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Abstract

This thesis describébeinvestigaion of the properties ofellulose nanocrystal€NC9 in water

and at interfaces in the presence of different wsddrble polymers andsurfactants. The
potential of producing hydrogels, emulsions, and foams using both CNCs and surfactants and
polymers isextensivelyexplored herein

Interactiors between CNCs and polymers were studied by measuring adsorption of polymers on
CNC-coated sudce inquartz crystal microbalance withdissipationmonitoring (QCMD) and
surface plasmon resonan(®PR instrumentsHydroxyethyl cellulosehydroxypropyl guarand

locust bean gunadsorbed onto CN€oatedsurfaces whereagdextrandid not adsorbGelation

of CNC dilute dispersions was found for the samples added with adsorbing polyhersas

the introduction of nomdsorbing polymers showed no such change of rheological behaviors of
CNC dilute dispersionsThe further addition ohegative surfaantSDS ornornrionic surfactant

Triton X-100 disrupted the gels whereeationic surfactanCTAB did not. These behaviors
illustrate the complexities associated with including CNC dispersions in formulatedbaatat
products where polymers and surfatsarecommonly used as well.

The adsorption of cationic surfactants on CNC particle swsfand theassociatecchange of

CNC hydrophobicity were investigated. Surfactamddified CNCs were themmployed as
emulsifying agents to determine the effects of stabilinigvater interfacewith CNCs after
surfactant addition. Emulsion stability was substantially enhanced with the introduction of
surfactants. Based on the chemistry of cationic surfactamg the extentCNC surface
hydrophobicity increaseafter surfactant binding, either an-water or watein-oil emulsions
weresuccessfully produced. This situ surfactant adsorption method thus offers a simple way
of modifying surface hydrophobicity of @I and allows fine tuning of CNBased 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 diaeters. Both polymercoated CNCs and the extra polymers partitionethe
interface and worked as the emulsifiers in a synergistic manner, leading to a reduction in CNC
coverage onthe emulsion droplet surfase Furthermore, reversiblehermogedtion of the
emulsion was obtained whahermaensitivepolymers were addedNo noticeable emulsion
coalescenceccurred after multiple cycles of heating and cooling treatments of the emulsion gels.
Freezedrying and akdrying of these emulsion gels prashaoil powders containing oil content

as high as 94 wt. %.

Finally, highly stablewet foamswere successfullyproducedusing CNCs andhe watersoluble
polymer,methyl cellulose. The effect of CNC and methyl cellulose concentration on the stability
of air-water interfaces was elucidated. Both foamability and foam stahilgye greatly
improved by adding CNCs tmethyl cellulosesolutions. The CNC particles helg to retain



fluid in the filmsand plateau bordetsetween bubblesncreasingbulk viscosity, andmpeding

water drainageWe also demonstrated that adding various monomers to QN€thyl cellulose

wet foams did not lead to noticeable foam breaking. The successful production of macroporous
structures with tailored chentig and pr@erties was achieveldy subsequent polymerization of

the monomers added to the foam.
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Chapter 1 Introduction

1.1 Literature Review
1.1.1Cellulose

Cellulose is the most abundant natural polymer on earttcasstitutesabout half ofall biomass,

with an annual pduction of estimated to be #@ons per yeat It is isolated mainly from higer

plants but also from bacteria (efcetobacter xylniupp animals (e.g. tunicate), and marine
plants (e.g. algae). Cellulose is defined as long polymer chagalolbiose, which consists bf
D-anhydreglucopyranose units (AGU unitspvalentlybonded together by the linkage between
the C1 anomeric carbon and the C4 oxygen &tbifhe chain is directionally asymmetric, with

a hemiacetal unit (the reducing emat) one end and a pendant hydroxyl grdtiee nominal
nonredeing end on the other terminu@~igure 11). 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 bamdis/an der Waal
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 obebsedbowbi chl
composed of t woglubose(udity. &igurd réprodueed from Ref.

In nature, cellulose does not occur as an isolated individoddcule but it is found adibrous

units assembled from approximately 36 individual cellulose moleéulémse fibrous units,
known as elementary fibrils, pack into larger units called microfikthiat display cross
dimensions ranging from 2 to 20 nm, depending on the source of cellulbssemicrofibrils

are tken 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 angroceedo tilt and twist® The ordered regions, on the other hand,
are crystalline as a result of tight packing of cellulose chdihe. hydrogerbonding network

and molecular orientation in cellulose can vary widely, which can give rise to cellulose
polymorphs or allomorphs. Six interconvertible crystalline allomorphs of cellulose, ndmigly,

1y, 1y, 1V, and 1V, have beendientified’ The crystal structér of native celluloses is cellulose
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I, whereas nomative celluloses (i.e. regenerated or derivatized) have differembniding
patterns and the potential for apairallel chain orientations such as Il l#nd IV,. The relative
amountsof crystalline cellulose and amorphous cellulose are origin deper@ietbn is almost
entirely composed of pure cellulose (~95%) whereas the cellulose in woody plants is closely
associated with lignin and hemicelluloses (i.e. polysaccharides contathergsagars and sugar
derivatives) and only makes up ~42% of the cell Wall.

Cellulose has beemaditionally used in the form of wood and plant fibers as an energy source,
building materials, and clothifgTo produce novel types of cellulebased materialsthe
controlled physical and/or chemical modification of the cellulose structure is necessary.
Thereforecellulose esters and cellulose ethers as well as cellulose regenerates were d&veloped.
® The largescale industrial production of cellulose esters and ethers facilitated application of
cellulose in coatings, films, membranes, pharmaceuticals, and foodstuffsre@tion 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 ammdnizissolving pulp with aqueous sodium hydroxide

and carbon disulfide produced a solution of cellulose xanthate that loseulsed to produce the
rayon fiber and cellopharie’

