ABSTRACT

JIN, SOO AH. Elucidating and Controlling Hierarchical Structural Development in Hybrid
Biobased Material§Under the directioof Dr. Richard J. Spontak, Dr. Saad Khan and Dr.
Orlando Rojak

Polysaccharidéased polymer originating from natural sourse have received
considerable attention and are explored extensively to mitigate our dependence on dwindling fossil
fuel reservoirs and promote sustainable future. Nanocellulose and nanochsEsgpesiperior
physical properties and bear the strong potential to serve as green materials. In this regard,
fundamental understanding on the material properties and their compatibility with other polymeric
systemsis imperative to expand and optimize theisage in versatile application areas. This
dissertation examines the use of nanocellulose and nanochitin solid system and elaborates on the
material and bulk propertieGhapter 1 providescomprehensive review on prior and current status
of biobased matels and highlights relevant findings of nanocellulbssed and nanochitin
based systems.

In Chapter 2, we examine the dispersion and solid behavior of hybrid mixtures composed
of cellulose nanofiber (CNF) and watdispersible sulfonated polyester #fetent composition
ratio. The flow behavior of sulfonated polyester change from Newtonian to-tsive@ng upon
CNF addition but remains insensitive with further loading. Films cast from such dispersion display
significant improvement in mechanical pespes and tunable surface hydrophilicity. These two
properties are dependent on composition ratio and the drying temperature.

Chapter 3 provides detailed studies on swelling behavior of CNF films and concomitant
freevolume change as a function of dryitgmperature and relative humidity (RH) probed by
positron annihilation lifetime spectroscopy (PALS). While sonication imparts negligible change

in equilibrium swelling on resulting film, drying temperature decreases the equilibrium swelling.



In contrast, atal freevolume increases for the films cast from sonicated suspension and remains
steady for the ones dried at elevated temperature-vieiame of swollen film also increases as a
function of RH due to water vapor filling and expanding the-fréleme pores.

We perform gagpermeation test i€hapter 4 for CNF and CNF/ionic liquid (IL) hybrid
membranes for the purpose of £$@paration. Hybrid membrane demonstrates humsdihsitive
CO: permeability and selectivity compared to pristine CNF membraneodzentiguous pathway
ensued by IL and water vapor. The membrane exhibits remarkablpeb@eability and C&N>
selectivity of ~330 Barrer and ~370, respectively.

In Chapter 5, we elaborate orthe mesomorphic behavior of cellulose nanocrystal (CNC)
films prepared from different electrolyte suspensions using spectrogdogyar dichroismjand
microcopy (polarized optical microscope and scanning electron microsdegpniques. The
mesophase and cholesteric arrangement are affected by the presenaraftdifitions and the
degree of disruption is sensitive to cation size and valency.

In Chapter 6, we study ionic interaction between nanochitin thin film and electrolytes in
agueous medium using quartz crystal microbalance with dissipation {QCNlanochitin
remains rigidly attached to the quartousensor
system. Nanochitin interacts with halide anions and the extent of interaction follows the modified
Hofmeister series. Compared to monovalent anions, multivalent anions induce pronounced mass

loss with increasing electrolyte concentration.
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CHAPTER 1
Anisotropic Nanoscale Green Materials: Prior and Current Status of Nanocellulose and

Nanochitin Systems

1.1 MOTIVATION

Most of the synthetic polymers are petrolebased and they are ubiquitously employed
in broadspectrum of applications due to their positive attributes, such as but not limited to light
weightiness, mechanical integrity, versatile functionality and inexpensive produdtarever,
these materials are the key contributors to global environmeniakisisat the world is currently
experiencing. According to the report filed by United States Environmental Protection Agency
(EPA) in 2020} approximately 292 million tons of municipal solid wastes have been accumulated
in total and 50% have been landfilled in 200&it of those, 36 million tons are plastic wastes in
which only 9% of them are recycled and 76% of them are disposed to lasfilivéhout further
breakdown.

There has been a worldwide pressure to alleviate the social concerns and challenges
associated with the environment in an effort to preserve diminishing resources and promote
sustainable future. As a result, there has lzeparadigm shift from utilizing fossil fudlased to
environmentally benign technology to find alternatives to these petradevined products. Many
independent attempts have been made to develop and employ renewable and naturally occurring
materials. Moe attention has been focused on developing hybrid system with at least one green
component incorporated into existing synthetic polymers to produce nanocomposites.
Nanocomposites are defined as {pltase system in which one of the materials is in nanometer
range. The green materials are typically in their nanoscale with high aspect ratio to maximize their

surfaceto-volume ratios to yield optimum reinforcing potential in the system.



1.2ANISOTROPIC NANOSCALE GREEN MATERIAL
Green materials are environmalhy friendly materials that are characterized by their
biodegradability, biocompatibility, renewability and sustainability. Some of these polymers can be
directly extracted from nature from sustainable raw resources; this class of polymers are designated
specific title of biebased polymers. Bibased polymers can be classified into three groups based
on their origing
1. Polymers from natural resources. Examples include polysaccharides (cellulose and
starch) and proteins (casein and wheat gluten).
2. Polymers from chemical synthesis of sustainable monomers. Example includes
poly(lactic acid).
3. Polymers from microorganisms or genetically modified bacteria. Examples include
polyhydroxyalkanoates (polyhydrglutyrate and copolymers of hydroxybutyrate and

hydroxyvalerate).

Polysaccharide is one of the abundant and versatile groups-od$eal materials; hence they are
integral resources in industrial scales. As there are vast numbers of natural souesy!tiaer
variations in polysaccharides can exist in different forms, structure, or morphology. Fibrous and
crystalline structures are prime examples of different structures that polysaccharide can form.
These morphologies are easily achieved by varyingrgaesource and preparation protocols. Of

all polysaccharides that are available, this chapter focuses on the basics and utility of two different

types of polysaccharides: cellulose and chitin.



1.2.1CELLULOSE AND NANOCELLULOSE
Cellulose origin and bemistry

Cellulose is the amplest natural pedgcharidethat serves as the important structural
components dbiomasses, such piants, animals, fungi and bactetimmolecular terms, cellulose
is a linear homopolymer composed eBbhydroglucose repeanitslinked tothe adjacent glucose
monomer byb-1,4 glycosidic bondg¢Figure 1.1). The cellulose chain is terminated with hydroxyl
groups attached to-€ and C1 carbons at each end; one being reducing end and the other being
nonreducing end, respeetly.>* The number of glucose units, or degree of polymerization of
native cellulose differs from the procured sources and treatment process, but it typically ranges
from 1 to 20,00¢" ' Due to steric restrictions, cellobiose units have limited chain conformation
in which both the intraand intermolecular forces are satisfied. Such restriction promotes parallel
stacking & the cellulose chains, forming a collection of the chains known as elemental fibrils.
These fibrils can further aggregate into misibed bundles with dimension spanning from500
nm in diameter and couple microns in lendfhis entity is known as the microfibrils and these
microfibrils are composd of amorphous regions with intermittent crystalline domdtingu¢e
1.2a).

Parallel assembly of cellulose chain to give bundles of microfibrils is possible due to
extensive hydrogen bonding network generated by the hydroxyl groups attached to thowee carb
atoms (G2, G-3, G6) of the glucose ring. These hydroxyl groups are responsible for not only
forming a stabilized network but also directing crystalline packing and governing important
physical properties, such as mechanical rigidity and cohesivehtssmateriaf® Furthermore,
high density and reactive hydroxyl groups provigesatile and broad possibilities of surface

modification to achieve desirable functionality depending on the end application. Surface



functionalization is pivotal especially in improving the compatibility in apolar environment and it

can occur by both phical (e.g. adsorption) and chemical measures (e.g. grafting).

Three categories of nanocellulose

With appropriate protocol, these bundles of microfibrils can be further extracted at
nanoscale to yield nanocellulose. Nanocellulose is typicihricated by eliminating the
hierarchical structure via tegown destruction approach. The term nanocellulose refers to
cellulosic materials only if one of their dimensions spans in nanometer range. Different extraction
processes and source ensue differ@mocellulose characteristics that varies not only in physical
properties (e.g. shape, dimension and degree of crystallinity) but also in chemical features (e.g.
surface chemistry). Based on the attributes, nanocellulose is given specific label: nilatefib
cellulose MFC), cellulose nanofibrii CNF) and cellulose nanocrystal (CNEpure 1.3).
Microfibrillated cellulose is typically obtained via mechanical means, including-grigésure
homogenization%*  microfluidization!®”  cryocrushing®*®1° and high intensity
ultrasonicatiorf®?*duringwhich high shear is applied onto cellulose structure to break down into
long fibrous structure while preserving crystatyn{although multiple mechanical integration
damages crystalline domains to some degree). Unless extracted fibrils undergo specific chemical
treatment, MFC is decorated with hydroxyl groups that cause aggregation due to extensive
interfibrillar hydrogen boding in agueous media. Moreover, disordered and flexible fibrils
encourage entanglement, thereby further creating a heterogeneous mixture of aggregated fibrils.
Combination of interfibrillar hydrogen bonding and entanglement yields dikenproduct tha

possesses géike behavior even at low loadirtg?®



Microfibrillated cellulose can undergo further fibrillation to prepare finer and nanosized
fibrils known as CNF. Due to inevitable hydrogen bonding and entangled nature of MFC,
preprocessing steps are necessary to mitigate the extent of hydrogen bonding, thus facilitating
fibrillation process. One of the conventional methods to weaken thedtder#s by imposing a
surface charge to generate electrostatic repulsion among the4frt<8 One example is by
subjecting the fibrilsd oxidation using 2,2,6;&tramethypiperidinyt1-oxyl (TEMPO) radicals
such that the primary hydroxyl groups or6@arbon are selectively replaced with carboxylate
groups?™2® As a result, CNF retains negative surface charge that is responsible for giving stable
colloidal suspension at low concentration as well as forming strong network wHrkegel
properties at higher concentration. The physical components of CNF varthig@uource, but the
size distribution is broad with diameter and length ranging betwehrm and 502000 nm,
respectively.

While both MFC and CNF contain both disordered and ordered regions, crystalline
domains can be isolated by hydrolyzing the disoed domains using strong acid, process known
as acid hydrolysi$?2%34 The resulting crystalline particle resembles rod and whisker; hence the
name cellulose nanocrystal (cellulose nanowhisker in earlieatlitee) is given. Although some
physical aspects, such as size and crystallinity, are dependent on the extracted source and
hydrolysis condition, these crystallites display relatively narrow size distributib@ (@n and 50
500 nm in diameter and lengtiespectively) compared to that of CNF. Surface charge is imparted
onto CNC from hydrolyzation and the charge is determined by the acid employed for the process.
Sulfuric acid is the most commonly used acid for this purpose, where it substitutes hydsaggl gr
on G6 carbon with sulfate halster groups. Similar to CNF suspension, surface charge of CNC

dictates the overall stability of the agqueous suspension and also contribute to the gel network



formation at higher loadinglable 11 summarizes the pre@ion method of MFC, CNF and
CNC and their respective dimension.

Table 1.1. Preparation methods of different types of nanocellulose and their corresponding size

dimensions.
Particle dimension
Cellulose type Preparation method Length Width (nm) References
(nm)
MNFC High-pressure 500-10,000 | 10-100 13,3538
homogenization
Microfluidization
Cryocrushing
High intensity ultrasonicatio
Grinders/refiners
CNF Enzymatic treatment 5002000 |4-20 23,27,29,39,40
TEMPO-Oxidation
Carboxymethylation
Phosphorylation
CNC Acid hydrolysis 100500 |10-50 12,3034,4%45

1.2.2CHITIN AND NAN OCHITIN
Chitin origin and chemistry

Chitin is the second most available naturally occurring polymers in the world after
cellulose; yet its significance and utility are under recognized compared to those of céfitfose.
There are numerous reasons to why, but the biggest rationale is the laborious isolation and
processing conditions to e@e and extract chitin from the natural sources. Chitin has analogous
properties as those of cellulose. In terms of chemical structure, chitin has similar chemistry as that
of cellulose, except chitin has acetamide functional grolNi$SCOCH) attached ot C-2 carbon
rather than hydroxyl groups. In molecular terms, chitin is a high molecular weight linear chain of

nitrogenated polysaccharide comprised of two monomeracdtytD-glucosamine and D



gl ucosami ne €l@ mgylgcesdit bahdsHigura 1.4p Chitin exists as bundles of
microfibrils composed of higldensity network of chitin chains formed via extensive mnded

intra- hydrogen bonding by hydroxyl and acetamide moieties. Chitin is easily obtained from wide
range of resources in both mariteguatic animals like squid, cuttlefish and clams) and land
(mushroom and yeasts). Large portion of chitin is extracted from exoskeletons of arthropods; for
instance, arachnids (spiders and scorpions), myriapods (millipedes and centipedes) and
Crustaceangshrimp, crab and lobster) are most accessible extraction sdtiféehysical
properties, such as crystallinity, morphology and dimension, vary from source to source and
different pretreatment and preparation routes must be taken accordingly.

Chitin can be converted into chitosanNfacetylglucosamine moieties undergo partial
deacetylation to form Bylucosamines. Although there is a lack of universal criterion or consensus
established to define what constitutes chitosan, many literatures label chitin with deacetylation
degree greatehan 50% as chitosan. Compared to chitin, chitosan is relatively easier to handle
and process; while chitin is insoluble in many inorganic solvents, chitosan is readily soluble and
stable in aqueous acidic medium (pH<6) due to their araiMidz) groups Since amine has &@a
of 6.3, it protonates in acidic surrounding and allots positive charge. The suspension is thus
electrostatically stabilized by repulsive forces as well as facilitates chemical modification to
impose specific functionalities. Hence, chitosan is the nmogbitant and widely utilized chitin
derivative in wide range of industrial applications.

Recently, chitin has been subjected to partial deacetylation such that it endows positive
charge onto the surfa¢®?’495! Electrostatiarepulsion generated by the charge facilitates chitin
processing in acidic suspension, especially when coupled with mechanical treatment to

disintegrate microfibrillar bundles into finer fibrils via longitudinal cleavage. The resulting fibrils



are in nanasale with higher aspect ratio. In addition, when these fibrils undergo more rigorous
mechanical disintegration, such as prolonged ultrasonication, transverse cleavage can occur such
that some of the long fibrils are truncated into shorter, fragmentels fiBigure 1.5).°%°21n this

case, fibers are not fibrillar, per se, but rathetiga-like. Highly crystalline and rotlke structure

is achieved if chitin undergoes suitable chemical treatment that eliminates the amorphous regions
of the microbundles while leaving the crystalline domains intact. Therefore, chitin exists in two
morphologies with different aspect ratio depending on processing methods: chitin nanofibrils

(ChNF) and chitin nanocrystals (ChNC).

Three crystalline allomorphs of chitin

Hydroxyl groups and acetyl amides are responsible for forming iatchintermolecular
interactions with adjacent chitin chains to form a shé&t.These layers are then capable of
forming hydrogen bonds with nearby sheets to form high crystalline structures. Although it differs
from the natural origin, the alignment dictatbe crystallinity of the material and thus determines

the overall stiffness of the material. Three different crystalline forms are obtained depending

on the orient adthiotd ho,ft iGotitie*h®h eet s: U

The mostomnipee nt al | omor ph, t-dhitinsSuthifogrhid agcessidep | or e
in most of the shells of Crustaceans, insects and many more. In this form, chitin sheets orient
themselves in anfparallel fashion in respect to each other to maximize hydrogedirmpmwith
the adjacent shedfigure 1.6) . A's  &ahitin possedsds the highest crystallinity and stability
compared to the remai ni n gchitalisl aharecteriged oy high n ot |
crystallinity induced by anfparallel packing for mamum interaction. High crystallinity and

densely packed layers hamper most solvent to penetrate through the structure hence prevent



swelling and solubilizing. Remaining two allomorphs of chitin are less prevalent and thus are not

i nvest i gat ectitinafshitimsheets aligrsparéllel to each other and orient in the same

d i r e c-thitiroanystallibe structure is achieved. In this arrangement, chitin layers are bound
together by weaker interactive forces as some hydrogen bonding possikaiteeseduced. As a

r e s uchitin has bigher reactivity and is soluble in some solvengs ( f or mi c -chitm.i d) t h
b-chitin is most prevalent in squid pen, tubes of pogonophoran and many more, and each of them
possesses different physical propexted e pendi ng on t he ehithisthet i on
least common and hence least studied crystalline form of chitin. It has bo{maeaitel and

parallel arrangement, with every third chain positioned in opposite direction to the two preceding
chains. Il n shmpiliaer swowuds$ ur® hi ¢ i -ahitiaarangdmendt i on

Unl ess noti fied, most -chiin. t he NChs referred he

13 UTILITY OF BIO -BASED MATERIALS

While bio-based materials still occupy small percentagfethe total market, the global
trend predicts that the interest and the use of these new class materials will continuously grow in
the future>®>>* There has been a noticeable increase in the number efgyé@ved publications
and patents associated with the use oflaised polymers in different fields of applications
(Figure 1.7a,b, especially in plastic industries. éarding to the Institute for Bioplastics and
Bi ocomposi t exh@pr@ciiod capaeitesaf izgsed plastics have been gradually
increasing and forecasted that the production capacities will reach a total of 4.35 million tonnes by
2023, where 59.9% is bisased yet noiiodegradable plastic and raming 40.1% is
biodegradable plastid-{gure 1.7c,d. The use of these materials not only covers the packaging

fields but also expands into ngackaging sectors, such as in textiles and automotive industries.



With the growing trend, the market of Hi@msed materials will continue to rise in diverse areas
and substitute petroleutrased products to mitigate the dependence of dwindling raw resources as
well as reduce environmental adversity. Nanocellulose and most recently nanochitin have been
addressed in numerous studies to understand the fundamentakesisties and behaviors in

liquid and solid forms. This allows to develop and engineer products such that it will result in

optimum outcomes for targeted applications.

