG, the mobility was
substantially lower because adsorbed polymer shifted the shear
plane away from the highly charged CNC surfaces.
Adsorption measurements were performed with a quartz
crystal microbalance with dissipation (QCM-D) and surface
plasmon resonance (SPR) spectroscopy using sensor surfaces
spin-coated with CNC. Figure 2 shows QCM-D frequency shift

0
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™
>
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Addition Buffer
A addition
-100 ] —
0 10 20 30 40
Time / min

Figure 2. Af;/3 versus time for QCM-D studies of sulfated CNC-
coated silica sensors exposed to HEC1300, LBG, HPG, and DEX
solutions (1 g/L in 150 mM HEPES buffer at pH 7.2). Af;/3, the
frequency drop normalized by the overtone, is a measure of the
adsorbed mass including bound water.

results from the introduction of the four polysaccharides. HEC,
LBG, and HPG gave a large frequency drop, suggesting
adsorption, whereas DEX did not. This series of experiments
was repeated with QCM-D sensors coated with carboxylated
cellulose nanocrystals, CNC-COOH, and the results in Figure
SI-7 show similar results, but with slightly lower adsorbed
masses.

The corresponding dissipation results (see Figure SI-6) show
significant viscoelastic behavior, indicating highly associated
water contents for the adsorbed polymers and thus precluding
the use of the Sauerbrey model for predicting adsorbed
amounts. Thus, it is not possible from these results to rank the
relative adsorbed amounts of HPG, LBG, and HEC. On the
other hand, it is clear that DEX did not adsorb; presumably,
DEX adsorption onto cellulose is energetically unfavorable.

SPR adsorption measurements were performed to obtain
adsorbed layer thickness values for the HEC samples. Our SPR
instrument performed simultaneous measurements at two
wavelengths, permitting the estimation of the adsorbed layer
thickness values. The analyses, including the optical constants,
are described in the Supporting Information. The resulting
estimates of adsorbed layer thickness values are plotted as a
function of the square root of the HEC molecular weight in
Figure 3. In view of the complexity of the samples, we consider
these thickness results to be semiquantitative. Nevertheless, the
adsorbed layer thickness values, estimated from SPR measure-
ments, were proportional to the square root of the molecular
weight. Also shown in Figure 3 are adsorbed layer values from a
model—these results are explained in the Discussion section.

Influence of Water-Soluble Nonionic Polysaccharides
on Gelation. Initial experimentation showed that very low
concentrations of some nonionic, water-soluble polysaccharides
could induce CNC suspension gelation. CNC gelation was
assessed by simple vial inversion tests. Gels that did not move
when the vials were inverted are classified as “invertible gels”.
Figure 4 shows that 3 wt % CNC suspensions formed gels
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Figure 3. Influence of HEC molecular weight on the estimated
adsorbed thickness on CNC-coated substrates in 150 mM HEPES
buffer at pH 7.2. The model results are explained in the Discussion
section.

when mixed with only 0.2 wt % LBG, HPG, or HEC. By
contrast, DEX did not induce formation of an invertible gel.

Vortexing CNC
with polymer

Figure 4. Photographs of polysaccharide solutions before and after
vortex mixing with CNC suspensions. Only the dextran (DEX) did not
induced gelation. The final suspensions were 3 wt % CNC + 0.2 wt %
polysaccharide in 150 mM HEPES buffer at pH 7.2. The HEC was
HEC1300 (see Table 1).

Gel formation was further demonstrated by rheological
measurements. HEC—CNC mixtures showed classic gel
behavior with G* > G” and a rather flat frequency response.
HPG or LBG with CNC showed similar behaviors (Figure SI-
4). By contrast, with DEX—CNC mixtures, G” > G’, which is
typical behavior for polymer solutions. The corresponding
curves made with carboxylated CNC—COOH showed similar
behavior (see Figure SI-S).

Polarized optical microscopy (POM) and transmission
electron microscopy (TEM) images of polymer—CNC samples
are shown in Figure 5. LBG—CNC, HPG—CNC, and HEC—
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CNC samples demonstrated anisotropic regions in both POM
and TEM images, whereas the DEX—CNC sample only
showed random ordering of the CNC particles.

Figure 6 further illustrates the ability of HEC to induce CNC
gelation. The Y-axis shows the minimum CNC volume fraction
required to form a gel as judged by the vial inversion tests. The
X-axis shows the polymer concentration divided by C*, which is
the polymer concentration corresponding to the dilute-to-
semidilute transition (overlap concentration). At concentra-
tions as low as 1/10th C*, all three HEC molecular weights
lowered the CNC gelation concentration by an order of
magnitude. In addition, the higher the HEC molecular weight,
the more dramatic the effect on gelation. Note that without
polymer the CNC concentration for invertible gel formation
was about 15 vol % and that none of the polymers gave
invertible gels at the concentrations we evaluated. Therefore,
gelation depended upon HEC/CNC interactions.

Surfactant Interaction of CNC—HEC Gels. In addition to
water-soluble polymers, most formulated products contain
surfactants. We mixed three typical surfactants, at concen-
trations slightly above their critical micelle concentrations, with
HEC—CNC gels. Anionic SDS and nonionic Triton X-100
destroyed the uniform gels, giving visible CNC precipitates
immediately after mixing. By contrast, cationic CTAB did not
disrupt the gel. POM micrographs (Figure SI-12) indicated the
presence of ordered domains in the samples after the addition
of all three surfactants. The electrophoresis results in Table 1
show that addition of SDS or Triton X-100 to CNC—HEC
mixtures increases the negative electrophoretic mobility back to
values close to CNC without polymers. By contrast, CTAB
absorption gives charge reversal. In the Discussion section we
argue that that SDS and Triton X-100 disrupted the adsorbed
HEC and thus led to gel breaking.

Further support for the proposal that SDS and Triton induce
HEC desorption from CNC is given in Figure 7. SDS and
Triton X-100 induced partial desorption (~70%) of the
adsorbed HEC with most desorption occurring during the
final buffer rinse. This is a reproducible observation for which
we have no explanation. In contrast to the behaviors in SDS
and Triton X-100, exposure to cationic CTAB increased the
amount of material adsorbed on the cellulose. We presume the
additional adsorbed material is CTAB; however, this remains to
be proven. These results highlight the complexities of mixing
CNC with polymers and surfactants.

B DISCUSSION

In this work we have focused on factors influencing gelation of
CNC suspensions with particular emphasis on whether or not
the inverted gels flow. Without added polymer our CNC gels
did not flow when inverted if the volume fraction of CNC was
>14% (see Figure 6). A 14 vol % suspension corresponds to
19.6 wt % CNC, and a number concentration of ~14 X 107°
nm . This number concentration is within the range of CNC
concentrations reported by Dong et al.'” for suspensions with
an anisotropic volume fraction of 100% (ie., no coexisting
isotropic phase).

Our results show that three of four nonionic, water-soluble
polysaccharides greatly lower the CNC concentration required
for invertible gel formation. On the other hand, two of three
common surfactant types disrupt HEC—CNC gels. These
sensitivities of CNC dispersions have serious implications for
CNC formulation into water-based products because such
polysaccharides are frequently used to control viscosity. The
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Figure 5. Polarized optical micrographs (POM; top panel) and transmission electron micrographs (TEM; bottom panel) of CNC (3 wt %)
suspensions in the presence of polysaccharides (0.2 wt %) in 150 mM HEPES buffer at pH 7.2.
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Figure 6. Minimum CNC volume percent for gelation (inversion test)
as a function of the polysaccharide concentration in 150 mM HEPES
buffer at pH 7.2. C¥, the overlap concentrations, were from the
literature.”™*”
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Figure 7. Influence of surfactants on HEC250 adsorbed from a 1 g/L
solution onto a CNC-coated SPR sensor (data collected at 785 nm).
The surfactant concentrations were SDS 10 mM, CTAB 2 mM, and
Triton X-100 2 mM. All measurements were made in 150 mM HEPES
buffer at pH 7.2.

ability of hydrophilic polysaccharides to influence rheology and
colloidal stability has been discussed in many other systems,
and generally most effects are explained by depletion
flocculation.®® The following paragraphs make the case that
depletion effects (and bridging) are not dominant in our
system.

2689

44

Addition of HEC to CNC suspensions at concentrations as
low as 1/10th C*, the overlap concentration, induced gelation,
whereas dextran had little influence (see Figure 6). The
polymer concentrations were in the dilute regime (i.e, <C*¥),
suggesting that depletion forces were not responsible for the
invertible gel formation.

The QCM-D, SPR, electrophoresis, and dynamic light
scattering results showed HEC, HPG, and LBG adsorbed
onto CNC surfaces, whereas DEX did not. Therefore, the
ability of polymers to induce CNC gelation was correlated with
the tendency of the polymers to adsorb onto CNC. These
results were surprising to us as HEC is widely used as a
thickener in aqueous dispersions because it does not adsorb
onto many surfaces. There are few publications describing HEC
interactions with cellulose. Boluk’s isothermal titration
calorimetry experiments failed to measure heat effects
associated with HEC interaction with CNC.** Berglund’s
group has shown that nanocellulose/HEC blends form tough
dry composites suggesting adhering interfaces between HEC
and cellulose.** In summary, we are confident that HEC
adsorption on our CNC-coated surfaces was not an artifact
because the QCM-D and SPR coated sensors were prepared
with different adhesive layers (polyvinylamine for the QCM-D
and no adhesive layer on TiO, for SPR) and the CNC layer was
thick enough to avoid substrate effects. Furthermore, both the
microelectrophoresis and DLS results suggest HEC adsorption
onto CNC. Assuming that our adsorption measurements reflect
adsorption onto dispersed CNC particles, the role of
polysaccharide adsorption on CNC gelation is now considered.

The simultaneous adsorption of polymer molecules onto two
or more particles gives bridging structures and thus could
explain gelation. However, a common feature of bridging is that
it is not operative at high polymer concentrations. Instead, at
high polymer/surface area ratios, all surfaces are saturated with
adsorbed polymer giving steric stabilization. Our gelation
results in Figure 6 show no evidence of a bridging-to-steric
stabilization transition at high polymer concentrations. There-
fore, we do not believe bridging interactions explain the
polysaccharide-induced gelation. Instead, we propose that HEC
lowers the CNC concentration for gelation by adsorbing onto
the particles, increasing the effective volume fraction of CNC
particles. The following model illustrates the roles of polymer
adsorption and volume fraction.

dx.doi.org/10.1021/1a404977t | Langmuir 2014, 30, 2684—2692
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A gelation model requires a criterion for the onset of
gelation. For example, Philipse’s review discusses the criteria for
gelation of nonadhering and adhering rod suspensions.** For
simplicity, we assume that an invertible gel forms at the CNC
concentration C, and ¢ ¢, = 1, the lowest CNC
concentration at which the suspension is entirely anisotropic
(see Figure 1). Although reasonable, we emphasize this
assumption is arbitrary. The effective volume fraction of a
suspension of rectangular particles of width W = 7 nm with an
adsorbed polymer layer thickness 6 is given by eq 1, where c is
the mass fraction of cellulose in the suspension, p,, is the
density of water, and, peye = 1600 kg/m? is the density of
cellulose. Note this expression ignores the contribution of
polymer adsorbed on the ends of the particles.

(W + 28)

w>

Lo
(‘l - I)IJCNC 2, (1)

We applied eq 1 to the results in Figure 6 to estimate the
corresponding 0 values. The experimental cellulose volume
fractions in Figure 6 were converted to the corresponding mass
fractions, ¢, and eq 1 was solved numerically for 6 values, setting
¢ = 1. The calculations, performed with Mathcad, are listed in
the Supporting Information. Polymer adsorbed layer thickness
values, 6, were calculated for ¢ values corresponding to both the
lowest and highest experimental HEC concentrations in Figure
6. The resulting thickness values are compared to the SPR
experimental values in Figure 3. The computed thickness
corresponding to the low polymer concentrations are very close
to the experimental SPR values, whereas those for the high
polymer concentration data are about 2 times greater than the
experimental values. In summary, this simple model simulated
the major features of gelation results, giving support to our
proposal that HEC, HPG, and LBG induced gelation because
the polymer adsorbed on the CNC surfaces, increasing the
effective volume fraction.

If we accept that HEC adsorption explains enhanced gelation
of CNC dispersions, it seems reasonable to propose that
subsequent SDS or Triton X-100 addition induced HEC
desorption. The literature teaches that the anionic surfactant
SDS* and the nonionic Triton X-100** do not bind to HEC in
solution. On the other hand, the adsorption of an anionic
surfactant, sodium dodecylbenzenesulfonate (NaDBS), and a
nonionic surfactant, Triton X-100, on cellulose surfaces with
and without electrolytes has been reported.** Both our SPR
(Figure 7) and microelectrophoresis (Table 1) results together
with the literature support the proposition that SDS and Triton
X-100 adsorb on CNC surfaces, displacing the adsorbed HEC
layer. Furthermore, the photographs in Figure SI-12 of the
Supporting Information show that SDS and Triton X-100
induced some aggregation, possibly because of depletion
flocculation. By contrast, CTAB, the cationic surfactant, showed
very different behavior.

The results in Figure 7 show a surface mass increase when
HEC-treated cellulose is exposed to CTAB. It is not known
whether CTAB simply adds to the layer or displaces some of
the HEC. However, since there is no destruction of the
invertible gel, we propose that CTAB penetrates the HEC
layers, binding to the negatively charged CNC surfaces with
little change to the effective volume fraction of the coated
particles. In addition, electrophoretic mobility measurements
(Table 1) of CNC suspensions that have been previously mixed
with HEC were positively charged and colloidally stable.

¢ =
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Though HEC-free CNC suspension in 2 mM CTAB was also
positively charged (EM = (0.68 + 0.12) X 107* m*/(V s)), the
dispersion was unstable and aggregated 1 h after mixing CNC
with CTAB. The sample of HEC—CNC—CTAB, on the other
hand, showed no sign of aggregation three days after
preparation, presumably because adsorbed HEC served as a
steric stabilizer.

Finally, formulators have hundreds of water-soluble polymers
and thousands of surfactants from which to choose. Obviously,
this work involves a limited subset of the formulation
landscape. Our nonionic polysaccharides are particularly benign
because they are very hydrophilic and thus are weakly
interacting in water both with surfaces and surfactants.
Nevertheless, we have demonstrated a complex range of
behaviors. More hydrophobic and/or charged polymers are
likely to display more dramatic interactions with CNC and with
any surfactants present.

B CONCLUSIONS

Gelation of dilute CNC suspensions was induced by the
introduction of the nonionic polysaccharides HEC, HPG, and
LBG, whereas DEX has no influence on gelation. The ability of
a polysaccharide to induce gelation directly correlates with the
tendency of the polymer to adsorb on the CNC surfaces.
Absorbing polymers dramatically increase the effective volume
fraction of CNC dispersions, driving them into a completely
anisotropic phase with a sufficient yield stress to not flow when
inverted. Addition of surfactants to HEC—CNC invertible gels
gave a range of behaviors depending upon the nature of the
surfactant. Anionic SDS and nonionic Triton X-100 decompose
the gels inducing HEC desorption from CNC surfaces, whereas
gels were preserved in the presence of CTAB. This work
emphasizes that although CNC is potentially a potent
ingredient for promoting weak gel formation in formulated
chemical products, the detailed behaviors are very sensitive to
the presence of water-soluble polymers and surfactants.
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Transmission electron microscopy (TEM), conductometric
titration, dynamic light scattering (DLS), rheology data
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resonance (SPR) data and simulation example corresponding
to the results in Figure 3, atomic force microscopy (AFM) data,
and a copy of the MathCad model used to perform the
calculation of volume fraction increase due to the adsorption of
polymer. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: peltonth@mcmaster.ca (R.P.).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Sarah Ballinger and Kevin Kan for CNC
preparation, Elizabeth Takacs and Roozbeh Mafi for rheometry
support, and Heera Marway for SPR support. Tiffany Abitbol is
thanked for sample analysis with POM and AFM. The

dx.doi.org/10.1021/1a404977t | Langmuir 2014, 30, 2684—2692



Ph.D. Thesis - Zhen Hu

McMaster University - Chemical Engineering

Langmuir

McMaster Biointerfaces Institute is acknowledged for access to
instrumentation. Hu thanks NSERC for funding this work
through the CREATE Biointerfaces Training Program Grant.
Pelton holds the Canada Research Chair in Interfacial
Technologies.

B REFERENCES

(1) Ranby, B. G Aqueous Colloidal Solutions of Cellulose Micelles.
Acta Chem. Scand. 1949, 3, 649—650.

(2) Klemm, D.; Kramer, F.; Moritz, S.; Lindstrom, T.; Ankerfors, M.;
Gray, D.; Dorris, A. Nanocelluloses: A New Family of Nature-Based
Materials. Angew. Chem., Int. Ed. 2011, 50, 5438—5466.

(3) Revol, J. F; Bradford, H.; Giasson, J.; Marchessault, R. H.; Gray,
D. G. Helicoidal Self-Ordering of Cellulose Microfibrils in Aqueous
Suspension. Int. J. Biol. Macromol. 1992, 14, 170—172.

(4) Espinosa, S. C.; Kuhnt, T.; Foster, E. J.; Weder, C. Isolation of
Thermally Stable Cellulose Nanocrystals by Phosphoric Acid
Hydrolysis. Biomacromolecules 2013, 14, 1223—1230.

(5) Cao, X; Dong, H,; Li, C. M. New Nanocomposite Materials
Reinforced with Flax Cellulose Nanocrystals in Waterborne Polyur-
ethane. Biomacromolecules 2007, 8, 899—904.

(6) Kalashnikova, L; Bizot, H.; Cathala, B.; Capron, I. New Pickering
Emulsions Stabilized by Bacterial Cellulose Nanocrystals. Langmuir
2011, 27, 7471—7479.

(7) Rincon-Torres, M. T.; Hall, L. J. Cellulose Nanowhiskers in Well
Services. US Patent App. 13/561,158, 2012.

(8) Kan, K. H. M,; Li, J.; Wijesekera, K.; Cranston, E. D. Polymer-
Grafted Cellulose Nanocrystals as pH-Responsive Reversible Floccu-
lants. Biomacromolecules 2013, 14, 3130—3139.

(9) Boluk, Y.; Lahiji, R; Zhao, L.; Mcdermott, M. T. Suspension
Viscosities and Shape Parameter of Cellulose Nanocrystals (Cnc).
Colloids Surf, A 2011, 377, 297—-303.

(10) Zhong, L;; Fu, S.; Peng, X.; Zhan, H.; Sun, R. Colloidal Stability
of Negatively Charged Cellulose Nanocrystalline in Aqueous Systems.
Carbohydr. Polym. 2012, 90, 644—649.

(11) Revol, J. F; Godbout, L.; Gray, D. G. Solid Self-Assembled
Films of Cellulose with Chiral Nematic Order and Optically Variable
Properties. J. Pulp Paper Sci. 1998, 24, 146—149.

(12) Fall, A. B,; Lindstrom, S. B.; Sundman, O.; Odberg, L.; Wagberg,
L. Colloidal Stability of Aqueous Nanofibrillated Cellulose Dis-
persions. Langmuir 2011, 27, 11332—11338.

(13) Araki, J.; Wada, M.; Kuga, S. Steric Stabilization of a Cellulose
Microcrystal Suspension by Poly(Ethylene Glycol) Grafting. Langmuir
2001, 17, 21-27.

(14) Onsager, L. The Effects of Shape on the Interaction of Colloidal
Particles. Ann. N. Y. Acad. Sci. 1949, 51, 627—659.

(15) Flory, P. J. Statistical Thermodynamics of Mixtures of Rodlike
Particles. 5. Mixtures with Random Coils. Macromolecules 1978, 11,
1138—1141.

(16) Stroobants, A.; Lekkerkerker, H. N. W.; Odijk, T. Effect of
Electrostatic Interaction on the Liquid Crystal Phase Transition in
Solutions of Rodlike Polyelectrolytes. Macromolecules 1986, 19, 2232—
2238.

(17) Dong, X. M; Kimura, T.; Revol, J. F; Gray, D. G. Effects of
Ionic Strength on the Isotropic-Chiral Nematic Phase Transition of
Suspensions of Cellulose Crystallites. Langmuir 1996, 12, 2076—2082.

(18) Dong, X. M; Gray, D. G. Effect of Counterions on Ordered
Phase Formation in Suspensions of Charged Rodlike Cellulose
Crystallites. Langmuir 1997, 13, 2404—2409.

(19) Odijk, T. Theory of Lyotropic Polymer Liquid Crystals.
Macromolecules 1986, 19, 2313—2329.

(20) Wierenga, A. M.; Philipse, A. P. Low-Shear Viscosity of Isotropic
Dispersions of (Brownian) Rods and Fibres; a Review of Theory and
Experiments. Colloids Surf, A 1998, 137, 355—372.

(21) Araki, J.; Wada, M,; Kuga, S.; Okano, T. Flow Properties of
Microcrystalline Cellulose Suspension Prepared by Acid Treatment of
Native Cellulose. Colloids Surf, A 1998, 142, 75—82.

2691

46

(22) Bercea, M.; Navard, P. Shear Dynamics of Aqueous Suspensions
of Cellulose Whiskers. Macromolecules 2000, 33, 6011—6016.

(23) Liu, D; Chen, X;; Yue, Y.; Chen, M;; Wu, Q. Structure and
Rheology of Nanocrystalline Cellulose. Carbohydr. Polym. 2011, 84,
316—-322.

(24) Urefia-Benavides, E. E; Ao, G.; Davis, V. A,; Kitchens, C. L.
Rheology and Phase Behavior of Lyotropic Cellulose Nanocrystal
Suspensions. Macromolecules 2011, 44, 8990—8998.

(25) Edgar, C. D.; Gray, D. G. Influence of Dextran on the Phase
Behavior of Suspensions of Cellulose Nanocrystals. Macromolecules
2002, 35, 7400—7406.

(26) Beck-Candanedo, S.; Viet, D.; Gray, D. G. Induced Phase
Separation in Low-Ionic-Strength Cellulose Nanocrystal Suspensions
Containing High-Molecular-Weight Blue Dextrans. Langmuir 2006,
22, 8690—8695.

(27) Beck-Candanedo, S.; Viet, D.; Gray, D. G. Triphase Equilibria in
Cellulose Nanocrystal Suspensions Containing Neutral and Charged
Macromolecules. Macromolecules 2007, 40, 3429—3436.

(28) Boluk, Y.; Zhao, L.; Incani, V. Dispersions of Nanocrystalline
Cellulose in Aqueous Polymer Solutions: Structure Formation of
Colloidal Rods. Langmuir 2012, 28, 6114—6123.

(29) Persson, B.; Nilsson, S.; Sundeldf, L.-O. On the Characterization
Principles of Some Technically Important Water-Soluble Nonionic
Cellulose Derivatives. Part II: Surface Tension and Interaction with a
Surfactant. Carbohydr. Polym. 1996, 29, 119—127.

(30) Sperry, P. R. A Simple Quantitative Model for the Volume
Restriction Flocculation of Latex by Water-Soluble Polymers. J. Colloid
Interface Sci. 1982, 87, 375—384.

(31) Beck-Candanedo, S.; Viet, D.; Gray, D. G. Induced Phase
Separation in Cellulose Nanocrystal Suspensions Containing Ionic
Dye Species. Cellulose 2006, 13, 629—635.

(32) Dhar, N; Au, D,; Berry, R. C,; Tam, K. C. Interactions of
Nanocrystalline Cellulose with an Oppositely Charged Surfactant in
Aqueous Medium. Colloids Surf, A 2012, 415, 310—-319.