1.1.2CelluloseDerivatization

Cellulose is amenable to chemical derivatization due to the presence diytreryl groups in

each glucose residdeThe chemical modification of cellulose and its derivatives has been
performed under both homogeneous and heterogeneous contitioR®@mogeneous
derivatization involves dissolution or, at least, by the swelling of cellulose in the reaction
mediumand modification of the entire cellulose chains. This remains egtyerhallenging as a

result of the limited solubility of cellulose in common solveritsoni ¢ | i qui ds as
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 modificatfonhey are the actually applied ones in the
industrial production of most commercial cellulose derivativBise reactivity of the three
hydroxyl groups under heterogeneous methods can be affected by their inherent chemical
reactivity as well as the eic 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 celtblased material
Acel |l ul oi do, pldsticization of cellutnde nigaswitht camghorCellulose nitrate

was formedoy nitrating cellulosethrough exposure toitric acid in the presence of sulfuric acid,

2
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phosphoric acid or acetic acldhere are other commercially important cellulose esters such as
cellulose acetate, cellulose acetate propionate, and cellulose acetate ButfyFatese cellulose
esters have long played an important role in applicasaok as coatings, biodegradable plastic
composites and laminates, optical films, and membranes and related separationT heedse

of etherification reaction provides another useful chemical modification of cellulose. Some
commercially important cellulose ethers are hydroxyalkyl cellulosesthyl cellulose, and
carboxymethyl cellulose. These celluletbers are watesoluble polymers and they have played

an important role in a host of applications, from construction products, ceramics and paints to
foods, cosmetics and pharmaceuticals.

Cdlulose 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 cellulogelEC) and methyl celluloséMC) can

be prepared byhe action of ethylene oxides and methyl chlorides, respectively, on cellulose that
has been treated with alkaiellulose ethers can be either soluble in organic or aqueous media,
but for the context of this thesis, only waseduble cellulose ethers whe discussed.

Commercial cellulose ethers are normally graded based on the chemical nature of the substituent,
the degree of substitution (DS) or molar substituis), and solution viscosit}* The DS
denotesthe average number of alcoholic groups substituted per anhydroglueibsand can

thus vary between 0 and Since etheritation reactions generate new reactive sites that are
capable of chain branching, the extent of reactioNl8ris used occasionally. MS is defined as

the moles of reagent combined per mole of anhydrogluddssefore, he ratio of MS to DS is a
measure bthe average length of the hydroxyalkyl chaiiese cellulose ethers are relatively
amphiphilic as a result of chemical grafting of hydrophobic alkyl chains.

Hydroxyethyl cellulose (HEG) a nonionic watersoluble cellulose etheris prepared by
nucleophilic ring opening of ethylene oxide, by the hydroxyl anions on the anhydroglucose ring
of cellulose!* Due to good thickening, dispersing, emulsifying, flaiming, and water
retention properties, HEC has been widely used in cosmetic products, pharmaceutical
preparations, polymerization processes, oil exploitatiomtiegs, building, food, textile,
papermaking, emulsi@ppaints and other industrial applications.

Methylcellulose (MC) has the most straightforward chemical composition among cellulose
derivatives with a partial replacement of hydroxyl groups with methogieties.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 hydnopic and is also insoluble in watér®
Therefore, the commercial products usubbye arintermediate DS, cd..7-2.0.

Commercial MC is a heterogeneous polymer consisting of highly substituted zones called

Ahydrophobic zoneso and | ess s uMCsekhibitsuoiverd one:
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critical solution temperature (LCST) phase behavior in aqueotsnsysat low temperature the
polymer isreadily solublein water whereas sufficiently concentrated solutions gabve the
LCST. Depending othedegree of substitutigrheating rate, and polymer concentration, the sol
gel transition generally resides ihe range of 580 °C*** At low temperaturesthe water
polymer interactions are stronger than the polypwymer interactions anél ¢ a g ewaierk e 0
structures surrounding the hydrophobic methoxyl groups were formed, leading to MC
solubilization in water.Upon heating, the MC molecules lose part odithaffinity to the
surrounding water anthere is an entropically favored release of bound and structured water,
leading toexposire of the hydrofobic regionsand polymer chain association into fibrils of
about 14 nmThis fibrillation is observed as alsgel transition with considerably increased
storage modulus § values as well as an increase in turbidigmmercial MC is sold under a
variety of trade names and is used as a thickener and emulsifier in various food and cosmetic
products.

1.1.3Nanocellulose

Nanocellulose is a term referring to nastauctured cellulosic materials with one dimension in
the nanometer randé.Currently, the isolation, characterization, and search for applications of
novel forms ofmanaellulosearegenerating much activitfNanocellulosecan be extracted from
forest and agricultural residuesing topdown methods involving enzymatic/chemical/physical
strategiesor produced viabottomup routesusing certain types of bacteria. Based on their
sourcesdimensions, function, and preparation methods, nanoceltutoag be classified o
three man subcategoriesf microfibrillated cellulose (MFG)cellulose nanocrystals (CNCsind
bacterial nanocellulose (BNGJable 11). CNCshave also been referred to in the literature as
cellulose nanowhiskers aeranocrystalline cellulose (NCCand MFC is also sometimes called
nanofibrillated cellulose (NFC) or cellulose nanofibrils (CNHF)ypical structures of these
cellulose types on the nanoscale can be seen in the transneiegitton micrographs in Figure
1.2

1.1.3.1 MicrofibrillatedCellulose

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 cryseathnd 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 kWier ton in the production of MFC as a result of the
required multiple passes through the homogeniZéfsPretreatments are therefore used to
address this problem. Different pireatments such as mechanicakting, acid hydrolysis,
enzymatic degradation, and the introduction of charged groups through carboxymethylation or
2,2,6,6tetramethylpiperidingd-oxyl (TEMPO)mediated oxidation have been proposed to
facilitate this homogenization process and thusedese the energy consumptfSi?