1.3.1NANOCELLULOSE IN AQUEOUS SUSPENSION
Rheology of fibrous nanocellulose

Owing to dundant hydroxyl groups on the surface, MFC, CNF and CNC are considered
highly hydrophilic that remain stable in aqueous environment at ambient cortéiiitile MFC
forms a stable suspension via extensive hydrogen bonding as well as interfibrillar entanglement,
both CNF and CNC are electrostatically stabilizedhgjyr surface charges introduced during their
fabrication (e.g. TEMP&xidation and sulfuric acid hydrolysis, respectively). In rheological
terms, all these pristine suspension exhibits stiéaning and thixotropic behaviors. Rheological
characterizatin is essential for these types of materials especially in the coatings and food
industries; however, due to the complex nature of nanocellulose, meticulous protocol must be
taken to obtain consistent and reproducible rheology profiles. For example, Naderi
Lindstrdom®’ have emphasized the importance ofghnearing® obtain reproducible data for CNF
mixtures. In addition, nanocellulose suspensions display concentsatigitive rheology; higher
loading leads to higher viscosity as well as strongenggtork formation. Powelaw relationship
(3-C°) between shearrstss and uncharged CNF concentration has been established by Batsumi

al. with exponential valuebj of 2. Thisb value agrees with the study performed by Naderi,
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Lindstdm and Sundsiim > where they also determined similar poviaw relationship ¢~C°)
betveen viscosity and carboxymethylated CNF concentration. Because of their highly entangled
nature and surface charge, MFC, CNF and CNC are prone to changes when exposed to different
conditions and alter their rheological behaviors.

Microfibrillated cellulcse, when dispersed in water, exists as slurries, and portralylsegel
properties even at a low loadiA@?® Such suspension exhibits the most complew fi@haviors
mainly due to its nonuniform fibril distribution as well as multiple flocs size. Multiple studies have
performed rheology on MFC slurries and encountered peculiar flow properties, such as wall
depletion, shear banding and double yield strests et al?* have presented a rigorous rheological
study on MFC suspension, whetleey have designed experiments to understand the time
dependent and shedependent viscosity profiles. They have first found the viscosity hysteresis
loop at low shear rate region for 1% MFC dispersion when it was subjected to incred<g0(D.1
s1) anddecrease (1060.1 st) shear rate sweepifjure 1.89. They have postulated three network
structures that form under shear:

1. No shearstructure zone (yield stress)

2. High shear structure zone (high viscosity)

3. Low shear structure zone (low viscosity)

No shar-structure zone is the initial percolated gel structure MFC dispersion possessed when it
was loaded onto the rheometer. In this stage, structure is held together by strong fibril entanglement
and hydrogen bonding and remains intact unless the appliadrshes t,)owesanes(ta yield

stress. As the shear rate increases, shear skessds the yield stress and the initial structure
gradually breakdown, leading to decrease in viscosity. At certain shear rate, viscosity increases as

fibers start to afjn along shear, facilitate hydrogen bonding and thereby generatarshesed
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structure. Viscosity continues to increase until it reaches a maximum, a point where high shear
structure is formed. Although further increase in shear rate breaks the nawbdfstructure to
some extent, the viscosity values in this regime is greater than a hypotheticaihsireag
viscosity profile projection achieved at earlier state. When going the opposite direction, from high
to low shear rate, viscosity values overddfthe high sheanate zone. As shear rate decreases, the
velocity is insufficient to form the extensive hydrogen bonding that was originally induced by the
high shear rate; thus, the structure rearranges and generate new low shear structure. The gap in
between two viscosity profiles (obtained from up and down shear rate sweep) is known as the
hysteresis loop. Just like the flow instability shown in this study, many people have observed
anomalies and fAkinko i n the pensiensMBGand/CNB)ratof i | e
intermediate shear rate regiotf Different efforts have been set forth to mitigate the instability;
For example, Nechyporchuk al>® have successfully inhibited wall slip by incorporating serrated
geometriegor MFC suspensian

Recently, Facchinet al?? have performed detailed rheological studies on MFC dispersion
to unveil the floc dynamics that may be responsible for the kink as well as microstructure recovery
over time Figure 1.80). At initial stage, MFC exhibits gdike structure that remains intact at low
shear rate. Under moderate shear, structure begins to break down into anisotropic floc structures
resembling a log oriented perpendicular to the shear direction. Furthersmaneshear disrupts
the anisotropic structure and breaks it down into spherical flocs which eventually becomes smaller
at higher shear rate. Both floc structures have been confirmedhvgitia rhecoptical imaging of
the suspensions at shear rate @ 0land 1008 The authors have concluded that the morphology
of flocs formed is sensitive to applied shear rates and the shape transition, from elongated

anisotropic flocs to spherical isotropic flocs, is responsible for the kink. Moreover, they have
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proposed a twstep yield mechanism in which the samples undergo double yield stress: primary
yi el d 8 occuessvisen thelpercolated network transits to anisotropic flocs and secondary
yi el d 4 teferste the t{ansition from anisotropic toti®pic flocs. This mechanism has
been elucidated by an-ttepth study on microstructure recovery of MFC dispersion by conducting
a series of dynamic oscillation rheology. The
after structure breakdown withpplied shear stress, hence flocs morphology. Three different
scenarios have been givdfiqure 1.80):
1. No percol ated network bregajkdown; intact n
2. Partial network breakdown; ipna<@mpl ete mic

3. Completenetworkbreakdownco mp | et e mi crostywjct ure recov

Anisotropic and isotropic flocs are formed for second and third scenarios, respectively. Large voids
prohibit the anisotropic flocs to reform into an original homogeneous network; resutgng in
incomplete microstructure buildup even at rest. In contrary, smaller sized isotropic flocs are

capable of rebuilding and returning to its or

Rheology of crystalline nanocellulose

Steadystate rheology of CNC suspeosiis analogous to that of fibrous nanocellulose
suspensions with small differences. Both suspensions displaytBhreang profiles; however, at
same concentration, the viscosity of CNF is higher than that of CNC suspensions. These
differences can be attuted to numerous factors, such as but not limited to surface éfi&gad
aspect rati$f °. Just like CNF, CNC siws concentration dependent steady shear and dynamic
oscillation rheology; viscosity and modulus increase with increasing CNC concentratoal $i

have reported decrease in viscosities of CNC with respect to acid hydrolysis time (hence aspect
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ratio). They havshown gradual reduction in viscosities with increasing hydrolysis time (decrease

in aspect ratio). In other independent work, Shafabetet al®® have demonstrated thedfect of
ultrasonic energy input on rheological features of CNC suspension: increasing energy input leads
to viscosity dropFigure 1.9). Furthermore, CNC suspension develops three different regimes in
the profile, two shear thinning domains and platéamnains at low, high and intermediate shear
rates, respectively. Such viscosity profile with three pronounced regions is typical characteristics
of liquid-crystalline polymers$! Shear thinning behavior at low shear rate is attributed to the
alignment of the cholesteric liquid crystalline domains and wheset domains completely algin

in the shear flow direction, plateau region is reached. Secondary shear thinning behavior is
achieved at high shear rate because the applied shear stress overcomes the liquid crystalline
alignment and breaks these domains inttividual nanocrystal rods. At this point, nanocrystal

rods orient in the flow direction. Increasing ultrasonic energy input brings out these three regimes
distinctly mainly due to breakdown of gel structure. As the gel structure is disrupted, CNC rods
are no longer restricted and thus have the liberty to disperse and exhibit mesomorphic flow profile.
This phenomenon has been captured by real time polarized optical microscopy imaging where they

have observed birefringence and chiral nematic domgigare 1.9).

Liguid crystalline phase behavior of crystalline nanocellulose

Just like other cellulosic and cellulose derivatives suspensions, CNC suspensions are well
known of exhibiting lyotropic mesomorphic behavior above a critical concentration, wiegre th
spontaneously phaseparate into isotropic (upper) and anisotropic (bottom) pH:sE<?
Within anisotropic domain, CNC particles spontaneously organize into layers along the direction

of cholesteric axisKigure 1.1(), driven entropically as well as inherent twisted geometry of

14



CNC particles. Each layer is slightly ented with respect to adjacent layers and forms helicoidal
structure with lefhanded chirality. The distance required for stacked CNC layers to complete a
360° rotation is known as the helical pitch. Such chiral nematic arrangement is easily visible under
crossed polarizers, with distinct fingerprint patterns prevalent throughout the phgsee (

1.1(). Ever since the first report on cholesteric arrangement of CNC suspensions bgtRévol

in 199273 mesomorphic properties of CNC suspension have been illuminated extensively even till
now. Critical concentration is thparameter that determines whether CNC suspension will undergo
phase separation into isotropic and anisotropic domains. There are numerous stimuli that influence
critical concentration, such as surface ch&fdé/* Sonic strength® ’° andaspect ratié’ 8782 As

CNC patrticles exist as colloids in water, change in their chemistry impacts not only the colloidal
behavior but also the mesomorphic behavior.

Changes in surface properties, such as surface charge density and functional groups, affect
the overall stalities and colloidal properties, as electrostatic double layer is affected. For
example, CNCs hydrolyzed with sulfuric acid organize into cholesteric structure whereas the ones
derived from hydrochloric acid with pestaction sulfonation only reflect leiiringent glassy
phase’® Dong et al’® have illustrated the effects of ionic strength on the phase transition from
isotropic to biphasic phase of CNC suspensions by adding different amdwaCbfThey have
measured the volume fraction of anisotropic phayag a function of CNC concentrations, varied
NaCl loadings and extrapolated the dats() and reported critical concentration of the suspension
as a function of NaCl conterfRhase sepation and critical concentration are dependent on the
amount of NaCl added to the suspension; as ionic strength increases, critical concentration
increasesmeaning that phase separation occurs at a higher CNC concentration in the presence of

electrolytesHonorateRios et al®2 have performed a rigorous fractionation studies in which they
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have separated CNC paraslbased on the length by undergoing systematic phase separation and
extraction. Fractionation is @E&ddmmidichdongerdodon t he
reside in anisotropic phase whereas shorter ones remain in isotropic phase. They have confirmed
that longer rods, thus CNC patrticles extracted in anisiotdmgnain, spontaneously phase separate

at lower concentration than the ones extracted in isotropic donfagwsd 1.11); therefore, rods

with higher aspect ratio have lower critical concentration value than those of lower aspect ratio.

This lyotropic behvior and associated critical concentration of CNC suspensions have also been

recently demonstrated by Facchiteal3* using isothermal titration calorimetry.

1.3.2NANOCELLULOSE IN SOLID FILM

Nanoscience and engineering have been extensively studied for pastsdeecalese of
the positive influence it brings to the systewen at small loadingOne field of nanoscience deals
with developing nanoscale fillers used for tuning specific features of polymers and polymer
composites. Nansized reinforcing agent displagggnificant modification in the final material
properties (especially mechanical properties) even with the low filler fraction in polymer matrix.
Owing to its threadlike nature, nanocellulose exhibits high aspect ratio and thus is a promising
candidate as green nanofiller. Adding them into polymeric matrixaipotential solution to
overconing the downsides of conventional hybrid composites. One of the first ubé#istlates
to 1987 in which nanocellulose was applied as a reinforcing agents of different thermoplastic
matrices (polypropylene, polysgme and higldensity polyethylene® The results were oppibs
to what could be expected; mechanical properties were inferior to the mechanical strength results

of prehydrolyzed cellulose/polymer composite. The researdm@veattributed this outcome to

16



excessive agglomeration of the fibrilserefore denouncete possibility oMFC as a reinforing
agent and accentuated the importance of dispersion state inside the polymer matrix

Regardles considerable efforts have been made to achieve good dispsetateand
distribution of nanocellulosmainly by funcionalizing the surface or adapting different processing
method (e.g. melt extrusiof}®’ Fibrous and crystalline nanocellulose have their mhititie
advantages over each other; for instance, disordered domains of fibrillated nanocellulose offers
higher flexibility whereas morphological advantage of crystalline nanocellulose facilitates
distribution throughout the matrik.has only been few dades till people realized the significant
reinforcing effect nanocellulose brings even with small nanofiller loading. Numerous polymer
matrices, including thermoplastics and thermod®se beeriunctionalized with different types
of nanocellulose. Polyme composite with advanced and superior properties than the

homopolymeric systernas beesuccessfully designed.

Fibrous nanocellulose incorporated nanocomposites

Due to their high aspect ratio, CNFs have been incorporated into many polymer matrices
to form a network structure that can enhance the mechanical properties. This network plays a
significant role in delaying or dampening the failure mechanism of the oampasite. One of the
key issues associated with CNF incorporated composite system is the unavoidable aggregation
ensued by dense surface hydroxyl groups. The majority of conventional polymers are known to be
nonpolar; thus, adding inherently hydrophilic EMto hydrophobic matrix results in macroscopic
phase separatioithe overall performance and the extent of improvement are dependent on the
dispersion state &ENF within the bulk. The physical interaction between nanofiller and polymer

is important; theefore, homogeneous dispersionGNF is an important parameter that must be
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controlled to achieve maximum benefanofillers can offerUnless it undergoes suitable surface
modification to overcome se#fssociation and improve interfacial attraction kestw CNF and
matrix, CNF domains are excluded from the polymer matrix and negatively impacting the
nanocomposite performance.

Taking advantage of its abundant hydroxyl groups, CNF is vulnerable for surface
functionalization and can engender versatile priogeerlt is one of the easiest methods to improve
the dispersion state and thereby maximize reinforcing effect. Surface treatment can occur in two
different routes, via physical and chemical means. Physical functionalization involves adding third
reagente.g. surfactant&®® or block copolymer®°!into CNF suspension followed by simple
mixing such that the hydrophiland hydrophobic parts interact favorably with CNF and polymer,
respectively. In other words, the third reagent is acting as a bridge to connect CNF and polymer
together. As the reagent coats the surface of CNF, surface hydrophilicity and polarity eee redu
and thus improves the interfacial interaction between CNF and the matrix. Such synergistic
interplay improves the compatibility and the dispersion quality, which eventually leads to
significant enhancement in nanocomposite bulk properties. Sakaktbalt® have designed an
experiment to illustrate the relationship between dispersion state and mechanigay intgng
diblock copolymer with polar and nonpolar counterparts. In their experiment, they have prepared
poly(lauryl methacrylateb-poly(2-hydroxyethyl methacrylate) (PLANM-PHEMA) adsorbed
CNF by simply mixing these two materials together with homizgenCoated CNF is then
incorporated into higldensity polyethylene (HDPE) via twscrew extruder to produce
homogeneous CNF/HDPE nanocomposite with various composition ratio. They have confirmed
uniform distribution of modified CNF throughout the matwkh little sign of aggregates, even

with 10 wt% CNF addition. Resulting nanocomposite displays superior mechanical properties
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compared to the pristine HDPE, with increased

and 84%, respectively.

While physicad modification occurs with reagent adsorption or ionic complexation,
chemical modification involves substituting new functional groups by breaking and reforming the
covalent bonds. Substituting hydroxyl groups with more hydrophobic moieties reducestitg pol
of CNF and improves the dispersion state, which is reflected with enhanced bulk properties of the
solid film. For example, modified CNF has been used as a reinforcing agent for poly(lactic acid)
(PLA).*Z% Donget al® have grafted PLA onto CNF surface to improve the compatibility of CNF
in PLA via ringopeningpolymerization using Hlactide monomers. In addition, Jono@bial. *®
have fabricated PLA nanocomposite with superior mechanical properties by incorporating
acetylated CNF. Other surface chemical functionalization includes TEMRAtion?’2897
silanization®® 192 and polymer grafting®®1°¢ regardless of different reaction chemistry, all these
modifications have the same objective of modulating the surface hydrophilicity praling the
dispersion state of CNF in honpolar matrix to achieve maximum reinforcing effect.

Cellulose nanofibrils can also be incorporated into hydrophilic polymer without
undergoing further surface treatment. However, due to their hydroxyl groupseantkitdency
to aggregate, appropriate mixing protocols must be taken in order to ensure uniform distribution.
One of the simplest methods to achieve good dispersion state is by first applying external energy
(e.g. ultrasonication and homogenization) af tBNF/polymer mixture. This can be frequently
observed in natural polyméased nanocomposites, such as thermoplastic starch. Peliss&H
have prepared CNF reinforced banana starch nanocomposite films by solution casting from
mixtures collected after higbressure homogenization. They have varied the number of passages

through the higkpressure homogenizer for each blend associated it with different material
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properties, such as water resistance, crystallinity, mechanical, optical, and thermal properties. They
have credited the properties improvement to CNF dispersion quality; more uniform CNF
distribution is achieved withultiple passage. Therefore, they have highlighted the importance of

mixing protocols to generate CNF reinforced nanocomposite with superior properties.

Crystalline nanocellulose incorporated nanocomposites

Cellulose nanocrystals have also bemorporated into different types of polymers mainly
due to their geometrical and surface properties. TheHlikedshape allows easy dispersion in
different polymer mixture without encountering entanglement problems as well as facilitates
processing. Fainermore, the negative charge that is introduced during their synthesis (except acid
hydrolysis with hydrochloric acid, in which no charge is imparted) plays a key role in
electrostatically stabilizing the polymer mixture and averts particle aggregatmrfurther
functionalization is necessary when incorporating CNC into hydrophilic polymers, such as
poly(vinyl alcohol) (PVA}°®10 and waterborne polyurethane (WP due to similar
polarity. In this case, nanocomposite films can be obtained by simple solution mixing followed by
casting and evaporation. Due to their geometrical advantage, CNC has freedom and mobility to
move around and arrange itselfform a percolating network in the agueous polymer dispersion.
Such percolating network is integral in giving mechanically robust nanocomposite films. Although
solution casting method is one of the simplest and prevalent methods, such method edrastrict
hydrosoluble polymers and may not be applicable when incorporating CNC into hydrophobic
medium. Different approach needs to be taken to ensure good distribution of CNC and interfacial

interaction between CNC and host polymer.
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For the case of nonpal polymer matrix, CNC surface modification, either physical or
chemical, is one of the conventional approaches taken to reduce interfacial surface energy and
improve its compatibility with hydrophobic polymers. Just like CNF, CNC is susceptible to diverse
functionalization because of their hydroxyl groups and till now, several attempts have been already
made to modulate the polarity of CNC surface. For example, hydrophobic CNC has been
fabricated by simultaneous Fischer esterification of hydroxyls andolygis of amorphous
domains of cellulose chains in a singtep process:In addition, polymer can be directly grafted
onto ONC surface by taking graftinfr om appr oach, S u echprolactonep r af t i
(PCL) via ring opening polymerizatidf® This modified CNC is then combined into PCL matrix
and the resulting nanocomgite exhibits significant improvement in mechanical properties, in
which Youngés modul us of 5-graftedCR@ indorporation.Thise v e d
is a drastic increase from 231 MPa and 253 MP.
unmadified CNC/PCL nanocomposite films, respectively.