(33) Peng, B.; Han, X,; Liu, H.; Berry, R. C.; Tam, K. C. Interactions
between Surfactants and Polymer-Grafted Nanocrystalline Cellulose.
Colloids Surf, A 2013, 421, 142—149.

(34) Filpponen, L; Argyropoulos, D. S. Regular Linking of Cellulose
Nanocrystals via Click Chemistry: Synthesis and Formation of
Cellulose Nanoplatelet Gels. Biomacromolecules 2010, 11, 1060—1066.

(35) Liang, H.; Miranto, H.; Grangvist, N.; Sadowski, J. W.; Viitala,
T.; Wang, B; Yliperttula, M. Surface Plasmon Resonance Instrument
as a Refractometer for Liquids and Ultrathin Films. Sens. Actuators, B
2010, 149, 212-220.

(36) Grassi, J. H; Georgiadis, R. M. Temperature-Dependent
Refractive Index Determination from Critical Angle Measurements:
Implications for Quantitative Spr Sensing. Anal. Chem. 1999, 71,
4392-4396.

(37) Ioan, C. E; Aberle, T.; Burchard, W. Light Scattering and
Viscosity Behavior of Dextran in Semidilute Solution. Macromolecules
2001, 34, 326—336.

(38) Kiratzis, N.; Faers, M.; Luckham, P. F. Depletion Flocculation of
Particulate Systems Induced by Hydroxyethylcellulose. Colloids Surf, A
1999, 151, 461—471.

(39) Sehaqui, H; Zhou, Q; Berglund, L. A. Nanostructured
Biocomposites of High Toughness-a Wood Cellulose Nanofiber
Network in Ductile Hydroxyethylcellulose Matrix. Soft Matter 2011,
7, 7342—7350.

(40) Philipse, A. P; Wierenga, A. M. On the Density and Structure
Formation in Gels and Clusters of Colloidal Rods and Fibers.
Langmuir 1998, 14, 49—54.

(41) Yamanaka, Y.; Esumi, K. Adsorption of Hydroxyethylcellulose
or Hydrophobically Modified Cellulose and Anionic Surfactant from
Their Binary Mixtures on Particles. Colloids Surf, A 1997, 122, 121—
133.

(42) Zhao, G.; Chen, S. B. Clouding and Phase Behavior of Nonionic
Surfactants in Hydrophobically Modified Hydroxyethyl Cellulose
Solutions. Langmuir 2006, 22, 9129—9134.

dx.doi.org/10.1021/1a404977t | Langmuir 2014, 30, 2684—2692



Ph.D. Thesis - Zhen Hu

McMaster University - Chemical Engineering

Langmuir

(43) Paria, S,; Manohar, C.; Khilar, K. C. Adsorption of Anionic and
Non-Ionic Surfactants on a Cellulosic Surface. Colloids Surf, A 2008,
252, 221-229.

2692

47

dx.doi.org/10.1021/1a404977t | Langmuir 2014, 30, 2684—2692



Ph.D. Thesis - Zhen Hu McMaster University - Chemical Engineering

Appendix: Supporting Information for Chapter 2

Transmission Electron Microscopy (TEM). The anionic (sulfate half-ester and carboxylic
acid) functional groups on CNC particles were selectively stained by mixing a 0.05 mL aliquot
of the CNC (0.5 wt%) with 0.5 mL of a 1 mM uranyl acetate solution and votexing the mixture
for 2 min. A single drop of the stained suspension was dropped on a Formvar-coated copper

TEM grid and dried for 4 h. TEM images were acquired using a JEOL 1200 EX TEMSCAN
microscope operating at 80 kV.

CNC-COOH

Figure SI- 1. TEM images of sulfated cellulose nanocrystals (CNC) and carboxylated
cellulose nanocrystals (CNC-COOH).

TEM images of sulfated cellulose nanocrystals (CNC) and carboxylated cellulose nanocrystals

(CNC-COOH) are presented in Figure SI-1 and show well-dispersed whisker-like nanoparticles
with average lengths of 128 + 7 and 119 + 8 nm and heights of 7 + 2 and 8 + 2 nm, respectively.
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The average dimensions of these nanocrystals were determined by measuring the sizes of abo
100 individual nanocrystals.

Conductometric Titration. 100 mg CNC or 120 mg CNC-COOH suspended in 1 mM KClI v
titrated by using slow base-into-acid titrations (30 min/unit pH) on a Burivar-I2 automatic but
(ManTech Associates) as described previously.' Sample titration curves are shown in Figure ¢
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Figure SI- 2. Examples of conductometric titration curve of sulfated CNC (CNC) and

carboxylated CNC (CNC-COOH) used to determine charged groups on CNC.
The surface charge density, ¢, in meq/g was calculated from the titration results as

o= Coveon V seon (1)

C( 'NC a( "NC

where cnaon 1S the concentration of the titrant, Vx,on is the titrant volume at the equivalence
point, cene 1s the concentration of the CNC suspension, and acnc is the amount of CNC
suspension titrated. Charge densities of CNC and CNC-COOH were determined to be 0.16 +
0.02 and 0.20 + 0.04 meq/g, respectively.
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Dynamic Light Scattering (DLS). Particle sizes of CNC only or in the presence of different
polymers were determined by dynamic light scattering using a detector angle of 90°. A Melles
Griot HeNe laser operating at a wavelength of 633 nm was used as the light source. The
scattering intensity was between 100 and 250 kcps for all measurements. Each sample was
measured for three runs with 3 min for each run and averages with error intervals are plotted in
Figure SI-3.
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Figure SI- 3. Apparent hydrodynamic diameter of CNC suspensions (0.4 wt %) only and in the
presence of HPG, LBG, HEC, or DEX versus concentration of HEPES buffer (pH=7.2). All the
polysaccharide concentrations were fixed to be 1 g/l and M, of HEC was 250 kDa.

Considering the fact that suspended particles are assumed to be spherical by using DLS, apparent
hydrodynamic diameters of the suspensions were reported here for comparison purpose only.
The salt concentration dependence of CNC and DEX-CNC hydrodynamic diameters suggests the
absence of steric stabilization of polymer layer on CNC surface and agglomeration of the
nanocrystals with increasing ionic strength. Conversely, for all other samples of HPG-CNC,
LBG-CNC, and HEC-CNC suspensions hydrodynamic diameter does not change, implying steric
stabilization induced by the adsorbed polymer layers. The average hydrodynamic diameters of
HPG-CNC, LBG-CNC, HEC-CNC are at least 100 nm bigger than the ones of CNC and DEX-
CNC, which again is due to the presence of an adsorbed polymer layer on CNC surfaces.

Rheology. Storage (G') and loss moduli (G") were measured using a CC25 concentric cylinder
cell with a sample volume of 16 mL of an STRESSTECH HR ATS rheometer (Rheologica
Instruments, USA) at 21 °C. A stress sweep was first performed to identify the linear viscoelastic
range of each hydrogel composite, followed by a frequency sweep over the range of 0.01-10
rad/s to determine the shear dependent complex viscosity, G', and G” of the hydrogels.
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Figure SI- 4 Rheological behaviors of CNC (3 wt %)-polysaccharide (0.2 wt %) mixtures in 150
mM HEPES buffer at pH 7.2. M, of HEC was 1300 kDa.
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Figure SI- 5 Rheological behaviors of CNC-COOH (3 wt %)-polysaccharide (0.2 wt %) mixtures
in 150 mM HEPES buffer at pH 7.2. M, of HEC was 1300 kDa.

As shown in Figure SI-4, only DEX-CNC sample was found to be liquid, whereas other samples
were gel displaying bigger G’ values than G” ones. This was also observed for CNC-COOH
samples (Figure SI-5), which showed slightly smaller G’ values compared to their sulfated

counterparts.
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Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D). Adsorption
measurements were performed with an E4 QCM-D instrument from Q-Sense AB (Sweden)
where the third, fifth, and seventh overtones were recorded. For each adsorption experiment the
sequence of injections was identical: (1) an aqueous solution of HEPES buffer was injected at ¢
constant flow rate of 150 uL./ min until the baseline frequency shift was less than 0.5 Hz over 1
min; (2) the 1 g/L hydroxyethyl cellulose (HEC), hydroxypropyl guar (HPG), locust bean gum
(LBG), or dextran (DEX) in HEPES buffer were injected at 150 pL./ min until the baseline was
again stable, typically after 30 min; (3) the samples were rinsed with HEPES buffer at 150 puL/
min until the baseline was stable, typically after 5 min.
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Figure SI- 6 4D versus time for QCM-D studies of sulfated CNC-coated sensors exposed to
HEC, LBG, HPG, and DEX solutions (1g/L in 150 mM HEPES buffer). Curves correspond to
the third overtone. M, of HEC was 1300 kDa.
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Figure SI- 7 Af3/3 (a) and AD (b) versus time for QCM-D studies of carboxylated CNC (CNC-
COOH) coated sensors exposed to HEC, LBG, HPG, and DEX solutions (1g/L in 150 mM
HEPES buffer). M, of HEC was 1300 kDa.

In Figure 2 and SI-7, HEC, LBG and HPG gave a large frequency drop, suggesting adsorption on
both sulfated CNC and carboxylated CNC whereas DEX did not. The corresponding dissipation
results (see Figure SI-6 and SI-7) show significant viscoelastic behavior indicating high
associated water contents, which makes Sauerbrey model for predicting adsorbed amounts
unreliable.’

Estimating Adsorbed Layer Thickness from SPR Measurements
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The SPR data (full angular scans from 40° to 80°) were simulated using Winspall 3.02 (Max-
Planck Institute for Polymer Research Mainz, Germany). This model treats the surface as a
uniform slab and yields plots of slab thickness versus refractive index. By making independent
measurements at two wavelengths it 1s possible to estimate a unique combination of slab
thickness and refractive index.” Figure SI-8 shows two examples of the raw SPR data fitting of a
CNC-coated T10; sensor after HEC250 adsorption by using Winspall. The SPR signal of the
bare T10, sensor surface was simulated first to obtain the background for the subsequent
simulation of the CNC layer. The starting parameters shown in the inset table of Figure SI-8
were either provided by BioNavis Ltd. or found in the online refractive index database
(http://refractiveindex.info/). Minor tuning of the parameters was necessary to achieve the best
fitting, which was determined by comparing the peak angles A of experiment data to simulation
data and a difference smaller than 0.001° between these two was considered to be the best fit.
The layers i the model correspond to the glass slide (layer 0). gold adhesive layer (layer 1), gold
layer (layer 2), T10; layer (layer 3), CNC layer (layer 4), HEC layer (layer 5), and medium layer
(layer 6).

As the refractive index depends on the wavelength, analysis of results from two or more
wavelength vield layer thickness. d. and refractive index. n. values using the following
procedure:*

Chromatic dispersion (dn/d~) values of cellulose nanocrystals and hydroxyethyl cellulose (HEC)
were assumed to equal that value of pure cellulose, -0.0271 um™.** This is the averaged value of
chromatic dispersion of cellulose at 670 and 785 nm, from http://refractiveindex.info/. The
corresponding value for water is -0.0205 pm™.° The n-d curves of the CNC layer obtained with
two wavelengths were plotted on the same axis and the »-d curve of the 785 nm measurement
was shifted by the dn/d/ value of cellulose to obtain the intersection point of the curve of 670 nm
and shifted curve of 785 nm (Figure SI-9). The volume fraction of CNC. ¢. in the CNC layer
corresponding to the obtained ncene value, was estimated according to equation 2:

Hewe = (D Neellulose + (1_¢) Nedium (Z)

where 7o 15 1.466 and 71, g 15 1.330. *°

Based on ¢, the value of dn/d/. was re-estimated corresponding to equation 2. After this, the
mtersection point of the »-d curve of 785 nm and the curve of 670 nm with the corrected dn/dA
was taken as the unique solution for both » and d of the CNC layer. The same procedures were
repeated for adsorbed polymer layer on the top of CNC-coated substrates, assuming the » and d
values of CNC layer were not affected with the adsorption of another layer of polymer. HEC
with different molecular weights were chosen as model polymers that adsorb on CNC surfaces to
mvestigate the relationship between polymer molecular weight and adsorbed layer thickness. The
refractive index parameters of pure HEC. nuec = 1.466 and dn/d/ = -0.0271 um™ were taken
from the literature, assuming these values are the same as cellulose.™” The final stage of the
iterations of thickness (d) and refractive index (n) of a HEC250 layer on CNC-coated sensor 1s
shown as an example i Figure SI-9. In the first stage of iteration, the starting values used for
chromatic dispersion, dn/dA. were the averaged value of pure cellulose, -0.0204 um™at 785 nm.
and -0.0338 um™ at 670 nm. Based on the intersection points obtained with the starting values
and corresponding compositions of the film (equation 2). the more accurate values of dn/d/ were
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re-estimated to be -0.023 um™. The unique solution of the HEC250 layer properties were found
to be n=1.348 and d = 11.0 nm. The final values of ¢ for CNC and HEC250 layer were found to
be 48 + 17%, and 14 + 6 %, respectively. It has been found out that in the swollen state adsorbed
layer contained only ~15-30% cellulose, which is slightly smaller than what we observed here.*’
The same procedures were repeated for HEC720 and HEC1300 to obtain the corresponding
adsorbed polymer layer thickness. Typically, two iteration cycles were enough to match the
composition of the layer with the chosen value of chromatic dispersion.
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Figure SI- 8. Examples showing the raw SPR data fitting of a Ti0, sensor with spin-coated
CNC layer (top) and after HEC250 adsorption (bottom) simulated using Winspall version 3.02.
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Figure SI- 9. Adsorbed HEC layer thickness versus refractive index measured with two
wavelengths by SPR. The final stage of the iterations of thickness (d) and refractive index (n) of
a HEC250 layer on CNC-coated sensor. In the first stage of iteration, the starting values used for
chromatic dispersion, dn/dA, were that of pure cellulose, -0.0204 pm’lat 785 nm, and -0.0338
um’ at 670 nm. Based on the intersection points obtained with the starting values and
corresponding compositions of the film (equation 2), the more accurate values of dn/dA were re-
estimated to be -0.023 um™. The unique solution of the HHEC250 layer properties were found to
ben=1348 andd=11.0 nm.
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Figure SI- 10. Adsorbed HEC layer thickness versus refractive index measured with two
wavelengths by SPR. In the first stage of iteration, the starting values used for chromatic
dispersion, dn/d\, were that of pure cellulose, -0.0204 um'at 785 nm, and -0.0338 um™ at 670
nm. These two gave a unique thickness solution of 11.3 nm and 6.0 nm, respectively.
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Table SI- 1. Refractive index ». thickness d. and CNC or HEC volume fraction ¢ of each layer as

determined by multiple iteration method in SPR measurements.

layer n d/nm o

CNC 1.401 | 37.2 51.8%

HEC250 | 1.348 |11.0 {6.0ﬂ-~11.3b) 12.1%

HEC720 |1.350 |19.1(11.5*19.8°) |13.5%

HEC1300 | 1.347 [ 23.1 (18.1%~24.0") | 11.9%

a: thickness calculated by using -0.0338 pm™ as the value for dn/d:

b: thickness calculated by using -0.0204 um™ as the value for dn/d/.

As the chromatic dispersion (dn/dA) value for HEC is assumed to be the same as pure cellulose
as shown in Figure SI-9, sensitivity of thickness d to dn/d/ is investigated and shown in Table
SI-1. Thickness values of the layers of HEC with different M, are calculated by using -0.0338
and -0.0204 um’" as the values for chromatic dispersion (Figure SI-10). which are the dn/d/
values of cellulose at 670 and 785 nm. respectively. The more accurate values for dn/d/ as
determined by iteration method and equation 2 are shown in Figure SI-9 and also listed in Table
SI-1. Generally. -0.0338 pm™ gives smaller thickness values whereas -0.0204 nm™ gives bigger
ones. Iteration method provides values that are between the ones determined by using -0.0338
um™ and -0.0204 um™ . Though the exact values for thickness seem to be sensitive to chromatic
dispersion, the general trend of increasing thickness with the increase of HEC M, is well
preserved. HEC volume fraction ¢is found to be much smaller than that of CNC layer, which is
likely to be due to the hydration and molecular extending of HEC.

Atomic Force Microscopy(AFM). The topography of CNC-coated SPR sensors was
characterized by AFM with a BioScope Catalyst™ BioAFM (Bruker AXS. Santa Barbara, CA)
in contact mode, using probes from Bruker AFM Probes (SNL-10 type A, 0.35 N/m spring
constant. and 65 kHz resonance frequency). The AFM height image in Figure SI-11 confirms the
full coverage of CNC on the TiO, SPR sensor, which leads us to believe that the underneath
Ti0, surface plays a negligible role in polymer adsorption on CNC-coated sensors.

As shown in Figure SI-11. no overall alignment of the CNC was found in the AFM image of the
CNC-coated SPR sensor, which implies that it is unlikely that the CNC film is significantly
birefringent. If we simulate the SPR data in Winspall assuming isotropic refractive indices or use
iy, 11y and n, values that take into account the birefringence of cellulose (An= 0.06). the SPR
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peak angle changes by less than 0.001°. This small difference in signal between an isotropic or
anisotropic cellulose film is within the error of the data fitting.

0.0 Height 2.5 um

Figure SI- 11. AFM height image of CNC-coated SPR sensor.
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:

CTAB
-
~

Triton X-100

Figure SI 12 POM optical micrographs of
HEC1300 (0.2 wt%) + CNC (3 wt%) gels
after addition of 10 mM SDS, 2 mM CTAB,
or 2 mM Triton X-100. 150 mM HEPES
buffer maintained the pH at 7.2.
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Figure SlI-13 Strain sweep results for HEC1300(0.2 wt %)-CNC (3 wt %) mixture in 150
mM HEPES buffer at pH 7.2 at varying strain from 0.01 to 100% with a constant angular
frequency of 1 rad/s. Our other gel samples showed similar behaviors and only HEC-
CNC sample is plotted.
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Estimating adsorbed layer R. Pelton 2013

The physical picture
We assume that polymer adsorbs uniformly on all of the cnc surfaces except the ends. The major assumption is that an invertable
gel occurs when the dispersed phase volume fraction, including the contribution of the adsorbed polymer, =1.

Nomenclature

®m or © - thickness of saturated adsorbed polymer (nm)

A - arange variable (dimensionless 0-1)

C - overall mass fraction of dry cnc

¢ - mass fraction of dry cnc, individual phases

d - nematic phase particle surface to surface separation without adsorbed polymer
¢ - volume fraction

W - width of cnc particles

L - length length of cnc particles

p - density

(3]

98K No = Nw(T) = 0.8935-mPa-s Viscosity of water gm

ml

o = Density of water

CNC Properties

Lene == 128nm Length of CNC particle

Wepe = Tnm Width of cne nano boards

Penc = 1.6-g Density of crystalline cellulose
mL

Relating Mass and Volume Fractions

Herein we assume that cnc particles can have adsorbed layer of thickness & which contributes to the dispersed phase volume
fraction. The following three functions are frequently used in the following modeling.

Pw (Wene + 35‘}2 Volume fraction of cne suspension including adsorbed layer
d)[cg.é] == - 7 - thickness, 8. This function ignores the contribution of polymer
_r 1|-Penc + P Wene adsorbed on the ends of the cnc particles -the E-9 term prevents
cg+ 107 9 division by zero errors if concentration is 0
) Penc
5(0.9) = 5 . , ,
P (chc +25) This is the mass fraction of pure cellulose as function of total volume
Pene + — ——————— — Pw fraction ¢ and adsorbed layer thicknessd
¢ Weae
cnc
: 3 ‘e
Nenc(cg) := ) 5 \(1-cg  cg Corresponding number concentration
(_Lcnc'\vmc 'Pcnc_)' — + J
P Penc

Minimum adsorbed layer thickness for gelation

For a given cnc mass fraction of cellulose, C.t, the following function calcuates the minimum adsorbed layer thickness
required for gelation.

Q=0 agsorbed layer thickness, a variable

8o := onm  2erothickness

ﬁg(C‘t] = roo‘r(cb[Cr,G] -1 ,6] Numerically finding & value that gives total volume fraction = 1.
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Experimental data

20M

+HEC250
®HEC720
#*HEC1300
®Dex

Minimum CNC Volume Fraction
for Invertible Gel
]

0.2 L L L
0 0.5 1 1.5 2
Polymer Conc. /C’ 5o = 0
HEC 250 kDa HEC 770 kDA HEC 1300 kDa
4471 25 /1.875
2.5 1.25 1
a o _ o 0.94 Experiment volume
baso = s P d770 = 004 |° Ors00:=| _|% fraction of cellulose only
0.625 corresponding to gelation
0.94 L0.625 04
_— —_—

Cas0 = ¢( 8o, d2s0)

6.9667"
. 3.0409
20 7| 1 0851

. 1.4956

L0

C770 = ¢(80. db770)

3.9409"
1.9851 |
Cy70 = %
1.4956

L 0.9963

C1300 = ¢ 8o, P1300)

Ci300 = Yo
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e B —
- - . —

8250 = dg( Caso) 8770 := 8¢(C770) 81300 = d¢(C1300)
(13.0526 ) 18.6359" 22.0604
18.6359 27.805 32.5997

250 = -nm 8770 = -nm 81300 = -nm
27.805 32.5997 40,7719
3259907 40.7719 47.0181

Thickness values as functions of MW
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—| & : )
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SLO model - Dong Gray 1996 - Pelton Dec 2013

the goal is to extend Dong and Gray calculations to include the effects of cn~ lanath M"mhff concentrations are converted to
mole

mass/L —
mM := 0.001 € =78
T,:= 298K Mo := Nw(T) = 0.8935-mPa-<  Viscosity of water L. Density of water
mL
CNC Properties
Lene = 1130m Length of CNC particle Specific surface area ignoring contributions of
- ) ends
Wene = Tnm Width of cnc nano boards
Wene Lene4)
Pene = 1622 Density of crystalline cellulose Tene = % = 357.1420- 2
mL (“rcuc 'Lcnc'pcnc] gm

Relating Mass and Volume Fractions

Herein we assume that cnc particles can have adsorbed layer of thickness & which contributes to the dispersed phase volume
fraction. The following three functions are frequently used in the following modeling.

Pw (Wege + 35‘}2 Volume fraction of cnc suspension including adsorbed layer
Ofcg.8) = =— ; - 5 thickness, 8. This function ignores the contribution of polymer
— 1 |Penc+ Pw Wene adsorbed on the ends of the cnc particles - the E-9 term prevents
cg+10° division by zero errors if concentration is 0
p{l‘ll{‘
S0.4) = - : i
Pw (chc + 35)2 This is the inverse function
Penc+ — ————— — Pw Corresponding number concentration
¢ Wene
. v ‘g Dong and Gray relating number conc. and mass fraction
-\mc(cg_} = - N
[' 2 ) l-¢g o
_Lcuc'“‘rmc ‘Penc) Pw +E’ _ W
[w+ (100 — w)yolLD2
Solution properties
NaCl = 0.7mM e
=————— =9.033%nm Bjerrum length value does
(Sr'so'kb'Tl notagree with Dong and Gray
g 0.5
ep Nav
KK(NaCl) = | —— 2 .2.Nacl
| Ercokp T )

K = KK({NaCl)

1
e 11.4584-nm Salt conc varied to give kappa value in first row of Table 2 Dong Gray

D= D+« '(In A’ + 0.7704)
SLO theory uses electrostatic arguments to calculate the

apparent diameter of cnc particles. The values in D&G are
where very large

A = 2av 7 Q" exp(—«D)

In these equations, Q = é/ekgT is the Bjerru
(7.14 A for this aqueous system at 25 °C), .
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C, =3.200[(1 — 06T5HH " i
C,=4.191](1 — 0.730/) 5"

where the concentrations are expressed as the number
density of rods, b is the second virial coefficient of the
system, and b and f are given by

b=T1'D, @
4
h= (D)™ (3)

Here, Dy is defined as

D, := 86.6nm

Nt1(De, K, Lene) = 3.290-

\— U
(1—0.675-(}1-[}5} q':-mez-De

SLO equations from Dong and Gray

K=87272x10 m !