4
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Table 1.1. The family of nanocellulose materiéfiégure reproduced from Ré&f)

Type of nanocellulose

Synonyms

Typical sources

Formation and average size

microfibrillated
cellulose (MFC)

cellulose nanocrystals
(CNCs),

bacterial nanocellulose
(BNC)

nanofibrils, microfibrils,
nanofibrillated cellulose

nanocrystalline
cellulose (NCC),
crystallites, whiskers,
rodlike cellulose
microcrystals

bacterial cellulose,
microbial cellulose,
biocellulose

wood, sugar beet,
potato tuber, hemp,
flax

wood, cotton, hemp,
flax, wheat straw,
mulberry bark, ramie,
Avicel, tunicin, algae,
bacteria

low-molecular-weight
sugars and alcohols

high pressure homogenizer
diameter: 5-60 nm
length: several micrometers

acid hydrolysis

diameter: 5-70 nm

length: 100-250 nm (from plant
celluloses); 100 nm to several
micrometers (from celluloses of
tunicates, algae, bacteria)

bacterial synthesis
diameter: 20-100 nm; different
types of nanofiber networks

b)

Figure 12. Transmission electron micrographs of a) ME@&nd b)CNCs;*® ¢) scanning electron
micrograph of BNC?® (Figure reproduced from Ré&f)

Typical lateral dimensions of MFC a28-60 nm and lagitudinal dimension is in a @& range,
typically several micrometer3.herefore, each MF@bril is composed of 280 microfibrils if
we consider that the microfibrils have @ @nm-thick fibrouscellulose structuré’ In addition,

the aspect ratio (length/diameter) of MFC is very high, which endows it with a low p&ngola
threshold and a very good ability to form a rigid netwdikC aqueous suspensions are pseudo
plastic and display thehearthinning property ofgels or fluidsthat are viscous (thick) under
normal conditions, but flow and become less viscous (thingrwsheared™ 2’ Due to its
rheological behavionMFC is being investigated as rheological modifiers that possess potential
applications in foodcosmetic, pharmaceuticadnd oil recoveryndustries The sheathinning
behavior is of importance in industrial processing and particularly in coating applications.
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Due to the good filnforming properties of MFCBerglund and coworkers formed cellulose
nanopapers by dewatering MFC through a vactiltration method”® The filmsweretough, as
judged from the igh strain to failure observed. Syveratlal. used MFC as surface layer (8%

of total basis weight) on base papand observed that the strength of the paper sheets
significantly increased whereas their air permeability dramaticaitjuced?® In addition to
papermaking applications, MFC has been used as reinforcement in compostialsndt has
been reported that MFC films impregnated with an epoxy resin give transparent composites with
excellent thermal conductivif{y Furthermore, forts are being made to use Mf€inforced
starch foams for packaging applications as a replacement for polystipeser foam3:
Compared to conventional wodihsed pulp fibers, the nanosized fibrils enable reinforcement of
the thin cell walls in the starch foam. By using various fralyeng techniques, MFDased
aerogels were successfully produced and used as porous terffplses. result of its no
toxicity and tunable hydrophilicity, MFC has been used in emulsions and drug fablets.

1.1.3.2Bacterial Nanocellulose

The biosynthesis of cellulose takes place not only in plants, but also in bacteriacetibbacter

spp. strains beingne of the most commorBacterial nanocellulose, also calld&dcterial
cellulose, microbial cellulose, or biocellulose, is produced by the respective bacteria strains in
response to specific environmental conditidt. The aerobic bacteria such as acetic acid
bacteria of the genuSluconacetobacterare cultivated in common aqueous nutrient media with
low-molecular weight carbon and nitrogenusmes, forming highly porous nanofiber network
structures (fiber diameter: 20 nm) with culture medium filling the voidslinlike MFC and
CNCs isolated from cellulose sources, BNC is excreted by bacteria as exopolysaccharide through
biotechnological assebly processes from nutrient medi@dhe molar mass, molar mass
distribution, and the supramolecular structure of BNC can be controlled by selecting the
substrates, cultivation conditions, various additives, and bacterial shitiough identical to
cellulose from plant origirs in terms of molecular formul&BNC is very pure cellulose with a

high degree of polymerization (DP values of 268W00) high crystallinity(60-90%), and good
mechanical properties’®*® As a result ofthe nanostructured network and morphological
similarities with collagen, BNC has been extensively tested for cell immobilization, cell
migration, production of extracellular matriceand other medical applicatiahsPreviousin

vitro andin vivo evaluation showed that the BNC implants elicitedfar@ign-body reaction. In
addition, fibrosis, capsule formation, or giant cells weredatected around the implants, and
connective tissue was nicely integrated with the BNC implants. -BaAk@dmembranesvere

also functionalized with platinum nanoparticlesmd multiwalled carbon nanotubes to produce
electrocatalytic and electricalonductive materiaJgespectively®*°

1.1.3.3CelluloseNanocrystals

The dislocations odefects 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 betw@@mrh and several
micrometers, are produced by the removal of amorphous sections of a purified cellulose source
by acid hydrolysis, often followed by ultrasonic treatm@igure 1.3)* This procedure was first
developed in 1949 byRAanby in Sweden, and later modified in Canddffa.Dimensions of the
liberated cellulose nanocrystals depend strongly orhyideolysis conditionsgellulose sources

and their crystallinity. Cotton and woagdeld a narrow distribution of higy crystalline (90%
crystallinity) rodlike particles (idth: 510 nm, length: 10800 nm), whereas other sources like
bacteria, algae, and tunicproducenarocrystals with larger size distributions and dimensions
comparable to those of MFC (width:6® nm, length: 100 nm to several micromes)**>°

Figure 1.4 shows the dimensions of CNCs from different cellulose sources.

The surfacdunctionality of CNCs deperglon the mineral acid used in the hydroly$isrticles

are uncharged and colloidally unstable if prepared with hydrochloric acid (HCI), whereas
sulfuric acid (HSQ,) hydrolysis results in more negatively charged and electicatst
stabilized particles due to the sulfate ester groups introduced onto the surface of the crystallites
during reactionr™? Phosphoric acid hydrolysis generates crystals withd dispersibility in

polar solvents as a result stirface phosphate groupsinterestingly, the difference in surface
functionalization also causes the phosphorylated CNCs to display a muchthegheal stability

than the sulfated CNC&mmonium persulfate oxidation can also prod@NeCs with similar
dimensions and crystallinityput 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 longection time produced shorter crystals with
greater surface charge densiti€ee commonly employed recipe in our lab uses temperature of
45 °C, 64wt. % 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 4de particles, CNC suspensions of
sufficiently high concentrations undergo spontaneous plsaparation into a lower anisotropic
phase and an upper isotropic ph¥sé.Within the anisotropic phase, the ttike CNCs form a

chiral nematic (cholesteric) liquid crystal with the alignment of CNCs in each layer slightly
rotated with espect to adjacent laye¥sA 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 isotrojeanisotropic phase transitiomhich occurs upon
increasinghe concentration is attributed to higher packing entropy compared with the disordered
phase as a result of favorably excluded volume interactidnghe biphasic concentration range,

the isotropic and chiral nematic phases are in equilibrium. As the concentration of CNCs is
further increased, the whole suspension becomes liqysdalline® The isotropieto-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-adsorbing polymers can also induce an
entropic phase separation of aqueous suspensions of sulfated CNCs to an isotroffé¢phase.
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Figure 1.3. Schematic diagram illustrating théfuric acid hydrolysis of celluloséo produce
sulfated CNCs(Figure reproduced from R&%)