Despite being weaker than the covalent linkage, physical interaction has been commonly
utilized to alter the hydrophilicity of CNC and been proven to exhibit competitive dispersion
quality in hydrophobic media. Ljungberget all® have presented their work on nanocomposite
comprised of isotactic polypropylene (iPP) and modified CNC. They have prepared two
functionalized CNCs: one with dace grafted with maleated polypropylene (chemical
modification) and other adsorbed with surfactant (phosphoric ester of polyoxyetBylene
nonylphenyl ether) (physical modification). Compared to the neat iPP film, both iPP with 6 wt%
grafted and surfactasatdsorbed CNC show improvement in tensile properties. Surprisingly,
surfactanicoated CNC has demonstrated higher tensile and elongation at break values in contrast

to grafted CNC/iPP and bare iPP (tensile strength values are 19, 23 and 27 MPa and®lanhgati
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break are 0.08, 0.09 and 0.12 for neat iPP, iPP with 6 wt% grafted CNC and iPP with 6 wt%
surfactanicoated CNC, respectively). Authors have attributed such discrepancy with distribution
state of modified CNC in iPP: surfactant adsorbed CNCs arehmaregeneously distributed than
grafted CNCs and thus are more capable of evenly transferring stress to rigid CNC filler. In
addition, ionic complexation and binding are possible because of the inherent negative charged
imposed on CNC surface during acigirolysis. Nagalakshmaiadt al2® have modified CNC with
poly(styreneco-2-ethylhexyl acrylate) latex particles via ioninteractions to reinforce
polystyrene and Huangt al. have modified CNC with hyperbranched polyethylene ionomers to
reinforce ethylen®lefin copolymer. For both studies, they have confirmed uniform CNC
distribution throughout the matrix. Recent workshbeen conducted by &t al,''” where they
have incorporated physically treated CNC into PLA matrix by solution precipitation approach.
With adding only 0.5 wt% of Nac oupl ed and CTAB coupled CNC,
increased from 1.0&8Pato 1.45 and 1.73 GPa, respectively. Tensile strength of the nanocomposite
increased as well, from 32. 2 MPa to 35.2 and 3.1 MPa, for 1 wt%aiNh 0.5 wt% CTAB
modified CNC, respectively. For most cases, CFBBC/PLA outperforms NaCNC/PLA, and
this is due to better distribution in the matrix which has been confirmed bysgotenal scanning
electron microscopy images. However, further addition (up to 5 wt%) of CTAB brings in
plasticizing effect, thereby ompgodita.ci ng the You
Cellulose nanocrystals have been incorporated into various polymer matrix not only due to
enhanced mechanical reinforcement but also due to interesting optical properties they offer. As
mentioned earlier, CNC exhibits cholesteric liquid crystallphase behavior above critical
concentration and the helicoidal structure is preserved in film as stratified layers. Resulting film is

iridescent with reflecting color matching the size of the helical pitch. Since pitch is easily tailorable
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in the suspesion prior to film formation, one could obtain CNC film reflecting different colors.

Till now, numerous works have been conducted to control the pitch of stratified microstructure to
obtain film with uniform color reflection. Some efforts have thriveddpust the cholesteric pitch

in initial CNC suspensions whereas others sought to apply external forces to impact the assembly
while drying. For example, Klockarst all'® have studied the loagnge ordering of CNC
particles preserved in solid films as a function of anisotropy volume fraction of the initial CNC
suspension. Their findings report timpiortance of equilibration prior to casting CNC suspension
with high anisotropy volume fraction in order to preserve {argge ordering of CNCs to obtain
uniform structural color.

Neat CNC film is highly brittle due to its high crystallinity as well &slack of stress
transferring phases. The brittleness, hence the mechanical properties of the film, can be reduced
by adding a third component that does not compromise the formation of stratified microstructure
responsible for reflecting beautiful colorgéao et all*® have fabricated fidble and humidity
responsive films by simple solvent casting CNC and poly(ethylene glycol) (PEG) mixtures with
varying composition. While neat CNC film is iridescent with multiple structural colors, each
CNC/PEG film with different ratio reflects a singd@d uniform color: 90/10, 80/20 and 70/30
CNC/PEG films give blue, green and red color, respectively. Furthermore, PEG not only aids in
developing uniform chiral nematic domains throughout the film to reflect a single structural color
but also improves thmechanical and thermal properties of the composites. In this case, PEG acts

as a soft phase that allocates and dissipates applied stress and delays the failure.
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1.3.3NANOCHITIN IN AQUEOUS SUSPENSION

The fundamental properties of nanochitin disperbiwve been rigorously studied by many
different fields due to its use in versatile applications. For example, nanochitin particle can be
utilized as the stabilizing agents in Pickering emulst8i€12drug carrie and nonwoven fiber
mat for wound regeneration. Understanding the rheological properties of NCh suspension or
NCh/polymer dispersion is highly integral to ease the processing conditions and develop products

with desirable functionalities.

Liquid crystaline phase behavior and rheological properties of nanochitin suspensions

Partially deacetylated nanochitin can form electrostatically stabilized colloidal suspension
in acidic aqueous environment (pH<6) as the amine groups protonate and entail po$ioee sur
charge. Nanochitin suspension possesses similar properties as nanocellulose suspension in many
aspects; mesomorphic behavior is one of the analogous behaviors they both display. Due to its
geometrical anisotropy, nanochitin exhibits lyotropic liquigstalline phase behavior consisting
of isotropic or anisotropic domains or biphasic domain, depending on the initial nanochitin
concentration. At low concentration, nanochitins are randomly distributed throughout the
dispersion (isotropic) whereas at héglconcentration, they spontaneously-sskemble to give
birefringence and nematic phase behavior (anisotropic). Between these concentration regimes,
critical concentration exists in which isotropic and anisotropic domains cé&xistwithin the
biphasic system, volume fraction of isotropic and anisotropic phadepsndent on the initial
concentration of chitin; increase in initial chitin concentration leads to higher anisotropy phase
volume fraction. At higher concentration, nanochitins can associate with themselves and establish

a nematiegel network. Hence, therare three main phase transitions nanochitin suspensions
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experience as a function of concentration: isotriygibhiasic, biphastanisotropic and anisotropic

gel phase transition. Multiple independent research has been conducted to comprehend the liquid
crystalline phase behaviors and correlate with rheological properties of the suspensions. The effect
of nanochitin dimensioP} solid concentratioh?* suspension pH£*!?>jonic strength*® and
interparticle interactiort$® 122 on the rheological properties of nanochitin dispersions have been
illuminated profoundly and reported the literatures. Understanding the complex rheological
behaviors of nanochitin suspension or nanochitaorporated polymer dispersions is nontrivial

in formulation and processing viewpoints as it allows easy control and tunability according to the
end application.

Li et al}?* have performed rheological measurement of ChNC suspension as a function of
concentration and pH. They have studied stesdie flow behaviors in three different phases
(Figure 1.12). Isotropic ChNC suspensions (ChNC concentration ~ 2%) exhibit-#fiaamg
behavior at acidic environment (pH 2.8, 3.6 and 4.5) with monotonically decreasing viscosity with
increasing shear rates. Both suspension pH and ChNC concentration hayibleegipact on the
flow behaviors as there are minimal interactions among the particles at dilute concentration due to
spacious surrounding.

Sheatthinning is also detectable for biphasic system (ChNF concentration ~5%) at all pH
and the viscosity is plhdependent. In this case, however, two regimes with different slopes are
separated by a sharp transition point and the authors have attributed such outcome to coexisting
phases. Each regime corresponds to breakdown and alignment of anisotropic and jsodsm
respectively. Large viscosity drop at first regime is due to plastic deformation of tactoids. Further
increase in shear rate leads to complete breakdown of these ordered structure into individual

particles. Individualized particles then orien¢tiiselves in the direction of the shear which leads
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to gradual viscosity drop. Similarly, anisotropic suspension (ChNC concentration ~ 7%) also
exhibits shear thinning behavior but with three regimes at pH of 2.8 and 4.5. Plateau is observed
at intermediatshear rates due to full deformation and breakdown of tactoids.

Work of Tzoumakiet al1?® demonstrates the viscoelastic behavior of ChNC suspensions
as a function of concentration, ionic strength and pH. At low concentration (2.4 wt%), ChNC exists
as a viscous fluid where viscous modulus ( Go)
frequency range. However, the ratio of vi scou
decreases as ChNC solid concentration increases, implying transition of the ChNC suspension
from viscous fluid to elastic gel. Similar trend is observed in the preserice el ectr ol yt e
decreases with increasing NaCl content. Positively charged ChNC favorably interacts with
chloride anions, screens the electric double layer, and reduces the repulsive forces of the crystals.
As the barrier weakens, attractive forcesoagn ChNC particles dominate and thereby increases
the chance for nearby ChNC particles to associate and form strong gel network. In the same
manner, increase in pH deprotonates amine groups and thus loses the charge. Crystalline particles
are no longer shalized by electrostatic repulsion and hence are prone to aggregate. For all cases,
ChNC gels show birefringence and nematic structures are evident when observed under cross
polarizer.

Recently, Yokoiet al'?® have discerned a power law relationship between viscoelastic
modul us and concentr at i -chiin dhey have Nelveddownderstand i o n s
the effect of fibrillar structure (aspect ratio) on mesomorphic behaviors and related to dynamic
viscoehstic properties of ChNF suspensions. Four ChNF suspensions of pH 3 have been prepared
in which each suspension is subjected to ultrasonication for 4, 6, 8 and 40 minutes. Ultrasonication

disintegrated the fibril bundles as the turbidity of the suspendemmeased with increasing
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sonication time. As expected, sonication has reduced the aspect ratio of individual fibers since
both longitudinal and transverse cleavage happen with energy input. When observed under cross
polarizers, suspensions sonicated fand 6 minutes contain micresized fibril bundles whereas

those sonicated for 8 and 40 minutes exhibit centirgted birefringent domains. This implies

that fibers have been completely disintegrated into finer fibers that could develop ordered phases.
Their statement has been confirmed by scanning electron microscopy, in which randomly
distributed fibril bundles with nonuniform width and unidirectionally oriented fibrils are apparent

for ChNF suspension sonicated for 4 and 40 minutes, respectivedyris of dynamic rheology,

G6 demonstrates concentrati on Ydewherdenld ipowar
that describes the network structure. An i dese
Gennes]. With increasing sonication tinté, i ncr eases from 2.7 to 3.9
domains of mesophases exist even for ChNF sus|
sonication time increases the liquid crystalline phases which has been confirmed by microscopy

images.

Rheological properties of nanochitin and polymer dispersions

There are numerous factors that influence the rheological properties of mixtures containing
anisotropic particles. Some examples include physical properties of particles (size, surface charge
ard concentration) and others involve physical properties of the surroundings (pH, ionic strength,
presence of other macromolecules). All these variables are known to modulate the interaction
degree among the particles, ions, macromolecules or solvent lpadt, polymers have been
added to alter the stability of colloidal dispersions. Different polymers induce different changes to

the dispersion states; for example, presence ofadsorbing polymers interact with anisotropic
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particles induced by pure eapic interaction known as the depletion force. Such force occurs due
to excluded volume effect, an idea that states molecules cannot occupy space that is already
occupied by other molecules. For polymer coils with radius of gyration greater than thealistan
between the anisotropic particles, these polymers are excluded from the space between two
anisotropic particles. This leads to imbalance in osmotic pressure, forces solvent molecules out
from the space, and attracts the particles in closer togetheitHdoparticles are in closer vicinity,
these particles can aggregate into a percolating network that plays a significant role in rheological
properties, such as gelation and viscoelasticity.

Tzoumakiet al?”*?° have performed independent studies on rheological behaviors of
nanochitin dispersions in the peexe of different polymers. They have investigated six polymers
in total and studied the phase and viscoelastic behaviors of the ChNC mixtures: fadsadsing
(whey protein isolate (WPI), guar gum (GG), locust bean gum (LBG) and xanthan), one nggativel
charged [-carrageenan) and one positively charged (chitosan) biobased polymers. For all studied
ChNC/WPI mixture compositions, they have observed concentration sensitikeedethaviors.
While keeping WPI concentration constant (3 wt%) aad/ing ChNC concentration from 0.4
2. 4 wt %, higher G6 modulus is achieved for 2.
strong gel network. Such elastic response is two order of magnitude greater than the one obtained
with 0.4 wt% ChNC addition. Idet i c a | concentration dependent
mixture with constant ChNC concentration (1.3 wt%) and varying WPI concentrat®wi®%);
increasing WPI concentration up to 6 wt% resu
t han |@®e threaughout examined frequencies. The authors confirm negehtimetwork
formation wusing polarized optical mi croscope

tam values. They attribute the gel network formation to inevitable phase sepdhatiatcurs
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via depletion flocculation. Similar trend has been observed for other mixtures containing non
adsorbing biobased molecules (GG, LBG and xanthan). Positively charged polysaccharides
(pullulan and chitosan) did not ensue remarkable changes toablegical properties regardless

of their noradsorbing nature (repulsive forces). Polarized optical microscopy confirms lack of
mesophases developed in these mixtures, further accentuating the contribution of nematic structure
in developing strong geletwork.

Chitin nanocrystal dispersion has shown significant gel strength with the incorporation of
oppositely charged polymerg-carrageenan as a result of electrostatic association. Elastic
modulus has increased almost five orders of magnitude witkasicrg ChNC concentration from
0.3 to 1.5 wt% while keepinfrcarrageenan concentration constant at 0.05 wt%. Sign of nematic
gel arrangement is evident for mixture with higher ChNC concentration. Interestingly, opposite
behavior is observed when increagjfrcarrageenan concentration from 0.02 to 0.2 wt% while
mai nt aining ChNC concentration constant at O.
value has increased by three orders of magnitude. In other words, such mixtures do not develop
geknetwak and behave more like liquid as viscous modulus dominates elastic modulus at
frequency range studied. Negatjsearrageenan and positive ChNC electrostatically interacts to
form an ionic complex; however, since there are limited amounts of chargesalaaailable for
interactions [ -carrageenan becomes saturated at higher content. As a result, exeadsanbad
J-carrageenan can impact the viscosity of the system that could eventually interfere with the
tendency of ChNC developing nematic alignméatk of mesophases restrict network formation,

thereby reduces the elastic response.
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1.3.4ANANOCHITIN IN SOLID FILM

Numerous inherent advantages are associated with nanochitin, such as but not limited to
biodegradability, nontoxicity, renewability andtamicrobial properties. Furthermore, owing to
their inherent high crystallinity, nanochitin possesses superior physical properties. It is not
surprising that many works have been devoted to fabricating-bdéSbd materials or NCh

incorporated hybrid nanootosites.

Nanochitin-based materials with superior properties

One of the simple protocols to obtain nanochitin film is by solvent casting and evaporating.
Fanet al>! have produced optically transparent films from four aqueous sNGpensions. Each
NCh has been treated differently to obtain four different types of NCh with different morphology
and surface functionalities. The authors have prepared four films cast from TBkM&#Zed
ChNC (TOChNC), partially deacetylated ChNC/ChNrixture (PDNCh), HCkhydrolyzed
ChNC (HHChNC) and squigpp e rChRF (SQChNF) suspensions. Physical properties, such as
morphology, mechanical properties, thermal properties and oxygen permeabilities, have been
recorded and compared. Out of these foumdil PDNCh film exhibits the highest mechanical
properties, with Youngds modulus and tensil e s
castfromSCh NF suspension displays the | owest mech
and tensile streriy of 1.2 GPa and 36 MPa, respectively. The authors reason such outcome to
physical properties of PDNCh; PDNCh has higher crystallinity and high aspect ratio in
comparison to other suspensions. Regardless of these differences, all films have siméar oxyg

permeabilities of 1 mL um rhday? kPa’.
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Nanochitin by itself can be developed into a s#dinding hydrogel if it undergoes
appropriate protocol. For example, latial1*°have successfully fabricated shgally crosslinked
robust NCh and p¥séensitive hydrogels with low mass content (0.2 wt%) via gas phase coagulation
method. The authors have undergone two surface modifications to yield two types of NCh with
different functional groups, one with amine aadother with carboxylic groups by partial
deacetylation and TEMPOxidation, respectively. In short, two hydrogels with different base
materials have been prepared from partially deacetylated NCIN(H) and TEMPGoxidized
NCh (TONCh) suspensions and pestive physical properties have been characterized. Both
treated NCh suspensions are placed inside a closed chamber filled with either ammonium
hydroxide (for PBNCh) or hydrochloric acid (for T@ICh) solutions. After 12 hrs, both
suspensions are trangfoed into tough hydrogels as volatile ammonia or hydrochloric acid diffuse
into the suspensions and neutralize acetyl or carboxyl groups. Resulting hydrogels portray superior
mechanical properties as storage modulus exceeds loss modulus at all frequemey asgvell
as effective dye adsorption capabilities due to ionic surface charges. In separate work, the authors
have fabricated chemically crosslinked ChbHsed hydrogels and cyrogels via ice templating
method!®! In this work, they have prepared ulomg ChNF via microfluidization and used
glutaraldehyde as the crosslinker and prepared hydrogels and cyrogels of varying mass ratio of
ChNF to glutaraldehyde. Ryared hydrogels and cyrogels are porous, possess superior mechanical

integrity as well as shape recovery upon compression.