N12(De. K, Lege) = 4.1910-

(1 - 0.730-(k-De) 1-’-1

p g

Cpec( @) =
w

Pene + — — Pw

¢
Table from D&G
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Table 2. Comparison of Theory and Experiment for Suspensions with Added Electrolyte

n. x! Voff Do b« 10° Cie » 1078 Coe % 1078 Ci x 1078 C, x 1076
(mM) (nm) (e/nm) h (nm) (nm?) (nm™%) (nm=3) (nm~?) (nm~3)
0 11.76 3.72 0.136 86.6 1439 4.02 5.17 8.29 10.06
0.43 9.17 3.87 0.139 56.0 109.7 5.30 5.80 8.31 10.10
0.53 8.77 3.99 0.140 52.8 104.3 5.56 7.15 8.27 9.92
0.83 7.87 4.00 0.141 56.0 03.1 8.25 .03 8.8 10.20
1.05 7.35 4.07 0.141 52.0 86.4 6.73 8.63 8.54 10.03
1.38 6.71 4.17 0.142 47.2 78.4 7.42 0.54 8.77 10.31
1.65 6.32 4.25 0.143 444 738 7.90 10.15 BT 10.31
1.98 5.92 434 0.143 41.3 68.6 8.48 10.90 9.03 N.A.
2.37 5.55 146 0.143 8.5 81.0 9.10 11.70 9.03 N.A.

Calculating transition concentrations
Nt1(86.6nm, K, Lenc) = 4.0163 x 10 i These two values agree with table above

Nt2(86.60m,K,Legc) = 5.1574x 10 6 pm >
Nt1(86.60m, K, Leye1.5) = 1.785x 10~ . These two are new values - longer cnc
\ -6 -3
NT3(86.611111,R,me-l.SJ =22022% 10 “-nm

1

. -55340%10 °m Finding a salt conc to give same kappa as table above
KK(3.0mM)

Converting number concentrations to wt percentages
) . 2
mc(NrLcnc_} == N-Wene Lene Pene

’ -6
2.
M = 36.2443-

] Lcnc

gm ( 5.17-10° 6) gm
e T

e —————Lene | = 46.6127-=—

nm

nm

A
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Chapter 3 Surfactant-enhanced Cellulose Nanocrystal Pickering
Emulsions

In chapter 3, all experiments were conducted by myself with assistance from Sarah Ballinger
(undergraduate student). The paper was initially drafted by Dr. Emily D. Cranston and myself,
and edited later to final version by Dr. Robert Pelton and Dr. Emily D. Cranston. This work has
been published in Journal of Colloid and Interface Science, 2015, 439 (10), pp 139-148. It is

produced by permission of Elsevier.
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The effect of surfactants on the properties of Pickering emulsions stabilized by cellulose nanocrystals
(CNCs) was investigated. Electrophoretic mobility, interfacial tension, confocal microscopy and three-
phase contact angle measurements were used to elucidate the interactions between anionic CNCs and
cationic alkyl ammonium surfactants didecyldimethylammonium bromide (DMAB) and cetyltrimethyl-
ammonium bromide (CTAB). Both surfactants were found to adsorb onto CNCs with concentration-

‘éeﬁ“’l""dﬁ' | dependent morphology. At low concentrations, individual surfactant molecules adsorbed with alkyl tails
E;I:;;:a"mwm s pointing outward leading to hydrophobic CNCs. At higher concentrations, above the surfactant's apparent
Double phase inversion critical micelle concentration, surfactant aggregate morphologies on CNCs were inferred and the
Pickering hydrophobicity of CNCs decreased. DMAB, which has two alkyl tails, rendered the CNCs more hydropho-
Surfactants bic than CTAB which has only a single alkyl tail, at all surfactant concentrations. The change in CNC

wettability from surfactant adsorption was directly linked to emulsion properties; adding surfactant
increased the emulsion stability, decreased the droplet size, and controlled the intemal phase of CNC
Pickering emulsions. More specifically, a double transitional phase inversion, from ocil-in-water to
water-in-oil and back to oil-in-water, was observed for emulsions with CNCs and increasing amounts
of DMAB (the more hydrophobic surfactant). With CNCs and CTAB, no phase inversion was induced.
This work represents the first report of CNC Pickering emulsions with surfactants as well as the first
CNC Pickering emulsions that can be phase inverted. The ability to surface modify CNCs in situ and tailor
emulsions by adding surfactants may extend the potential of CNCs to new liquid formulations and
extruded/spray-dried materials.

Confocal microscopy
Surface and interfacial tension
Fluorescent labeling

© 2014 Elsevier Inc. All rights reserved.

1. Introduction products because they are generally more stable to coalescence than

emulsions stabilized by surfactants alone. The ability to control

Cellulose nanocrystals (CNCs)' are new commercially available
nanoparticles which are derived from natural cellulose sources and
have recently been demonstrated to stabilize emulsions [1-5]. Due
to their “green” nature and non-toxicity [6], CNCs show great prom-
ise as emulsifiers, stabilizers and gelation agents in formulated
chemical products such as foods, pharmaceuticals, household clean-
ing agents and personal care products. The intermediate wettability
and nanometric size of CNCs allows them to adsorb at oil-water
interfaces, similar to the first particle-stabilized emulsions described
by Ramsden [7] and Pickering [8]. So-called Pickering emulsions are
ubiquitous in nature and have become more common in commercial

# Corresponding author.

E-mail addresses: huz7@mcmaster.ca (Z. Hu), ballinse@mcmaster.ca (S. Ballin-
ger), peltonrh@mcmaster.ca (R. Pelton), ecranst@mcmaster.ca (E.D. Cranston)

! CMC = critical micelle concentration; CNCs = cellulose nanocrystals; CTAB = cetyl-
trimethylammonium bromide; DMAB= didecyldimethylammonium bromide;
DTAF = 5-(4,6-dichlorotriazinyl) aminofluorescein; ojw = oil-in-water; w/o = water-
in-oil.
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0021-9797© 2014 Elsevier Inc. All rights reserved
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emulsion stability, the nature of an emulsion’s continuous phase,
and the internal phase droplet size, has important implications in
both chemical processing and new product development.

Pickering emulsion stability is attributed to the formation of a
densely packed particle layer at the oil-water interface, which
prevents droplet coalescence through a mechanical barrier mecha-
nism and slows creaming or sedimentation [9]. The magnitude of
the mechanical barrier is determined by the energy required to
remove a particle from the interface, which is a function of the
three-phase contact angle of the particle (8,,) [10]. For contact
angles around 907, this energy is considerably large (on the order
of 10° kgT for a 100 nm spherical particle) [11,12]. Therefore, once
a partially wettable particle is at the oil-water interface, it will not
leave spontaneously. Interestingly, small changes in the chemical
composition of the particles or the oil and water phases, salt
concentration [13], pH [14], temperature [15] and particle shape
[16,17], lead to major changes in emulsion stability, and rich
physicochemical phenomena overall.
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Inorganic or petrochemical-based particles of silica, clay, cal-
cium carbonate, hematite, polystyrene, and microgels, ranging in
size from nanometers to micrometers, can all stabilize Pickering
emulsions [9,18]. In many applications, however, organic and bio-
compatible colloidal particles are preferred, making materials like
starch [19-22] and cellulose more suitable. Previous work has
examined Pickering emulsions with various types of small
cellulose particles including cellulose nanocrystals [1-5,2324],
cellulose fibrils [25-30], microcrystalline cellulose [25,26,31],
bacterial cellulose [32,33], and cellulose derivatives [34].

Cellulose nanocrystals are rod-shaped, highly crystalline nano-
particles which can be extracted from wood, cotton, bacteria,
algae, tunicin and other plant sources. CNCs are most commonly
prepared by sulfuric acid hydrolysis [35] which gives nanocrys-
tals with anionic sulfate half-ester groups on their surface
(approximately 1 sulfate half-ester per 3 nm? or 1 sulfate half-
ester in every 6 surface hydroxyl groups). Typical dimensions of
CNCs range from 5 to 20 nm in cross-section by hundreds of
nanometers long, depending on the cellulose source and hydroly-
sis conditions (Fig. 1) [36]. CNCs form stable colloidal suspen-
sions in water, above pH 2.5 and below ionic strengths of
100 mM [37,38], and exhibit lyotropic liquid crystalline behavior
[39]. The main advantage of using CNCs in new formulations and
composites stems from their favorable material properties
including a large elastic modulus, high aspect-ratio, high sur-
face-area-to-volume ratio, low density, and general chemical
and thermal stability. CNCs and the “Nanocellulose family” are
further discussed in a number of comprehensive review articles
and books [40-43].

Recent results of Capron and co-workers have highlighted the
use of CNCs as emulsion stabilizers [1-5]. They have established
that despite the fact that cellulose and CNCs are normally consid-
ered hydrophilic (due to the high density of hydroxyl groups and
an air-water contact angle around 20°) [44], the crystalline organi-
zation of polymer chains allows for a “hydrophobic edge” to the
nanocrystals and thus amphiphilic properties overall [1]. The insol-
ubility of cellulose in common solvents is also attributed to these
hydrophobic interactions which contribute to the crystalline orga-
nization of cellulose chains, along with extensive hydrogen bond-
ing [45]. Unmodified CNCs are effective at stabilizing emulsions
when they have a low surface charge density, or when the surface
charge is screened in the presence of salt [1-3]. Furthermore, lower
concentrations of CNCs are needed for stable emulsions when
nanocrystals with larger aspect ratios are used. For example, long
bacterial cellulose-derived CNCs only need to cover 40% of the
emulsion droplet surface area to impede droplet coalescence as
the CNCs form an interconnected mesh-like structure, compared
to 84% surface coverage required for shorter cotton-derived CNCs
[3]. High-internal-phase emulsion “gels” have also been prepared
by making CNC-stabilized emulsions with equal parts oil and water
and then slowly increasing the oil content; this is possible because
the high aspect ratio CNCs are close-packed in the original emul-
sion but are then separated into a diluted mesh network, without
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Fig. 1. Schematic representation of a cellulose nanocrystal which is composed of
high molecular weight homopolymer chains of f-1,4 linked anhydro-o-glucose
units. The cellulose chains are arranged parallel into the native cellulose [ crystal
structure where the hydroxyl groups are positioned in the equatorial plane and the
hydrogen atoms are in the axial position. The sulfuric acid hydrolysis production
method replaces some surface hydroxyl groups with anionic sulfate half-ester
groups (not drawn to scale).
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leaving the oil-water interface, as oil is added [4]. In another liter-
ature example, grafting thermo-responsive polymers to CNCs to
control the hydrophobicity with temperature also led to successful
stabilization of emulsions [24]. To the best of our knowledge all
CNC Pickering emulsions described to-date have been oil-in-water
type (o/w) emulsions [46].

The internal emulsion phase (oil or water) and the stability of
Pickering emulsions can be controlled by combining surfactants
with colloidal particles [47]. As a result of particle-surfactant syn-
ergy, relatively small amounts of both emulsifiers are needed and
properties can be finely tuned by varying the ratio of the two com-
ponents. Binks et al. [48-55]. demonstrated that surfactant-con-
taining Pickering emulsions may undergo single phase inversions
(o/w to w/o) or double phase inversions (o/w to wjo [phase inver-
sion 1], followed by w/o to o/w [phase inversion 2]) by increasing
the surfactant concentration. Such transitional phase inversions
have been observed for silica and calcium carbonate nanoparticles
with oppositely charged surfactants, i.e., cationic alkyl-ammonium
surfactants for silica, and anionic Cs-Cy2 sodium carboxylate fatty
acids, sodium dodecylsulfate and sodium 2-ethylhexylsulfosucci-
nate for CaCO4. The phase inversions are attributed to the adsorp-
tion of oppositely charged surfactant at the particle surface which
changes the particle’s wettability. Surfactants that can pack den-
sely on the particle surface or that have long (or multiple) alkyl
tails easily lead to more hydrophobic particles at low surfactant
concentration which then become hydrophilic again at high surfac-
tant concentration due to surfactant bilayer adsorption (or perhaps
more precisely, admicelle aggregates adsorbed on the nanoparticle
surfaces).

This work aims to understand how surfactants influence the
stability of CNC Pickering emulsions. Specifically, single Cy¢ alkyl
tail cetyltrimethylammonium bromide (CTAB) and double C,, alkyl
tail didecyldimethylammonium bromide (DMAB) surfactants with
lab-made sulfuric acid hydrolyzed CNCs (from cotton) are
investigated. Particle-surfactant interactions are measured by
electrophoretic mobility, interfacial tension and contact angle
and correlated with CNC-stabilized water-dodecane emulsion
properties. By adding surfactant, we demonstrate for the first time
a double phase inversion in CNC Pickering emulsions, and as a
result, obtain the first water-in-oil type emulsion with CNCs.
Emulsions are characterized by confocal microscopy, conductivity
and droplet sizing and the stability mechanism is elucidated using
fluorescently labeled CNCs. To the best of our knowledge, this is
the first report of tailored CNC Pickering emulsions enhanced with
surfactants and represents progress towards developing related
CNC-based products, such as CNC-containing emulsions, biphasic
gels, foams and extruded/spray-dried materials.

2. Experimental
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), didecyldimethy-
lammonium bromide (DMAB), dodecane, Nile red and sulfuric acid
were obtained from Sigma-Aldrich. All measurements were per-
formed at room temperature unless otherwise specified.

2.2, Preparation of cellulose nanocrystals

A suspension of cellulose nanocrystals (CNCs) was prepared by
sulfuric acid hydrolysis, as previously described [56]. 40 g of cotton
(Whatman ashless filter aid) was treated with 700 mL of 64 wt.%
sulfuric acid at 45°C for 45 min with continuous stirring.
Immediately after, the reaction was quenched with 4 °C purified
water (Barnstead NANOpure Dlamond system, ThermoScientific,
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Asheville, NC) to a 10-fold dilution. The suspension was centri-
fuged at 6000 rpm to remove excess acid, and dialysed until neu-
tral pH was achieved. The suspension was sonicated for 15 min
three times (Sonifier 450, Branson Ultrasonics, Danbury, CT) at
intensity level 6 and 60% pulses, in an ice bath to prevent overheat-
ing. Dowex Marathon C Hydrogen form resin (Sigma-Aldrich) was
added to the suspension for 2 days and removed with glass filter
paper (Whatman grade GF[B, VWR, Chicago, IL). The surface charge
density of sulfate half-ester groups on CNCs was determined by
conductometric titration to be 033 +0.02 e/nm? (equivalent to
ca. 0.5% sulfur or 0.16 + 0.02 meq/g cellulose), with average crystal
dimensions of 128 « 7 nm from transmission electron microscopy
(TEM) image analysis. A TEM micrograph of the CNCs is presented
in Supporting Information Fig. 51.

Fluorescently labeled CNCs, dyed with 5-(4,6-dichlorotriazinyl)
aminofluorescein (DTAF) were prepared as previously described in
a facile, one-pot reaction under alkaline conditions [57]. The
degree of labeling is estimated at 24 nmol of DTAF per g of cellu-
lose, or 4 DTAF molecules per 10° anhydroglucose units, which is
readily visible by fluorescence microscopy without significantly
altering the surface chemistry or charge of the CNCs.

2.3. Preparation of the emulsions

Batch emulsions of 6 mL containing equal volumes of dodecane
and aqueous dispersions (1:1 oil to water) were prepared by mixing
1.5 mLof 0.5 wt.% CNCs and 1.5 mL of CTAB or DMAB solution (con-
centrations ranging from 0.25 mM to 32 mM). The final concentra-
tion of CNCs in the emulsions is thus 0.25 wt.%. After combining the
components, the mixture were immediately emulsified using a
sonicator (Sonifier 450, Branson Ultrasonics, Danbury, CT) while
in an ice bath for 1 min at an intensity level 6 and 50% pulses for
every emulsion. This corresponds to an energy input of approxi-
mately 1371 ]/g of emulsion. All measurements and photographs
are taken approximately 3 h after emulsion preparation.

24. Electrophoretic mobility of CNCs with surfactants

The electrophoretic mobility was measured at 25 “C using a
Zeta Potential ZetaPlus analyzer (Brookhaven, Holtsville, NY). CNCs
(0.5 wt.%) were mixed with equal volume of surfactant solutions
with various concentrations. All electrophoretic mobility data
points were the average values of 10 measurements with 15 cycles
per measurement. Error bars represent one standard deviation of
the mean.

2.5. Interfacial and surface tension

Interfacial tension was measured by the pendant drop method
using a Kriiss Drop Shape Analysis System DSA10 instrument. Prior
to the measurement, a sample (ca. 50 mL) of dodecane was added
to aglass box of 5.0 (L) x 5.0 (W) = 5.0 (H) cm, and a pendant drop
of surfactant aqueous solution of 20 pL, with or without CNCs
(025 wt®%), was formed on the end of a stainless steel needle
immersed in the oil phase. The aging of the interface can be accu-
rately monitored by measuring the dynamic interfacial tension of a
drop having a constant interfacial area. Typically, the data collected
after 20 min aging were used as the equilibrium interfacial tension
values. Similarly, surface tension was also measured by the pen-
dant drop method using air as the continuous phase instead of
dodecane.

2.6. Contact angle at oil-water-CNC interface

The static contact angle measurements were performed using a
Kriiss Drop Shape Analysis System DSA10 (Hamburg, Germany)
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instrument at room temperature (22 + 2 °C). Uniform films for con-
tact angle measurements were obtained by spin coating (Chemat
Technology KW-4A, Northridge, CA) ~2 wt.% CNC suspension onto
polyvinyl amine (M, =45 kDa, BASF, Ludwigshafen, Germany)
coated Si wafers at 3000 rpm for 60 s, followed by heat treatment
for 12 h at 80°C. The contact angles of 10 pL aqueous surfactant
solution on CNC films were measured under dodecane. A small
piece of CNC-coated Si wafer was put in a glass box of 5.0
(L) = 5.0(W) x 5.0 (H)cm, and a sessile drop of surfactant solution
of 10 pL was released, followed by adding the oil phase using a
pipet along the wall of the box until the surfactant drop was totally
immersed. The image of the sessile drop was recorded, and the
contact angle was measured using Image] software. Error bars rep-
resent one standard deviation of the mean.

2.7. Confocal laser scanning microscopy (CLSM)

For CLSM visualization, the oil phase was stained with Nile red
(492/520 nm). Images were acquired using a Zeiss LSM 510 Meta
on a Axiovert 200M microscope (Zeiss, Gottingen, Germany ) using
a x63 water-immersion laser technique. The freshly prepared
emulsion was placed on the glass slide and a cover glass was
placed over it. The microscope images were analyzed with the soft-
ware Image] to determine the size distribution of the droplets and
background color intensity.

2.8. Conductivity measurements

Immediately after emulsion sonication, the conductivity of the
emulsions was measured using a CDM 83 conductivity meter
(Radiometer, Copenhagen, Denmark). Generally, a high conductiv-
ity indicates an ofw emulsion and a low conductivity (<5 pScm™')
is indicative of a wjo emulsion.

2.9. Malvern Mastersizer

The emulsion droplet size was also measured using a Malvern
Mastersizer 2000G instrument with a HeNe laser operating at
633 nm. A 300f lens was used, which enabled droplet diameters
from 0.50 to 900 pm to be measured. The diluted emulsion was
placed in the cell using a plastic pipette. The mean droplet diame-
ter was taken to be the volume mean diameter (D) from 3 repli-
cate measurements, which is mathematically expressed as
D, 5 = ED}N,/ED;N;, where D; is the droplet diameter for droplet
fraction i, and N; is the number of droplets with size D;. The *span’
was taken as a measurement of the width of the particle size dis-
tribution (Table 1). It is calculated using span=(D(0.9)-D(0.1)/
D(0.5), where D{0.9) is the droplet diameter for which 90% of the
droplets lie below this size, D(0.5) is the droplet diameter for which
50% of the droplets are below this size, and D(0.1) is the diameter
for which only 10% of the droplets are smaller than this size. The
stability of emulsions was also evaluated by monitoring the emul-
sion droplet diameter over 200h with the Malvern Mastersizer.
Error bars represent one standard deviation of the mean.

3. Results and discussion
3.1. Electrophoretic mobility, interfacial tension and contact angle

To understand how surfactants affect CNC Pickering emulsions,
the first step involved measuring CNC-surfactant interactions in
water and at the water-dodecane interface. The surfactants tested
were both quaternary ammonium salts: CTAB has a single alkyl tail
that is 16 carbons long and a critical micelle concentration (CMC)
of 1TmM [58], and DMAB has two alkyl tails that are each 10
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Table 1

Conductivity, type of emulsion, mean droplet diameter and span (measured by
Malvern Mastersizer) for 1:1 water-dodecane emulsions stabilized by 0.25 wt.% CNCs
and CTAB or DMAB. (The span is calculated as described in the Experimental Section).

Conductivity of Type of emulsion  Mean diameter (um) Span
emulsion (pScm™')
CTAB (mM)
1 140 ofw 32 252
2 194 ofw 25 211
4 211 ofw 14 1.95
6 278 ofw 11 149
8 312 ofw 7 1.84
DMAB [ mM)
1 129 ofw 33 1.79
2 113 ofw 31 1.46
4 2 wjo 44 2.04
] 3 wjo 51 191
8 177 ofw 8 1.55

carbons long and a CMC of 1.8 mM [59]. While DMAB can form
vesicles and other surfactant aggregate structures in water, and
microemulsions in the presence of oil, we expect that micellar
phases dominate at room temperature and in the low concentra-
tion range used in this study [60].

Fig. 2 shows the electrophoretic mobility, which is proportional
to the surface charge, for CNCs in the presence of CTAB and
DMAB. The CNCs have an anionic surface charge of
0.33 +0.02 e/nm® which leads to a negative electrophoretic mobil-
ity of =3 x 107 m?V~'s~' (or a zeta potential of approximately
—40 mV). As the concentration of surfactant increases, the mobility
approaches zero due to charge compensation of the sulfate half-
ester groups with cetyltrimethylammonium (CTA+) or didecyl-
dimethylammonium (DMA+) ions. At higher surfactant concentra-
tions, CNCs become cationic with an electrophoretic mobility
increasing up to +3 x 107 m? v-' s~ This surface charge reversal
is attributed to surfactant aggregates on CNCs with cationic heads
facing outwards. A small decrease in electrophoretic mobility at
high surfactant concentration is observed which may be due to a
rearrangement of surfactant/micelles on the CNC surface, free
micelles in solution and/or the overall increase in ionic strength.

These electrophoretic mobility results agree with previous
studies which have characterized the interaction between quater-
nary ammonium surfactants and cellulose model films [61],
cellulose fibers [62], and CNCs [63-67]. At low surfactant

Surfactant/CNC Surface Charge (mol/mol)
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Fig. 2. Electrophoretic mobility of 0.25 wt.% CNCs in purified water with CTAB
(single Cys alkyl tail, open squares) and DMAB (double C,y alkyl tails, closed
diamonds) at room temperature. The dashed vertical lines indicate: Coq where the
number of surfactant molecules and CNC sulfate half-ester groups are equal (red),
the theoretical CMC of CTAB (blue) and the theoretical CMC of DMAB (green). Error
bars represent one standard deviation of the mean.
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concentrations the interaction is believed to be primarily electro-
static in nature, this is essentially an ion-exchange reaction where
the bulky surfactant couples with the anionic sulfate half-ester
groups on the surface of the CNCs [64]. At higher surfactant con-
centrations, alkyl tail interactions lead to cooperative binding
and bilayer or admicelle adsorption morphologies [61,65].