Figure 1.4Transmission electron micrographs of dried dispersion of CNCs derivedjrom
tunicate®® b) baderial®* ¢) ramie®® and d) sisat’ (Figure adapted from R&.
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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 exgensivel
employed as reinforcing agents in nanocompo&ft&asting evaporation has been the main
technique oftransferringCNCs from aqueous dispersion into an organic polymer matrix. Good
dispersibility of CNCs in the polymer matrix, as well as ia grocessing solvent, is critical for
significant mechanical reinforcemefitCapadonaet al. reported another versatile processing
approach of forming a threstmensional template through selésembly of individualized CNCs

and then backfillinghe template with a polymer of choit€Twin screwextrusion has also been

used to prepareCNC-based nanocomposites both conventional thermoplastic polymer
matrices and biodegradable polymers, such as polylacti€®acid

1.1.4Hydrogels

Hydrogels areusually referred to as polymer networks extensively swollen waker that

exhibit no flow in the steadgtate.They sometimes are found as colloidal gels in which water is

the dispersion mediurf® They can be good candidatéor various applications ranging from
biomedicine to daily chemicals, such as drug delivery systems, biosensors, and superabsorbent in
diapers’® In general, polymeric hydrogels can be classifieptasical ancchemical hydrogels

based on theatureof crosslinking™ In physical hydrogelsndividual polymerchains are held
together via transient interactions such as ionic interactions, hydrogen bonds,ligaetl
coordination, hosguest complexation, and hydrophoklissociationd?”® 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
beause they impart sensitivity and reversible gelation of the hydrogels to environmental stimuli.

In contrast, hemical hydrogels consist of chains that are interconnected by permanent non
reversible bonds, which often make gels brittle and fragile and enablwithstand large
deformationg?

1.1.4.1NanocompositéHydrogels

In general, nanocomposite hydrogels may be definedr@sslinked networks swollen with
water in the presence of nanoparticles or nanostructtife3he crosdinking can be obtained
through physical and/or chemical interactions. The natiofes can be usedo either
chemicallycrosslink the hydrogel as particulate cregsker, 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 reiofcement, the introduction of nanoparticles to hydrogel network
can also impart responsiveness to optical, thermal, barrier, magnetic, and electriatistnsul
which lead to applications in optics, sensors, actuators, electronics, separation devidasy and
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 tothe favourable properties of CNCsuch as nanoscale dimensions, high
aspect rati o a rs,d hydivphiliatyy ®iscompabbdity, | amdfacile surface
functionalization, a large body oécentwork hasfocused orreinforcing hydrogelsvith CNCs
and investigating the role of interfacial laybetween CNCs and hydrogel matron the
mechanical reinforcement.

1.1.4.2CNC PhysicalHydrogels

The viscosity and moduli of CNGuspensionsncreases steeply with concentration and two
critical values can be observed, namely, the overlap and the gelation concentration, which
depend strongly on the aspect ratio ofiha@rystals®®®* The thickening effect provided by the
presence o€CNCsin aqueous dispersions is attributed to the netvionkation due to particle
entanglements and physical crosslinking upon increasinglpazbncentrationThese hydrogels

are selstanding and anisotropic alignment of the CN@s be confirmed using cross polarized
lensesShear thinning is also observed for CNC suspensions as a result of the axis alignment of
CNCs parallel to the flow dection. 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 betwemhega

Another common routéo modify the rheological properties of CNC suspensions involves the
addition of polymerg? Depending on the nature tfe particlepolymer interactions, enhanced
stability or flocculation of the suspensions can be obsef7&dlocculation due to bridging by
adsorption of polymear on particle surfaces or depletion by nonadsorbing polymers induces
formation of viscoelastic geldvickee et al®® demonstrated a particularly facile and scalable
fabrication process for tunable -akllulose thermoresponsive gels incorporating a mixture of
CNCs physically bound togethby methylcellulos€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, aalg’ found that the elastic
component and the capacity to dampen deformation stress was enhanced by increasing the
interface between CNCs ard situ polymerized poly(acrylic acid) chains. Abitbet al®
obtained structural reinforcement and a decrease of crystallinity for hydrogel samples by loading
CNCs into polyvinyl alcohol (PVA) hydrogels through repeated frébaes proessing,
suggesting the improved interaction between CNCs and PVAetLah™ reportedthat whenb-
cyclodextrin p-CD) grafted CNCs are mixed with Pluronic polymer, supramolecular hydrogels
can be obtained as a result of tinesitu hostguest inclusion interaction. Although surface
modification of CNCs or polymerization of the hydrogel matround the CNCs was required

for the successful gel formation, no permanent covalent bonds between CNCs and the polymer

10
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networks were present to produce the nanocomposite hydrogels. Therefore, the examples
described above are still defined as CNC phatdigdrogels in this thesis.