Nanochitin incorporated hybrid polymer nanocomposite
There are several methods reported in literatures on the production of itianoch

incorporated polymer nanocompositézew examples of preparation methods include
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electrospinning?? 135 melt extrusions® 13° and solvent castintf? 1#?> Regardless of preparation

methods or processing techniques, many prior works illuminate the positive outcomes and bulk
property enhancement induced by wdiBpergd NCh in polymer matrix. In other words,
dispersion state of NCh is an essential factor that must be controlled to obtain optimum final
property enhancement. Junkasesh all®® have produced newoven fibrous mats from
ChNC/PVA aqueous dispersion with differamncentration ratio via electrospinning. Compared

to pure PVA fibrous mat, ChNC incorpoarated PVA electrospun mats show tremendous

i mpr ovement i n mechanical properties; maXx i mur
ChNC/PVA ratio, increasing from 35.8 278 MPa whereas that of tensile strength is achieved

with 5.1% ChNC/PVA ratio, increasing from 4.3 to 5.7 MPa. Furthermore, the authors have cast

films from these dispersions and measured the mechanical integrities of the nanocomposites. As
observed of Ybrid fibrous mats, addition of ChNC into PVA matrix leads to enhanced mechanical
properties. Youngds modulus and tensile stren:
20.1 to 45.2 MPa, respectively, at ChNC/PVA of 25.4% and 17.7%, respectively.

Separate study on the bulk properties of electrospun PVA/ChNC fibrous mats has been
conducted by Kimet al. recently*3* In their work, they have compared mechanical integrities,
thermal stabilities and dye adsorption efficiency of ChNC reinforced PVA mats and chitosan
nanocrystals (CsNC) reinforced PVA matsn3ie strength reaches maximum values of 5.92 and
5.21 MPa with addition of 2.5 wt% ChNC and CsNC, respectively. Such improvement is assigned
to homogeneous nanofiller distribution along with higher degree of hydrogen bonding with PVA.
However, further inease in nanofiller content deteriorates the strength due to higher propensity
of nanopatrticles to aggregate. In addition, addition of ChNC and CsNC results in improved thermal

stability and increase in hydrophilicity. In terms of dye adsorption, pure iR&t®performs better
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in removing methylene blue than nanocrystal functionalized PVA mats. This is mainly induced by
electrostatic repulsion between cationic dye and cationic nanofillers.

Electrospun poly(vinylidene fluoride) (PVDF) reinforced with 0.5 anvad% ChNC mats
have been prepared by Gapial > for use in filtration applications. Compared to pristine PVDF
mat, incorporing 0.5 and 1 wt% ChNC leads to an increase in pore diameter as well as BET
surface area. Furthermore, both thermal stabilities and mechanical properties have improved with
ChNC addition. Decomposition temperature of PVDF mat has increased from 404128 G
with 1 wt% ChNC. In terms of mechanical properties, incorporation of ChNC results in higher
tensile strength but decrease in elongation at break with 0.5 wt% ChNC addition. Pure PVDF mat
has tensile strength and elongation at break of 2.32 MPaZag#o,/respectively whereas those
values of PVDF with 0.5 wt% ChNC are 3.34 MPa and 57.7%. The authors have reasoned the
increase and decrease in tensile strength and elongation at break to higher interaction degree
between ChNC particles and PVDF matrixiggmor ChNC dispersion state. Interestingly however,
PVDF mat reinforced with 1 wt% ChNC demonstrates improvement in both tensile strength and
elongation at break (5.78 MPa and 136.1%, respectively) mainly due to percolating network
formed by ChNC partice Finally, adding ChNC leads to increase in hydrophobicity of the
composite mat; therefore, ChNC incorporated mat reveals higher oil rejection percentage of 99.7%
which is more effective than commercial PVDF membrane.

Butchosaet all*® have combined bacterial cellulose (BC) and ChNC together to obtain
antibacterial composite films. The authors have introduced ChNCHB@omatrix via two
processing techniques:-gitu biosynthesis and pestodification. For irsitu biosynthesis, BC is
first cultivated for 7 days before ChNC is added into the cultured medium. Mixture is left

unperturbed for 14 days to obtain a hybridipkdl After rigorous rinsing, the pellicle is airied
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to yield BC/ChNC composites. Peasiodification follows the same procedure assitu
biosynthesis, except ChNC is not incorporated in the cultured medium. After BC pellicle is formed
and rinsed, it isubjected to high speed blender to give BC suspension. Chitin nanocrystal is then
added to the suspension, mixed overnight, filtered through a membrane and vacuum dried at 93
°C. Nanocomposite fabricated viasitu method reveals higher mechanical propsithan post
modified nanocomposite due to higher degree of hydrogen bonding of BC and ChNC. They have
also confirmed that the antimicrobial efficiency is dependent on the ChNC concentration.
Similarly, Salaberrit al.have impregnated both ChNF and\Ehinto starch matrix and obtained
improved mechanical properties, barrier properties and antifungal activities ayspesigillus

niger. Separate study conducted by Mushial. also demonstrates superior improvement of
ChNF/chitosan nanocomposite filims mechanical properties, further emphasizing the potential

of ChNF as nanofiller in chitosan matrix.

Recently, Zhanget all* have prepared hybrid hydrogels and aerogels from
nanocellulose/nanochitin mixtures. Hydrogels are prepared by simply mixing CNF and NCh
mixtures at different concentration ratio. The underlying mechalissen on t he mat er i a
assembly nature driven by synergistic interplay between electrostatic interaction and hydrogen
bonding of negatively charged CNF and positively charged N&ule 1.13). Resulting
hydrogels are then subjected to lyophilization dbtain porous and ultralight aerogels.
Furthermore, these fabricated aerogels have excellent reversible adsorption capacities for
methylene blue and toxic metals, such as arsenic, making them reusable for multiple cycles. In
separate work, Pergj all* have also shown the potential of utilizing PVA/ChNC hydrogels as
drug carriers. They have demonstrated significant improvement in mechanical integrities as well

as swelling capacities of PVA hydrogels with incorporation of ChNC, as the atrizshkire and
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swelling ratio increased almost 17 times and 7000% its original value with 40% ChNC addition.

In addition, the authors have proven that ChNC facilitates the drug release process.

1.4CONCLUSIONS AND FUTURE PROSPECTS OF BIO-BASED MATERIALS

Ever since the Industrial Revolution, the field of science and technology experienced rapid
growth that led to countless technological advancements. Although these breakthroughs made
positive impacts to the humanity in several aspects, our environmetd bBadure the aftermath
of the development and suffered severely. Countless efforts were put in forth to combat the global
environmental threats and to establish sustainable future. One counteracts to overcome the issue
was by utilizing materials derivedoim natural resources to alleviate our dependence on dwindling
petroleum fuebased products. It had only been a few decades since people realized the
outstanding features of these {nased materials when they are extracted at nanoscale and
tremendous preerty enhancement when they are incorporated into different polymer matrix.
Understanding the fundamental properties oftiased materials have been a nontrivial task to
exploit them in appropriate applications and maximize the synergistic material enpgot:

Nanocellulose and most recently nanochitin have gained considerable interest and been
extensively studied globally in industry and academia. Till now, significant efforts have been
reported to efficiently extract and purify nanocellulose and natindtom their original sources,
unveil their fundamental properties and optimize their utility in different emerging application
areas. Although both nanocellulose and nanochitin possess countless advantages and attractive
features, there still exist lifations and these gaps must be considered and filled in to further
expand the usage of nanocellulose and nanochitin in broad spectrum of applications. Nanocellulose

limited market size and high costs are two examples of issues that must be addressed prior
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commercialization. Despite having large number of polymer composite industries, manufacturing
large quantities of nanocelluleggcorporated polymer system is a challenge as less than 1000 tons
of nanocellulose are produced per y¥arSince most of nanocelluloses have been recognized
within couple decades, most of them are produced in laborstaig rather than industriatale.

Such scarce supplies subsequently leadéoariced end product of 10 USD per dry kg. Therefore,
there needs to be a transition from laboratewel to industrialevel production by increasing the
nanocellulose manufacturing market quantities. Upscaling will boost the production capacities,
redwce the current costs, and finally enlarge their use in existing and evolving markets.

Both nanocellulose and nanochitin are attractive materials because of their physical
properties including high surface area, strong mechanical integrity and versatiggoap
functionalization. However, there are material restrictions associated with nanocellulose that need
to be overcome before commercialization. For example, pure nanocellulose or nanoeellulose
incorporated polymer composite is susceptible againstiditynThese products swell in wet
surroundings, lose their inherent mechanical strength, and restricts their uses. Various attempts
have been performed to alter the surface chemistry by exchanging the hydroxyl groups with more
hydrophobic side groups. Thnot only increases the hydrophobicity of nanocellulose but also
improve the compatibility between nonpolar polymer matrices. However, such surface treatment
has been initiated only at a laborat@gale and more efficient protocols must be developed to
accelerate and lower the energy consumption associated with production. On the same note, there
is a need to facilitate nanochitin preparation and upscale production quantities, as nanochitin has
just recently been recognized as the new class dbdsed mterials.

Thrive to promote sustainable environment for future generation is apparent but still

remains as a challenge. Substituting existing synthetic polipassad products with biderived
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materials without compromising the material properties wil lusl relieve our strong dependence
on limited fossil fuel resources. Furthermore, extracting these materials from food waste, i.e crab
shell residues, will help us reduce the solid waste accumulation. Combining all these little steps
and changes will mostertainly improve our life quality without compromising and hurting the

Mother Nature.
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Figure 1.1. (a) Molecular structure of cellulose (top), TEMPRidized cellulose nanofibrils

(middle) andcellulose nanocrystals hydrolyzed by sulfuric acid (bottom). (b) Hydrbgeding

network formed by cellulose chains. Red and blue dash lines represent intermolecular and
intramolecular hydrogen bonding, respectively.
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Figure 1.2. Schematic illustration of (a) hierarchical structure of cellulose originated from woody
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plants and (b) nanocellulose containing amorphous and/or crystalline regions. Upon strong acid

hydrolysis, amorphous domains are eliminated to yield high crystaldnecrystalsAdapted

fromref. [37].
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Figure 1.3. Three different forms of nanocellulose: (a) Micro/nanofibrillated cellulose (MNFC)
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from ref [9].
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Figure 1.9. (a) Sheawiscosity profiles of 7 wt% CNC illustrating the effect of ultrasonic energy
input and corresponding (b) polarized optical images at rest: (i) unsonicated, (ii) sonicated at 500
J/g CNC, (iii) sonicated at 1000 J/g CNC and (d) sonicated at 2@NIC. NCC in the legend
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Figure 1.10. (a) Schematic illustration of lefflanded chirahematic arrangement of CNC
suspension above its critical concentratifis). Polarized optical microgphs of 7 wt% CNC
suspension. Fingerprint patterns are evidence of of emdmrlatic arrangement, in which the
distance between two adjacent lines are defined as half pitch.
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CHAPTER 2
Cellulose Nanofibers and the FilmFormation Dilemma: Drying Temperature and Tunable
Optical, Mechanical and Wetting Properties of Nanocomposite Films Composed of
Waterborne Sulfopolyesterg
ABSTRACT

Hypothess

Waterborne sulfopolyesters have gained considerable interest as coating materials due to
their excellent ifm-forming and optical properties. Their commercial use has been limited,
however, due to their fragile nature. Incorporating cellulose nanofiber (CNF), a sustainable
biopolymer, into the polymer matrix is expected to enhance the mechanical integhiéyrafr
ocomposite as these two components synergistically interact.
Experimeng

In this study, we have investigated the suspension and film characteristics of three
sulfopolyesters varying in charge density, glass transition temperature and moleculdy agig
well as their mixtures with CNF. We have performed stesttbar rheology on mixtures with
different CNF loading levels, and resulting films have been subjected to quasistatic uniaxial tensile
and water contaangle tests to elucidate the effect&€dfF on mechanical and surface properties.
Findings

Addition of CNF to waterborne polyester promotes stie@ning behavior that remains
unaffected by the CNF content. Solid films cast from these suspensions possess enhanced
mechanical properties, as Was tailorable surface hydrophilicity, depending on composition and
film-drying temperature. Tensile tests reveal that films containing 10 wt% CNF display the
greatest mechanical improvements, suggesting the existence of a previously unidentified

Goldilocks composition window.

* This chapter has been published in this entirety:

Jin, S:A.; Facchine, E. G.; Rojas, O. J.; Khan, S. A.; Spontak, Rournal of Colloid and
Interface Scienc2021
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2.1 INTRODUCTION

Environmental issues associated with new materials development continue to remain a
worldwide concern. Many stringent regulations focus on the mitigation of toxic air pollutants, such
as volatile organic compounds (VOCs), which directly derive from a wadge of industrial
activities. A major source of VOC emission can be traced to industrial paints and coatings that rely
on organic solvents. As a consequence, the many regulations imposed on these market sectors have
spurred the growth of lowOC technolgies, generating a paradigm shift in coating industries
from solventborne polymer systems to waterborne polymer sysfgidg. Although waterbased
polymer systems continue to gain tremendous attention, the replacement of established solvent
based polymer systems with waterborne ones has made gradual petiggkddany efforts have
been devoted to develop and synthesize latex polymernsigpe for use in a broad spectrum of
coating industries, ranging from aesthetic coatingsg,( paints) [61 9] to functional é.g,
protective, antmicrobial and fireretardant) coating$7,8,10,11] Due to the intrinsically low
polarity of most polymers, their homogeneous dispersion in an aqueous medium has remained a
technological challenge, since dispersibility dictates the overall quality and functiorca$tas
films and coatings. Furdimore, the presence of residual water in the resultant film can adversely
affect propertie$l2,13] by compromising mechanical performance or optical transparency.

While numerous studies Y been conductdd, 14 16] to elucidate film formation from
polymer dispersions, fundamental studies addressing the evolution of waterborne polymer
dispersions to solid film are still somewhat limitdthe widely recognized mechanism of this
transformation can be summatkin terms of three principal stages: (1) packing of latex particles
due to water removal via evaporation, (2) filling interparticle voids as latex particles deform and

interfacial tension decreases, and (3) coalescing particle boundaries by polynuifusien,
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resulting in a contiguous and, ultimately, deffzee film [8,12,16 21]. These proces®gulating
steps do not, however, occur sequenti@R;22], but rather simultaneously, especially during the
particle deformation angolymer interdiffusion stage&lthough numerous factors influence the
last two stages of film formation, one of the most important parameters that must be controlled is
the drying temperaturén particular, the minimum film formation temparee (MFFT)must be
judiciously selectefll4,19]since it tends to lie near the glass transition temperatyrflO;23,24]
and is thus sensitive to polymer composition, mdecweight, chemical structure, and
morphology. When a latex dispersion is cast ®mperature above itg & MFFT), the particles
undergo deformation and interdiffusion to yield contiguous films. Conversely, latex dispersions
dried at temperatures below (K MFFT) can form cracked or opaque films, as well as compacted
powder[19,25] Therefore, the choice of drying teerature is critical to obtain contiguous films
that exhibit the expected thermomechanical properties and appearance needed for targeted
applications. The sulfopolyesters examined here are of considerable interest due to their ability to
form high-quality films at ambient temperature [5].

Casting films and coatings at ambient temperature requires that the latex polymer possesses
a relatively low T to undergosufficient deformation and interdiffusion. A major compromise
typically associated with film&nd coatings cast from a leVy polymer dispersion yields a
combination of poor mechanical properties. Some coatings, especially those designed for
protective purposes, require substantial hardness, which cannot be achieved \Wilpédywmers
[8,26]. This deficiency can be overcome by adding a coalescing aid to plasticizeTa pig/imer
and thereby reduce itsgand the MFFT[27i 29]. Addition of a coalescent, however, raises
important environmental concerns, since coalescent, aasvatitentially other VOCs, are emitted

from the system upon evaporation. This traffas referred12,26,30]t o a s -fomatiomi f i | m
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dil emma. 0 Among t he v ahatia® cosnmevcially@availalle;, sullonaed | y me
polyester dispersions enjoy considerable advantages: they do not require additional coalescing
agents to form higlguality films at ambient temperature, and their cast films display superior
optical (transparentra glossy) propertigig,31]. As alluded to above, a common problem linked

to sulfopolyester films is that they possess poor mechanical properties relative to other waterborne
polymers. Films cast from sulfopolyester dispersions tend to be highly brittle and fragile, and are
susceptible to crack formation even under small deformation. This drawlstickisethe use of
sulfopolyesters in a variety of applications especially in the coating industry, wherein durability
constitutes a nontrivial criterion of success.

One simple, yet effective, strategy to enhance the mechanical properties of most polymers
is to incorporate a reinforcing agent to the polymer matrix. In this spirit, nanocellulose has been
regarded as an excellent reinforcement species on the basis of its availability, sustainability,
biocompatibility, and superior mechanical properf@a 34]. Due to its nanoscale size (which
yields a high aspect rajioit can be easily introduced into different polar polymeric matrices
without further surface modification. Alternatively, nanocellulose can be used as a highly versatile
biomaterial since its surface properties can be tuned via phy3kiad0] (by intermolecular
interaction) or chemicgl1i 44] (by chemical reaction with the host matrix) means due to its
abundant hydroxyl moieties. The amphiphilicity of nanocellulose not only facilitates its use in
polar/hydrophilic environments but also promotes good dispersion in nonpolar/hydrophobic
matrices, whichaccount for most polymer classes of commercial relevance. Obtaining a
homogeneous distribution of nanocellulose in a polymer matrix is crucial to the mechanical
performance of the nanocomposite system. Prior efforts have demonstrated the synergy between

nanocellulose and a diverse range of polymers, including polyuref#5id9], poly(lactic acd)
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[50,51]and poly(vinyl alcohol]52i 54]. In all these cases, bulk mechanical, thermal and barrier
properties are sigficantly enhanced. Here, we investigate the suspension and film behavior of
three series of sulfopolyesters varying in charge densjtgnd@ molecular weight, and modified

with cellulose nanofiber (CNF) at different loading levels. Results obtained-é\ezal that the

flow properties of these polyester/CNF suspensions are modestly altered, while the optical
transparency of the subsequent nanocomposite films remains unaffected upon CNF incorporation.
Conversely, the mechanical and surface propertiegsétfiims are sensitive to both CNF loading

level and drying temperature.