The dotted red line in Fig. 2 is the concentration of surfactant
required for CNC surface charge neutralization (Ceq =~ 0.45 mM
for both CTAB and DMAB). What is observed experimentally is that
the isoelectric point occurs around 1.6 mM for CTAB and 0.8 mM
for DMAB which is higher than C.y because there is a balance of
free and bound surfactant which governs the amount of surfactant
needed for full charge neutralization. As such, an excess of surfac-
tant is needed to reach the isoelectric point. We have observed a
similar tendency in previous work, and further note that high ionic
strength can push the required excess of surfactant for charge neu-
tralization to even higher concentrations [64].

At all surfactant concentrations, CNCs in the presence of DMAB
have higher electrophoretic mobility values than for the corre-
sponding CNCs with CTAB. Accordingly, CNCs with DMAB reach
charge neutralization at lower surfactant concentration. As adsorp-
tion is driven by a combination of electrostatics and hydrophobic
interactions, the more hydrophobic surfactant (DMAB) is expected
to have a stronger tendency to adsorb to CNCs, as observed exper-
imentally. The isoelectric point does not appear correlated with the
surfactant CMC. The electrophoretic mobility of CNCs with added
surfactant corresponds directly to colloidal stability as shown in
Fig. 3; suspensions flocculate near the isoelectric point.

Next, pendant drop experiments were undertaken to measure
surface and interfacial tension of CNC suspensions, and mixtures
of CNCs and surfactants. Fig. 4 demonstrates that CNCs alone do
not reduce the surface tension at the air-water interface; however,
they do reduce the interfacial tension at the dodecane-water
interface due to their intermediate wettability. As dodecane is
significantly less hydrophobic than air, this seems reasonable.
However, for our emulsion experiments, only 0.25 wt% of CNCs
was used and thus the decrease in interfacial tension attributed
to CNCs alone should be considered negligible. This result implies
the need to modify the CNC surface to make them more likely to

(a) CTAB (mM)

16

02505 11l 2t 31 4 6 8

-ENNGEE
1

DMAB (mM)

02505 T 2 3 4 6 & 16

- - - - . - - -
. e _— ‘— .

Fig. 3. Photographs of 0.25 wt.% CNCs and surfactant (a) CTAB and (b) DMAB in

purified water. The suspensions do not appear colloidally stable at concentrations of

0.5, 1 and 2 mM which correspond to electrophoretic mobilities close to zero
(Fig 2).
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Fig. 4. Surface (air-water) and interfacial {dodecane-water) tension of CNC
suspensions ranging from 025 to 4wt% CNCs at room temperature; square
symbols are surface tension and diamonds represent interfacial tension.

partition at the dodecane-water interface. As mentioned previ-
ously, Kalashnikova et al. [2] modified CNCs by partially removing
the sulfate half-ester groups, or by synthesizing un-charged CNCs,
and Zoppe et al. [24] grafted polymers onto CNCs to achieve
enhanced emulsion stability. Our electrophoretic mobility mea-
surements imply that surfactant adsorption to CNCs is occurring,
offering an in situ modification route for CNCs.

The effect of surfactant adsorption onto CNCs on the surface and
interfacial tension is presented in Fig. 5. Mixtures of CNCs and sur-
factants have much lower surface/interfacial tension than CNCs
alone. CMC values are taken as the intersection point between
the region of the curve where the tension drops with increasing
surfactant concentration and the lower region where the tension
no longer changes. The CMC values for CTAB and DMAB without
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CNCs agree with literature values (from open symbols in Fig. 5).
The addition of CNCs to surfactants, however, caused an increase
in surfacefinterfacial tension resulting in the entire curve shifting
to the right. Similar behavior has been observed by Dhar et al
[65] with another quaternary ammonium surfactant. In the pres-
ence of CNCs and dodecane, the apparent CMC values increased
to 3 mM and 4 mM for CTAB and DMAB, respectively (intersection
of red-dotted lines in interfacial tension measurements, Fig. 5).
Conceptually this means that CNCs are “using up” some of the sur-
factant, which keeps it from partitioning at the interface, and so the
concentration of surfactant needed to have free micelles in solution
is increased. The apparent CMC values measured here should only
be taken as approximate as the ratio of CNC:water:dodecane inter-
faces will affect the overall partitioning of surfactant and the exact
CcMC.

CNCs' hydrophobic-hydrophilic balance and wettability are
also changed through surfactant adsorption as shown by three-
phase contact angle measurements (Fig. 6). CNC-water-dodecane
contact angles (f,.) were determined by placing a droplet of sur-
factant solution on a CNC film under dodecane, as done by Binks
et al. [50,51] and supported by their SEM shadow method [55].
Fig. 6 shows that the three-phase contact angle increases with sur-
factant concentration, until a threshold value, and then decreases
slightly and levels off. DMAB leads to higher contact angles and
thus more hydrophobic CNCs due to its double alkyl tail and ability
to pack tighter [50], compared to CTAB. Only in the case of DMAB
does the three-phase contact angle surpass 90°.

Contact angle results mimic the trend in electrophoretic mobil-
ity which offers insight into the wettability changes. At low surfac-
tant concentration, individual surfactant molecules adsorb onto
CNCs with cationic heads pointing in and alkyl tails out, the surface
charge density approaches the isoelectric point and the alky! tails
increase the surface hydrophobicity of the CNCs. At higher surfac-
tant concentration, in fact, above the apparent CMC for these
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Fig. 5. Surface (air-water) and interfacial (dodecane-water) tension of CTAB (top) and DMAB (bottom) at room temperature; open symbols are without CNCs and closed
symbols are with 0.25 wt.% CNCs added. The addition of CNCs increases the surface/interfacial tension below the CMC. Red dotted lines intersect at the apparent CMC values

for CTAB and DMAB in the presence of CNCs.
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Fig. 6. Three-phase contact angle of a 10 pL drop of surfactant solution on a spin-
coated CNC surface measured under dodecane for CTAB solutions (open squares)
and DMAB solutions (closed diamonds). Dotted vertical lines indicate the apparent
CMC of CTAB in the presence of CNCs and dodecane (blue) and the apparent CMC of
DMAB in the presence of CNCs and dodecane (green) determined from Fig. 5 data.
Above the apparent CMC, the contact angle values decrease. Error bars represent
one standard deviation of the mean.

surfactants in the presence of CNCs and dodecane (determined
from Fig. 5 and shown as dotted lines in Fig. 6), adsorbed surfactant
aggregates (likely admicelles) with cationic heads pointing out-
ward lead to cationic CNCs which are more hydrophilic but still
more hydrophobic than the starting CNCs. It is this change in
CNC wettability that dictates the type of emulsion formed, either
oil-in-water or water-in-oil, and the size and stability of emulsion
droplets, as described in the following sections.

3.2, Emulsions, phase inversion and droplet size

Emulsions consisting of equal parts water and dodecane were
prepared with 0.25 wt.% CNCs and varying concentrations of CTAB
or DMAB. As shown in Fig. 7, CNCs with both CTAB and DMAB lead
to stable emulsions. It is important to note that the photographs in
Fig. 7 were taken 3 h after emulsion preparation, where all emul-
sions were stable to coalescence; however, emulsions containing
only CNCs, with no surfactant, were unstable over longer time
periods as discussed extensively in Section 3.4. This result, that
highly charged CNCs alone cannot stabilize oil-water emulsions
is consistent with the work of Kalashnikova et al. [2].

All CTAB-CNC-stabilized emulsions have oil as the internal
droplet phase and water as the external phase, termed oil-in-water
emulsions, whereas with DMAB, a double phase inversion from o/
w to w/o [phase inversion 1] and back to o/w [phase inversion 2] is
observed with increasing DMAB concentration. (Note that all other
parameters are held constant and only the surfactant concentra-
tion is being altered). Fig. 7 also shows that oil-in-water emulsions
exhibit slight creaming with an aqueous serum below, whereas
water-in-oil emulsions tend to sediment leaving a top oil phase
(density of dodecane is 0.78 g/mL), as expected. Emulsions with
the least creaming were formed above 6 mM CTAB and above
8 mM DMAB which is significantly above the apparent CMC values
for both surfactants; this is desirable in commercial products
because it indicates an emulsion which is more stable to coales-
cence and generally contains smaller droplets.

The change in emulsion type is explicitly shown by confocal
microscopy in Fig. 8 where dodecane is stained with Nile red
(and appears green) and confirms that the internal phase for
CTAB-CNC-stabilized emulsions is oil. However, for DMAB-CNC-
stabilized emulsions, dodecane is the internal phase below 2 mM
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Fig. 7. Water-dodecane emulsions (1:1 by volume) stabilized by 0.25 wt® CNCs
and surfactant {a) CTAB and { b) DMAB with concentrations from 0 to 16 mM (left to
right, as indicated). All emulsions with CTAB are oil-in-water, whereas two phase
inversions are seen in emulsions with DMAB; from ofw to w/o and back to o/w, with
increasing surfactant concentration.

and above 8 mM, yetis the external phase at4 and 6 mM. The type
of emulsion is also supported by conductivity measurements,
whereby emulsions with water as the external phase have a high
conductivity (hundreds of pS) and emulsions with dodecane as
the external phase have a near-zero conductivity (Supporting
Information Fig. 52). On the other hand, emulsions without CNCs
(surfactant-only emulsions) are all oil-in-water type and do not
exhibit phase inversion (Supporting Information Fig. 53). The type
of emulsion, conductivity and average internal phase droplet diam-
eter are summarized in Table 1.

The emulsions produced herein can be classified as macroemul-
sions where droplets are generally larger than 10 pm. For CTAB-
CNC-stabilized emulsions the average oil droplet size decreases
steadily from 32 to 7 um with increasing CTAB concentration
(Fig. 8 and Table 1), which is consistent with the ability of more
surfactant and surfactant-coated CNCs to lower the interfacial ten-
sion between water and dodecane. For the DMAB-CNC-stabilized
emulsions, the oil droplets are also ~30 pm below 2 mM, but after
the first phase inversion, the water droplets are almost double the
size (at 4 and 6 mM). This implies that there are less surfactant-
coated CNCs with the appropriate wettability to lower the interfa-
cial tension for the wfo emulsions, than then were in the o/w emul-
sions below 4 mM. This is likely because not all CNCs have exactly
the same amount of bound surfactants and a combination of
monolayer, bilayer and admicellar morphologies may be present.
Above 8 mM for the DMAB-CNC-stabilized emulsions, the phase
inversion leads back to oil droplets which are significantly smaller
and less uniform (8 pm). The droplet sizes observed in this work
are similar to Kalashnikova et al. [1,2] who measured oil droplets
ranging from 3 to 19 um for hexadecane-water emulsions stabi-
lized with 0.2 wt.% CNCs, but with no surfactant; however, their
CNCs were modified to reduce the surface charge density below
0.03 e/nm? In contrast, our CNCs have a normal charge density
of 0.33 e/nm? but are modified in situ with small amounts of sur-
factant, to effectively stabilize emulsions.



Ph.D. Thesis - Zhen Hu

McMaster University - Chemical Engineering

Z. Hu et al./Journal of Colloid and Interface Science 439 (2015) 139-148

1 mM CTAB

2 mM CTAB

1 mM DMAB 2 mM DMAB

4 mM CTAB

4 mM DMAB

145

6 mM CTAB 8 mM CTAB

6 mM DMAB 8 mM DMAB

Fig. 8. Confocal laser scanning micrographs of 1:1 water-dodecane emulsions stabilized by 0.25 wt.% CNCs with surfactant, CTAB (top) and DMAB (bottom). The dodecane
(oil) phase is dyed and appears green in the images showing the double phase inversion in the DMAB-CNC-stabilized emulsions.

The visual observations and confocal microscopy images of sur-
factant-enhanced CNC Pickering emulsions are perfectly in-line
with the three phase contact angle measurements (Fig. 6). The
change in emulsions properties are attributed to the adsorption
of surfactants onto CNCs as described above. Specifically, the phase
inversions in DMAB-CNC-stabilized emulsions are predicted by
Bancroft’s rule which states that if 4,,, is slightly less than 90°,
the interface bends towards the oil phase and the “hydrophilic”
particles stabilize o/w emulsions. Conversely if 4, is slightly more
than 90°, the interface bends towards the water phase and such
‘hydrophobic’ particles stabilize w/o emulsions. According to
Fig. 6, only DMAB systems exhibit 6,,, > 90° and the two highest
contact angle points correspond to the surfactant concentrations
where w/o emulsions were observed (i.e., 4 and 6 mM). The second
phase inversion back to o/w at higher DMAB concentrations is
associated with the decrease in hydrophobicity when surfactant
aggregates with cationic heads pointing outward are adsorbed
onto CNCs. Despite the similar trend in surface charge density for
CTAB and DMAB, the wettability of CNCs in the presence of CTAB
is never sufficient to achieve w/o emulsions as 6,,, is less than
70° and thus no phase inversions are seen for CTAB systems.

Binks and co-workers have extensively studied similar double
phase inversions in emulsions with nanoparticles (silica and
CaC0s) and surfactants [48-55]. Both of these nanoparticles in
their native form are too hydrophilic to stabilize emulsions alone,
however, with oppositely charged surfactants that adsorb and
can pack tightly on the particle surfaces, emulsions have been
formed with droplet sizes generally over >30 um [50]. Because
such double phase inversions have been observed in various parti-
cle-surfactant systems, and particle wettability has been exten-
sively documented, it is believed that surfactant adsorption is the
driving force and that these phenomena are not specific to only a
few anomalous surfactants. In our case, the use of CNCs which
are larger high-aspect ratio particles, appears to have some advan-
tages over previously tested particles: less CNCs were needed
(025 wt.% CNCs compared to 2 wt.% silica) because only an inter-
connected mesh coverage was required instead of multiple layers
of densely packed spherical nanoparticles; and less surfactant
was needed to induce the first and second phase inversions
(4 and 8 mM with CNCs and 7 and 20 mM with silica) because
the surface area was smaller with CNCs and the wettability was
already suitable for emulsion stabilization. In general, CNC Picker-
ing emulsions have smaller droplet sizes as well. The reduction in
the amount of surfactant needed to control emulsion properties,
compared with other nanoparticle systems, is beneficial as using
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less surfactant is considered favorable due to rising environmental,
health and safety concerns regarding a number of synthetic
surfactants.

3.3. Role of CNCs in emulsion stabilization

We used fluorescent CNCs (f~CNCs), covalently labeled with
DTAF [57], to track the location of particles within the DMAB-
CNC-stabilized emulsions (Fig. 9). As expected, with no surfactant
added, CNCs were observed at the oil-water interface of the o/w
emulsion, agreeing with previously acquired electron microscopy
images of CNC Pickering emulsions [1]. With 4 mM DMAB added,
CNCs again coated the oil-water interface, however, in this case

f-CNC + 0 mM DMAB § f-CNC +4 mM DMAB

f-CNC + 6 mM DMAB

f~CNC + 8 mM DMAB

Fig. 9. Confocal laser scanning micrographs of 1:1 water-dodecane emulsions
stabilized by 0.25 wt.% fluorescently labeled CNCs (f~-CNC) with DMAB. At low
DMAB concentrations CNCs are found primarily at the oil-water interface, for
medium DMAB concentrations CNCs are found at the interface and within the water
droplets, and upon the second phase inversion at high DMAB concentrations the
CNCs are no longer primarily at the interface and the emulsion is stabilized mainly
by DMAB.
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the droplet internal phase is water (based on Fig. 8) and so it is
inferred that the CNCs are in their most hydrophobic state. At
6 mM DMAB, which is above the apparent CMC for DMAB with
CNCs and dodecane (i.e., CMCpmag+cnes =4 mM as determined from
Fig. 5) it appears there are hydrophobic CNCs stabilizing the
interface but also some more hydrophilic CNCs which are dis-
persed in the water phase droplets. Clearly, in the 4-6 mM DMAB
concentration range, the amount of CNCs available to stabilize the
interface is lower than at other concentrations tested, leading to
the formation of larger w/o emulsion droplets as discussed above.
At 8 mM DMAB, after the second phase inversion back to o/w, there
is no enhancement of green at the oil-water interface and the con-
tinuous water phase is uniformly light green. Supporting Informa-
tion Fig. S4 shows that the fluorescent color intensity of the water
phase increases with increasing DMAB concentration which means
the CNCs are less concentrated at the interface.

While CNCs may still contribute partially to the droplet stabil-
ization at high surfactant concentration, the implication is that as
there is more free surfactant, the CNCs are less responsible for
emulsion stabilization. Additionally, we speculate that CNCs with
large amounts of adsorbed surfactant may not have the intermedi-
ate wettability needed to stabilize emulsions as the (200) hydro-
phobic edge [2] of the cellulose crystal is likely masked by
surfactant. This result is in contrast to previous work that indicated
that silica particles with adsorbed surfactant bilayers were respon-
sibly for stabilizing o/w emulsions after the second phase inversion
[50,55], and we attribute the differences to the inherent wettability
of the nanoparticles.

An approximate calculation of interfacial area and CNC surface
area also tells us that free surfactant is essential for the second
phase inversion. We estimate that 1 mL of 0.25wt#% CNCs can
cover an interfacial area of 0.2 m?, which could fully cover droplets
that are 30 um in diameter. This is based on similar calculations to
Kalashnikova et al. where it was shown that emulsion droplets
required about 84% surface coverage, i.e., a fairly dense layer of
particles, to be stabilized by cotton-derived CNCs [1,3]. This
implies that in all our emulsions we have sufficient CNCs to cover
droplets as small as ~25 pm but that smaller droplets must be sta-
bilized by surfactants as well. For 10 pm emulsion droplets, if all
CNCs were at the interface, the surface coverage would only be
about 33% which is not predicted to give stable emulsions and fur-
thermore, the f~CNCs indicate that not all CNCs are at the interface.
Figs. 7 and 8 tell us that the emulsions are stable and above 6 mM
CTAB in CTAB-CNC-stabilized emulsions, and 8 mM DMAB in
DMAB-CNC-stabilized emulsions, the emulsion droplets look more
like the surfactant-only stabilized system (Supporting Information
Fig. S3) in terms of size and uniformity. This leads us to conclude
that in this case, surfactants play a significant role in stabilizing
droplets in addition to modifying the CNC wettability.

3.4. Emulsion stability

Finally, the long-term stability of water-dodecane emulsions
stabilized by CNCs and surfactants was assessed by measuring
the change in average internal phase droplet size over time
using a Malvern Mastersizer. Fig. 10 shows that both CTAB and
DMAB-enhanced CNC Pickering emulsions are extremely stable
to coalescence, with minimal increase in droplet size over 200 h.
The emulsions which have the smallest droplet sizes at the begin-
ning exhibit the least coalescence. On the other hand, extensive
coalescence occurs in less than 10h for emulsions stabilized by
CNCs without surfactants (i.e., Fig. 10, square data sets for 0mM
CTAB and 0 mM DMAB). Likewise, surfactant-only emulsions are
relatively unstable both above and below their CMC, as shown in
Supporting Information Fig. 55. Without CNCs, the droplet sizes
increase quickly indicating significant coalescence. Mastersizer
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Fig. 10. Average droplet diameter in 1:1 water-dodecane emulsions stabilized by
0.25 wr.% CNCs and CTAB (top) and DMAB (bottom) over 200 h, as measured by a
Malvern Mastersizer. Coalescence occurs quickly in emulsions stabilized by CNCs
alone, otherwise, the emulsions and droplet diameters are stable over long time
scales. Error bars represent one standard deviation of the mean (3 repeats).

measurements of CNC-only and surfactant-only emulsions for
longer periods of time were not possible because either macro-
scopic phase separation occurred or the emulsion size was beyond
the instrument’s detection limit.

The minimum surfactant concentration needed to stabilize CNC
emulsions long-term can be inferred from surface charge, colloidal
stability and wettability data of CNCs in the presence of
surfactants. In our CNC plus CTAB/DMAB mixtures, the isolectric
point occurs between 0.5 and 2 surfactant (Fig. 2) and the most
flocculation occurs at 1 (Fig. 3) which corresponds to systems
with similar wettabilities (Fig. 5). Thus, in this case, a surfactant
concentration of approximately 1 represents the onset of the
formation of emulsions which are extremely stable over long time
periods.

Minor creaming, but no phase separation was visible for CNC
Pickering emulsions with CTAB or DMAB after being stored in the
lab for over 1year, making them highly desirable in potential
emulsion formulation applications. The stability over similar time
scales for other surfactant-particle systems or other CNC-stabi-
lized emulsions has not been reported. Clearly, the combination
of CNCs and surfactants leads to more stable emulsions than either
emulsifier can provide alone.

4. Conclusions

Cellulose nanocrystals are not significantly surface active, how-
ever, their intermediate wettability is key to stabilizing emulsions
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[1] and the hydrophilicity/hydrophobicity can be tailored
through in situ surfactant adsorption, as shown here. Emulsion
properties are dependent on the chemical nature of the surfactant
and the adsorbed surfactant structure on CNCs. This work
highlights that interfacial properties of CNCs are very sensitive to
the presence of surfactants and the major conclusions are as
follows:

1. CNC Pickering emulsions are more stable in the presence of
small amounts of CTAB or DMAB because surfactant adsorption
onto CNCs increases the nanoparticles’ hydrophobicity and
makes them better emulsifiers.

2. The surfactant type and concentration can be used to control
whether the continuous phase of the emulsion is oil or water
which extends the potential use of CNCs in emulsified products.
With increasing concentrations of DMAB, CNC Pickering
emulsions exhibit a double phase inversion (o/w to w/o [phase
inversion 1], followed by wjo to o/w [phase inversion 2]),
whereas with CTAB, all emulsions are oil-in-water. Water-
in-oil emulsions have not been demonstrated for CNC Pickering
emulsions previously. Emulsion phase inversions correlate
directly to CNC wettability; adsorbed DMAB gives more hydro-
phobic CNCs because it has two alkyl tails compared to CTAB’s
one, and the highest three-phase contact angles above 90°
correspond to water-in-oil emulsions.

3. The smallest emulsion droplets are obtained above the
apparent CMC for CTAB and DMAB, and at high surfactant
concentrations, surfactants preferentially take over stabilizing
the oil-water interface as CTAB and DMAB have a higher
affinity to the interface than surfactant-treated CNCs.

The emulsion behavior documented here mirrors the work of
Binks and co-workers which uses silica nanoparticles [48-55],
however, the dimensions of CNCs offer advantages such as requir-
ing less nanoparticles and less surfactant overall. Furthermore we
have elucidated that surfactant is primarily responsible for emul-
sion stability above the apparent CMC by tracking the location of
labeled CNCs in the emulsions. Although, DMAB and CTAB are
not green, we believe this work shows that suitable mixtures of
phospholipids, fatty acids or other biological surfactants could lead
to exceptionally stable CNC Pickering emulsions with tunable
properties that are low-cost, green and potentially edible.
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Appendix: Supporting Information for Chapter 3

Transmission Electron Microscopy (TEM). CNC particles were selectively stained by mixing a 0.05
mL aliquot of the CNC (0.5 wt.%) with 0.5 mL of a 1 mM uranyl acetate solution and votexing the
mixture for 2 min. A single drop of the stained suspension was dropped on a Formvar-coated copper
TEM grid and dried for 4 h. TEM images were acquired using a JEOL 1200 EX TEMSCAN microscope
operating at 80 kV.