CNC/MC (wt %/wt %) T4 Methylcellulose network
3.5/1.0-at60C /
3 ///‘\ \ ~— )
1 T - ptalll
PSRN S S SNy A
oR OH B ; D :
on " 050 Cellulose Nanocrystal

Methyicellulose (R = Me/H) Cellulose Nanocrystal
DS: 1.78, M, 86 000 g/mol

Figure 1.5Photograph showing gelation ircallulose nanocrystals and methylcellulose mixture
at 60 °C. Also included is a schematic representation of the nanocomposite ehyditog
suggested adsorption of MC on CNGridicated by red arrowgFigure adapted from Ré&)

1.1.4.3CNC ChemicalHydrogels

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 cros$inker to achieve the reinforcemeRecently, Yanget al!® prepared a series of
nanocomposite hydrogels through situ grafting of poly(N,N-dimethylacrylamide) (PDMA)
chains on CNC surfaceshe CNQ polymer interfacial interactions consist of reversible physical
interactions and stable covalent bonds: the CNCs functionalized with a silane coupling agent act
asparticulateanchors to covalently graft PDMA, and the interpenetrated PDMA shedaga

to form reversible physical networks.The same research grougdso prepared cellulose
nanocrystapoly(acrylamide) (CNE@PAM) composite hydrogels with a double network
combining a permanent network through chemical eliogs and a transient netwolly surface
adsorptiont®* They suggestedhat attractive physical interactions in the network increabe
fracture strength of the hydrogels via reversible adsofdiesorption processes on the CNC
surface. Dash et al. 1% obtained gelatitbased hydrogels employing the reaction between
aldehyde groups on the surface of oxidized CNCs and amine groggdadim. Similarly, Yang

et al1® prepared injectable hydrogels based onhtydrazonebond formation between aldehyde
functionalized CNCs and hydrazideodified polymergFigure 1.6) The CNC nanocomposite
hydroget exhibited dimensional stability in 60 day swelling experiments and showed no
significant cytotoxicity to 3T3 fibroblasts in an MTT assay, implyihgir potential biomedical

11
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applications where longer term dimensional stability and enhanced mechaningthstaee
desirable'®®

Ittt

CMC-NHNH,

N

dextran-CHO

CE—
CNCs or
CHO-CNCs

Figure 1.6.Schematic representation of injectable hydrogels reinforced with CNCs, prepared
using a doubldarrel syringe. The crosmking hydrogel components include hydrazide
functionalized carboxymethyl cellulose, aldemfdactionalized dextran, and either unnifaatl

CNCs or aldehydenodified CNCs. Transmission electron micrograph @NC-reinforced
hydrogel with 0.25 wt % loadingnplies the incorporation of CNCs in the hydrogel network
where individual CNC crosslink points are highlighted by the red bo¥egure reproduced
from Ref.'%)

1.1.5Pickering Emulsions

An emulsion is a mixturef 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 oilvater interface and stabilizing emulsion droplet¥"®® So-called Pickering
emulsions are found in many formulated products such as food, pharmaceutical, household
cleaning, and personal care products.

While traditional emulsions are sthbed by amphiphilic surfactant molecules, more recently
Pickering emulsions have garnered significant interest. Inorganic or petrochbased
particles of silica, clay, calcium carbonate, hematite, polystyfe®®, particles,and microgels,
which range in size from nanometers to micrometers, can all act as emufSiigrs.
Interestingly, small changes in the chemical composition of the liquids and/or particles, salt
concentration, pH, temperature, and particle shiapé,to major changes in emulsion properties
and rich physicochemical phenomén®?°

The type and stability of emulsions stabilized by surfactants is dominated by tropniar
lipophile balance (HLB)however, colloidal particles in Pickering emulsions do not have to be

12
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amphiphilic to adsorb at the aitater interfacé® *?° 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 anevettability!%> 2%*#! Additionally, while conventional surfactants are typically

used to lower oilvater interfacial tension, Pickering emulsions with micrometer sized droplets
are often formed with a relatively small reduction of interfacial ten<foi?

The conventional model for Pickering emulsions assumes the formatiorderisely packed
particle layer at the dilvater interface, which prevents droplet coalescence by a steric barrier
mechanisnt® 1> The magnitude of the steric barrier is controlled by the energy required to
remove a spherical garle from the oii water interface ¢ B which is a function of the three
phase contact angle of the partialg,j, and can be calculated according to equation 1:

WO “it p AiI-Os (1]

wherer is the radius of the particle, angl, is the oilwater interfacial tensioff®*?® This energy

is considerably large (on the order of 3QT for a 100 nm partie)) at contact angles around
90° 12119129 Therefore, once a partially wettable particle is at thevailer interface, it will not

leave spontaneously. Furthermore, Pickering emulsions are stabilisediodhe mechanical
barrier which slows Oswald ripening (coalescence) and the high viscosity of the continuous
phase which slows creaming/sedimentatidn.

In the case of spherichlydrophilic particles which adsorb to interfacesl{wateror airwate),

the threephasecontact anglel measured irthe aqueous phase is normally < 90° and a larger
fraction of the particle resides in water than in the-polarphase. For hydrophobic partic)es

is generally greater than 90° and the particle resides more in oil or air than in water. By analogy
with surfactant molecules, the monolayefgarticleswill curve such that the larger area of the
particle surface reains on the external sidesadingto oil-in-water ©/w) emulsionsor aqueous

foamswhend < 90° andwaterin-oil (w/0) emulsions and aerosolhend > 90° (Figure 1.7}
130

In many commercial products, both surfaagivemolecules and particulate emulsifiers are used

to optimize emulsion characteristics. The role of suriaerze molecules in providing enhanced

stability of particlestabilized emulsion is reported to be threefold: (1) to lower the interfacial
tension to &vor droplet formation, (2) to change particle contact angle and hydrophobicity and (3)

to induce flocculation of the solid particles in the continuous pHasg! Adsorption of
surfactants on nanoparticles competes with the adsorption of surfactant at -thateoil
interface™For exampl e, |l oss of surfactant to an op
amount of free surfactant t hat may adsorb at
interfacial tensiort®*** On the contrary, likeharged particles and surfactants often show a
decrease in interfacial tension as surfactant is driven to the interface because it is repelled by the
suspended particléd®*®’

13



Ph.D. Thesis Zhen Hu McMaster Univers@emical Engineering

a) air or oil

water
b) air or oil

air or oil A
water

water

Figure 1.7. a)Schematic representation small spherical partickeat a planar fluidvater
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 fluidwater interface. Fod < 90°, Pickeringaqueous o/w emulsions or foams may form

(left). Ford > 90°, Pickeringw/o emulsions or aerosols may form (rigff)gure adapted from

Ref1%)