2.2 EXPERIMENTAL
2.2.1Materials

Three Eastman A®) polymers (aqueous sulfonated polyesters) were provided in solid
pellet form by the Eastman Chemical Company (Kingsport, TN). These -diaparsible
polyesters consisted of alternating diacid and glycol moieties at varying ratios of isophthalic acid
(IPA), 5-sodiosulfoisophthalic acid (SSIPA), diethylene glycol (DEG), and- 1,4
cyclohexanedimethanol (CHDM), ethylene glycol (EG) or polyethylene glycol (PEG). The general
chemical structure and relevant property information of these polyesters are displgigdén
2.1and listed inrable 2.1, respectively. The fundamental properties of these polyesters in agueous
suspension were recently described by Istamal [5]. The nevedried sodium form of TEMPO
(2,2,6,6tetramethylpiperidind-oxyl radical) oxidize CNF used here was manufactured and
purchased from the Cellulose Nanomaterials Pilot Plang.(Borest Service) at the Forest
Products Laboratory (FPL) in 1.1% w/w aqueous gel form. Our reason for selecting FEMPO

oxidized CNF here reflects its ability temain stable in aqueous suspensions due to the presence
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of negative surface charges that promote electrostatic repulsion.

Table 2.2. Properties of the three sulfopolyesters examined here, as reported elsewhere [5].

Commercial Polymer Ty Charge Zeta Average patrticle
designation designation  (°C) density potential diameter in water
(meqg/g polymer) (mV) (nm)
Eastman AQ 38S PolyA 38 0.43 155 50
Eastman AQ 48 Ultra PolyB 48 0.89 152 13
Eastman AQ 55S PolyC 55 0.66 152 35

4n all cases the acids comprising these sulfopolyesters consist of IPA/SSIPA, while the glycols consist of
CHDM/DEG.

2.2.2Methods

Stock dispersions (30 wt%) of polyesters A, B and Tahle 2.1, denoted here as PolyA,
PolyB and PolyC, respeugly, for convenience, were prepared by gradually adding the solid
pellets to deionized (DI) water, followed by mixing on a magnetic stir pja¢eated at ~780 °C
(above T) overnight. These dispersions were then cooled to amieienterature before diling
to desired concentration. Each polyester/CNF mixture was subsequently prepared by combining
predetermined masses of CNF, polyester and DI water, and mixing for at least 1 h. The
concentration of polyester in the mixture was varied so that the o@\&llconcentration was
fixed at 0.2 wt%. The concentration ratios reported here are based on the solid masses of polyester
and CNF. These suspensions were subjected tddmperature probe sonication with a Gole
Parmer 750Natt Ultrasonic Processor, opard at O °C to prevent overheating and CNF charge
destabilization. The energy input was chosen on the basis of the mass of CNF (2000 J/g CNF) at
60% amplitude with a pulse cycle of 2 s on, followed by 3 s off. All suspensions were degassed to
remove excesgissolved oxygen before castiimgo either square polystyrene (10 a0 cm) or

round polypropylene (5 cm diameter) Petri dishes. For water ceamigt (WCA) measurements
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and atomic force microscopy (AFM) analysis, suspensions were cast omleame glass slides.

All the samples were dried at either low (35 °C) or high (60 °C) temperature for at least 1 week,
and the resultant films were stored in a desiccator prior to further characterization. Planar AFM
height images were acquired on an AsylumRvaD instrument.

Steadyshear viscosity measurements of polyester/CNF suspensions were performed at
shear rates from 0.5 to 206 en a TA Instruments Discovery Hybrid Rheomelerotational
rheometer. To minimize wall slip, roughened parallel plates mne@s40 mm in diameter were
used at a gap distance of 1 mm. Precautions such as the use of lightweight aluminum plates were
taken to ensure there were no inertial effects in the experiments. Measurements were repeated in
triplicate at ambient temperatuséth a standard error of less than 10%. Quasistatic uniaxial tensile
tests of solid nanocomposite films were conducted on an Instron Universal Machine 5943 load
frame at ambient temperature.-8ast sample films were cut into rectangular strips measuiing 6
cmx 0.6 cm with a C@laser mounted on a Universal Laser VL3.50 system, and each strip was
strained at a constant crosshead speed of 1 mm/min in at least triplicate. Film thicknesses were
recorded by taking the average of at least 5 measurements &msample with a digital
thickness gauge. For cressctional imaging, fiekiémission scanning electron microscopy (SEM)
was performed on an ultrahighsolution FEI Verios 460L instrument with a Schottkey emitter
operated at an accelerating voltage ok\2 without stage bias. Nanocomposite films were
cryofractured in liquid nitrogen and the exposed cgmgion was quickly sputt@oated with 5
nm Au/Pd prior to imaging. Surface WCA properties were measured on a First Ten Angstroms
1000B Goniometer, andalues reported here are the average of at least 10 tested areas examined

at ambient temperature.
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2.3 RESULTS AND DISCUSSION

All three sulfonated polyesters investigated here are copolymers with alternating
hydrophobic and hydrophilic moieties along fidymer backbone. A previous study [5] foings
on thecolloidal properties of these sulfonated polyester in agueous suspension has reported that,
according to dynamic light scattering and c¢§8M analyses, multiple polyester chains undergo
selfassembly into discrete nanospheres when they are dispersed in water. In similar fashion as
micelles, each nanosphere is composed of a hydrophobic coe laydtghilic shell, and the
overall hydrophobicity of the polymer is highly dependent on ditie of the two acid and glycol
sequences. On the basis of the properties list€dhie 2.1, PolyA exhibits the most hydrophobic
behavior with the lowest SSIPA content, followed by PolyC, whereas PolyB possesses the highest
charge density indicative ofytrophilic behavior. The hydrophilic shell of each polyester
nanosphere is decorated with negatively charged SSIPA moieties, which allow the nanospheres to
be electrostatically stabilized in water over long periods of tiffiee surface of CNF is also
coveed with negative charges from the carboxylic groups introduced during TERN&Riated
oxidation and likewise remain colloidally stable in aqueous suspensiomaverage diameter of
these charged nanospheres ranges @m0 to 50 nm as discerned byalsiet al [5], in which
case it follows that the more hydrophilic polyesters form smaller nanospheres than those with a
higher hydrophobic content. In the case of PolyC, however, aggregates of the nanospheres can
develop at neutral pH levels and measureariban 80 nm in diameter. According to the AFM
images acquired here and presentedrigure A.1 (with the corresponding surface roughness
values provided for completeness Rigure A.2), we estimate that the nanospheres and their
aggregates measwa 40-100 nm in diameter after drying belowat 35 °C (the features become

less distinct and larger after drying abowea® 60 °C). In this work, we have elected to sttiuy
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performanceof 5 systems: pure polyester films, pure CNF films and 3 polyester/CNF
nanocomposite films at 3 different polyester/CNF mass ratios (90/10 for polyester matrix
continuity, 50/50 for cacontinuity and 10/90 for CNF matrix continuity). All of these formulations

are included in the AFM images providedRigure A.1. In additionto their apparent pH and
temperature sensitivity, the sulfopolyester nanospheres can also be significantly enlarged through

the introduction of electrolytes above a critical concentration [5].

2.31 Rheological properties of CNF and sulfopolyester/CNF pegsions

To address the rheological properties of the neat CNF suspension and mixed polyester/CNF
suspensions, we have performed stestigar measurements with different polyester/CNF ratios,
and representative viscosity results are presented as a fuattshear rate for comparison in
Figure 2.2. Unlike most thermoplastic polymers that exhibit skbawrning viscosity profiles, all
three sulfopolyesters display Newtonian behavior up to 30 wt% solids content in water over the
shear rate range examinedrigure 2.2. On the other hand, aqueous sursgi@ns with as little as
0.2 wt% CNF (designated as 0/100 polyester/CNF) revealsNearionian (sheathinning)
behavior. Such behavior is consistent with our previous studies on various types of nanocellulose:
CNF [55] and MFNC (micro/nanofibrillated caelbse) [56]. Adding 10 wt% CNF to polyester
dispersions consistently transforms the viscosity profile from Newtonian to-thheaing. That
is, the polyester/CNF suspensions at polyester/CNF composition ratios of 90/10, 50/50 and 10/90
collectively confim the existence of shetrinning behavioriigure 2.2afor PolyA/CNF,Figure
2.2b for PolyB/CNF andFigure 2.2c for PolyC/CNF), indicating that the viscosity of these
suspensions is dominated by CNF. In all cases, the data can be described by a telmghie

of the form (viscosity) ~ (shear rateyvherea ranges fron:0.45 to-0.22. For the PolyA/CNF and
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PolyB/CNF systems irfFigures 2.2a and 2.2b, respectively, the viscosities of the polyester
dominant (90/10 polyester/CNF) and Cldeminant (10/9(@olyester/CNF) suspensions overlap,
suggesting that the most hydrophobic PolyA and the most hydrophilic PolyB nanospheres
contribute little to the viscosity compared to the entangled CNF.

In the case of PolyB, the viscosity appears nearly independeifot@ntent, suggesting
that this watedispersible polyester has little impact on flow properties. This is a huge advantage
in preparing reproducible suspensions for film casting, as well as generating films that possess
precise properties for target amaliions. PolyA, on the other hand, exhibits a minimum in
viscosity at an equimass CNF loading level, confirming that the viscosity in this suspension is
slightly compositiordependent. In marked contrast, however, interactions between the
intermediate hydphilic/phobic PolyC and CNF are responsible for a much more pronounced
compositiondependent viscosity profile. ligure 2.2d, we observe a slight viscosity reduction
at low PolyC levels and an increase in viscosity at higher ones. Similar phenomeaftemre
evident for charged colloids and are attributed [57] to charge screening of the electrostatic double
layer (EDL). For the polyestetominant suspension (90/10 polyester/CNF), PolyC nanospheres
behave as electrolytes that interact with the surfacegebaf the nanofibrils. If the EDL of the
nanofibrils is compressed due to this electroviscous effect, neighboring CNF particles are drawn
closer together due to van der Waals attraction, which, in turn, increases nanofibrillar
entanglements and networination. This yields an increase in viscosity, as reflect&igures
2.2c and 2.2d. Reductions in PolyC concentration to 50/50 and 10/90 polyester/CNF are
accompanied by viscosity decreases due to a less pronounced electroviscous effect. Interestingly,
both PolyA/CNF and PolyC/CNF suspensions exhibit the lowest viscosities at 50/50

polyester/CNF, which might be indicative of interpolymer complex formation [58].
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2.3.2 Film formation and properties of sulfopolyester/CNF nanocomposites

Waterdispersible polyesters are w&thown for their excellent filsforming properties
[5]. When sulfopolyester nanospheres are dispersed in water, they behave in similar fashion as
traditional hard colloids wherein colloidal interactions and stabilinatiare governed by the
Derjaguin, Landau, Verwey, and Overbeek (DLVO) thgb8,60] These nanoscale aggregates
form optically transparent and contiguous films at ambient temperature, and thewrfiing
mechanism is similar to that of latéype polymersFigure 2.3 displays the films generated from
all three sulfopolyester series with different levels of incorporated CNF. Images in the left column
correspond to pure polyester films cast from a 2 wt% dispersion, whereas those in the right column
have been acquireddim neat CNF films cast from a 0.2 wt% suspension. All of the films produced
here, regardless of compaosition, are optically transparent, which confirmg thasg polyesters
and CNF do not macrophaseparate andij both constituents are uniformly thibuted (at least
at macroscale dimensions) throughout each film. In the absence of CNF, each polyester film
possesses different degrees of stiffness and flexibility due to differences in polymer chemistry, as
well as variations in copolymer compositiondamolecular weight. PolyA exhibits the most
flexible properties, whereas PolyC is brittle, shattering into pieces even under small applied forces.
Films generated from pure CNF suspension are diewith relatively high flexibility.
According to the rathodology employed elsewhere [61] to quantify the optical properties of
transparent nanocomposites, we calculate the turbidity at a wavelength of 600 nm toxiE09.26
4 mm. When both materials are combined, algtain films with intermediate properti¢isat
depend on composition. A film containing 10 wt% CNF in a polyester matrix, for instance, still
maintain its stiffness, but an increase in CNF loading level to 50 wt% causes the film to gain

flexibility. Moreover, increasing the CNF content to 90 wttanges the role of CNF from
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reinforcing agent to matrix material, in which case the polyester imparts stiffness.

To quantify the compositiemduced change in mechanical properties of polyester/CNF
nanocomposite films, we have conducted quasistatic ahiteqasile tests on PolyC/CNF films,
since their parent suspensions revealed the greatest compdspiendent viscositycf, Figure
2.20). In addition to examining the effect of CNF content on the mechanical properties of these
films, we also desire tolkcidate the influence of drying temperature on film properties. To
produce contiguous films with satisfactory mechanical performance, the suspensions should be
dried at a temperature higher than the MFFT in keeping with previous ré&p$i9,23,24]of
waterborne latex systems. Since the MFFT is close togfe host amorphous glassy polymers
[19], we have selected two drying temperatirés5 a n di s@ tBat aqneCis below while the
other is abovehe lyo f P o | y C TaBeR.1).eTénsile stresstrain results acquired from
PolyC/CNF films dried at these two temperatures are providddgure 2.4. At each drying
temperature, similar trends are apparent in the mechanical properties aslitig [vzel of CNF
is varied. As mentioned earlier, neat PolyC films are very fragile and readily undergo catastrophic
failure at small deformations, an empirical observation supported by the tensile data at both drying
temperatures in this figure. By ingmrating at least 10 wt% CNF in PolyC, the tensile strength
and, in most cases, the elongation at break are substantially improved, increasing the tensile
strength by at leastx3upon addition of only 10 wt% CNF after drying at 35 °Grigure 2.4a.

Fourmechanical propertessYoungés modul us, tensile stren
fracture energy extracted from the stressrain data displayed for PolyC/CNF films dried at 35
and 60 °C inFigure 2.4 are summarized ifrigure 2.5. In all property catgories (especially
fracture energy, measured as the area under the nominaistte@sscurve), the neat polyester

films dried at 60 eC consistently exhibit con
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dried at 35 °C. This outcome is expected amdagreement with latetype polymer films
[19,26,62] since tightly packed latex particles can only undergo sufficient polymer deformation
and interdiffusion (to ensure the formation of a contiguous film) when the drying temperature is
above the polymergl'When the drying temperature is lower thgnphrticle packing, deformation

and interdiffusion areihdered, thereby resulting in defeet films and poor film performance
[19,26] For the PolyC/CNF nanocomposite films tested, we find more complex trends. For
exampl e, t he YHEgure35iacreass dith inareasing content to a maximum at

50 wt% CNF and then decreases at higher CNF loading levels. Moreover, the dependence of the
modulus on drying temperature also appears to be pronounced at 50 wt% CNF. At 90 wt% CNF,
the modulus is most likely repsentative of the continuous CNF matrix, and drying below ghe T

of PolyC yields a higher modulus since defects in PolyC as the minor nanocomposite constituent
contribute less to property development. Interestingly, this unexpected comparative observation
extends to all the other property metrics except the elongation at break, for which no statistical
difference exists between values measured from films dried at both temperatures.

Recognizing that mechanical properties can be sensitive to specimen twapahe
Youngbés modul us previously reported [57] for
CNF suspensions is 4.79 GPa, which is considerably higher than the moduli measured here for
PolyC/CNF nanocomposites. Similarly, the tensile strenglibngation at break and fracture
energy for neat CNF films are found to be 232 MPa, 12.6% and 20.5°Mé#pectively. Caution
must be exercised, however, in quantitatively comparing these data to our present findings. For
instance, the tensile strengtlalwes provided irFigure 2.5b are also much lower than that
expected for neat CNF, but reveal that the drying temperature has no discernible influence on

property development at 10 and 50 wt% CNF. In comparison, however, both hanocomposites
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possess a sigintantly higher tensile strength than the neat PolyC films. While drying temperature
has little impact on the elongation at break or fracture toughness in the nanocomposites with 10
and 50 wt% CNF, it is particularly noteworthy that the PolyC/CNF nanocsitegovith 10 wt%
CNF inFigures 2.5b-d consistently exhibit the most improved tensile strength, elongation at break
and fracture energy of all the compositions tested. Such simultaneous improvement of all these
properties evinces strong interaction betwethe polyester molecules and the cellulose
nanofibrillar network, therefore requiring extra force to break the network and fracture the film.
The nanofibrils, expected to be uniformly distributed throughout the film, serve as reinforcing
agents by delaym crack propagation at energy absorption points. This is demonstrated by the
dramatic increase in fracture energy by ~500% and ~200% relative to the neat polyester film dried
at 35 and 60 €¢€igue2bdespectively, 1in

At the higher drying temperaturgyater is removed faster from the system, thereby
increasing the solids level at an escalated rate compared to that induced at the lower drying
temperature. An increase in solids level concurrently increases the viscosity and promotes kinetic
arrest, whictsubsequently hinders the ability of CNF to spread uniformly throughout the hydrated
polyester medium. As a consequence, rather than interacting with polyester molecules, CNF is
presumed to interact with itself to form aggregated flocs. This series dsealen reduces the
population of energy absorption points required to slow crack propagation, which explains why
the films with 10 wt% CNF are mechanically tougher when dried at 35 °C, instead of 60 °C.
Similar behavior is observed in the film with 90 webIF, but this film possesses a CNF matrix,
in which case the contribution of the polyester is less important. Expedited film formation due to
rapid water removal generally affects the mechanical properties of CNF films significantly,

resulting in densifid CNF layers [52]. Since these films are sensitive to drying temperature, it is

75



not surprising that comparable behavior is likewise appardfigires 2.5a-b,d for PolyC/CNF
films containing 90 wt% CNF. While the incorporation of such a high loading &f &iances
all the property metrics relative to the neat polyest&iguare 2.5, the addition of PolyC appears
to compromise all the mechanical properties of neat CNF. At this CNF loading level, we posit that
the PolyC serves as a plasticizing, rathemtheinforcing, agent for CNF. This scenario is
gualitatively consistent with the rheological behavior of the same suspension portr&jguarén
2.2¢, in which the viscosity is lowered as the polyester plasticizes the strong nanofibrillar network
of the CN- suspension.