Figure S1. TEM image of cellulose nanocrystals (CNCs) prepared by sulfuric acid hydrolysis.
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Figure S2. Conductivity of 1:1 water-dodecane emulsions stabilized by 0.25 wt. % CNCs and surfactant
for CTAB (open squares) and DMAB (closed diamonds). Large conductivity values indicate that the
continuous phase is water, whereas the low conductivity at 4 and 6 mM DMAB, results from a water-in-
oil (w/o0) emulsion.
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Figure S3. Confocal laser scanning micrographs of surfactant-only-stabilized 1:1 water-dodecane
emulsions (no CNCs) showing of CTAB (top) and DMAB (bottom). The dodecane oil phase is dyed and
appears green in the images showing no phase inversion in either surfactant system. Images collected at
room temperature.
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Figure S4. Background color intensity increase in confocal laser scanning microscopy images as a
function of DMAB concentration for 1:1 water-dodecane emulsions stabilized by 0.25 wt. %
fluorescently labeled CNCs. Error bars represent one standard deviation of the mean.
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Figure S5. Emulsion stability as evidenced by average droplet diameter in 1:1 water-dodecane emulsions
with no CNCs, stabilized by CTAB (left) and DMAB (right) over 150 hours, as measured by a Malvern
Mastersizer. Error bars represent one standard deviation of the mean (3 repeats).
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Chapter 4 Synergistic Stabilization of Emulsions and Emulsion Gels
with Water-soluble Polymers and Cellulose Nanocrystals

In chapter 4, all experiments were conducted by myself with assistance from Tyler Patten
(undergraduate student). The chapter was initially drafted by myself, and edited later by Dr.
Robert Pelton and Dr. Emily D. Cranston.
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Synergistic Stabilization of Emulsions and Emulsion Gels with
Water-soluble Polymers and Cellulose Nanocrystals
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Abstract

The effect of water-soluble polymers on the properties of Pickering emulsions stabilized by
cellulose nanocrystals (CNCs) was investigated. Addition of hydroxyethyl cellulose (HEC) or
methyl cellulose (MC) proved to be beneficial in stabilizing the dodecane-water interface,
whereas dextran did not. The emulsion droplet size can be readily tuned by varying the
concentration of CNCs and polymers. CNCs in the presence of HEC or MC produce oil-in-water
(o/w) emulsion (denoted CNC-HEC and CNC-MC emulsions) droplets around 3 um in diameter
stable for several months. Interfacial tension measurements and confocal laser scanning
microscopy images indicate that both HEC and MC are surface active and are capable of
stabilizing o/w emulsions together with CNCs in a synergistic fashion. Calculated surface
coverage for CNCs on CNC-HEC and CNC-MC emulsions indicated that a coverage of 20 %
was surprisingly effective in producing stable emulsions, which was attributed to the co-
stabilization effect of the polymers. Rheological measurements of CNC-HEC emulsions with
additional MC added to the water phase showed that viscoelastic emulsion gels could be readily
produced at 70 °C. This thermogelation was reversible and multiple cycles of heating/cooling
treatments did not lead to coalescence of the emulsion. The use of CNC-HEC emulsion as a
template for the preparation of corn oil dry powders by freeze-drying and air-drying was
demonstrated. Additional carriers such as HEC and MC were required to produce oil powders
containing oil content as high as 94 wt. %. It was shown that stable emulsions, emulsion gels,
and dry oil powders can be readily prepared with tuned properties by using both CNCs and
cellulose-based polymers as the emulsifying and gelling agents. This work will enable broad
applications of CNCs and cellulose derivatives to stabilize emulsions for food, pharmaceutical,
and cosmetic products.

4.1 Introduction

Emulsions consist of dispersed droplets of one immiscible liquid in another immiscible liquid.
They are of great practical interest due to their widespread use in the formulation of food,
pharmaceutical, cosmetic, paint, and ink products. In many of these applications the stability of
emulsions is of utmost importance to keep their properties over long periods of time. Addition of
surface-active molecules like surfactants, amphiphilic polymers, lipids, and proteins allows the
formulation of stable emulsions thanks to the formulation of structured interfacial films.
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Alternatively, Ramsden® and Pickering® demonstrated that solid colloidal particles may adsorb at
interfaces to form “Pickering emulsions”. It is believed that the partitioning of colloidal particles
at the oil-water interface produces a densely packed particle layer and thus prevents both
emulsion flocculation and coalescence by inducing a steric barrier. Various inorganic and
organic colloidal particles with different sizes, shapes and surface chemistries have been
employed to prepare Pickering emulsions, including silica, clay,* carbon nanotubes,® magnetic
particles,® gold nanoparticles,” polymeric microgel particles,® and cellulose nanocrystals.’

Cellulose nanocrystals from cotton and wood are highly crystalline rigid rod-shaped
nanoparticles that are 5-10 nm in cross-section and 100-200 nm long.’® CNCs are entering the
marketplace in commercial scale quantities in Canada, United States, and Europe.'! They are
most commonly prepared by sulfuric acid hydrolysis which gives nanocrystals with anionic
sulfate half-ester groups on their surface.’’ Capron and co-workers have established the
groundwork of using of CNCs as emulsion stabilizers.” **** They found that unmodified CNCs
are effective at stabilizing emulsions when they have a low surface charge density, or when the
surface charge is screened in the presence of salt. In their work, a minimum of 84% of the
emulsion droplet surface area required to be covered with cotton-derived CNCs to impede
droplet coalescence.™® The same research group also prepared high-internal-phase emulsion “gels”
by making CNC-stabilized emulsions with equal parts oil and water and then slowly increasing
the oil content.™*

Many commercial emulsion-based products contain polymers, surfactants, and particles, hence
the characterization of emulsions prepared with all these components is of great importance.
Studying the interfacial properties of cellulose nanocrystals in the presence of interacting
surfactants and polymers can provide useful insight into the mechanistic origin of some emulsion
properties. In our previous work, we investigated in situ surface modification of CNCs with
cationic surfactants and its effect on the properties of Pickering emulsion.™ In another literature
example, thermo-responsive poly(N-isopropylacrylamide) (poly(NIPAM)) brushes were grafted
onto CNCs to control the hydrophobicity with temperature to tune the emulsion stability.*® The
emulsions stabilized by poly(NIPAM)-g-CNCs broke after heating at a temperature above the
LCST of poly(NIPAM), which was attributed to the temperature responsiveness of the brushes
installed on the particles and thus the responsiveness of the Pickering emulsions. Similarly, a
weak polyelectrolyte poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) was grafted onto
the surface of CNCs and imparted pH and temperature sensitiveness to the emulsions stabilized
with these modified CNCs.*” Unlike pristine cellulose nanocrystals, modified CNCs significantly
reduced the surface and interfacial tensions. The PDMAEMA chains on CNC surface promoted
the stability of emulsion droplets and their chain conformation varied with pH and temperature to
trigger the emulsification and demulsification of oil droplets.

Compared to chemically modify surface properties of particles through polymer grafting,
physically adsorbing polymers onto particle surface to tune surface hydrophobicity and
interfacial tension may be relatively simpler and easier to achieve. Saleh et al.'® found that
physisorbed layers of amphiphilic triblock copolymers not only improved the colloidal stability
of iron nanoparticles in water but also drove them to adsorb at the oil/water interface, forming a
highly stable emulsion. Adsorbing surface-active copolymers onto nanoparticles makes the
nanoparticles extremely efficient emulsifiers, with their concentrations of as low as 0.04 wt. %
being sufficient to stabilize emulsions for many months. Similarly, Feng et al.'® used the salt-
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bridge interactions between carboxylic acid groups of single-walled carbon nanotubes (SWCNTYS)
and amine groups of amine-terminated polystyrene to facilitate the assembly of SWCNTSs at the
oil/water interface and produce stable emulsions. To the best of our knowledge, however, no
CNC Pickering emulsions described to-date has reported using physically adsorbed water-
soluble polymers to control the emulsion properties via a simple mixing and emulsification
method.

Formulated food, pharmaceutical, and cosmetic products are often structured oil-in-water (o/w)
Pickering emulsions that are gel-like soft solids. These viscoelastic products are mostly water
continuous emulsions using protein and/or polysaccharides as emulsifiers as well as gelling
agents or concentrated emulsions where enhanced viscosity comes from the close crowding of
dispersed oil droplets in high internal phase emulsions (HIPEs).?® HIPEs are defined as
emulsions with an internal phase volume fraction (p) of 0.74 or greater. However, HIPEs using
solid particles as stabilizers either require tedious processes to prepare or involve particulate
emulsifiers with defined hydrophobicity, which makes them undesirable in industrial
productions.** 2! Centrifugation can be sufficient to force all the droplets closer together and
generate a concentrated emulsion phase with gel-like behavior.”? However, centrifugation can be
detrimental to the stability of emulsions and it is a nontrivial process at industrial scale.’
Therefore, we envision that using CNCs and/or polymers as emulsion stabilizers as well as
thickening agents to prepare emulsion gels is more industry-relevant and likely to lead to many
interesting applications, where using raw bio-based materials is advantageous.

It is common in the food, pharmaceutical, and cosmetic industries to reduce a liquid oil base, for
example, an o/w emulsion, to a solid-like powder.*?* Two widely used methods to evaporate the
water continuous phase rapidly are spray-drying and freeze-drying.?® To prevent oil droplets
from collapsing into a macrophase-separated liquid state either during these drying processes or
during the shelf life of the powder, a solid hydrophilic carrier is often added to the aqueous phase.
This hydrophilic carrier, together with the emulsifiers used to stabilize the liquid emulsion,
constitutes the continuous phase of the powder after water evaporation, whereas the oil droplets
are kept intact and trapped in the continuous phase. The minimum amount of carrier required
varies depending on the system but typically ranges between 30 and 80 wt % of the total final
powder.® Typical examples of the constituents of the solid dry base are lactose, glucose,
maltodextrin, starch, and cellulose. Although the presence of carrier in the formulation alters the
composition of the powder, its role in the formulation is necessary to prevent oil leakage. In this
paper, we present the first fabrication of oil powder with high oil content using CNCs and water-
soluble cellulose derivatives via freeze-drying process.

4.2 Experimental Section

Materials. Methyl cellulose (MC, 40 kDa, degree of substitution (DS) of 1.6~1.9), 2-
hydroxyethyl cellulose (HEC, 90 kDa, molar substitution (MS) = 2.5), dextran (DEX, 70 kDa),
dodecane, corn oil, Nile Red, Nile Blue, 5-(4, 6-dichlorotriazinyl) aminofluorescein (DTAF),
azobisisobutyronitrile (AIBN), and sodium chloride were all purchased from Sigma-Aldrich Inc.
The water used in all solutions was deionized and further purified with a Barnstead Nanopure
Diamond system (Thermo Scientific, Asheville, NC).
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Preparation of Cellulose Nanocrystals. CNCs were prepared by sulfuric acid hydrolysis of
cotton from cotton filter aid (Whatman ashless filter aid, GE Healthcare Canada, Mississauga,
Canada), as described previously.?” The filter aid was first torn into small squares and blended
into a fluffy, white powder in a standard household blender (Magic Bullet brand). The powder
was dried at 80°C for 1 h prior to the reaction. 40 g of the filter aid was treated with 700 mL of
64 wt. % sulfuric acid (Fischer Scientific) for 45 min at 45 °C with constant mechanical stirring.
The hydrolysis reaction was quenched by adding 10-fold cold water. The acid removal was
achieved by extensive dialysis against purified water until the pH of the external reservoir was
stable over the last few water changes (~2 weeks). The surface charge density of sulfate half-
ester groups on CNCs was determined by conductometric titration to be 0.33 + 0.02 e/nm?, with
average crystal dimensions of 128 x 7 nm from transmission electron microscopy (TEM) image
analysis. A TEM micrograph of the CNCs is provided in the Supporting Information Figure S1.

Preparation of the Emulsions. A emulsion of 6 mL containing equal volumes of dodecane and
aqueous dispersions (1:1 oil to water) was obtained by mixing 1.5 mL of 0.6 wt. % CNCs and
1.5 mL of 0.4 wt. % polymer solution, making the final concentration of CNCs and polymer in
the emulsions 0.3 wt. % and 0.2 wt. %, respectively. After mixing the components, the mixture
was immediately emulsified using a sonicator (Sonifier 450, Branson Ultrasonics, Danbury, CT)
while in an ice bath for 1 minute at an intensity level 6 and 50% pulses for every emulsion,
which corresponds to an energy input of approximately 1371 J/g of emulsion. The polymer
solutions tested were MC, HEC, and DEX. The emulsions using both CNCs and polymers were
denoted as CNC-MC, CNC-HEC, and CNC-DEX emulsion, respectively. Other emulsions
samples were prepared using either CNCs or polymers as the sole emulsifier. A salt
concentration of 50 mM was maintained by adding NaCl to the water phase. For some emulsions
used for freeze-drying, dodecane was replaced with corn oil whereas every other components
were the same unless noted otherwise.

Polymerization. The CNCs could stabilize the styrene/water interface and form a stable
emulsion. Following the work of Kalashnikova et al® we polymerized the internal emulsion oil
phase as a way to visualize the emulsions under scanning electron microscopy. Solid polystyrene
particles were prepared through polymerization of styrene emulsion droplets stabilized CNCs
alone or in the presence of polymers. Aqueous suspensions containing 0.3 wt. % CNC were
sonicated for 1 min and degassed with nitrogen for 3 min. Styrene was mixed with AIBN, an oil-
soluble initiator, to obtain a styrene/AIBN ratio of 100/1 (w/w). A total volume of 3 mL of this
mixture was added to equal volume of the CNC suspension, and an emulsion was produced by
sonication for 1 min. In some samples, 0.2 wt. % HEC or MC was used together with 0.3 wt. %
CNC in stabilizing the emulsions. The emulsions were placed in oven at 65 °C, without stirring,
for 8 h. The dried polystyrene particles were metallized with 5 nm platinum and visualized with
a JEOL 7000F scanning electron microscopy (JEOL Ltd., Japan).

Fluorescent Labeling. The CNCs were labeled with Nile blue. Nile blue (10 mg) was added to
50 mL 1 wt. % CNC suspension (pH 3) and mixed for 24 h in the dark. Unbound Nile blue was
removed by extensive dialysis for a week against purified water. The polymers were labeled with
DTAF using an approach that has been previously applied to CNCs.”® HEC or MC (500 mg) was
reacted with DTAF (7.5 mg) under alkaline conditions (0.2 M NaOH) for 24 h, in the dark, with
mechanical stirring. To remove unreacted DTAF and the bulk of the NaOH, extensive dialysis
against purified water was employed. Purified reaction products were freeze-dried and stored in
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the dark. The labeled CNCs and polymers are denoted as CNCs-Nile blue, HEC-DTAF, and
MC-DTAF, respectively.

Confocal Laser Scanning Microscopy (CLSM). For CLSM visualization of the microstructure
of the emulsions, the oil phase was stained with Nile red (492/520 nm). For some samples, the
CNCs and polymers were labeled with Nile blue (630/660 nm) and DTAF (495/517 nm),
respectively. Images were obtained with a Zeiss LSM 510 Meta on an Axiovert 200M
microscope (Zeiss, Gottingen, Germany). For high resolution images, a x63 water-immersion
laser technique was used.

Scanning Electron Microscopy (SEM). Morphology characterization of polystyrene particles
stabilized by CNCs alone or CNCs together with polymers was done by using a JEOL 7000F
SEM (JEOL Ltd., Japan). A 3 nm thick gold coating was applied before SEM imaging.
Micrographs were taken at several magnifications at 6 mm working distance and at 20 kV
acceleration voltage.

Malvern Mastersizer. A Malvern Mastersizer 2000G instrument with a HeNe laser operating at
633 nm was used to measure the emulsion droplet size. The mean droplet diameter was taken to
be the volume mean diameter (D4s3) from 3 replicate measurements. It is mathematically
expressed as Duys = Y. D;*N; / Y. D;® N; , where D; is the droplet diameter for droplet fraction i,
and N; is the number of droplets with size D;. The ‘span’ was reported as a measurement of the
emulsion droplet diameter size distribution and calculated using span = (D(0.9)-D(0.1)/D(0.5),
where D(0.9) is the droplet diameter for which 90% of the droplets are below this size, D(0.5) is
the droplet diameter for which 50% of the droplets are smaller than this size, and D(0.1) is the
diameter for which only 10% of the droplets lie below this size. The stability of emulsions was
determined by following the emulsion droplet diameter over 150 hours with the Malvern
Mastersizer.

Surface Coverage Determination. The percentage of emulsion droplet surface area covered by
CNCs was calculated. The surface coverage C is given by the ratio of the theoretical maximum
surface of the particles available for stabilizing the emulsion and the total surface displayed by
the emulsion droplets as derived in an earlier work.? The total coverage can be expressed as

mD
= Gov [1]
Where m is the mass of CNCs, D is the D43 mean diameter of the emulsion droplets, h is the
CNC thickness (7 nm as determined from TEM images of CNCs), p is the CNC density (1.59
g/cm®), and V is the volume of oil used in the emulsion.

Dynamic Interfacial Tension. Interfacial tension was measured by the pendant drop method
with a Kriss Drop Shape Analysis System DSA10 instrument. Prior to the measurement, a
sample (ca. 50 mL) of dodecane was added to a glass box of 5.0 (L) x 5.0 (W) x 5.0 (H) cm, and
a pendant drop of CNC suspension or polymer aqueous solution of about 20 uL, was formed on
the end of a stainless steel needle immersed in the dodecane oil phase. The aging of the interface
can be accurately monitored by measuring the dynamic interfacial tension of a drop having a
constant interfacial area over 20 min.
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Rheology. Oscillatory rheological measurements of emulsions were performed using an ARES
rheometer (TA Instruments) with parallel-plate geometry. In all experiments, a 7 mm diameter
parallel plate geometry and 1.5 mm gap distance were used. Dynamic frequency sweeps were
performed at 1% strains, which were confirmed to be in the linear viscoelastic range for each
emulsion sample, from 0.1 to 100 rad/s to determine the storage modulus (G’) and loss modulus
(G”) of the emulsions. Measurements were done at temperatures of 25 °C and 70 °C. The
evaporation of water from the samples was avoided by covering the sides of the plate with low
viscosity mineral oil. After heating samples to 70°C, they were allowed to thermally equilibrate
for 3 min before the measurements.

Freeze-Drying. CNC-HEC emulsions with 0.3 wt. % CNCs and 0.2 wt. % HEC were used as
stock emulsion samples and mixed with equal volume of 1 wt. % HEC or MC solution. Corn oil
is used as the oil phase instead of dodecane as elsewhere in this study. Freeze-drying over 24 h
of the emulsions was carried out on a Millrock Technology freeze-dryer (Kingston, NY) at -
40 °C and a vacuum of 10 mbar.

4.3 Results

Droplet Size. As most formulated chemical products, including food and cosmetics, are complex
mixtures of surfactants, polymers, and particles in relatively high ionic strength solutions, we
herein report our work of producing CNC-stabilized Pickering emulsion in the presence of
water-soluble polysaccharides. We previously investigated the effect of surfactants on the
properties of Pickering emulsions stabilized by cellulose nanocrystals.*

Various polymers were first mixed with CNCs and then emulsified upon addition of equal
volume of oil through ultrasonication. To investigate the emulsion morphology and droplet size
with the addition of polymers, the oil phase (dodecane) was stained with an oil-soluble
fluorophore Nile red and visualized by confocal laser scanning microscopy (CLSM) as shown in
Figure 1. Nile red stained the dispersed phase and showed as green, which allows the
determination of emulsion droplet size. The continuous phase was not stained and appears black
in the images. CNCs partitioned into the oil-water interface and stabilize o/w emulsions. NaCl at
50 mM was added in all emulsions to screen electrostatic repulsion between the particles at oil-
water interface, increase surface coverage, and thus improve the emulsion stability.” The mean
diameter of emulsions stabilized by CNCs alone is 12 um, whereas the emulsions stabilized by
various water-soluble polymers alone show different mean diameter values (Figure 1 and Table
1). For the samples prepared with hydroxyethyl cellulose (HEC) or methyl cellulose (MC) as the
only emulsifier at 0.2 wt %, emulsion droplets with mean diameter values around 6 um were
obtained. Dextran (DEX), on the other hand, displayed poor emulsifying capability as the
emulsion droplets stabilized by dextran alone at 0.2 wt % have a mean diameter of around 28 um.

The effect of polymer addition on CNC emulsifying behavior was studied by mixing polymers
with CNCs prior to emulsification. Our previous work showed that HEC adsorbs on CNC
surfaces and increases the viscosity of the mixture due to an increase in the particle volume
fraction.®® Adsorption of MC on CNC surfaces was also studied and similar adsorption behavior
was observed (Supporting Information, Figure S2). As shown in Figure 1, by adding HEC or MC
to CNC suspensions before emulsification and using CNC-HEC or CNCs-MC as the emulsifier
produced smaller emulsion droplets with mean diameters of about 3 um. Dextran and CNCs
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together, on the other hand, produced relatively larger emulsion droplets than the ones stabilized
by CNCs alone with mean diameters of about 21 pm.

: : "

CNCs-HEC CNCs-MC CNCs-DEX

Figure 1. Confocal laser scanning microscopy images of 1:1 dodecane-water emulsions
stabilized by 0.3 wt. % CNCs, 0.2 wt. % polymers individually and together. The oil phase is
dyed with Nile red and appears green in the images.

Because of dodecane volatility, the emulsions formed could not be introduced in the SEM
chamber. CNCs showed the same ability to stabilize styrene and dodecane droplets, and
therefore, styrene was selected to allow polymerization of the oil phase and thus imaging under
SEM. The reduction of emulsion droplet size was also observed by visualizing polystyrene
particles prepared via polymerization of styrene emulsion droplets stabilized by CNCs alone or
in the presence of polymers (Figure 2). CNCs (0.3 wt.%) alone led to production of polystyrene
particles with average diameter of ~20 um. The addition of HEC or MC greatly reduced the
diameters of polystyrene particles to 2~3 um as shown in Figure 2, which confirms the influence
of polymers on producing smaller emulsion droplets as already demonstrated in Figure 1.
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Figure 2. Scanning electron microscopy images of polymerized styrene/water emulsion
stabilized by CNCs suspensions alone (CNCs: 0.3 wt. %) or in the presence of HEC (CNCs: 0.3
wt. %, HEC: 0.2 wt. %) or MC (CNCs: 0.3 wt. %, MC: 0.2 wt. %).

Table 1. Summary of the Mean Emulsion Droplet Diameter and Span for 1:1 Dodecane-Water
Emulsions Prepared with Increasing Amount of CNCs.* (The span is calculated as described in
the Experimental Section.)

CNCs Emulsion CNC-HEC Emulsion CNC-MC Emulsion CNC-DEX Emulsion

CNCs
conc. Mean Mean Mean Mean
(wt. %) Diameter ~ SPan  Diameter ~ SPan  Diameter ~ SPan  Diameter ~ Span
(1m) (1m) (1m) (1m)
0.05 58 2.6 15 2.2 12 2.3 102 3.7
0.1 27 2.3 7.2 2.0 6.2 1.9 52 35
0.2 18 2.1 4.5 1.9 3.3 1.7 29 3.3
0.3 13 18 3.3 15 2.4 1.6 18 3.4
0.4 11 1.9 3.1 1.7 2.2 1.6 15 35
0.5 10 1.7 2.8 15 1.9 15 13 3.3

® A mass ratio of CNCs over polymer was fixed to 3:2 when the polymer was used in
combination with CNCs. The polymers tested were MC, HEC, and DEX. The emulsions using
both CNCs and polymers were denoted as CNC-MC, CNC-HEC, and CNC-DEX emulsion,
respectively. A salt concentration of 50 mM was maintained by adding NaCl to the water phase.