In addition to varying the charge onsurfactantheadgroup, Binks and ceworkers have
extensively studied the effect of varyittge amphiphiletail length andconcentratiorto tune the
interactions between surfaeetive molecules and particles, which ledntore controlled and
stableemulsiors. For instance, double phase inversions (o/w [1] to w/o to[8]jvhave been
observed in Pickering emulsionsntaining silica or calcium carbonate nanopartialél added
surfadant!* %% The inversions are attributed to the adsorption of oppositely charged
surfactant at the particle surface which changes the particle wettéBititye 1.8) The contact
angle of the particles at the planar-water interface has been measured directly using freeze
fracture shadoveasting cryescanning electron microscopy, which allowed sinueticle
contact angleneasurements of high accurdéy.t is shown thatupon increasing surfactant
concentrationparticles undergo a hydrophilicydrophobi¢ hydrophilic transitionthat closely
correspond to thedouble phase inversiambserved irthe 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 becomephyict again at

high surfactant concentration due to surfactant bilayer adsorption (or maybe more precisely
admicelle aggregates adsorbed on the nanopatrticle surfaces).
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Figure 1.8.Schematic representat®ntop) of the effect of surfactant concentration on the
adsorption of surfactant on particle surfaces and its influence on particle wettability and
emulsion type freezefracture shadoveasting cryescanning electron microscopynages
(bottom) of the intdacial silica nanoparticles in the presence of increasing amount of surfactants.
(Figure reproduced from Ré&t)

Because surfactant adsorption on particles is readily reversible and epo@asorption is
essentially an irreversible process, high molecular weight polymers have been usetktto
permanentlytune the interfacial properties of particles. Sad¢hal**! found that physisorbed
layers of amphiphilic PMAAblock-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 highlystable emulsion(Figure 1.9) Adsorbing surfacective polymers onto
nanoparticles makes the nanoparticles efficient emulsifterscentrations as low as 0.04 wt. %

are sufficient to stabilize emulsions for many monthSimilarly, Fenget al. *** observed that
salt-bridge interactions between carboxylic acid groupssioiglewalled carbon nanohes
(SWCNT9 and amine groupsn amineterminated polystyrendrove the assembly of SWCNTs

to the oil/water interface.In addition to adsorbing polymers onto nanoparticles to produce
efficient emulsifiers, Saigadt al.'** obtained highly stable xyleria-water and cyclohexarie-

water emulsions at extremely low particle concentrations by using silica nanoparticles with
poly(2-(dimethylamino)ethyl  methacrylate) brushes grafted from their surfaces
(SiOG. PDMAEMA) as the emulsifing agent Interestingly, lhese emulsions were thermally
responsive, rapidly breaking upon increasing the temperature above the critical flocculation
temperature of the SYDPDMAEMA particles in water.
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The enhanced emulsification effeveness of polymeradsorbed or polymergrafted
nanoparticles relative to that of bare particles is attributed to the surface activity of polymer
chains!** Whereas bare particlesften do not reduce interfacial tension significantly,
adsorbed/graftegolymer chainsare normally surfacactive and capable of partitioning tioe
oil/water interfaceto decrease the interfacial tensitn.In addition tolowering theinterfacial
tension, swollen polymer brushes on nanopartibktsveentwo approachingmulsiondroplets

may inhibit droplet coalescence via steric or electrosteric repulsive fotmeapared to soluble
polymers or surfactants used as emulsifiers, complete removal of one polyated
nanoparticle from the oil/wateinterface would require the simultaneous removal of many
additional polymer chains that are adsorbed or grafted to the same nanopatrticle.
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Figure 1.9.Schematic representatidleft) of polymermodified iron nanoparticle partitioning at
oil/water interfce;optical mcrograph(right) of o/w emulsion dropletstabilized by polymer
modified iron nanoparticle§Figure reproduced from R&F)

In all of these experiments, the particles were modified with surfactants prior to the formation of
emulsions.Addition of surfactants ta particlestabilized emulsion, however, led to complicated
emulsion behaviorBinks et al’*? observed a coalescence induced increase in emulsion droplet
size after the adtion of nonionic surfactant GE; to tricaprylin-in-water emulsions stabilized by
suface modified silica particlea/ashisthet al*** studied the effect cdddingsodium dodecyl
sulfate(SDS)to dodecanén-water emulsions stabilized by fumed silica partieed found that
SDS displaces nanoparticles from the interface. Similarly, Whittsl**° noticed that the rate
and extent of creaming and flocculation of the drops were enhamaed diluting emulsions
stabilized by silica particles in SDS solutions. Tlatributed it to asignificantdrop in the
oil/water interfacial tension upon addition of surfactdné to its preferential adsorption at the

oil/water interface
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1.1.6CNC Pickering Emulsions

In many applications, netoxic and biocompatibleolloidal particlesderived from biomasare
preferred, making stardii®**’ chitin,*****° and cellulose particlesnicrocrystalline cellulos&®®

151 MFC, 12133 cNCs™*1%® BNC,**"**® and cellulose derivativé¥) more suitable.Various
fibrillated cellulose materials have besnccessfully used as emulsifiéfs**®*®* However,
fibrillated cellulosehas the drawback ofproducing emulsion droplet networks rather than
individual droplets as a result diieir high aspect ratioTherefore shorter andwell-defined
celluloseparticlessuch as CNCappear to be excellent candidates for interfacial stabilization in
a more contwolled manner™* **2 Capron and covorkers showedhat the aspect ratiof CNCs
directly influences the coverage ratbCNCs on the surface of emulsion droplgitsng rise,on

the one hand to a dense organizatsurfacecoverage >80%) witkhort CNCs from cottoand

on the other hand to an interconnected network of low covered droplets (40%) when longer
nanocrystal$rom bacterial cellulosare usedqFigure 1.10)">*

Figure 110. Scanning electron micrographs of polymerized stywwater emulsions stabilized
by a) cotton cellulose nanocrystals, b) bacterial cellulose nanocrystals, &hdophora
cellulose nanocrystals. (Figure reproduced from'f&f.

The surface charge density CNCs has been shown play a major role irhow well CNCs
stabilize theoil/water interface. Kalashnikovet al'®® found that CNCswith a surface charge
density above 0.03 e/rfrvere not able to efficiently stabilize the interface, whereas a decreasing
surface charge density led to stable emulsidie surface charge reductiotean bereadily
achievedby a desulfation process or by screening charge repuldibesauthors suggested that
although being globally hydrophilic CNCs possesshydrophobic edgeswhich enable the
formation of stabl®il-in-wateremulsions.*?