Unlike the previous cases discussed above, however, the mechanical properties of
Pol yC/ CNF nanocomposites with 50 wt%% CNF are
modulus, independent of drying temperature. Moreover, these nanocompesgeaslly exhibit
tensile strength, elongatieatbreak and fracture energy measurements that lie between those
determined from nanocomposites with lower (10 wt%) and higher (90 wt%) CNF loading levels.
Although the precise reason for this observation iknown at present, we speculate that it is due
to unsuccessful competition between the constituent netfeamking species. While numerous
material factors influence the mechanical properties of polymer/CNF hybrid nanocompogites (
the degree of dispsion, porosity and moisture content), the most important underlying
consideration is the adhesive interaction between the polymer and CNF. In the case of the
PolyC/CNF nanocomposites containing either 10 or 90 wt% CNF, the role of each component is
distinct: PolyC is the matrix and CNF is the filler at 10 wt% CNF or wieesa at 90 wt% CNF.
In contrast, the roles of PolyC and CNF in the nanocomposite with 50 wt% CNF are unclear. This
does not imply that the PolyC and CNF are macrophaparated, since éhfilms included in

Figure 2.3 are optically transparent. In fact, the formation of nanoscale aggregates of polyester
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and/or CNF would not necessarily compromise optical properties, but the formation of such
discrete aggregates could have a largely déteteinfluence on ultimate mechanical properties
(i.e., those properties evaluated at failure) by facilitating crack propagation. If this is the case, the
morphological characteristics of the films must be scrutinized to establish a meaningful correlation
between film structure and mechanical properties.

As depicted inFigures 2.6 and 2.7, the crosssectional views of the hybrid PolyC/CNF
films vary significantly depending on composition and, to a lesser extent, drying temperature. Two
distinctive matrices are apparent: one attributed to PolyC at low CNF loading levels and the other
repregntative of CNF at high CNF levels. The fracture surfaces of neat PolyC films dried at 35
and 60 °C appear relatively smoothrigure 2.6. Upon addition of 10 wt% CNF, the cressction
becomes noticeably rougher, and sharp fracture features reministeittie materials develop.

In the films with 50 wt% CNF, CNinhduced stratification becomes apparent, but the film
morphology consists of coexisting regions that are both smooth and layErgdrm?2.7. Discrete
nanoscale polyester aggregates arealstent at both drying temperatures. These images suggest
that PolyC coats or adheres to the CNF layers without completely impairing the stratified CNF
layers. In other words, the nanocomposite with 50 wt% CNF possesses a palyattdr
laminated morphalgy and ensures that the CNF comprises the matrix to template the PolyC as it
coalesces into a coating. Micromesmale roughness, along with discrete protrusions and holes,
are clearly observed. The presence of multiple dense layers and PolyC aggnégidéess with
interfibrillar interactions and thereby weakens the binding strength of neat CNF. Such nonuniform
film morphology is expected to be responsible for the reduced mechanical properties of PolyC/
CNF films containing 50 wt% CNF. At 90 wt% CNRowever, a dominant stratified structure is

prevalent inFigure 2.7 and resembles that of neat CNF (included in the figure). Unlike the

77



uniformly dense layers apparent for neat CNF, nanofibrils, nanofibrillar bundles and possibly
PolyC aggregates are pulleout from the film surface during cryofracture, with the result
appearing as holes measuriceg 110 £ 30 nm (irrespective of drying temperature) at 90 wt%
CNF. The population of nanofibrils and nanofibrillar bundles that bridge adjacent layers is
ultimately responsible for mechanical integrity, whereas those species susceptible-dat pull
during cryofracture provide evidence of weakened interfibrillar interactions [63], which contribute
to a reduction in mechanical properties relative to neat CNF.

Both RolyC and CNF are knowf#,52] for their excellent filmforming properties. This
waterborne polyester not only forms contiguous and défeetfiims over a wide temperature
range (even at temperatures below gp But also synergistically interactstiw CNF to improve
the mechanical properties of PolyC/CNF nanocomposite fitnBigure 2.5). In addition to such
significant enhancement of mechanical properties, these nanocomposites exhibit tunable surface
properties. By controllling the compositiondaselecting a suitable drying temperature, we can
control the surface hydrophobicity of the resulting nanocomposite filnksgtume 2.8, the WCA
is displayed as a function of film composition at 3 different drying temperatures: (1) 35 °C (below
Tg), (2) 60 °C (above {), and (3) 35 °C and positried at 80 °C. For the neat PolyC and CNF
films, surface hydrophilicity is nearly independent of drying temperature. The surface of neat
PolyC films is slightly hydrophilic with a WCA of ~75°, which is reasonalbasidering that
PolyC consists of both hydrophobic and hydrophilic moities along its backbone. On the other hand,
the surface of neat CNF films is highly hydrophilic with a WCA of ~30°. As both materials are
combined to form nanocomposite films, the WCApestedly decreases with increasing CNF
content, but the change does not follow a simple rule of mixtures. Rather, films at intermediate

composition remain more highly hydrophobic than anticipated, whereas those that arelCNF

78



behave more hydrophilic K& CNF). For films dried at 35 °C, the nanocomposite with 10 wt%
CNF possesses a WCA of ~69°, which reflects the fact that the PolyC comprises the film matrix
and resides at the surface (since the polar hydroxyl groups on CNF prefer to remain subsurface).
This scenario is corroborated by the observation that an increase in drying temperature (and, hence,
PolyC molecular mobility) drives the WCA up to ~73° at 60° C and ~77° at 35/80 °C. While the
WCA for films containing 50 wt% CNF and dried at 35 °C draps tpredictable intermediate

value (based on a linear rule of mixtures), the effect of drying temperature on WCA remains
evident. For films with 90 wt% CNF, the PolyC has insufficient mobility to migrate to the film
surface at 35 °C (below itg)[ in which case the CNF is able to endow the surface with enhanced
hydrophilicity (the WCA is ~36°, which lies near that of neat CNF). As the drying temperature is

increased, PolyC molecules are able to diffuse to the film surface and render it more hydrophobic.

2.4 CONCLUSIONS

In this study, we have investigated the interaction between different grades of
commercially available sulfopolyesters and CNF in both aqueous suspensions and solid films.
Aqueous polyester dispersions and polyester/CNF suspensions espddignt colloidal stability
due to their negative charges. Rheological studies reveal that, upon CNF addition, the suspension
viscosity profiles display a nontrivial change from Newtonian to stiganing behavior, which
is advantageous in processinglamating formulation. Furthermore, the viscosities of the mixed
suspensions are, for the most part, insensitive to CNF content, which facilitates reproducible
preparation of polyester/CNF suspensions for films and coatings without complicated flow
propertes. In two of the sulfopolyester/CNF suspension series, incorporation of 50 wt% CNF

promotes the lowest viscosity, suggestive of interpolymer complexation. Solid films cast from
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these mixtures display distinctive differences in mechanical, as well @asudroperties that
depend sensitively on both composition and drying temperature. Of particular interest, films
composed of PolyC with 10 wt% CNF reinforcement yields the greatest improvements in most of
the mechanical properties considered here, edjyetiee fracture energy. We attribute this
observation to the presence of cellulose nanofibrils that are uniformly distributed throughout the
polyesterrich film, inducing energy dissipation and dampening crack propagation. Changes in
mechanical propertieare qualitatively related to internal film morphologies, as discerned by
electron microscopy of cryofractured cresections. Moreover, we have achieved tunable surface
hydrophilicity, as expressed in terms of the WCA, by simultaneously modulating tip@sition

and drying temperature of polyester/CNF nanocomposite films.

This work demonstrates that the combination of waterborne sulfopolyesters with CNF
yields hybrid nanocomposites with highiynable and, in several cases, synergistic properties that
are especially beneficial for coating applicatio@ar findings reported in this study corroborate
the potential of CNF as a green reinforcing agent [64], especially for a commercially promising
waterborne polymer. While numerous studies have addresseeffdutiveness of cellulose
nanocrystal (CNC) in this role (due primarily to its facile and predictable dispersability)
[45,46,49,54], CNF remains a much less attractive choice due to its properesityangle and
form aggregates. Chemical modification@RNF is frequently necessary to reduce the extent to
which entanglement and aggregation occur and thus enhance dispersion uniformity [47]. The
system examined here is advantageous in that aprpoessing functionalization is required to

achieve an optimur@NF dispersion state within the waterborne sulfopolyester matrix.
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2.6 FIGURES

Isophthalic acid Diethylene glycol 5-sodiosulfoisophthalic  Cyclohexanedimethanol
- IPA o DEG o acid o CHDM _
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Figure 2.1. The general chemical structure of the waterborne sulfopolyesters investigated in the
present study, wherein w and y represent the mole fractions of diacid (IPA and SSIPA,
respectively) and x and z represent the mole fractions of glycol (DEG and CHDM, respectively).

The mole fractions w + y and x + z add to unity.
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Figure 2.2. Viscosity profiles of CNF (0.2 wt%, square) and polyester/CNF dispersions: (a)
PolyA/CNF (cirdes), (b) PolyB/CNC (triangles), and (c) PolyC/CNF (diamonds) at different
polyester/CNF mass ratios (w/w, celand symbeicoded): 90/10, 50/50 and 10/90. Solid lines
are powetlaw regressions to the data. Error bars representing the standard esmalee than

the symbols.
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Figure 23.Phot ographs of polyester/ CNF [Fff)anththe cas't
loading level of CNF in the filmt¢p) are labeled.
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Figure 2.4. Nominal stress presented as a function of tensile sthaiimg quasistatic uniaxial
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35°C

60 °C

Figure 2.6. SEM images acquired from cnfoactured cosssections of PolyC and Polyfich
PolyC/CNF films prepared at different compositions and dried at 35 and 60 °C (labeled).
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Figure 2.7. SEM images acquired from cnfoactured crossections of CNF and CNfich
PolyC/CNF films prepared at differeedmpositions and dried at 35 and 60 °C (labeled).
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Figure 2.8. (a) Dependence of the WCA on CNF loading level in PolyC/CNF films dried at
different temperatures (colamoded), and (b) representative water droplets used to measure the
WCA. The colored dashed boxes in (b) identify the temperature at which the fihmsired in
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CHAPTER 3
Swelling and FreeVolume Characteristics of TEMPO-Oxidized Cellulose Nanofibril
Films*
ABSTRACT
Cellulosenanofibrils (CNFs) are becoming increasingly ubiquitous in diverse teajiaslo

requiring sustainable nanoscale species to form or modify films. The objective of the present study
is to investigate the swelling behavior and accompanying free volumef-ataeding TEMPO
oxidized (TO) CNF films in the presence of water vapor. For this purpose, we have performed
time-resolved swelling experiments on films, prepared according to different experimental
protocols, at 90% relative humidity (RH) and ambient terajure. Corresponding fre®lume
characteristics are elucidated by positron annihilation lifetime spectroscopy (PALS) conducted at
ambient temperature and several RH levels. Increasing the drying temperature of the films (from
ambient to 50°C) is obserddo promote an increase in film density, which serves to reduce bulk
swelling. These elevated drying temperatures likewise cause theofteme pore size measured
by PALS to decrease, while the corresponding totalfodeme fraction remains nearly cadast.
Similarly, dispersion of TEGCNF into aqueous suspensions by ultrasonication prior to film
formation increases both the total fnie@ume fraction and pore size, but reduces the size of
individual nanofibrils with little net change in bulk swellinghd swelling and concurrent free
volume measurements reported here generally reveal an increase in free volurreN Tilbns

with increasing RH.
* This chapter has been published in this entirety:

Torstensen, J. @.; Liu, M.; Jin,-8.; Deng, L.; Hawari, A. I.; Syverud, K.; Spontak, R. J,;
Gregersen, @. W. Biomacromolecule018
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3.1 INTRODUCTION

Cellulose nanofibrg (CNFs) surfacenodified in the presence of 2,2,@@&ramethy
piperidin1-yl)oxyl, referred to as TEMPO (TO), have become increasingly popular since their
inception in 2008. Since that time, TA&CNF has been considered for use in a wide variety of
technologies as, for instance, a functional paper additaeaitfilter precursor a biomedical
device componerft,and a polymer composite additive to irape mechanical propertiés.
Production of TGCNF from sustainable wood resources is commonly achigvedtwostep
process: TEMP@nediated oxidation, followed by mechanical agitation to isolate the CNFs.
While the starting material is routinely cellulose pulp originating from a broad range of sources,
the final material consists ofino/microfibrils possessing a net negative surface charge due to the
presence of carboxyl groups, which promote hydrophilicity. TEMPO treatment selectively
oxidizes these hydroxyl groups to carboxylic moieties, resulting in a stronger negative surface
chage and enhanced hydrophilicity. Depending on the oxidation conditions, the carboxylic acid
content can be as high as ~1.6 mméligechanical agitation introduces disruptive shear forces
through the use of homogenization, isation or microfluidization and generates CNFs typically
possessing the same crystallinity as the starting’ pul@ measuring 1-8.8 nm in widtf° and
ranging from several hundred nanometeup to several micrometers in lendgthDue to their
high aspect ratio and to facilitate analysis-C8Fs are often schematically portrayed as rotis (
Figure 3.1). A molecularlevel study?**of CNF dissolution reveals that nanofibilessessing a
squarecross ecti on measuring 5.2 nm across codntain
Atomic force microscopy (AFM) images of the presentCRF (an example of which is included
in Figure 3.1) indicate that the nanofibrils measu#e&7 + 0.65 nm in diameter (measured in

triplicate on 15 TGCNFSs) or, alternatively, 4.4 rfiton average in crossectional area. The
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corresponding number of chains/nanofibrils is therefore estimated to be ~6. We recognize that
hierarchical structures, ihming (partial) plant cells, might also be presgrit.

Films composed of T@&CNF are relatively straightforward to prepabut nontrivial to
analyze. Of particular interest in the present work is the swelling behavior of such hygroscopic
films in the presence of water vapor, since they are likely to be used in environments varying in
relative humidity (RH). As described more detail below, bulk swelling under these conditions
has been extensively studied. In this work, however, we focus on the accompanying changes in
TO-CNF free volume. Free volume generally refers to the unoccupied space between polymer
chaing® and, when modeled as spherical pores, is expected to measure on the order of a few
Angstroms from equatienf-state considerations of small molecuié$his concept, introduced
to explain the glassy behavior of amorphous polymers, is rooted in the entropic contfitiation
statistical thermodynamic$. Free volume is associatedith the amorphous regions of a
polymer?® in which case an increase in polymeystallinity proportionately decreases the
available free volume, which governs bulk properties such as the glass transition tempepature (T
and melt viscosity, as well as the diffusive transport of molecular peneltfantsle free volume
can be indirectly measured from PVT (presswkimetemperature) or viscosity data, it can also
be accurately estimated from various group contribution methods. Since the 1990s, however,
positron annihilation lifetime spectroscopy (PALS) has gained asang popularity as an
analytical tool that is capable of directly measuring free volume in polymer films and
composites/?! General observations to date indicate that the\fobeme pores (possessing a
presumed spherical shape) present in many polymers measiure.0.4m in diametef® 2

Of patrticular interest in the present stuslyhe use of PALS to explore the free volume of TO

CNF films2#In this case, the diameter of spherical fveéume pores has been reported to be 0.47
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nm, irrespective of position a@® film thickness under vacuum. The use of evacuated conditions,
however, altogether precludes exposure to water vapor, which has been investigated by PALS in
conjunction with a variety of hydro/amphiphilic polymeric materials, including poly(vinyl
alcoho),?® epoxies?’-?8 cellulose acetat®, and copolymer$® At low RH levels, some of these
systems are observed to experience a decrease in averageldrae size that is lower than that
measured at 0% RH. This initial reduction teeen attributed to a moleculvel mechanism
wherein water molecules fill existing fre®lume pores before the pores are forced to expand at
higher RH levels. In this study, FONF films produced by different fabrication methods are
characterized to real differences in film structure, macroscopic swelling and free volume due to
the presence of water vapor. Here, we have developed an experimental protocol that permitted
direct measurement of free volume at systematically varied RH levels, which h&éserot
previously reported to the best of our knowledge with regard &G films. The molecular

level role of water discerned from resultant PALS data under these conditions is interpreted to

explain the mechanism of FONF film swelling.

3.1.1 Water stption kinetics

Cellulose, as well as TTGNF, is a hygroscopic material, indicating that it naturally
remains in thermodynamic equilibrium with surrounding water vapor or If§ditlis equilibrium
is complex and thoroughly investigated for different types of celliffbas,well as for cellulose
in composites! Moreover, cellulosic materials are prone to watemption hysteresi® which
relates measured moisture content to the method by which the material is conditioned in a moist
or liquid environment prior to measurement. When water uptake of hygroscopic cellulosic

materials is unde consideration, it necessarily includes both absorption and adsorption.
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Nanocellulose, of which T&CNF constitutes an example, does not possess a clearly defined
exterior surface, implying that both sorption mechanisms occur simultaneously. In addition,
sorption can be classified as either slow or faskepending on the chemical male and spatial
location of the binding species. For instance, sorption occurs quickly 4@NBfilms as water
binds to surface hydroxyl and carboxylic groups. Conversely, water molecules bind more slowly
to internal amorphous moieties and crystalline t¢water cannot penetrate the crystaffitesA
distinction is also made between direct sorption, which corresponds to water molecules hydrogen
bond directly to CNFs, and indirect sorption, wherein water molecules bind to other, already bound
water molecules.