Emulsion droplet size variations were monitored by measuring the volume mean diameter (Dy3)
with a Malvern Mastersizer 2000G instrument and varying concentrations of CNCs in the water
phase for a fixed oil-water volume ratio of 1:1. Results of emulsions stabilized by CNCs alone
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and together with each polymer are given in Table 1. For the emulsions using both CNCs and
polymer as emulsifiers, mass ratio of CNCs over polymer is fixed at 3:2. For CNCs emulsion,
the increasing amount of CNC particles resulted in decreasing droplet mean diameter before a
plateau value of about 11 um was reached for all emulsions containing more than 0.4 wt % in the
water phase. Higher concentrations of CNCs provide larger interfacial areas which leads to the
decreasing of droplet size. Similar trend is also observed for other types of Pickering emulsions
stabilized by both CNCs and polymers. CNC-HEC and CNC-MC emulsion droplets displayed
smaller mean diameter values than CNCs emulsion. However, CNCs produced larger emulsion
droplets with a broader size distribution in the presence of dextran.
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Figure 3. Evolution of surface coverage vs the amount of CNC particles included in the water
phase for 1:1 dodecane-water emulsions of CNCs, CNC-HEC, CNC-MC, and CNC-DEX.

Surface Coverage of Oil Droplets by CNCs. Packing density of the CNCs at the interface was
investigated by calculating the surface coverage according to eq 1, for emulsions prepared with
different CNC concentrations. These values are plotted against m, that is, the mass of CNCs in
the aqueous phase, as shown in Figure 3, to characterize the variation of surface coverage at
different CNC concentrations. For emulsions stabilized by CNCs alone, surface coverage is
increased at higher CNC concentrations, reaching a maximum coverage of about 74 % at 0.5 wt. %
CNCs. Similar trend of increasing surface coverage as more CNC particles are used for emulsion
stabilization along with different polymers were observed as well. The presence of HEC and MC
seems to greatly reduce surface coverage to values below 20%, which is believed to be not
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enough for effectively stabilizing emulsions as a minimum of approximately 84% of covered
surface is required according to works from Capron et al..™* On the contrary, surface coverage of
CNCs at all concentrations in the presence of dextran is relatively higher than the ones of CNCs
emulsion. All the values for CNC-DEX emulsion are close to or even higher than 84% (above
0.4 wt. % CNCs), which implies that CNC-DEX emulsion should be stable.

Emulsion Stability. The stability of dodecane/water emulsions stabilized by CNCs and
polymers was assessed by monitoring the change of emulsion droplet mean diameter over time
using a Malvern Mastersizer. CNC and polymer concentration were fixed to 0.3 wt. % and 0.2
wt. %, respectively. Figure 4 shows that the addition of HEC or MC enables the production of
emulsions with minimal droplet size change over about 6 days, suggesting the beneficial effects
of HEC and MC have on stabilizing emulsions. On the other hand, emulsion droplet size increase
is observed one day after emulsion preparation for samples using CNCs as the sole emulsifier,
suggesting the occurrence of coalescence. The addition of DEX does not seem to enhance the
emulsion stability as the CNC-DEX emulsion displays fast and large increase of droplet size in
the first two days after emulsion preparation. Mastersizer measurements of CNC-DEX emulsion
for longer periods of time were not possible because either the emulsion size was beyond the
instrument’s detection limit or macroscopic phase separation occurred. Emulsions stabilized by
the polymers alone were not stable to coalescence as the droplet diameters of those emulsion
increased extensively over 6 days (Supporting Information, Figure S3).
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Figure 4. Mean droplet diameter of 1:1 dodecane-water emulsions stabilized by 0.3 wt. % CNCs
alone and in the presence of 0.2 wt. % polymer over 150 hours, as measured by a Malvern
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Mastersizer instrument. The mean droplet diameter was taken to be the volume mean diameter
(Dg4y3) from 3 replicate measurements.

The long-term stability of o/w emulsions stabilized by CNCs and polymers was determined by
visual check of emulsion appearance 30 days after emulsion preparation (Supporting Information,
Figure S4). Emulsions stabilized by either CNCs or HEC show extensive creaming and mild
color intensity decrease which imply the occurrence of coalescence. MC seems to be an effective
emulsifier that enables the production of stable emulsion with mild creaming. DEX, on the other
hand, could not provide long term stability to the emulsion stabilized by DEX alone and
macroscopic phase separation is observed after 1 month storage. Using both DEX and CNCs to
prepare emulsion does not lead to production of emulsion with enhanced stability either.
However, both HEC and MC seem to greatly improve the stability of Pickering emulsions
stabilized with CNCs and each one of these two polymers. Only mild creaming was found in
CNC-HEC and CNC-MC emulsions.

Interfacial Properties. Dynamic interfacial tension was conducted to assess the adsorption of
polymers as well as CNCs at the oil-interface. As shown in Figure 5, dodecane-water interfacial
tension was measured over the course of 20 min. CNCs are able to lower the oil-water interfacial
tension but even after 20 min the interfacial tension value still has not reached the equilibrium
yet, implying that the slow partition of CNC particles to the oil-water interface, possibly due to
their large hydrodynamic size. HEC can reduce the oil-water interfacial tension and equilibrium
value of 32 mN/m is reached in about 5 min, which indicates that HEC can adsorb at the
interface and can form a polymer layer to stabilize the emulsion. MC is more effective in
reducing oil-water interfacial tension and an equilibrium value of about 20 mN/m could be
achieved in less than 5 min, meaning that MC is more surface active than HEC. However, the
interfacial tension values of DEX at dodecane-water interface display only a small reduction of
about 1~2 mN/m. Therefore, DEX is not surface active and not an effective emulsifier for
stabilizing o/w emulsions.
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Figure 5. Time dependence of dodecane-water interfacial tension y in the presence of CNCs (0.3
wt. %) or various polymers (0.2 wt. %).
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Figure 6. Interfacial tension of increasing amount of HEC or MC alone and in the presence of 0.5
wt. % CNCs.
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Interfacial tension measurements were used to determine the maximum surface coverage of
polymers on CNC surfaces. The critical points where the CNC particles have been fully covered
with polymers and additional polymers start to partition to oil-water interface in Figure 6 were
calculated based on the linear fitting of first 6 and last 3 black data points of each sample that is a
mixture of polymers and CNCs. The maximum surface coverage of HEC and MC on CNC
surfaces is found to be 0.16 and 0.14 mg/m?, respectively. According to this calculation, CNC
surfaces are fully covered when mass ratio of CNCs:HEC and CNCs:MC is smaller than about
20:1. Since the mass ratio of CNCs over polymers was fixed to 3:2 in this work, we believe that
all CNC particles have been coated with a polymer layer and there is a large amount of
additional free polymer in the mixture. Therefore, it is expected that both polymer-coated CNCs
and free polymers are present at the oil-water interface, stabilizing emulsion droplets together.

Location of CNCs and Polymers in the Emulsions. To further confirm the localization of
CNCs and polymers at the oil-water interface, CNC particles and polymers were labelled with
Nile blue and DTAF, respectively, and the emulsion samples were imaged under CLSM (Figure
7). Labeled CNCs and polymers are denoted as CNC-Nile blue, HEC-DTAF, and MC-DTAF
and the labelling was confirmed with UV/Visible spectrometer (Supporting Information, Figure
S5). This double staining of CNCs and polymers allows one to clearly determine the partition of
CNCs and polymers at the interface. CNC-Nile Blue appears as red color in original CLSM
images (Figure S6) and the ring structure suggests CNC particles are preferentially localized at
the oil-water interface. On the other hand, HEC-DTAF and MC-DTAF appear as green color in
original CLSM images (Figure S6) and display similar ring structure, which implies the partition
of both HEC and MC to the interface. To obtain more visible distinction between the fluorescent
area and blank area, the original images have been inverted using Adobe Photoshop software and
shown in Figure 7. The presence of similar ring structures suggests the co-localization of both
CNCs and polymer at the oil-water interface of each individual emulsion droplets.
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CNCs-Nile Blue HEC-DTAF

CNCs-Nile Blue MC-DTAF

5 um

Figure 7. Confocal laser scanning micrographs of 1:1 dodecane-water emulsion droplets
stabilized by CNCs labeled with Nile Blue and polymers labeled with DTAF (Top: CNCs-Nile
Blue and HEC-DTAF; bottom: CNCs-Nile blue and MC-DTAF, the images have been inverted
using Adobe Photoshop software).

Emulsion Gels. Many of the food and pharmaceutic products are emulsion-based soft solids that
display gel-like behavior (structured emulsions).?’ The expression ‘emulsion gel’ is used to
denote this class of soft-solid-like material that is essentially emulsion-based viscoelastic
material. The oscillation test was performed at 25 °C and 70 °C to characterize the viscoelastic
properties of the emulsion samples at different temperatures. CNC-HEC emulsion made with 0.3
wt. % CNCs and 0.2 wt. % HEC at oil volume fraction of 0.5 was used as the stock emulsion
sample and equal volume of 2 wt. % of HEC or MC solution was added to the stock emulsion,
which resulted in the reduction of oil volume fraction to 0.25. For CNC-HEC emulsion added
with equal volume of 2 wt. % HEC (denoted as CNC-HEC+HEC), the overall behavior remains
reminiscent of viscous liquids at both 25 °C and 70 °C (Figure 8) where the loss modulus (G )
dominates over elastic modulus (G’). There is no noticeable difference of rheological behaviors
between difference temperatures. Figure 8a inset shows emulsion samples at 25 °C and 70 °C
confirm that emulsion flows similarly at high temperature to room temperature. However, CNC-
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HEC emulsion added with equal volume of 2 wt. % MC (denoted as CNC-HEC+MC), show
classic gel behavior with G’ > G and a rather flat frequency response at 70 °C, implying the
emulsion gel formation. Figure 8b inset shows that the emulsion does not move when the vial is
inverted at high temperature, which means that the emulsion gels when temperature is increased.
This gelation behavior of CNC-HEC emulsion with equal volume of MC at 25 °C was not
observed. Stock CNCs-HEC emulsion without any additional MC at 70 °C does not display
viscoelastic behavior either. Unlike MC, HEC could not induce gel formation of the emulsion
when additional HEC is added to CNCs-HEC emulsion at 70 °C due to its lack of thermogelation

property.
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Figure 8. The storage modulus, G’, and loss modulus, G”, of () CNC-HEC+HEC emulsion,
(CNCs: 0.15 wt. %, HEC: 1.1 wt. %, 25 vol % o/w emulsion ) (b) CNC-HEC+MC emulsion
(CNCs: 0.15 wt. %, HEC: 0.1 wt. %, MC: 1 wt. %, 25 vol % o/w emulsion) at 25 °C (black
diamonds) and 70 °C (red triangles). Inset images show that gel formation was achieved only in
sample of CNC-HEC+MC emulsion at 70 °C.

Temperature affects the physical properties of oil, water, and interfacial films. These, in turn,
affect the stability of the emulsion.*® Temperature increases the thermal energy of the emulsion
droplets, leading to the increase of frequency of droplet collisions. It generally reduces the
interfacial viscosity and increases the film-drainage rate, which results in faster droplet
coalescence. However, our emulsion gel samples subjected to multiple cycles of heat treatment
did not display any noticeable change of emulsion droplet morphology ( Supporting Information,
Figure S6), suggesting the emulsions are stable to coalescence in heating and cooling processes.
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Oil Solids. In food, cosmetics, and pharmaceutical industries, reducing an o/w emulsion with
encapsulated hydrophobic compounds in oil droplets to a dried solid is often required.?® 3 In this
work, we are interested in using a CNC-HEC corn oil-water emulsion with 25 % oil volume
fraction as a template to produce structured dry oil powder with high oil content trapped in the
matrix of cellulose-based only materials via freeze-drying.

The appearance of the materials resulting from freeze-drying of CNC-HEC, CNC-HEC+HEC,
and CNC-HEC+MC emulsions is shown in Figure 9. CNC-HEC emulsion without second-step
addition of HEC or MC vyields a turbid flowing liquid, indicating that freeze-drying did not
produce an encapsulated oil solid due to extensive oil leakage. In this work, we tested HEC and
MC as the hydrophilic carrier to prevent emulsion droplets from collapsing into macrophase-
separated liquid state during drying processing. By contrast the CNC-HEC emulsion with a
second-step addition of HEC or MC formed pink solids without any oil leakage. No evidence of
oil leakage of any kind is found even after 3 months of storage. Only upon pressing with fingers
is oil partially released, revealing the nature of high oil content in the dried oil powders and the
efficiency of oil encapsulation.

CLSM was used to assess the microstructure of the resulting oil powder better. Images of the
freeze-dried CNC-HEC+MC emulsion sample produced with 0.15 wt. % CNCs, 0.1 wt. % HEC,
0.5 wt. % MC and stained with Nile Red are given in Figure 10. The oil powder exhibits
macroporous structures where the pore size of about 20 to 200 um was dependent on the size of
the ice crystals formed during the freezing procedure. As a result of the viscoelastic continuous
phase impeding the coalescence of oil droplets, some individual deformed emulsion droplets can
be seen by zooming in on the “walls” that form the macropores under CLSM (Figure 10b).
However, the fluorescent phase seems to cover the entire oil powder, meaning the oil droplets
undergo at least partial coalescence after freeze-drying. In this work, solid corn oil with an oil
weight content of as high as 94% was successfully produced by freeze-drying CNC-HEC+MC
emulsions, meaning only about 6 wt. % of the total final oil powders was from the emulsifiers
and hydrophilic carriers. In addition, air-drying the same emulsion sample in oven at 60 °C for
two days also produced solid oil but with a translucent look (Figure S8).
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CNCs-HEC+HEC

Figure 9. Appearance of CNC-HEC, CNC-HEC+HEC, and CNC-HEC+MC emulsions after
freeze-drying. All samples are 25 vol % o/w emulsion before freeze-drying and the
concentrations of all the components in the emulsions are: Ccnes = 0.15 wt. %, Cpec = 0.1 wit. %
(CNC-HEC); Ccnes = 0.15 wt. %, Cpec = 0.6 wt. % (CNC-HEC+HEC); Cenes = 0.15 wt. %,
Chec = 0.1 wt. %, Cpc = 0.5 wt. % (CNC-HEC+MC). The oil phase is corn oil.

Figure 10. Confocal laser scanning micrographs of freeze-dried CNC-HEC+MC emulsion
sample produced with 0.15 wt. % CNCs, 0.1 wt. % HEC, 0.5 wt. % MC at low magnification (a)
and higher magnification (b). The oil phase is corn oil and labeled with Nile red. Individual
emulsion droplets are highlighted in the dotted circles in (b).
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4.4 Discussion

The surface coverage of the CNCs at the oil-water interface is a function of CNC concentration
and emulsion droplet size according to eq 1. Capron et al.> ** found that CNC-stabilized
emulsion showed a clear tendency to coalescence when CNC concentration and surface coverage
was low. Similar trend of emulsion droplet size reduction as a result of increasing CNC
concentration was also observed in this work as demonstrated in Table 1. As a minimum of
approximately 84% of oil-water interface area is required to be covered by CNCs for the
emulsion to be stable to coalescence, CNCs-HEC and CNCs-MC emulsions should be extremely
susceptible to coalescence and obviously unstable due to their low surface coverage (below 20%)
according to Figure 3. However, both Figure 4 and Figure S4 suggest that CNCs-HEC and
CNCs-MC emulsions are more stable than the emulsions stabilized by each individual stabilizers.
This leads us to believe that both the CNCs and polymers contribute to the stabilization of oil-
water interface, likely in a synergistic manner.

Dynamic interfacial tension was conducted to assess the interactions between polymers and
CNCs when oil phase is present. As shown in Figure 5, CNC particles displayed small interfacial
tension reduction, which agrees with the literature that particulate emulsifiers normally do not
lower interfacial tension significantly. HEC and MC, on the other hand, can reduce the oil-water
interfacial tension to equilibrium values of 32 and 20 mN/m, respectively, in about 5 min. As the
polymers and CNCs were vigorously mixed before oil addition and emulsification, we expect
that CNC particles were already covered with polymers due to the fast adsorption of polymer on
CNC surface according to our earlier work and Figure $2.%°

To determine whether the surface of CNC particles has been fully coated with a layer of
adsorbed polymers, interfacial tension of increasing amount of HEC or MC in the presence of
0.5 wt. % CNCs was measured. As demonstrated in Figure 6, the introduction of CNCs greatly
increased interfacial tension values of the mixture at low polymer concentrations, likely due to
the preferential adsorption of polymers on CNC surfaces over partition to oil-water interface.
The maximum surface coverage of HEC and MC on CNC surfaces was found to be 0.16 and
0.14 mg/m?, respectively. Based on these calculations, we believe that all CNC particles have
been coated with a polymer layer and there was also a large amount of additional free polymer in
the mixture.

Though the surface coverage of CNCs at the oil-water interface of CNCs-HEC and CNCs-MC
emulsions was calculated to be below 20%, the adsorbed polymer layer on CNCs and free
polymers should play a role in increasing the apparent surface coverage of the interface and thus
stabilizing the emulsion droplets. This was confirmed by staining of CNCs and polymers with
different dyes and imaging the CNCs-HEC and CNCs-MC emulsions at different wavelengths.
The presence of similar ring structures suggests the co-localization of both CNCs and polymer at
the oil-water interface of each individual emulsion droplets.

101



Ph.D. Thesis - Zhen Hu McMaster University - Chemical Engineering

The emulsion gels discussed in literature are mostly for protein-coated emulsion droplets. They
are typically produced by inducing gelation through various methods such as heating, high-
pressure treatment, acidification, and enzymatic cross-linking.?*** Gels made of Pickering
emulsions using CNCs and biopolymers as the emulsifiers and thickening agents was reported
for the first time herein. MC is a widely available nontoxic commercial cellulose derivative that
undergoes thermoreversible gelation in aqueous solutions in the range 50-60 °C. Upon heating,
MC molecules lose part of their affinity to the surrounding water and thus start to bundle up into
about 14 nm thick fibrils.®* The fibrillation leads to the sol-to-gel transition of continuous phase
and dramatic increase of G’. As shown in Figure 8, thermogelation was observed at 70 °C when
additional MC was used as the gelling agent. The addition of HEC, on the other hand, showed no
gelation behavior at increased temperature as the HEC does not display sol-to-gel transition. We
believe that this finding may offer varies industries a new route of producing CNC-based
emulsion gels. More interestingly, our emulsion gel samples subjected to multiple cycles of heat
treatment did not display any noticeable change of emulsion droplet morphology (Supporting
Information, Figure S7), suggesting the emulsions are stable to coalescence in heating and
cooling processes. Though emulsions stabilized by MC alone also showed thermogelation at
high temperature, macroscopic coalescence and phase separation was obtained. This highlights
the vast potential application of using both CNCs and MC to produce stable emulsion gels with
homogenous distribution of emulsion droplets throughout the sample.

CNCs-HEC emulsion without second-step addition of HEC or MC failed to produce an
encapsulated oil powder due to extensive oil leakage. As hydrophilic carriers are normally added
to the water phase to prevent the emulsion droplets from collapsing into a macrophase-separated
liquid state during drying processing, HEC and MC were tested as the hydrophilic carrier in our
work. The CNCs-HEC emulsion with a second-step addition of HEC or MC formed corn oil
solids without any oil leakage. This stresses the need to introduce a hydrophilic carrier before
drying the samples. Typical examples of hydrophilic carriers used in oil powder production are
lactose, glucose, maltodextrain, starch, and cellulose.?® ***" In the absence of this carrier, the
emulsion droplets easily coalesce during drying process, leading to the oil leaking and collapse
of the oil powder. It is believed that the increase of continuous phase viscosity upon introduction
of additional more polymers to the water phase might protects the emulsion droplets from
extensive breaking when water is drained from the interfacial areas in drying process. Though
some individual deformed emulsion droplets can be seen by zooming in on the “walls” that form
the macropores under CLSM (Figure 10b), the whole solid oil piece displayed fluorescence
except the pores due to the freeze-drying, meaning the oil droplets undergo at least partial
coalescence upon drying. This is consistent with the observation on dry oil powder by freeze-
drying silica-stabilized emulsions as precursors.”®

The minimum amount of these hydrophilic carriers needed ranges from 30 to 80 wt. % of the
total final oil powder.?® In this work, oil powders with an oil weight content of as high as 94%
was successfully produced by freeze-drying CNCs-HEC+MC emulsions, meaning only about 6
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wt. % of the total final oil powders was from the emulsifiers and hydrophilic carriers. Similar
work on using silica particle-stabilized o/w emulsions as a template for the preparation of oil
powders by freeze-drying obtained oil content as high as 98 wt. %. However, we believe that a
dry solid oil powder comprising a very high percentage of oily compounds that are usually liquid
at room temperature by using CNCs and cellulose-based biopolymers have never been reported.
Due to the simplicity and versatility of the proposed pathway, the present method is of particular
interests to food, pharmaceutical, and cosmetic industries, where converting any type of
hydrophobic liquid into the corresponding solid powder using bio-based materials is highly
desirable.

4.5 Conclusions

1. We have presented a simple method of preparing stable emulsion with tunable size by using
CNCs and cellulose-based polymers. The emulsion stability was substantially enhanced when
CNCs were first mixed with surface-active water-soluble cellulose polymers (HEC or MC)
before oil addition and emulsification.

2. HEC or MC-coated CNC particles and free polymers partition to the oil-water interface giving
increased emulsion stability with no change in interfacial tension.

3. Robust and reversible thermogelation was obtained with CNCs-HEC emulsions upon addition
of extra thermosensitive polymer MC with 1.0 wt.% MC in the aqueous phase. Multiple cycles
of heating and cooling treatment does not induce any noticeable emulsion coalescence,
indicating the ultrastable nature of the emulsions gels.

4. We have also shown that solid oils containing up to 94 wt. % corn oil (which is a liquid under
ambient conditions) can be prepared by freeze-drying or air-drying emulsions stabilized by
CNCs and polymers when additional cellulose-based polymers are introduced. It is reasonable to
expect that, by following the procedure presented above, the transformation of other types of
non-volatile oil into dry oil powders should be achievable. Since only cellulose-based materials
are used, and considering the affordable process and precursor, stable emulsions, viscoelastic
emulsion gels, and dry oil powders may serve in a broad range of industrial applications.
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Appendix: Supporting Information for Chapter 4

Transmission Electron Microscopy (TEM). The anionic functional groups on CNC particles
were selectively stained by mixing a 0.05 mL aliquot of the CNC (0.5 wt%) with 0.5 mL of a 1
mM uranyl acetate solution and votexing the mixture for 2 min. A single drop of the stained
suspension was dropped on a Formvar-coated copper TEM grid and dried for 4 h. TEM images
were acquired using a JEOL 1200 EX TEMSCAN microscope operating at 80 kV.
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Figure S1. TEM image of sulfated cellulose nanocrystals (CNCs).

TEM image of CNCs is presented in Figure S1 and shows well-dispersed rod-shaped
nanoparticles with average crystal dimensions of 128 x 7 nm. The average dimensions of these
CNCs were determined by measuring the sizes of about 100 individual nanocrystals.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D). CNCs-coated sensors
were prepared using an approach that has been previously used in a similar work. Methyl
cellulose (MC) adsorption on CNC surface was measured with an E4 QCM-D instrument from
Q-Sense AB (Sweden) where the third, fifth, and seventh overtones were recorded. An aqueous
solution of HEPES buffer was injected at a constant flow rate of 150 uL/ min until the baseline
frequency shift was less than 0.5 Hz over 10 min. Then 1 g/L MC in HEPES buffer was injected
at 150 puL/ min until the baseline was again stable, typically after 60 min. The sensor was rinsed
with HEPES buffer at 150 pL/ min until the baseline was stable, typically after 5 min.
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Figure S2. Af3/3 versus time for QCM-D study of CNCs-coated QCM sensors exposed to MC
(1g/L in 150 mM HEPES buffer).

In Figure S2, MC gave a large frequency drop, indicating adsorption of MC on CNC surfaces.