Thehydrophobicity of cellulose nanoparticlean be increasdaly using agents such as silanes or
alkylaminesto facilitate the stabilization of watein-oil (w/o0) emulsions™ ** However, the
hydrophobization process typically involves multiple steps of surface modification and
purification. In addition,some CNC surface chemistriesare detrimental to some specific
applications. For instance, hydrophobization of cellulose partigiesdydation is not suitable for

fuel emulsions because the silicon atom may poison the exhaust cafhlgstfore,in situ
surface modification ofcellulosic nanomaterialausing surfatants is highly desirabfé?
Emulsions &abilized 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 particlesurfactant synergybue to rising environmental, health andety concerns regarding

a number of synthetic surfactantstabilizing emulsions using CNCs and less surfactant is
considered favorablé&replacingconventionalsurfactants witmatural amphiphilic molecules or
biocompatible surfacactive 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 obpdications. Tasseet al®® prepared lightweight cellulose

foams by freezelrying o/w emulsions stabilized with CNC8he same research group also
produced fgh-internatp has e emul si on f egwbilized emulgionsvéthkk equag CNC
parts oil and water anthen sbwly increasing the oil conterfFigure 1.11)*° In another

literature exampleNypeld et al’®® reported productin of hybrid CNC magnetasesponsive
microbeads and microcapsul®g using CNCPickering emulsion as medi@uch hybrid systems

can be used foapplication in colloidal stabilization, concentration, separatsmmption and

delivery, among othersLi et al '®" used electrospinning of CNCs/poly(lactic acid) w/o
emulsions to prepare composite ultrafine fibehs.thesefiberss CNCs were aligned along the

core (in the coreisheldl f 1 b amdacied as oucleatngagéenh e  wa
influencing PLA crystallinity, and improved the strength and stiffness of the electrospun
composite fibers.

Pickering emulsion Pickering

—
increasing
Internal
phase

Figure 1.1.. 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 fromfQgf.

1.1.7CNC Wet Foams

Foams occur in mixtures of immiscible fluids in which a vapor phase is dispersed as milimeter
sized bubbles in the continuous phase of a li§tfi@urfactants and proteins are the meistely
usedfoaming agents im range of areas including the detergent, food, and cosmetic industries,
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and yet it appears that they may possessaindeficiencies when lorterm foam stability is
required. There have been a number of publications in recent years investmatodal
particles as stabilizerfor foamswhich are stable for months or yed?$***"° The detailed
mechanisms of foam stabilization using particles are still under débetegenerally accepted
that drainage of the intervening fluid betweair bubbles followed by the close approach of
bubble surfaces and bubble coalescence can omsuwiting infoam collapse, loss of gas and
foam structure and texture. In additigasdiffusionfrom smaller to larger bubbles as a result of
differences in Laplace pressure, leadingcmarsening of the foasn The effect is called
disproportionation, and is analogous to Ostwald ripening in emulsibrgether, drainage,
coalescence and coarseningdd¢o 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 agstion energy per particle mkebe up to several thousahd,

making it almost impossible to force particte$ of the interface®® Partially hydrophobic silica
nanoparticles have been used as the sole stabilizer of air uthidésams werecompletely

stable to collapse, coalescence, and disproportiondfidA™ " Althougha detailedpicture of

the particle film stabilizing the bubbles is far from clear, the particles tend to become highly
aggregated in the aqueous phase and at tveasdr interface.

The welldocumented flotation process involves the attachment of mineral particles to air
bubbles by adding to the slurry surfaaetive molecules as frothing agents and collectors
Recently, Yang et d*'"® provided an excellent example of usingartides to stabilize air
bubbles and improve flotation efficiency. The hydrophobic nanoparticles were adsorbed onto
much larger, hydrophilic mineral particle surfade facilitate attachment to air bubbles in
flotation.

Comparedto the body of work describing particktabilized oil-in-water and watemn-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 sucttlay platelets:’” iron
particles’® metal oxide nanoparticléd® polymer latex:®® CaCQ rods™® and (non CNC)
cellulose particle$®#'%* have been employed as the stabilizing agehisface modification of

the particles is normally required to tune the hydrophobicity by cheminatibnalization of the
surface An easier and more versatile approacmtalify the wettability of the particles is the

situ adsorption of amphiphilionoleculesonto the particle surfad&'® By changing the
surfactant concentration, the attachment of surfacteobrated particles to aMater interface

can be readily adjustedt. hasbeen determinethat foams are most stable when particles are
strongly flocculated corresponding to them possessing a low charge, being maximally

hydrophobic and containingraonolayer ofadsorbed surfactant.

While most forms ofnanocellulosehave been deonstrated to becapable of stabilizing
emulsions without the use of additional surfactants, this has not been shown far lfaamet
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al.®*°suggested a few reasons whe stabilization obil-water interfaceis easier thaair-water

interfaces: (1) Theair-water interfaciatension is higher thathat at oilwater interfaceleading

to larger capillary pressas in the foam films than emulsion film&) The density difference
between theidpersed and continuous phagekigher in foams than in emulsiomnsjving more
enhancedhase separatiom the former (3) The solubility and diffusivity of a gas in.8 is
normally higher than that of the typical emulsion oil phase in,® causingeasierfoam
destabilization thaemulsion destabilizatiorRelatively hydrophilic particles can stabilize/w
emulsions but they may not behydrophobicefficient in stabilizng foams Hunter et al!®
presented aletailed comparison of the particle properties necessary for foam stabilization
compared to emulsion stabilization.