Other consierations that must be considered in water sorption arR@ NBfilm swellind
are interfibril interactions, which can inhibit swelling under the following conditionsthé
volume increase of a hydrated nanofibril is physically hieddy other nanofibrils in the network,
and (i) water binding competes with interfibril binding for available hydrogen bonds. Since water
sorption in TOQCNF films follows a bimechanistic processd, fastvs slow, directvs. indirect,
and water bindings interfibril binding), a model that is commonly used to describe the water
sorption kinetics for cellulosic films is the parallel exponential kinetics (PEK) niddais model
derives from the presumption that the mass gain at a givent)irderihg swelling at a specific
RH (M) is the sum of two parallel swelling processes, each with its own time constamt((>),

as indicated by

0 0 p Q +0 p Q Q)
Equation (1) can be interpreted as the occurrence of twaigent sorption processes with
each capable of reaching its equilibrium water solubility (0 & @ ). The processes in the

PEK model possess nominally fask)(and slow (b) characteristic times, and the capending
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sorption sites are schematigadepicted inFigure 3.1. While precise categorization of different
sorption sites as fast or slow has yet to be conclusively estalSfishedrms of their relation to
specific terms in Eq. (£,33%the time constants are matersgecific anl can be extracted from

sorption experiments performed at different RH levls.

3.1.2 Positron annihilation lifetime spectroscopy

Since PALS remains a largely specialized characterization technique, we briefly describe
its underlying principle and analysis methodology in this section. The technique uses positrons
(electon antiparticles) as a probe by which to characterize vacancy defects avaldiree voids
in a wide range of inorganic and organic materials. Detailed reviews of PALS are available
elsewheré?3? When positrons are implanted into a subject materiay; thed to diffuse and
become trapped in such vacancies and voids, and eventually annihilate with surrounding electrons.
In a typical bulk system subjected to PALS analysis that empfbigsas the positron source, the
birth of a positron is marked as thars signal by detection of coincident gamma radiation of 1274
keV, whereas the decay of the positron is signaled by detection of annihilation gamma rays of 511
keV, which effectively serves as the stop signal. By recording the temporal inténkisgcggram
between the start and stop signals, a PALS spectrum is obtained. Such spectra frequently consist

of several exponential decay components of the form

00 Rob — (2)

where |; and () denote the intensity (or numbeensity population) ah lifetime of thej™

annihilation lifetime component, respectively.
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In polymers and sertonductors, positrons might also form positronium (Ps) species (a
metastable bound state of a positron and an electron) that also undergo annihilation. The alignment
of the electron and positron spins dictates whether Ps is in a singleparatpdsitronium or p
Ps) or a triplet state(tho-positronium or ePs). Since the first two lifetime$ (andt ) in Eq. (2)
correspond to positron and/ofRs annihilation and are only related to fast processes that are
relatively short, their analysis is not relevant in the present study. Of particular importance in this
study is the &°s lifetime, which can be correlated with the fuedume pore size of polyers,
thereby revealing the morphological features of polymeric media at atomic length scales. Although
0-Ps ions possess a lifetime of 142 ns in vacuum, this lifetime can be significantly shortened within
materials through a pietff process wherein the piron annihilates an environmental electron
(from the polymer) instead of its original pair. This shortendtsdifetime ¢ ) can be directly
related to the fregolume pore size through such correlations as theEldp modef’8

expressed as

t mp — —OE+ (3)
wherer represents the radius of a spherical frekime pore, ande (= 0.166 nm) accounts for
the electron shell extending into the fremume pore’® While this model is commonly used to
extract freevolume charaeristics from polymers, other models, including those not restricted to
specific shapes, have been proposed. In the present work, afisepsodel’ that cannot be
expressed in closed form due to its quantupthanical derivation has been utilized foalggis
purposes. Moreover, the associated intensity of tRs componentl) in Eq. (2) provides the

relative number density of framlume elemenfs among only similar material systems since this

guantity is sensitive to matal chemistry. When comparing PALS results acquired from the same
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material series, however, the total volunig ¢f the freevolume elements, approximated as

spherical in shape, can be obtained from

b O - 4)

3.2 EXPERIMENTAL
3.2.1 Materials

Softwood (fully bleached) pulp was supplied by Sédra (Véxjo, Sweden) and was oxidized
at ambient temperature with 98% TEMPO (SigAidrich, St. Louis, Missouri, USA), sodium
bromide (NaBr; >99 %, SigmaAldrich) and sodium hypochlorite (NaClO; Roth Chemsgal
Karlsruhe, Germany). Sodium hydroxide (NaOH) and hydrochloric acid (HCI) were purchased

from Fisher Scientific (Hampton, New Hampshire, USA).

3.2.2 Methods

1. Pulp oxidation

A fresh solution consisting of 1.25% w/w TEMPO/pulp and 12.5% w/w NaBr/pulp was
prepared in deionized (DI) water on the day of use. The solution was added to 220 g of pulp stirred
in DI water for 10 min, and the resulting suspension was diluted to 1.33nd¥d0 oxidation
with 1.1 mol NaCIO gradually added in eight allotments over the course of 50 min. This
corresponds to 5 mmol NaCIO per gram of pulp. During this oxidation process, the pH was
maintained at 10.5 by gradually adding 0.5 M NaOH. When Hhegmained constant over a
period of 10 min, the reaction was presumed to be completed, and the suspension was neutralized
(pH = 7.0) with 0.5 M HCI. The oxidized pulp was vaculiltered using filter paper with DI

water until a conductivity of < 5 uS/cm as measured and subsequently stored at 4 °C.
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Suspensions at 0.8 wt% concentration were homogenized with a Rannie 15 type 12.56X instrument
(APV, SPX Flow Technology, Silkeborg, Denmark) operated at 600 bar for one pass, followed by
a second pass at 1000rb@he final carboxylic acid content was measured by conductiometric
titration*? as the average of three parallel trials. The-goidble lignin fraction was determined
according to the TAPPI Usdf Method 250 standard with an absorption of 205 nm and lignin
extinction coefficient of 110 g/l cm. The remaining cellulose and hemicellulose contents were
discerned by subjecting the suspension to acid hydrolysis, followed byptegbure liquid

chromabgraphy (HPLC).

2. Film preparation

A suspension composed of 400 g of 0.3 wt%TRF in DI water was prepared by stirring
at 1100 rpm for 60 min, followed by either direct casting or probe sonication prior to casting. Probe
sonication, conducted with aZ3mm Qsonica probe for 10 min at 80% intensity, was performed
while concurrently stirring at 1100 rpm. Specimens are hereafter designated as S (for sonicated
suspension) or NS (for not sonicated suspension). Films were produced by casting 60 mL
suspensioimto polyethylene Petri dishes (measuring 15 mm in depth and 95 mm in diameter) and
then drying at ambient temperature 22 °C), 35 °C or 50 °C in a gravity convection oven.
Specimens are further denoted as Amb (dried &22°C), 35 (dried at 35 °C)rc&b0 (dried at 50

°C), as listed inrable 3.1. All films were finally dried at 80 °C for 3 h at 0.33 bar.

3. Sample characterization

Dynamic light scattering (DLS) was performed on-COIF suspensions diluted to 0.01

wt% and gently stirred for 5 min with a Malvern Nano Zetasizer. The viscosity was taken as that
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of water (0.89 cP), and CNF suspensions were measured for 30 runs of 80hséar @ total of

30 such measurements. These measurements were averaged to yield the reported particle size
distribution. Scanning electron microscopy (SEM) of specimens cryofractured in liquid nitrogen
to yield crosssections that were subsequently spatoated with 5 nm Au/Pd was conducted on
ultrahighresolution FENerios460L instrumenat 1.61.5 kV without stage bias. Samples were
prepared and investigated the same day. Films intended to investigate swelling kinetics were stored
in a desiccatort€dD% RH for at least 16 h until the swelling tests were performed. These tests were
conducted gravimetrically by exposing films to water vapor at 90 £ 2% RH and 23.9+ 0.1 °Cin a
Percival climate chamber. Specimens were weighed every hour for the fisad@ then at
preselected times thereafter. All swelling experiment results reflect four replicates, and equilibrium
values correspond to 96 h. Film swellii® Was characterized by the film weights prior to swelling

(Wo) and after a given time in thenmidity chamber\(t) according to
Y — P primb (5)

The PALS measurements were performed in the presence of a ~“2RaGiource sealed
between Kapton films measuring 7.6 um thick. Two Hamamatsu-3874&otomultiplier tubes
with plastic scintlators (25.4 mm diameter) were used to detect the start and stop signals of the
experiments. While a more detailed description of the PALS system has been provided
elsewheré?#*a photograph of the setup along with a schematic illistrés presented iRigure
3.2. Specimens to be examined were prepared by breaking about 8 films into pieces (totaling ~1.6
g) that were subsequently inserted into a vial. The positron source was positioned among the
sample pieces, which were pressed toimize spurious signals from air, and the vial was capped.
Multiple holes were drilled into the cap of each vial to allow equilibration with the surrounding

environment. Sampliglled vials were placed in plastic bags containing either desiccants or ~150
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mL of a suitable salt solution to generate the RH levels listéadlite 3.2. The plastic bags were

then sealed, and the samples were allowed to equilibrate. The desiccant remained blue at 0% RH,

ensuring that the sample environment was at 0%d®terwise the desiccant would turn red). To

monitor/confirm the equilibration process, PALS spectra, recording at least i &selis, were

acquired at ambient temperature evei® days. Resultant spectra were primarily fitted with three

annihilation Ifetimes using the POSFIT software package, and the regressed vadluwasf

related to the size of framlume elements via a shafyee quanturrmechanical modéf

Table 3.1. Specimen designations employed in this study.

Specimen designation Drying temperature (°C) Sonication status

Amb-NS Ambient
Amb-S Ambient
35NS 35
35S 35
50-S 50

NS
S
NS
S
S

Table 3.2. Relative humidity levels achieved in the PALS analyses.

Watervapor source

RH levels (%)

Desiccant
Saturated MgCl
Saturated Mg(Ng)2
Saturated NaCl

Deionized water

0
33+0.2
53+0.2
75+0.1
100

2 Reported RH levels are extracted from ref. 6, and the error corresponds to the standard deviation.
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3.3 RESULTS AND DISCUSSION
3.3.1 TOCNF film characterization

Conductiometric titration reveals that the carboxylic acid cont€@@ Q- + COOH] of the
TO-CNF generated here1843 + 7.2 umol/g. Acidhydrolysis confirms that the cellulose content
is ~79 wt%, whereas the aesbluble lignin is ~0.6 wt% (with no detettle acidinsoluble lignin).
Galacte(glucomannan) and xylan account for ~9 and ~7 wt%, respectively. Films fabricated from
the procedure described here measure ~20 um thick and appear highly transparent, as generally
evidenced by the photographs presenteBigure 3.3. While the films appear visually similar
when cast from sonicated or neanicated suspensions, their appearance is noticeably affected by
the drying temperature. Films dried at ambient temperature for about 23 days are virtualy defect
free(Figure 3.3A). Films dried at 35 °C over the course of 6 days display visible bulbhpsd
3.3C), and those dried at 50 °C for2ldays exhibit a large population of bubblEgy(re 3.3E).
This observation clearly indicates that, as the specimensilgjected to higher temperatures and
expedited film drying, the resulting FONF films more readily entrap liquid water, which
produces bubbles upon vaporization. This observation is consistent with SEM images-of cross
fractured films, displayed iRigure 3.3. An increase in the drying temperature and corresponding
rate of film formation is accompanied by enhanced film densification in regions away from
bubbles. The mechanical strength of the films is likewise sensitive to bubble formation (and, hence,
drying time), since films dried quickly are fragile and tear easily. The specimens displayed in
Figures3.3B, 3.3D and3.3F are all sonicated to permit discrimination by SEM (this is not required
at the length scale associated with visual examination). Acgptdithe DLS results provided in
Figure 3.4, sonication serves to reduce the meanQNIF length and shift the size distribution to

shorter nanofibrils.
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3.3.2 TOCNF film swelling

Swelling tests performed in a Percival climate chamber on four replicates establSh that
lies between ~283% after exposure to 90 + 2% RH and 23.9 °C for J&dure 3.5A displays
the time dependence 8for films that have been sonicated as suspessand dried at 3 different
temperatures. Application of Eg. (1) to these data results in the following \afliksand U>,
respectively (in h): 0.036 and 1.177 (ambient temperature), 0.008 and 6.553 (35 °C), and 0.430
and 9.341 x 19(50 °C). After expsure to water vapor for 1 h, the KENF films dried at ambient
temperature swell by 27%, whereas those dried at 35 and 50 °C swell to 22 and 21%, respectively.
After 12/24 h, thes&levels increase to 34/34% (ambient), 30/29% (35 °C) and 22/22% (50 °C).
Corresponding values &at 96 h are 33%, 31% and 24%, respectively, revealing that swelling is
negligible after 12 h. In fact, these results indicate that at least ~70% of the equilibrium swelling
in these TGCNF films occurs within the first hour of exposure. In addition, thellgng results
displayed inFigure 3.5A likewise demonstrate that an increase in drying temperature promotes a
reduction in equilibrium swelling. This specimen preparation issue, as well as suspension
sonication, is explicitly addressed kigure 3.5B, which shows that, while sonication tends to
improve swelling modestly (by 14% at ambient temperature and 9% at 35nWtgased drying
time lowers swelling to a greater extent (by 28% from ambient temperature to 50 °C). This latter
observation, which is ewmistent with the SEM images provided kigure 3.3, implies that
densified TOCNF films dried at elevated temperatures are more likely to hinder the sorption of
water molecules and thus swell. Another important consideration here is that hornificatidon mig
be at least partially responsible for this apparent result. Hornification, an irreversible stiffening of

cellulosic chains that naturally occurs upon drying as glucose units undergo chemical cross

107



linking,*® would also serve to inhibit swelling. This process has been reported to increase with

increasing carboxylate contéhand drying temperaturg.

3.3.3 Free volume: dry TECNF films

In this section, we explore the effects of sonication and drying temperature on the free
volume of dry TGCNF films. To begin, PALS spectra collected from films at 0% RH prepared
from both sonicated and n@onicatedsuspensions dried at ambient temperature have been well
fitted with three (and, for comparison, four) characteristic lifetimes in Eq. (2). Multiple spectra
have been acquired to confirm that the specimens have reached their equilibrium state, and results
from the last series are listed as typical valudsaivie 3.3. The regressed value of thd>g lifetime
(T ) ascertained from the sonicated specimen after regression with three characteristic lifetimes
(1.36 ns) is noticeably larger than that of the-sonicated one (1.27 ns), which suggests that the
sonication process affects the radigsof the freevolume pores. Calculated valuesra 0.206
+ 0.002 and 0.218 + 0.001 nm for the A and AmBES specimens, respectivaly are lower
than results prevusly reportetf for dry TO-CNF films ¢ = 0.235 nm). Corresponding values of
L from Eq. (4) are (5.26 = 0.08) x 20vm* (Amb-NS) and (5.78 + 0.06) x Fonn® (Amb-S),
indicating that the sonicated specimen possesses more free volume (with modestly larger free
volume pores). This result might help to explain the sonicatidnced increase in equilibrium
swelling evident irFigure 3.5B. To discern the extent tohich the values of andL are robust,
the PALS spectra have also been fitted to four characteristic lifetchegaple 3.3). While T
andl, are also metrics of free volume in polymeric media and suggest the presence of larger free
volume pores, tvalues of4 are substantially smaller than the other intensity values (~1% for the

sonicated specimen and ~0.1% for the-sonicated one), in which case these contributions to the
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free-volume analysis are probably negligible and are not consideréeifumtthis work. Another
indicator that these additional lifetimes are most likely inconsequential is the surprisingly large

uncertainty int relative to all the other extractddvalues inTable 3.3 (< 0.05 ns).

Table 3.3. PALS lifetimes measured at 0% RH for FTWNF films prepared from sonicated and
norsonicated suspensions.

Specimen  W(ns) E (%) W(ns) E@®) W(hns) E @) W(ns) E (%)

Threelifetime fitting

Amb-NS 0.11 11.81 0.38 73.28 1.27 1491 ¢ o}

+0.05 +554 +0.01 +5.34 +0.01 +0.32

Amb-S 0.19 17.83 0.40 68.19 1.36 1398 ¢ o}

+0.02 +2.14 +0.01 +1.99 +0.01 =+0.21

Fourlifetime fitting

Amb-NS 0.08 14.28 0.37 7043 1.24 15.18 7.47 0.11
+0.01 +1.03 +0.01 +0.84 +0.02 0.32 +5.76 +0.04

Amb-S 0.09 16.01 0.37 67.88 1.19 15.11 2.55 1.01

+0.01 +1.81 +0.01 +1.62 +0.04 +0.34 +0.46 +0.58

In addition to TGCNF suspension sonication, another consideration of importance in this
section is the drying temperature. Thidéetime analysis of relevant PALS spectra as above for
only the sonicated specimens yields fveéume pore radii of 0.215@001 and 0.212 £ 0.001 nm
at drying temperatures of 35 and 50 °C, respectively. ValuesmdL extracted from these data
are displayed as a function of drying temperature (where ambient is taken as 2EifQjer8.6
and reveal that, whilesystematally decreaseg, decreases to a plateau, with increasing drying
temperature. That is, increasing the drying temperature from 35 to 50 °C has no discernible effect

on L. These changes in fre®lume characteristics with drying temperature can be explame
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terms of the hierarchical structure of TWNF® We have established that an increase in drying
temperature promotes film densification, as independently determined from BgMe(3.3)

and equilibrium swellingKigure 3.5). On the basis of these epmental observations, such
drying-induced densification is presumed to influence nanofibrillar packing. If this is the case, then
it follows that either interfibrillar pores, or possibly the nanofibrils themselves, are most likely
compressed.