Malvern Mastersizer. The stability of emulsions stabilized with polymers at 0.2 wt. % was
investigated by monitoring the emulsion droplet mean diameter change over about 6 days using a
Malvern Mastersizer instrument. DEX emulsions displayed extensive coalescence in less than 2
days after being prepared, whereas both HEC and MC showed slow coalescence with MC
emulsion being more stable. The emulsion droplet diameter increased by about 270% and 390%
for MC emulsion and HEC emulsion, respectively.
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Figure S3. Mean droplet diameter of 1:1 dodecane-water emulsion stabilized by 0.2 wt. %
polymer alone over 150 hours, as measured by a Malvern Mastersizer instrument. The mean
droplet diameter was taken to be the volume mean diameter (Dgs3) from 3 replicate
measurements.
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Figure S4. Appearance of emulsions stabilized by CNCs, polymers, or CNCs with polymers in 1
day and 30 days after emulsification.
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Figure S5. UV-vis absorbance spectrum of CNCs-Nile Blue, HEC-DTAF, and MC-DTAF.
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Figure S6. Confocal laser scanning micrographs of 1:1 dodecane-water emulsion droplets
stabilized by CNCs labeled with Nile Blue and polymers labeled with DTAF (Top: CNCs-Nile
Blue and HEC-DTAF; bottom: CNCs-Nile Blue and MC-DTAF.

Figure S7. CLSM images of CNCs-HEC+MC emulsion at a) 25 °C and b) 70 °C (CNCs: 0.15
wt. %, HEC: 0.1 wt. %, MC: 1 wt. %, 25 vol % o/w emulsion).
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Figure S8. Appearance of CNCs-HEC+MC emulsion after air-drying in oven at 60 °C for two
days. The concentrations of all the components in the emulsions are: Cenes = 0.15 wt. %, Chec =
0.1 wt. %, Cyuc = 0.5 wt. %. The oil phase is corn oil.
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Chapter 5 Preparation and Templating Properties of Stable Foams
of Cellulose Nanocrystals and Methyl Cellulose

In chapter 5, all experiments were conducted by myself with assistance from Richard Xu
(undergraduate student). The chapter was initially drafted by myself, and revised later by Dr.
Robert Pelton and Dr. Emily D. Cranston.
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Preparation and Templating Properties of Stable Wet Foams of
Cellulose Nanocrystals and Methyl Cellulose

Zhen Hu, Richard Xu,” Emily D. Cranston,” and Robert Pelton ™

1 Department of Chemical Engineering, McMaster University, Hamilton, Canada L8S 4L7

Abstract

Stable aqueous foams based on cellulose nanocrystals (CNCs) and methyl cellulose (MC) were
prepared and characterized. No surface modification of the CNCs was required to produce the
aqueous foams. To our knowledge, our study provides the first experimental evidence of making
stable aqueous foams with unmodified CNCs. The foamability, foam stability, and water
drainage of foams with CNCs at various loadings were examined. Surface tension measurements
and confocal laser scanning microscopy imaging were conducted to determine the interfacial
properties of CNCs and MC. 15 g/L CNCs in the presence of 5 g/L MC were able to produce
foams with about 80 vol% of air, which are stable to coalescence for at least a week.
Macroporous polymers with tailored microstructures and properties were produced by using
CNC-MC foams as the templates. By varying the composition of CNC-MC foams, porous
materials with porosities between 70 and 83% and pore sizes between 100 and 500 um were
obtained. This foaming process is also applicable to a wide range of hydrophilic monomers of
acrylamide (AM), 2-hydroxyethyl methacrylate (HEMA), and polyethylene glycol diacrylate
(PEGDA). The foaming and templating process developed here presents a new way to design
macroporous structures for potential applications in biomedical, food, personal care, and oil
recovery industries.

5.1 Introduction

Aqueous foams are dispersions of gas bubbles in a continuous aqueous phase. They have been a
subject of much research in colloid science due to their wide practical applications in chemical,
food, and cosmetic industries. They are thermodynamically unstable or metastable systems that
their bubble size increases with time and they will eventually separate into two distinct phases.!
The average bubble size increase is mainly driven by two processes, coarsening and coalescence.
Coarsening involves gas diffusion from a small bubble to a larger one due to the higher Laplace
pressure inside the small bubble. Coalescence, on the other hand, occurs when two bubbles
merge due to the rupture of the liquid film between them during the drainage of the liquid.? Most
conventional foams are stabilized by surfactants, proteins, or polymers. However, these surface-
active molecules are not able to completely avoid bubble growth due to their low energy of
attachment to the gas—liquid interface, which is only a few kT's for a single molecule (k being the
Boltzmann constant and T the temperature).® Therefore, there is constant adsorption and

114



Ph.D. Thesis - Zhen Hu McMaster University - Chemical Engineering

desorption of these molecules at the interface. Though these stabilizers are well studied and
widely applied in various industries, the interest in particulate stabilizers of bio-based source
especially has been surging in academia as well as industry due to their remarkable stability and
novel functionalities.

The particle-stabilized foams, or Pickering foams, have been fully investigated during the last
decades.*™® As opposed to surfactants, the energy of attachment of a particle at a gas—liquid
interface can reach thousands of kT's, meaning particles can irreversibly adsorb at gas—liquid
interfaces.®” * Particles adsorbed at the interface hinder bubble coalescence due to steric
repulsion and form an interfacial armor with increased mechanical rigidity that resists
shrinkage/expansion of bubbles and impedes Ostwald ripening.'® Another mechanism by which
particles can induce high foam stability is through an increase in the viscosity of the bulk
aqueous phase via aggregation of particles and jamming of the bubbles.* As a result, Pickering
foams exhibit enhanced stability in comparison to foams stabilized by surface-active molecules.

1113 iron particles,®

14, 23-24

Pickering foams have been obtained with clay platelets,™ silica spheres,
metal oxide nanoparticles,*® polymer latex,*** CaCOj3 rods,? and cellulose particles,
among others. Although solid particles produce long-lasting stable foams, there are some
particular conditions that need to be satisfied for effective stabilization of the gas-water interface,
such as hydrophobicity, size, shape, aspect ratio, and concentration.*® ?® For instance, surface
modification of the particles is normally required to tune the hydrophobicity by chemical
functionalization of the surface or adding surface-active molecules.'? ?*?"?8 |n addition, though
solid particles are capable of producing foams with enhanced stability, they can be
disadvantageous due to their relatively low foamability.!* Mass transport and partition at the air-
water interface may not be as fast as surface-active molecules to stabilize the bubbles as a result
of their large size and aggregation in the aqueous phase for particles with high hydrophobicity.
Furthermore, particles with large aspect ratio are likely to form intertwined networks of high
mechanical stability in the bulk aqueous phase and thus increase the bulk viscosity, which
hinders the formation of air bubbles in the first place.** %

The formation of Pickering foams opens many opportunities in a number of areas where foams
are used either as an intermediate or end product, including food, pharmaceutics, cosmetics, oil
recovery, mineral flotation, and materials fabrication.* * 2% In these applications,
microstructural features of the aqueous foam such as the air content, average bubble size, the
bubble size distribution, and bubble stability are of major importance, since they determine the
rheological behavior and functional properties of the aqueous foam as the final product. In
addition, these foam properties also have a substantial influence on the final mechanical and
physical properties of the materials when these aqueous foams are used as templates to produce
porous materials.3*33

Most particles presently used to form foams with long-term stability are not of biological origin
and are not desirable for formulations in food, pharmaceutical, and cosmetic industries.’
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Therefore, one needs to identify low-cost, natural origin particles of intermediate hydrophobicity
and develop techniques to produce foams from them. Cellulose materials, the most abundant
renewable natural polymer on earth, have displayed a particularly good potential in stabilizing
foams.'* %% Hydrophobic cellulose microparticles of hypromellose phthalate have been formed
in situ by a liquid-liquid dispersion technique and used to create foams that were stable for
months.” Micron sized hydrophobic cellulose particles were also made through precipitation of
ethyl cellulose onto Tencel and combined with caseins or whey proteins to give significant
improvements in stability of bubbles.** Super stable aqueous foams with various bubble sizes
stabilized by food grade colloidal ethyl cellulose particles were reported.®* Surface-modified
nanofibrillated cellulose (NFC) has been used to prepare stable wet foams. Careful removal of
the water led to a lightweight and strong porous cellulose material suitable for insulation,
absorption, and packaging applications.?* Cellulose nanocrystals (CNCs), highly crystalline rigid
rod-shaped nanoparticles that are 5-10 nm in cross-section and 100-200 nm long, are entering the
marketplace in commercial scale quantities in Canada, United States, and Europe.®** They are
most commonly prepared by sulfuric acid hydrolysis of cotton which gives nanocrystals with
anionic sulfate half-ester groups on their surface. Capron and co-workers have established the
groundwork of using of CNCs as emulsion stabilizers.*” To the best of our knowledge, no
example of aqueous foams comprised of CNCs exists yet in the literature. This work focuses on
using CNCs as stabilizing agents for bubbles and foams because of their small size, commercial
availability, general biocompatibility, and outstanding stiffness. Tedious surface modification
using potentially toxic chemicals is also avoided in this work by using a water-soluble cellulose
derivative polymer.

Recently, Pickering foams and emulsions have been identified as promising precursors for the
fabrication of novel porous materials because of their exceptional stability.* *** Reactive
monomers were incorporated in these Pickering foams and they solidified upon
polymerization.***° Polymerization-free methods for producing porous materials directly from
ceramic and thermoplastic polymers have also been developed.®"**“° In this work, we present
for the first time a process for producing porous composite materials with tunable properties
based on Pickering foams made from CNCs and methyl cellulose (MC). The development of
cellulose-based Pickering foams, and the ability to prepare functional porous materials using
these foams as templates (denoted as polyFoams), may open new application potential for CNCs
in personal care, construction and insulation, energy storage, and tissue engineering, to name just
a few.

5.2 Experimental Section

Materials. Methyl cellulose (MC, 40 kDa, degree of substitution (DS) of 1.6~1.9), Nile Blue, 5-
(4, 6-dichlorotriazinyl) aminofluorescein (DTAF), potassium persulfate (PP), 2-hydroxyethyl
methacrylate (HEMA), acrylamide (AM), polyethylene glycol diacrylate (PEGDA), N,N'-
Methylenebisacrylamide (MBA), and 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
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(HEPES) were all purchased from Sigma-Aldrich Inc., USA. The water used in all solutions was
deionized and further purified with a Barnstead Nanopure Diamond system (Thermo Scientific,
Asheville, NC). All the chemicals are used as received, unless otherwise noted.

Preparation of Cellulose Nanocrystals. CNCs were prepared by sulfurtic acid hydrolysis of
cotton from cotton filter aid (Whatman ashless filter aid, GE healthcare Canada, Mississauga,
Canada), as described previously.** The filter aid was first torn into small squares and blended
into a fluffy, white powder in a standard household blender (Magic Bullet brand). The powder
was dried at 80°C for 1 h prior to the reaction. 40 g of the filter aid was treated with 700 mL of
64 wt. % sulfuric acid (Fischer Scientific) for 45 min at 45 °C with constant mechanical stirring.
The hydrolysis reaction was quenched by adding 10-fold water. The acid removal was achieved
by extensive dialysis against purified water until the pH of the external reservoir was stable over
the last few water changes (~2 weeks). The surface charge density of sulfate half-ester groups on
CNCs was determined by conductometric titration to be 0.33 + 0.02 e/nm?, with average crystal
dimensions of 128 x 7 nm from transmission electron microscopy (TEM) image analysis. A
TEM micrograph of the CNCs is provided in the Supporting Information Figure S1.

Foam Generation. MC solutions (0.5 wt. %) with increasing amount of CNCs (0 — 1.5 wt. %)
was subjected to high shearing and mixing by using an Ultra-Turrax homogenizer IKA T25
(Wilmington, NC) with an 18 mm diameter dispersion head. For a CNCs-MC mixture of 4 mL,
foams were generated by having the dispersion head centered and placed well below the surface
of the mixture at a shearing rating of 10,000 rpm for 1 min. 50 mM HEPES were added to the
solutions used for foam formation, unless otherwise noted.

Foamability and Foam Stability. The normalized foamability (p) was assessed by measuring
the ratio of the foam volume (Vo) immediately after preparation to the initial liquid volume (V).
Aging foams in an airtight container at room temperature prevents water evaporation from the
foam. The foam stability was estimated by monitoring foam volume (total volume minus the
volume of drained liquid) and bubble size over time at ambient temperature. The normalized
foam volume (¢) was calculated as the ratio of foam volume (V;) to the initial liquid volume (V).
The fraction of liquid in the foam was represented by the expression: ¢ = Vjig/Vi, where V)4 is the
volume of liquid dispersed/remained in the foam, and V; represents the volume of foam. Liquid
drained out from the foam was collected by using a syringe and needle. Water remaining in the
foam was removed by drying the sample in an oven at 90 °C. The fraction of liquid in the foam
was then calculated through a mass balance.

Fluorescent Labeling. The CNCs were labeled with Nile Blue. Nile Blue (10 mg) was added to
50 mL 1 wt. % CNC suspension (pH 3) and mixed for 24 h in the dark. Unbound Nile Blue was
removed by extensive dialysis for a week against purified water. The polymers were labeled with
DTAF using an approach that has been previously applied to CNCs.** HEC or MC (500 mg) was
reacted with DTAF (7.5 mg) under alkaline conditions (0.2 M NaOH) for 24 h, in the dark, with
mechanical stirring. To remove unreacted DTAF and the bulk of the NaOH, extensive dialysis
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against purified water was employed. Purified reaction products were freeze-dried and stored in
the dark. The labeled CNCs and polymers are denoted as CNC-Nile Blue, HEC-DTAF, and MC-
DTAF, respectively.

Confocal Laser Scanning Microscopy (CLSM). For CLSM visualization of the microstructure
of the foams, the CNCs and polymers were labeled with Nile Blue (630/660 nm) and DTAF
(495/517 nm), respectively. Images were obtained with a Zeiss LSM 510 Meta on an Axiovert
200M microscope (Zeiss, Gottingen, Germany). Optical microscopy images of foam were
obtained by using the same microscopy at transmission mode. About 100 individual bubbles
were measured to determine the average bubble diameter of each sample.

Dynamic Surface Tension. Surface tension of 0.5 wt. % CNCs alone and in the presence of
various amount of MC was measured by a Kriss Drop Shape Analysis System DSA10
instrument based on the pendant drop method. The aging of the air-water interface can be
accurately monitored by measuring the dynamic surface tension of a drop having a constant
interfacial area over 20 min.

Rheology. Oscillatory rheological measurements of emulsions were performed using an ARES
rheometer (TA Instruments) with parallel-plate geometry. In all experiments, a 7 mm diameter
parallel plate geometry and 1.5 mm gap distance were used. Dynamic frequency sweeps were
performed at 1% strains, which were confirmed to be in the linear viscoelastic range for each
emulsion sample, from 0.1 to 100 rad/s to determine the storage modulus (G°) and loss modulus
(G”) of the emulsions. Measurements were done at temperatures of 25 °C.

Polymerization. For the macroporous structure preparation using CNC-MC aqueous foam as
templating material (denoted as polyFoam), three monomers, acrylamide (AM), 2-hydroxyethyl
methacrylate (HEMA), and polyethylene glycol diacrylate (PEGDA), were used as received, and
the initiator was potassium persulfate. The crosslinker used for AM and HEMA polyFoam
samples was N,N'-Methylenebisacrylamide (MBA), whereas no crosslinker was used for
PEGDA polyFoam samples. All the components used for polyFoam sample preparation are
listed in Table 1. The mixture with all components was stirred in a 20 mL vial for 1 h and then
purged for 5 min with nitrogen to remove dissolved oxygen. The vial was sealed and kept in
70 °C oil bath for polymerization. After 6 h, the vial was broken and the resulting wet hydrogel
foam was cut into small pieces for rheological measurements and freeze-drying.

Scanning Electron Microscopy (SEM). Morphology characterization of freeze-dried foams
after polymerization were done by using a JEOL 7000F SEM (JEOL Ltd., Japan). Foams were
immersed in liquid nitrogen and fractured to image the inner sections. A 3 nm thick gold coating
was applied before SEM imaging. Micrographs were taken at several magnifications at 6 mm
working distance and at 20 kV acceleration voltage.
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Table 1. Summary of components used to prepare PolyFoam materials.

PolyFoam Monomer (g) MBA?(g) PP°(g) CNCs(g) MC(g) Salt(g) Water (g)

AM1° 0.80 0.16 0.02 0.03 0.03 0.07 5.87
AM2 0.80 0.16 0.02 0.06 0.03 0.07 5.84
AM3 0.80 0.16 0.02 0.09 0.03 0.07 5.81
AM4 0.40 0.08 0.01 0.09 0.03 0.07 5.81
AMS 1.20 0.24 0.03 0.09 0.03 0.07 5.81
HEMA® 0.80 0.16 0.02 0.09 0.03 0.07 5.81
PEGDA® 0.80 NA 0.02 0.09 0.03 0.07 5.81

®MBA: methylenebisacrylamide as the crosslinker; "PP: potassium persulfate as the initiator;
°Acrylamide (AM) was used in the preparation of PolyFoam materials of AM1-AM5; “HEMA:
2-hydroxyethyl methacrylate; ®PEGDA: polyethylene glycol diacrylate.

Porosity. The porosity (P) of freeze-dried foams after polymerization was measured according to
a literature protocol.”®* Samples were cut into pieces with dimensions of about 1 x 0.5 x 0.5 cm,
weighed and immersed into 1-pentanol for 24 h. Then the samples were removed from the
alcohol and weighed again after the surfaces being dried. The porosity was calculated using the
following equation:

_ Wt —Wo
P (%) = == x 100 [1]
Where V is the apparent volume of the foam, p is the density of 1-pentanol, and w; and w, are the

weights of the wet and dry foams, respectively.

Freeze-Drying. Freeze-drying over 24 h of the polyFoams was carried out on a Millrock
Technology freeze-dryer (Kingston, NY) at -40 °C and a vacuum of 10 mbar.

5.3 Results

Macroscopic Observation of the Foams. Typically, unmodified CNCs are too hydrophilic to
stabilize air-water interfaces. Methyl cellulose (MC), on the other hand, has been successfully
used to aid in foam formation in food industry.** To analyze the effect of adding CNC to MC
solution on the aqueous foam stabilization, we created a set of MC solutions of 5 g/L with
increasing amount of CNCs. Initially, after homogenization using an Ultra-Turrax, the stabilized
air bubbles were present throughout the entire sample for all the samples. Air bubble rapidly
started to accumulate at the top of the container for some samples, leaving a liquid phase on the
bottom as shown in Figure 1. As the CNC concentration increased, a growing trend in the total
foam volume (Vo) was observed. For the MC sample without CNCs, foaming occurred though
the foam volume was less than the samples with CNCs. As the CNC concentration increases to
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15 g/L, more air-water interface can be stabilized and the sample is completely filled with foams
with no noticeable liquid phase on the bottom. When 5 or 10 g/L of CNCs was used with 5 g/L
MC to produce the foams, a turbid bottom liquid phase was observed for both samples, which is
clearly from the CNC suspension and means not all the CNC particles in the samples were
consumed in preparing the foams. Additionally, it is observed that the turbidity of bottom water
phase of the sample with 5 g/L CNCs is higher than the one with 10 g/L. This confirms again
that CNCs do not prefer the air-water interface because only when extra CNCs are used in the
sample will the particles be in the bottom water phase if they are surface-active. We believe that
the viscosity of was greatly increased due to the addition of increasing amount of CNCs (Figure
S2) and this increasing viscosity helped the stabilization of the foam by inhibiting the drainage
and bubble coalescence.

5 g/L MC

0Og/L 5g/L 10g/L 159/L

_—= == == —_—=

Figure 1. Agueous CNC-MC foams immediately after preparation using various amount of
CNCs.

Foamability. The normalized foamability (¢) was assessed by measuring the ratio of the foam
volume immediately after preparation (Vo) to the initial liquid volume (V;). The foamability of
the MC solutions with added CNCs was measured as a function of CNCs/MC. The obtained
results are shown in Figure 2. For all the MC solutions with different concentrations, the addition
of increasing amount of CNCs all seem to lead to higher foamability values except the MC
sample of 20 g/L. This suggests that the presence of CNCs in the sample favors the production of
air bubbles. Overall, 5 and 10 g/L MC samples provide more foamed volume than MC samples
with lower and higher concentrations. Since MC is surface-active, it is reasonable that MC
solution with lower concentration (2 g/L) produces less foam. As to the one with higher MC
concentration (20 g/L), it was observed that the addition of CNCs resulted in substantial
viscosity increase of the mixture and eventually viscoelastic gel formed.
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Figure 2. Normalized foamability as a function of CNC/MC at different MC concentrations.

Squares, triangles, diamonds, and circles correspond to 2, 5, 10, and 20 g/L, respectively. Lines
are a guide to the eye.

Figure 3. Optical micrographs of bubbles taken 1 h after foam stabilization. The aqueous foams
were obtained by using (a) 5 g/L, (b) 10 g/L, and (c) 15 g/L of CNCs, in addition to 5 g/L MC.
The scale bar is 200 pum.

Microscopic Analysis of the Aqueous Foams. The optical micrographs in Figure 3 reveal the
variation of the bubble size as a function of the CNC concentration in 5 g/L MC solutions. As the
concentration of CNCs is increased, smaller air bubbles are produced. Average bubble diameter
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decreases from about 500 um to 200 um as CNC concentration is increased from 5 to 15 g/L
(Figure S3), indicating the potential of tuning bubble sizes by adjusting CNC concentration in
the foam preparation.

Interfacial Characterization. The change of interfacial property of CNC particles through the
surface adsorption of MC was investigated with the help of surface tension measurements. The
dynamic surface tension of suspensions containing 5 g/L CNCs and different initial
concentrations of MC is shown in Figure 4. A decrease in surface tension over time upon
increasing the initial polymer concentration in solution is observed for samples with 0.25 g/L
MC or higher. On the other hand, no noticeable reduction in surface tension is found for samples
with 0.025 and 0.1 g/L MC. The surface tension of MC alone at concentrations of 0.025 and 0.1
g/L showed fast reduction to about 50 mN/m (Figure S4), implying MC molecules are prohibited
from partitioning to air-water interface in the presence of CNCs. To determine the localization of
CNC particles and MC molecules in the CNC-MC aqgueous foams, confocal laser scanning
microscopy (CLSM) images as shown in Figure 5 were taken of foams stabilized by CNCs and
MC. The fluorescently labeled CNC-Nile Blue (red) can be seen at the surfaces of the bubbles,
whereas MC that has been labeled with DTAF (green) is also present at the air-water interfaces.
Therefore, it is reasonable to conclude that both MC and CNCs are localizing at the bubble
surfaces.
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Figure 4. Time dependence of MC surface tension at different concentrations in the presence of 5
g/L CNCs. Purple circles, green triangles, red squares, and blue diamonds correspond to 0.025,
0.1, 0.25, and 0.5 g/L, respectively.
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Figure 5. Confocal laser scanning micrographs (transmission mode) of air bubbles stabilized by
CNCs (labeled with Nile Blue) and MC (labeled with DTAF). The scale bar is 500 pm.