Most nanocellulose materialsy 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
stabilizedwith up to 1 wt.% nanofibrillated cellulose were prepared by adsorbing positively
charged octylamine on the surface of the fibfifsCareful removal of the water through freeze

drying resulted in highly porousightweight cellulose foams (pore size ~ 8600 0 & tijs .

work, NFC particles were fibrought to the inte

Some other researcheadso reported generating cellulobased foams, but these cellulose
particles were mostly oa micrometer sizescale.Al-Qararahet al!®’ foamed Kraft fibers from

wood pulp in the presence of Sxbgenerate foams containing cellulose fibétewever, they

found thatthe fibers were not adsorbed at the interf&bgdrophobic cellulose microparticles of
hypromellose phthalate have been fornreslituby a liquidliquid dispersion technique and used

to create foams that were stable for months (Figure ¥¥i2)he shorterm and longerm
stabilization of interfaces strongly depended on the cellulose particle concentvitilometer

sized hydrophobic cellulosparticles 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 aférin et al'®® also reported that
super stable aqueous foams with various bubble sizes were stabilized by food grade colloidal
ethyl cellulose particlesHowever, ¢ the best of our knowledge, no example of aqueous foams
comprised of CNCslone or in combination with amphiphilic moleculexists yet in the
literature.
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Figure 1.12. aAppearancef the foamsstabilized by hydrophobic cellulose microparticles of

hypromellose phthalatéd) and c)Optical micrographs ofvet foam. (Figure reproduced from
Ref!%)

1.1.8CNC Solid Foams

Polymeric foams are utilized in a range of applicatisnsh as mechanical dampenesslid
supports forcatalysisand separationsimmobilization of enzymes and proteins, thermal and
acoustic insulating materialand medical device$***° Macroporouspolymer foamshave been
produced bydispersion of a gaseous phase in a fluid polymer phase, thermally induced phase
separationhydrocarbon templatingand emulsion templating®*'®> Emulsion templating has
become a very active research area for the production of macroporous polymers with tailored
porosity and porestructure In order to fabricate polymeric foams with high porosity, high
internal phase emulsisifHIPES) arenormally utilized as templatg which is often defined as a
concentrated emulsion with a minimum internal phase volume ratio of67% Both
surfactant®’®*®” and particle§® have been used as the stabilizers to create \ivatabnomer
emulsionsand sibsequent polymerization of the monomer phase and removal of dispersed water
phase lead to emulsigiemplatel macroporous polymeric foam3he prepared macroporous
polymers are often termed peHIPEs. Various types of pohHIPEs have been synthesized
using different solid particles as stabiligeincluding silica nanoparticles, titania particles, iron
oxide namparticles, microgels, carbon nanotubes, and graphene '8%i1&%°®* However, to the

best of our knowledge, no pelIPEs have been produced by using CNCs as the particulate
stabilizers.

Tassetet al’® reported another versatile method of preparing lightweight cellular foams by
freezedrying o/w emulsions stabilized by CNCBhe foams exhibited cell sizes similar to the
dropletsof the starting emulsioas a result othe robustness of the starting emulsion drops to
withstand centrifugation and freeze drying without collapskgther finctionalization of the

foams was achieved by addition mdsitively charged chitosan, wherezddition of negatively
charged alginate promoted coalescence leading to a networked porous structure with no defined
pore shapeTo avoid using oil to prepare emulsions and fredgeng to produce porous foams,
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Cervinet al*®* introduced the production of a lightweight and strong porous cellulose foam by

air drying aqueous foams stabilized with surfawedified NFC. However, the inability to

readily tailor the surface functionality, structural and mechanicgbgrties 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 preparatiawoemulsion stabilized by CNCs,
subsequentoncentration by centrifugation, and freetging 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 nanocompositesabitizers 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, thera lackof understanding athe relationshigetween

CNC, surfactanandpolymerinteractions andhe properties of these components in solution and

at interfacesBefore this work wasitiated, themajority of work intheliterature was focused on
studying the properties of CNCs in aqueous systana oilwater interfacein the absence of

any other surfacactive componentslhe overall objective of this thesis is to investigate the
properties of CNCs in solution and attarfaces in the presence of different waseluble
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 wataluble 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 formulataggieougproducts withCNCs.
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2. To investigate the effect of cationic surfactaanisl norionic polymerson the properties of
Pickeringemulsions stabilized by CNC3hrough this work, a better understanding of
tuning emulsion type, emulsion droplet sized emulsion stability waachieved, which
could pave the way for developing emulsiomsed products incorporating CNCs. In
addition, the exploration of producing emulsion gels @ihdolidsusing CNCs may lead to
interesting applications in vaus industries.

3. To determine theffects ofadding CNCs to polymeric foaming agents foamability and
foam stability Furthermore, fabrication gdolymeric macroporous solid foams by using
CNC-based aqueous foams as the templatas also studied. The research findings in this
work may dfer some insights into the design lebth aqueous and solid foams in a wide
range of applications.

1.3Thesis outline

Chapter 1: IntroductionThis chapter presema thorough background of this project as well as
therelevant literature and research objectives. The thesis outline is also listed in this chapter.

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

Chapter 3. Surfactantenhanced cellulose nanocrystal Pickering emulsiohBis chapter
evaluates the tailoring of Pickering emulsions stabilized by CNCs through addition of cationic
surfactants with different chemical structures and concentrafitheschange in CNC wettability

from surfactant adsorption was directly linked émonulsion properties; adding surfactant
generally increased hydrophobicity of CN@nhanced 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 blado o/w, was observed for emulsions with CNCs and
increasing amounts of doublailed surfactants. This work has been publishedaurnal of

Colloid and Interface Sciencé*

Chapter 4. Synergistic Stabilization of Emulsions and Emulsion Gels with Vgatable
Polymers and Cellulose Nanocrystalhis chapter reports the production of stable emulsions
with tunable droplet sizes by using CNCs and watduble noronic polymers. The co
stabilization of odwater interface with both CNCs and polymers was sugegedstTemperature
induced gelation ofthe emulsions stabilized by CNCs in the presence of polymers was
demonstrated. In additiofreezedrying of the emulsion gels led to production ofsmlidswith

oil content as high as 94 wt.%his chapter is in preparation for publication.
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Chapter 5. Preparation and Templating Properties of Stabléet Foams of Cellulose
Nanocrystals and Methyl Cellulasghis 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
demonstratedl'his chapter is in preparation for publication.

Chapter 6:Concluding remarksThis chaptesummarizeshe major contributions of this study.
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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,

/ \ -— Addition

~-

Anisotropic Gel

/vAdsorption
/ —

Isotropic CNC

x X

Aggregated CNC

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
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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
-20
.
= -40
™
>
L
-] -60
-80 Polymer
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
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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.
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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.
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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.

M ASSOCIATED CONTENT

© Supporting Information

Transmission electron microscopy (TEM), conductometric
titration, dynamic light scattering (DLS), rheology data
corresponding to the results in Figure S, quartz crystal
microbalance with dissipation monitoring (QCM-D) data
corresponding to the results in Figure 2, surface plasmon
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.
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