Foam Stability. To analyze the stability of the aqueous foam, we tracked the foam volume (total
volume minus the volume of drained liquid) as a function of time at ambient temperature, as
shown in Figure 6. The foam volume was normalized (¢;) and calculated as the ratio of foam
volume (V;) to the initial liquid volume used for foam preparation (V;). The graph shows that the
most stable foams were achieved when 10 g/L CNCs were added to 10 g/L MC solution. In
comparison, the foam volume decreased faster for the sample with 5 g/L CNCs, though the
initial foam volume immediately after preparation (foamability) was higher than the sample with
10 g/L CNCs. We believe the increase of continuous phase viscosity and air-water interface
elasticity due to the addition of increasing amount of CNCs lead to the enhanced foam stability.
When CNC concentration was increased to 20 g/L, minimal foam volume change over time was
observed because the mixture was so viscous that effective foaming as well as foam volume
reduction once some foams were generated was hindered. The effect of CNC addition on foam
stability was also investigated by monitoring foam structure using CLSM (Figure S5). After 6 h
of drying at room temperature, most of the air bubbles almost completely collapsed as the films
between bubbles ruptured for the foam stabilized with MC alone, whereas closely packed air
bubbles with random network of plateau borders were observed. This again clearly points out the
beneficial effect of stabilizing foams with the addition of CNCs to MC solutions.
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Figure 6. Normalized foam volume as a function of time at different CNC concentrations. The
MC concentration was fixed to 10 g/L in all samples. Squares, triangles, diamonds, and circles
correspond to 2, 5, 10, and 20 g/L, respectively. Lines are a guide to the eye.

We also investigated the water drainage process of CNC-MC foams. Draining is the free flow of
water driven by gravity through the random network of plateau borders of the foam, leading to
formation of dryer foam. Water drainage leads to the thinning of liquid borders between adjacent
bubbles and eventually coalescence.”® The fraction of liquid in the foam, represented by the
expression: e = V,;¢/Vy, is directly correlated to the water drainage and thus used herein to assess
water draining.* Viiq is the volume of liquid dispersed in the foam, and V;represents the volume
of foam. The foam water fraction ¢ as a function of time is reported in Figure 7a. The decay of
water fraction can be approximated by an exponential expression ¢ ~ t 7, where f is an exponent
which correlates to the rate of water drainage from the foam and t is time. For the CNC-MC
foams with increasing amount of CNCs, the value of f decreases from 0.24 to 0.10. In addition,
it appears that the more CNCs added into MC solutions, the smaller value for  and thus the
slower draining is. The dependence of average bubble sizes on time was also evaluated (Figure
7b). Mathematical fits of our data show that the average size of bubbles scale as R ~ t***.
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Figure 7 (a) Foam water fraction € as a function of time at different CNC concentrations. The
MC concentration was fixed to 10 g/L in all samples. Squares, triangles, and diamonds
correspond to 2, 5, and 10 g/L, respectively. (b) Average bubble diameter as a function of time
for CNC-MC foam. The concentration of CNCs and MC was fixed to 15 and 5 g/L, respectively.
Lines are a guide to the eye.

Foam Templated Macroporous Structures. Due to their enhanced stability, Particle-stabilized
aqueous foams provide a general route for producing low-density macroporous materials.* 3%
To demonstrate the effectiveness of processing macroporous polymers by using CNC-MC foams
as templates (Figure 8), various monomers were individually added to mixture of CNCs and MC
followed by homogenization to form the foams. The foamed samples were reacted at 70 °C to
induce the polymerization of monomers and lock the foam structures (Figure S6a). No noticeable
defoaming was observed during the reaction, which is probably due to the thermal gelation
property of MC at high temperature and thus impeded foam breaking.*” The samples were also
freeze-dried to produce dry macroporous polymers (Figure Séb).

The compositions of the foams were systematically changed to determine the effects of
composition on microstructures and properties of the polymerized wet and dry foams. Figure 9
shows optical images of three CNC-MC aqueous foams with different bubble size distributions
and SEM images of the macroporous materials obtained from them by using acrylamide (AM) as
the monomer. The MC concentration was 5 g/L and amount of AM added to each sample was
kept the same (Table 1). The bubble size distribution of each sample as displayed in top panel in
Figure 9 was tuned by varying the concentration of CNCs in the aqueous phase. As demonstrated
in Figure 3, an increase in the amount of CNCs incorporated to prepare the foam facilitates the
formation of smaller bubbles. As the starting CNC concentration increases, aqueous CNC-MC
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foams added with the same amount of AM tend to produce smaller bubbles (Figure 9, top) and
dry macroporous polyacrylamide materials using CNC-MC foams as the templates also display
more macropores with smaller sizes (Figure 9, bottom). The top panel in Figure 9 displays the
microstructures of wet foams with air contents of 47%, 71%, and 68%. After polymerizing and
freeze-drying, these CNC-MC foams resulted in the porous materials seen on the bottom panel
that have porosities of 70%, 87%, and 83%, respectively. The interconnectivity of the foam and
porosity were greatly improved by the formation of numerous pore throats as a larger amount of
CNCs are added (Figure 9e and Figure 9f). To emphasize the necessity of using CNC-MC foam
at the template to prepare macroporous materials, no CNCs or MC were used but with other
components the same as polyFoam AM2 in Table 1. As shown in Figure S7, only dense
structures with some pores about 20 um were obtained, which confirms the critical role CNCs
and MC play in generating macroporous materials.

(c)

(a) Q O (b)

O

—_—>
Monomer Addition & Freeze-drying
Polymerization

Figure 8. Schematic description of the different steps for the preparation of dry foams using
CNC-MC wet foams as the templates: (a) CNC-MC foam (MC: 5 g/L; CNCs: 5~15 g/L) added
with monomer (including initiator and crosslinker) and mixed using an Ultra Turrax mixer; (b)
The monomer in the foam is polymerized at 70 °C for 6 h; (c) the polymerized foam is freeze-
dried and a macroporous materials is formed, as shown in Figure S6.

In addition to polyacrylamide, biocompatible polymers, such as poly (2-hydroxyethyl
methacrylate) (polyHEMA) and polyethylene glycol diacrylate (PEGDA), were also used as the
matrix materials. HEMA or PEGDA were added to CNCs-MC foams and polymerized at 70 °C,
resulting in macroporous structures composed of polyHEMA and PEGDA (Figure S8).
Therefore, we believe that CNC-MC wet foams can be used as versatile templates to design
macroporous polymers with tailored chemistry and structures.

The viscoelastic behavior of polymerized wet foam using CNC-MC as the template and AM as
the monomer was investigated using frequency-sweep dynamic rheological measurements and
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the data are shown in Figure 10a. A weak dependence of both storage (G) and loss (G ) moduli
on frequency for all the samples and G’ moduli of each sample are approximately 1 order of
magnitude higher than their G” indicates that our foams behave as elastic, gel-like materials.
Variation of modulus with CNC content for polymerized foams is shown in Figure 10b. Though
as more CNC particles are added to prepare the foam, more elastic polymerized foam sample
was produced, a linear relationship of G’ vs CNC concentration is not achieved.

Figure 9. The congruencies between the microstructures of CNC-MC wet foams (a-c) and those
of the dry macroporous materials derived them (d-f) are corroborated by comparing optical
transmission images and SEM images of the foams. The materials are denoted as (a, d) AML1, (b,
e) AM2, and (c, f) AM3, respectively. The concentration of MC is 5 g/L for all samples, whereas
various amount of CNCs is used (a: 5g/L; b: 10 g/L; C: 15 g/L). Composition details are
provided in Table 1. Arrows in (e) and () highlight the presence of pore throats.
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Figure 10. (a) Frequency-sweep data for various polymerized wet foams containing increasing
amount of CNCs. The variation of storage modulus G’ (closed symbols) and loss modulus G~
(open symbols) with frequency is shown for AM1 (squares), AM2 (triangles), and AM3
(diamonds). (b) Variation of modulus with CNC concentration for polymerized wet foams that
use CNC-MC foams as the templates and acrylamide as the monomer. Composition details are
provided in Table 1.

5.4 Discussion

As demonstrated in Chapter 4, MC is surface-active and it has been used as a foaming agent.**
Enhanced foaming capability was observed upon addition of CNCs into MC solutions as shown
in both Figure 1 and Figure 2. Our previous work and Chapter 4 found that MC can readily
adsorb onto CNC surfaces, leading to changes of rheological and interfacial properties of MC-
coated CNC particles. It should also be noted that the foaming behavior of CNC-MC
investigated in this study involves several processes, including the adsorption of MC on the CNC
surface, the adsorption of MC-coated particles on the gas bubbles, and the adsorption of free MC
on the gas bubbles. Therefore, changes in the initial foam composition often influence more than
one parameter that is relevant for foam formation and stabilization. Figure 1 and Figure S2
showed that viscous foams could be produced when CNCs were added to MC solutions,
indicating the change of rheology upon addition of CNCs. Figure 4, on the other hand, evidenced
the influence of CNCs on the surface tension of MC solutions. At lower MC concentrations, the
polymer molecules are hindered from transferring to the air-water interface, likely due to the
preferential adsorption of MC on CNC surfaces instead of the air-water interface.
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According to the calculation in Chapter 4, CNC surfaces are fully covered with polymers when
the mass ratio of MC:CNCs is larger than about 1:20. Surprisingly, no noticeable surface tension
reduction was observed when mass ratio of MC:CNCs is smaller than 1:20, implying that the
CNC surfaces have been saturated with adsorbed MC polymer chains when MC concentration
was higher than 0.25 g/L. The MC-coated CNCs are not as surface-active as the free MC
molecules because surface tension values of 0.025 and 0.1 g/L MC in the presence of 5 g/L
CNCs would have shown some reduction over time. The equilibrium surface tension values of
0.025 and 0.1 g/L MC in the presence of 5 g/L CNCs in Figure 4 are close to the values for free
polymer solutions, indicating that MC-coated CNCs are not likely to partition to air-water
interface and lower surface tension as effectively as free MC molecules. This may be due to the
significant size increase of MC-coated CNC particles as opposed to individual MC polymer
chains.

As the concentration of CNCs is increased, smaller air bubbles are produced (Figure 3). Other
studies using particles such as modified silica, layered double hydroxide platelets, and o-
zirconium phosphate (ZrP) crystals also found that smaller average bubble sizes were observed
at high surface-modifying agent concentrations, mainly as a result of a reduction in the
suspension surface tension along with an increase in the foam viscosity.™ “*° Since neither
CNCs nor MC-coated CNCs are surface-active, the decrease in average bubble diameter should
not be due to a reduction in the surface tension.>® When 5 or 10 g/L of CNCs was used with 5
g/L MC to produce the foams, a turbid bottom liquid phase was observed in Figure 1 for both
samples, which is clearly from the CNC suspension and means not all the CNC particles in the
samples were consumed in preparing the foams.

According to our calculation, the CNCs should be fully covered with MC polymer chains and
these MC-coated CNCs should display similar surface tension to free MC solution with the same
concentration. However, both foamability and air bubble size values are substantially different
from the ones of free polymer solutions. It should be noted that these samples also experience
foam coalescence and breaking as the foams are generated in foaming process. In the absence of
CNCs, foamed MC samples display small viscosities and therefore are prone to foam breaking.
We believe that the viscosity of was greatly increased due to the addition of increasing amount of
CNCs (Figure S2) and this increasing viscosity helped the stabilization of the foam by inhibiting
the drainage and bubble coalescence. The increase of continuous phase viscosity and possibly
air-water interface elasticity due to the addition of increasing amount of CNCs also lead to the
enhanced foam stability as shown in Figure 6.

Confocal laser scanning microscopy (CLSM) images in Figure 5 reveal that both MC and CNCs
are localizing at the bubble surfaces and stabilizing the air-water interface. Though surface
tension data in Figure 4 does not suggest that MC-coated CNC particles are surface-active, we
believe vigorous mixing used to prepare the foams should facilitate the contact of MC-coated
CNC particles with air phase. Once in contact with air, those MC molecules adsorbed on CNC
surface are likely to reorientate their methyl groups toward the more hydrophobic air phase and
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thus help stabilize the air-water phase. Though the addition of CNCs and thus viscosity increase
of the sample is beneficial to foam stabilization, excessive CNC addition tends to lower the
foamability of the sample, likely due to the loss of MC flexibility to reorganize itself to stabilize
air-water phase as a result of viscosity increase. It appears that the addition of CNCs generally is
beneficial for the stabilization of air bubbles as long as the concentrations of CNCs and MC are
not so high that the mixture turns to viscoelastic gels.

The decay of water fraction of the foam was approximated by the exponential expression ¢ ~ t*.
The value of g for surfactant foams is usually between 2/3 and 2.** For the CNCs-MC foams
with increasing amount of CNCs, the value of £ decreases from 0.24 to 0.10, all of which are
significantly smaller than the values for surfactant foams. This demonstrates that our foams drain
much slower than conventional foams that are stabilized by surfactants. This is common for
particle stabilized foams. In addition, it appears that the more CNCs added into MC solutions,
the smaller value for g and thus the slower draining is. We believe that hydrophilic CNC
particles interact with MC molecules, stay at the plateau borders, and prevent water drainage by
increasing the interfacial viscosity without limiting the ability of MC molecules to freely
assemble at the air-water interface. Therefore, slower draining was observed when relatively
more CNC particles are present in the foams. The relatively higher initial liquid fraction of our
foams than that of conventional surfactant systems suggests the higher liquid retention capability
of CNCs-MC, which may be attributed to the thick films sustained due to the presence of
hydrophilic CNC particles at the surfaces of adjacent bubbles. It is likely that these CNC
particles help retain water in the thick liquid films of the foam because of their hydrophilic
nature, high aspect ratio, and interactions with MC molecules.

The bulk and interfacial viscosity are increased due to the percolating network formation as CNC
particles are added, leading to a reduction of fluid drainage from the foams. A foam also evolves
by gas diffusion through the thin films from bubble to bubble, which is called foam coarsening.
Foams coarsen due to pressure differences between bubbles of different sizes. Coarsening
therefore tends to increase the volume of certain bubbles at the expense of others. On average,
this process leads to an increase of the average bubble size with time. Both coarsening and
draining can occur on the same timescale and can thus be coupled.*® As shown in Figure 7b, the
average bubble sizes scale as R ~ t***, whereas the average size of bubbles in foams stabilized by
surfactants scale as R ~ t°°.° Thus, the evolution of average bubble size in our system occurs at a
significantly slower rate than in surfactant stabilized foams, probably due to the larger film
thickness and bulk and interfacial viscosity of CNCs-MC foams.*

Due to their enhanced stability, CNCs-MC foams were used to produce low-density
macroporous materials. Similar behavior was previously reported in high internal phase emulsion
templating materials (polyHIPEs).>* The structure of polyFoams in this work resembles that of a
typical polyHIPE, which involves the using of oil as the dispersed phase. In comparison, air is
used in this work as the dispersed phase and thus more advantageous from the perspective of cost
and safety. A wide range of other hydrophobic particles have been used to produce low-density
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macroporous materials with tailored microstructures and properties through a similar foaming
process.®! However, we believe that it is the first time CNC particles are used in combination
with water-soluble polysaccharides to produce macroporous hydrophilic materials through the
foaming and templating method described here.

The value for G’ can be considered as a measure of network connectivity. In this work, elasticity
of the wet foams after polymerization results from the springlike nature of the foam films and
polymerization and crosslinking of the acrylamide monomers in the continuous phase. The
former depends upon the extent of bubble packing, porosity, and interactions between CNCs and
MC, whereas the latter is directly influenced by the concentration of monomers and crosslinking
density in the continuous phase. Variation of modulus with CNC content for polymerized foams
is shown in Figure 10b. Though as more CNC particles are added to prepare the foam, more
elastic polymerized foam sample was produced, a linear relationship of G’ vs CNC concentration
is not achieved. Introducing more CNC particles into the foam leads to the formation of more
percolating networks, which therefore increases the elasticity. However, the presence of
increasing amount CNCs also leads to larger foam volume increase and thus produces foams
with higher porosity, which reduces the foam elasticity. In conclusion, the rheological properties
of the polymerized foam can be tailored by changing the composition of the foam. The presence
of air bubbles, however, imparts complexity to the analysis of influence of foam compositions on
its mechanical properties.

5.5 Conclusions

1. We have presented a simple method of preparing highly stable foams using CNCs and water-
soluble methyl cellulose. Both foamability and foam stability can be greatly improved by adding
CNCs to MC solutions. However, excessive amount of CNCs can be detrimental for producing
foams with high air content due to the high viscosity of the mixture.

2. Both CNCs and MC are present at the air-water interface. The CNC particles help retain fluid
in the films and plateau borders between bubbles, increase bulk viscosity, and impede water
drainage. Since the layers between bubbles determine foam stability by influencing drainage and
coarsening, a more detailed study about their internal configuration is in progress and will be
presented in the future.

3. Adding various types of monomers to CNC-MC wet foams did not lead to noticeable foam
breaking. The successful production of macroporous polymeric structures with tailored
chemistry and properties was achieved by subsequent polymerization of the monomers added to
the foam. Due to the ubiquitous nature of macroporous materials and the green nature of foaming
agents, this new foaming process has the potential to broaden the range of high performance
materials in applications such as health care, thermal and electrical insulation, filters, catalyst
supports, and sensors and actuators.
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Appendix: Supporting Information for Chapter 5

Transmission Electron Microscopy (TEM). One drop of CNC suspension (0.001 wt. %) was
placed onto a Formvar-coated copper TEM grid (Canemco Inc., Canada), air dried for 4 h, and
stained using 5 mM uranyl acetate solution for 5 min before removing the remaining liquid by
absorption with filter paper. TEM images were acquired using a JEOL 1200 EX TEMSCAN
microscope operating at 80 kV.

Figure S1. TEM image of sulfated cellulose nanocrystals (CNCs).
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Figure S2. (a) Inverted vials with CNCs-MC foams immediately after preparation using
increasing amount of CNCs. (b) Frequency-sweep data for aqueous foams containing increasing
amount of CNCs. The MC concentration in all samples was fixed to be 5 g/L.

With the introduction of more CNCs into MC solutions, the rheological behavior of CNCs-MC
foams turns from being viscous (5 g/L CNCs) to elastic gel-like ( 10 and 15 g/L CNCs) materials.
The sample with 15 g/L of CNCs, especially, is able to hold its own weight, suggesting the foam
bulk completely turns to viscoelastic gel-like material.
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Figure S3. Average bubble diameter of CNCs-MC foam as a function of CNC concentration in
MC 5 g/L solutions.
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Figure S4. Time dependence of MC surface tension at different concentrations. Purple circles,
green triangles, red squares, and blue diamonds correspond to 0.025, 0.1, 0.25, and 0.5 g/L,
respectively.
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MC Foam

Figure S5. Confocal laser scanning micrographs of air bubbles stabilized by MC alone (a, b) or
CNCs and MC (c, d). CNCs were labeled with Nile Blue and MC molecules were labeled with
DTAF. The images were taken 6 h after foam preparation. The scale bar is 500 pum.

Figure S6. Photographs of AM2 polyFoam before (a) and after (b) freeze-drying. CNCs-MC wet
foam was used as the template and acrylamide was the monomer. Composition details are
provided in Table 1.
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Figure S7. SEM image of polymerized materials using acrylamide as the monomer but no CNCs
or MC. The recipe is the same as AM2 in Table 1 except for CNCs and MC.

Figure S8. SEM images of polymerized materials using (a) 2-hydroxyethyl methacrylate or (b)
polyethylene glycol diacrylate as the monomer. Composition details are provided in Table 1.
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Chapter 6 Concluding Remarks

This work focuses on the study of properties of cellulose nanocrystals (CNCs) in water and at
interfaces in the presence of polysaccharides and/or surfactants. The work has yielded many
remarkable outcomes and innovative discoveries, paving the way for the utilization of cellulose
nanocrystals in producing hydrogels, emulsions, and foams. The results provide a better
understanding of structure and mechanisms of the formation of cellulose nanocrystals-based
hydrogels, emulsions, and foams and the role of CNCs at interfaces. The roles of various
components such as polysaccharides and surfactants in formulating CNC products are
extensively investigated. The research objectives proposed in Chapter 1 were fully achieved and
the major contributions of this work are given as follows:

1. CNCs in water:

a)

b)

Addition of hydroxyethyl cellulose (HEC), hydroxypropyl guar (HPG), or locust bean
gum (LBG) to CNC dispersions induced the gelation of dilute CNC dispersions,
whereas dextran (DEX) did not. These behaviors correlated with adsorption
tendencies as demonstrated in quartz crystal microbalance with dissipation
monitoring measurements; HEC, HPG, and LBG adsorbed onto CNC-coated quartz
crystal microbalance sensors, whereas DEX did not adsorb.

Adsorption measurements and gelation tests in this work led us to believe that neither
depletion nor bridging effects were dominant in our system. Instead, the increase of
effective volume fraction of dilute CNC dispersions due to polysaccharide adsorption
was proposed to be the driving force for anisotropic domain formation and CNC
gelation at dilute particle concentrations.

Negative surfactant SDS and non-ionic surfactant Triton X-100 addition disrupted
HEC-CNC gels whereas cationic CTAB did not. Surface plasmon resonance
measurements with CNC-coated sensors showed that SDS and Triton X-100 partially
removed adsorbed HEC, whereas CTAB did not. This reveals the complexities
associated with including CNC dispersions in formulated products where water-
soluble polymers and surfactants are also used.

2. CNC:s at oil-water interface:

a)

b)

CNC Pickering emulsions were more stable in the presence of small amounts of
single-tailed cationic surfactant CTAB or double-tailed cationic surfactant DMAB
because surfactant adsorption onto CNCs increased the nanoparticles’ hydrophobicity
and made them better emulsifiers than pristine CNCs.

With increasing concentrations of DMAB, CNC Pickering emulsions exhibited a
double phase inversion (o/w to w/o [phase inversion 1], followed by w/o to o/w
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d)

f)

[phase inversion 2]), whereas with CTAB, all emulsions were oil-in-water. Emulsion
phase inversions correlated directly to CNC wettability; adsorbed DMAB gave more
hydrophobic CNCs because it has two alkyl tails compared to CTAB’s one, and the
highest three-phase contact angles above 90° correspond to water-in-oil emulsions.

A simple method of preparing stable emulsion with tunable size by using both CNCs
and cellulose-based polymers was presented. Adsorbing polymers on CNC surface
before oil addition and emulsification appeared beneficial for the production of stable
emulsions. Polymers that do not adsorb to CNCs did not aid in stabilizing emulsions.
Water-soluble surface active polymers HEC and methyl cellulose (MC) preferentially
adsorb onto CNCs before partitioning to the oil-water interface. Both polymer-coated
CNCs and the extra polymers partitioned to the interface and worked as the
emulsifiers in a synergistic manner, leading to a reduction in CNC coverage on the
emulsion droplet surface.

Reversible thermogelation of emulsions was obtained when MC was introduced to
emulsions that were previously stabilized by CNCs and HEC. Heating and cooling
treatment did not induce any noticeable emulsion coalescence, indicating the
ultrastable nature of emulsions made with CNCs and water-soluble cellulose-based
polymers.

Oil solids containing oil contents as high as 94 wt. % can be prepared by freeze-
drying and air-drying emulsions stabilized with CNCs and polymers, when additional
cellulose-based polymers were introduced to the emulsions to impart the high
viscosity required to impede emulsion coalescence and breaking during drying.
However, extensive oil leakage occurred if no additional polymers were added to the
CNCs-polymer emulsions before drying.

CNCs at air-water interface:

a)

b)

A simple method of preparing highly stable foams using CNCs and water-soluble
MC was developed. Both foamability and foam stability were greatly improved by
adding CNCs to MC solutions. Although MC-coated CNC particles are not surface-
active, both CNCs and MC are present at the air-water interface. The CNC particles
help retain fluid in the films and plateau borders between bubbles, increase bulk
viscosity, and impede water drainage.

Adding various types of monomers to CNCs-MC wet foams did not lead to
noticeable foam breaking and the monomers could be further polymerized to produce
macroporous polymeric structures with tailored chemistry, morphology, and
mechanical properties.
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