Since thecrystalline regions of the chains are expected to remain largely unaffected,
intrachain, as well as interchain, amorphous regions responsible for the free volume within CNF
densify at the nanoscale, resulting in smaller-frelesme pores. Faster drying &% at elevated
temperatures most likely prevents the chains from adopting their lowest energy conformations,
and so the population of fra®mlume pores increases (apparently to a limit) at higher drying
temperatures. Corresponding valuetsohder theseonditions are calculated to be (14.0 £ 0.2)%
for Amb-S and (14.8 + 0.4)% for 58.

We anticipate that not all of the freelume pores in this scenario are accessible to
penetrant water molecules, in which case equilibrium swelling decreases. In rarkesbt,
sonication loosens the nanofibfflend disrupts their crystalline regidfgrior to drying. Doing

so simultaneously increases botndL, as reported above.

3.3.4 Free volume: swollen T@NF films

Thus far, we have explored the effects of suspension sonication and drying temperature on
the freevolume and swelling characteristics of TENF films at 0% RH. In this section, the
response of TACNF films exposed to sonication and dried at ambient teatyoer (designated as

Amb-S inTable 3.1) is monitored at several different RH levels. The tests performed here utilize
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the setup described with regardRigure 3.2. Compared to the static swelling performed in the
climate chambercf. Figure 3.5), the fims investigated by PALS require significantly longer
equilibration times (several days vs. ~12 h) due to the experimental configuration. Representative
peaknormalized PALS spectra obtained from Ai@bspecimens at different RH levels and
ambient temperatarafter an exposure time ofl3 days (spectra shown correspond to equilibrium
conditions at each RH level) are presente#ligure 3.7 and qualitatively indicate that theRs
lifetimes are systematically shifted to higher values as the RH level issedre@orresponding
values ofr andls extracted by analyzing such spectra according to Eq. (2) and the model provided
elsewher® with three characteristic lifetimes are providedrigure 3.8 and reveal that (which
exhibits the same RH dependencélasot included for that reason) increases monotonically with
increasing RH level from 0.215 + 0.001 nm at 0% to 0.267 + 0.001 nm at 100%, an increase of
about 24%. The dependencelobn RH differs slightly: it remains relatively constant up to 53%
RH andthen increases by about 15%. To discern the extent of hysteresis upon deswelling, the
specimen at 100% RH wasdéed to 0% RH and reneasured. As seen kigure 3.8, the initial
free-volume intensity is recovered, but the frRedume pore size is not.hE original pore radius
measures 0.215 nm while the radius aftedmgng is 0.222 nm. At macroscopic length scales,
pulp drying results in lower porosify:>° Free volume that exists at nanoscopic length scales is
not, howeer, affected by surface tension in the same way as macropores when water evaporates.
To determine the time dependence of -RHuced freevolume changes, we have
performed PALS at different times at each RH level to follow the evolution obkeene poe
size and ePs intensity during the course of the experiment. The results are shown foranoth
I3 in Figure 3.9 and generally demonstrate that, except during the initial swelling and final re

drying, r is not as sensitive to exposure time at each &H. &n interesting observation on the
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first day at 33% RH provides evidence of atypigafe filling, which is also identified in other
polymer systems! This phenomenon is manifested as a slight, yet statistically significant, initial
decrease in average pore radius from 0.215 to 0.206 nm (a reduction of ~4%j befierases or
levels off at longer times. Values ofand |z recorded at théongest time examined at each RH
level are presumed to be representative of-eqailibrium and are used to constréagure 3.8.

While r behaves nearly as anticipated (even during the transient periods of initial swelling and
final re-drying), the freevolume intensity does not during the transient periods. Upon initial
swelling, for instancdz decreases over the course of the first 3 dayssgstematically increases.

As the specimen is @ried,r expectedly decreases to a relatively constant vilinde we do not

have a conclusive explanation for these results, we posit that the presence of water molecules might
be a contributing factor. Free water possessesRs ldetime of 1.86 n&which might impact

the measured freeolume characteristics here if water in the-COIF film elicits its own ePs
signal. Free water molecules can potentially contribute to the extracted valusisad its own
"free-volume" (Ps bubldl) radius is 0.27 nncf, Table 3.4),>? which is comparable to the pore size
ascertained here and in cellulose acefaBelow, we address the issue of how water contributes
to PALS spectra at different RH levels.

Table 3.4. o-Ps characteristics and pore radii for dry -COF film dried from sonicated
suspension and pure water.

System 3 (ns) I3 (%) r (nm)
TO-CNF film 1.36 £ 0.01 13.98 £0.21 0.215 (this work)
Pure water 1.86 26.9+0.5 0.27

The Kelvin equation describes the thermodynamics governing pore filling and assumes

that pores < 10 nm are not filled at 90% RH at ambient conditions. While this relationship can
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elucidate the size sliribution of pores through the use of adsorption porosimetry, it is only valid
for relatively large pores and does not account forsptific interactions such as hydrogen
bonding in its surface tension term. It nonetheless provides an experimeintabdetailed in

the following section. Our results reported here, as well as cthdigdicate that water initially

fills free-volume pores measuring << bén. The PALS results provided Figure 3.8 establish

that the ePs intensity is relatively constant, whereaystematically increases, up to ~53% RH,
implying that the freevolume pores expand in this interval, but that their number density does not
change appreciably. Since evidence of pore filling is observed after just 1 d at 33%-Rdra

3.9, water molecules most likely adsorb to the surface of theviskene pores and patrtially fill
them. Pore filling is subsequently overtaken by concomitarg pwelling, which serves to push
neighboring TGCNF chains away from each other. Since these water molecules are bound by
hydrogen bonds, they should not be treated as free water with thvelueee characteristics listed

in Table 3.4. At RH levels beyad 53%, both fre@olume pore size and intensity increase with
increasing exposure time iRigure 3.8. This observation is explained by water opening the
amorphous regions of TTONF, thus creating more and larger fradume pores. Under these
conditionshowever, the existence of free water can generate a PALS signal witRP#hatensity

and pore size included ifiable 3.4. As seen inFigure 3.3B, the TOGCNF films exhibit
interfibrillar pores that measure in the micrometer range. While these arebsotomfused with

the freevolume pores, they could be filled with free water at high RH levels, thereby eliciting a
pure water signal in PALS. This possibility is supported by oxygen permeability*dekech
increases as TGNF films are exposed to water vapor, signifying that water penetrates into

interfibrillar spaces and thus reduces film density.
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To further determine the role of water in the PALS analysis, {Re mtensity data in
Figure 3.8 havebeen correlated with RH level by an empirical exponential function to interpolate
the oPs intensity at 90% RH. With a regression coeffici®i) ¢f 0.98, this correlation yields an
intensity of 15.1%, which can be used to ascertdindbrresponds tdhe masaveighted average
of o-Ps intensities from free water and cellulose. The swelling data includemgyjune 3.5A
indicate that the mean equilibrium swelling for Ai8bat 90% RH is 33.2 £ 1.8%, which is
equivalent to 24.9 + 1.0 wt% water relative te thtal swollen mass. To test the hypothesis above,
the total signal intensity is expressed in terms of the pure water intefsitythe contributing
water fractionQ), the TOCNF intensity (O ), and the contributing cellulose fractiof)(in linear
fashion to yield

‘© Q0 Q0 (6)
By utilizing the values listed iffable 3.5, it becomes clear that not all the free water contributes
to the measured-Bs signal, since this leads to a higher valudzahan interpolated from
measurements (~17% > ~15%). Solving Eq. (6)@owith the requirementthd® "Q pand
‘O=0.151 yields 8.7 wt% water, thereby verifying that a nontrivial fraction of water in the system
is bound to the TENF chains and incapable of contributing aRsignal to PALS spectra. A
similar comparison performed by applying a simple linear rule ofures to the @°s lifetimes
for pure water and cellulose results in 7.9 wt% water, which is in fair agreement with the water
content from the -@s intensity calculations.

Table 3.5. Weighted PALS intensities of water and -TGINF films swollen at 90% RH.

swelling (%) Eq. (6)
31.4 0.239 0.239*26.9=6.43 0.761*13.98=10.64 17.07 £0.2
35.0 0.259 0.259*26.9=6.97 0.741*13.98=10.36 17.33+0.2
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The free water fractions calculated above from #isantensities of the pure and swollen
TO-CNF systems reveals that 35% of the water in the Anspecimen is free (and contributes to
the measured value &) and the remaining 65% is bound to the delie and is responsible for
the measured freeolume characteristics of the nanofibrils. A related issueonsider is the
possibility that bound water alters the formation @?in such fashion that a reduction HP®
intensity due to the presence whtercontaining freevolume pores is compensated by the
intensity contribution from free water. For this effect to be realized, the corRtrdensities and
characteristic lifetimes would have to be concurrently maintained over the entire RH raicge, wh
is not very likely. On the basis of the experimental results reported here, water initially fills existing
free-volume pores (as evidenced by a decreasafier 1 day irFigure 3.9), but is strongly bound
to the cellulose (without contributing to ehoPs intensity) in general agreement with the
classification of "nonfreezing" water during initial cellulose swelfihgfAfter the initial pore size
reduction, water at longer exposure times and higher RH levels expanelsisting free volume
pores. In this regime, thefs intensity remains relatively steady, suggesting that most of the water
remains tightly bound to the cellulose without contributing to t#iRs antensity and consists of
both "nonfreezing" and "freezy bound" wate?? The latter consists of water molecules that are
tightly bound to cellulose and exhibit a significantly depressed freezing point contpdred
water. At RH levels above ~53% RH, however, the presence of free water becomegigible.
Since the concurrent increases #® characteristic lifetime (which follows the RH dependence
of r) and intensity irFigure 3.9 are much more pronounced than those attributable to free water,
we propose that bonded water opens new\fodeme pores in amorphous interchain regions in
addition to swelling existing pores. A schematic illustration of thesevivskene changes is

depided inFigure 3.10.
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3.4 CONCLUSIONS

In this study, we have investigated the macroscopic swelling and accompanying free
volume changes of T@NF films. While these films swell according to expectation when
subjected to 90% RH water vapor, swelling is reduedien the film drying temperature is
increased. This observation is attributed to higher film density, as verified by SEM and suggesting

enhanced hornification. In marked contrast, the total free volume of fully dried films is not affected

by the drying ¢émperature even though the pore size decreases and the pore number density

increases with increasing drying temperature. Suspension sonication prior to casting serves to

increase the freeolume pore size due to a combination of disruption and size redustithe
TO-CNF fibrils. Subjecting TECNF films to various RH levels reveals freelume pore filling

at low levels (< 33% RH). As the RH is increased,-frekeime pores expand. At RH levels beyond

~ 53%, water likely creates new freelume pores and baves as free water inside the film,
thereby eliciting a freevater PALS signal. This conclusion is supported by comparing PALS
spectra with freolume intensity and lifetime calculations. Lastly, swollen films that are
subjected to relrying exhibit, slght freevolume pore size hysteresis. This study establishes a
direct relationship between macroscale and nanoscale water sorptiorRGRN@Ims prepared

under several different conditions.
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3.6 FIGURES

@®» Direct water 3 ’

) Indirect water E?% 0

Figure 3.1. Schematic illustration of water sorption in a TEMBKdized cellulose nanofibril
(TO-CNF) film. Sorption occurs as water binds primarily to external hydroxyl, aldehyde and
carboxylic groups (13) in internal amorphous regions (4) and along crystallicet§a(5). A

representative AFM image of the TCNF is provided in the ins¢scalebar = 200 nm)
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Specimen holder

Plastic bag

Figure 3.2. Schematic illustration of the PALS setup employed in this study. A sealed plastic bag
contains a glass vial (into which is placed aT®F specimen and tiféNa positron source) and
a desiccant or salt solution to maintain a specific RH level within elosd plastic bag.
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Figure 3.3. Photographs (left) and cressctional SEM images (right) of sonicated-ONF films
dried at different temperatures: (A,B) ambient temperature, (C,D) 35 °C and (E,F) 50 °C.
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Intensity (%)

Intensity (%)

Figure 3.4. Nanofibril dimensions obtained from DLS at (A) 12&8fd 8) 173° on TOGCNF
suspensions with (blue) and without (red) sonication. The solid lines represent Gaussian fits to the

peaks in the data.
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Figure 3.5. (A) Time-dependent swelling curves determined from Eg. (5) at 90% RH for-TO
CNF films prepared by sonication and dried at three different temperatures: an0G)ie3 (C(

@®) and 50 °C4). The solid lines are regressions of Eg. (1) to the data and the error bars denote
standard errors. (B) Equilibriur8 values obtained from swelling cusvet 90% RH for the 5

different specimen designations examined in this stafdyfgble 3.1).
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Figure 3.10. Proposed model for wateellulose interactions in the amorphous regions of
cellulose chains within CNF (rod). During the initial transient swelling between 0 and ~33% RH,

water fills intrainterchain freevolume pores and reduces the measured free volume. Beyond this
transient and up t653% RH, the fre@olume pores expand without the creation of new pores.
Beyond ~53% RH, water generates the formation of new pores by displacing chasatig

to simultaneous increases ifPs intensity and pore radius.
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CHAPTER 4
Humidity -Responsive Molecular GateOpening Mechanism for Gas Separation in
Ultraselective Nanocellulose/IL Hybrid Membranes*
ABSTRACT
Nanofibrillated cellulose (NFC) represemats important class of bibased nanomaterials

that possess favorable properties including hydrophilicity, 1D structure, biodegradability, and
surface tunability. Although widely known for its effective dmsrier attributes due to its inherent
crystallinty and hydrogefbonding capability, the ability of NFC to form dense films has been of
considerable interest in selective gaparation applications as a viable replacement for synthetic
polymers. With precise control of targeted properties at the nalep$t-C can likewise be used
to enable selective removal of greenhouse gases suclrasCBer ei n we report
hybrid membranes composed of NFC and an ionic liquid (Ik8thy3-methylimidazolium
acetate ([Emim][OAc]) that together exHibéxceptional separation properties arising from
controllable nanoscopic design. With this new class of green membranghl, G€ectivities as
high as ~370 and C(permeabilities as high as ~330 Barrer have been obtained at optimal IL
loadings and/or hurdity levels. The current work demonstrates that size exclusion of a molecular
penetrant in a wateswollen NFC membrane matrix relies on the network architecture of partially
swollen nanocellulose fibrils to selectively permeate: @@ough enhanced diféive pathways.
Additionally, the gadransport and rheological properties of these N&@icated membranes can

be precisely tuned through the independent use of humidity as an external control parameter.

* This chapter has been published indtdirety:

Janakiram, S.; Ansaloni, L.; Jin-A.; Yu, X.; Dai, Z.; Spontak, R. J.; Deng, Green
Chemstry 202Q
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4.1 INTRODUCTION

Due to its relatively low coshiodegradability and nanostructural tunability, nanocellulose,
including nanofibrillated cellulose (NFC), cellulose nanocrystals (CNC) and bacterial
nanocellulose (BNC)onstitutes a valuable building block for many advanced material designs in
a wide vaiety of contemporary applicatiodsds a consequence of its abundant availability and
natural renewability coupled with itenherently high crystallinity and hydrogdionding
propensity that promotes the formation of films with excellent-lgpasier properties,
nanocellulose is of greatly escalating interest as affressally and biodegradable alternative to
synthetic, oilderived plastics in packaging industrigdHowever, little is known about using such
bio-basednanomaterials for gaseparation applications, especially those targeting €@ture
for the mitigation of climate changeAnsaloniet al® and Venturiet al.” have investigated NFC
in the form of pristine films, as well as nanocomposite membranes containing poly(vinyl amine)
(PVAm), for CQ separation. In the latter case, the high hydroxyl density on the surface of NFC
ensures compatibility with hydrophilic polymers to achieve satisfactory mechanical
reinforcement:2 whereas PVAm permits facilitated transport of 8®the presence of fixesite
carriers. The NFC likewise increas water retention, thereby promoting superios tEahsport in
these nanocomposite membranes. Similar results have been obtained in our previous works
wherein nanocellulose was found to benefit 2Ciansport in nanocomposite membranes
containing NFC narfdlers in various polymeric matrices>'°However, the C@permeability of
neat NFC films in the absence of polymer matrix is very low due to the presence of discrete
crystalline obstaclé$ distributed throughout the membrafesyen though these neat NFC
menbranes may exhibit high CQelectivities relative to both¥ind CH under humid conditions.

Moreover, interfibrillar hydrogen bonding renders pristine NFC membranes brittle and thus
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mechanically unsuitable for commercial gaparation applications. Ndheless, its
semicrystalline structure is composed of amorphous lignin and hemicellulose domains that can
favor specific gas permeatiéfi:l? Introduction of NFGcompatible CQ-philic additives is
therefore anticipated to result in Hiased hybrid membranes that possess highsGlDbility.

In the present study, the gasrmeation performance of NFC films is improved through
the addition of an ionic liquid (IL), wih serves to enhance g6blubility for more effective
separation. Prior studies have examidéeithe thermodynamic compatibility of ILs with different
cellulosic materials, and resultant cellulose/IL blends typically possess interestirggadation
properties due largely to the presence of th& ICombining these attributes, we posit that the
NFC semicrystalline network can be exploited as a physical barrier for nonspecific gases whi
IL-swollen regions permeate @Qdn this scenario, humidity can provide another independent
degree of freedom, since water synergistically interacts with hydrophiftéfland NFC® to
allow precise control over COtransport through Hcontaining hybrid membranes under
isothermal conditions. In the spirit of molecular size sieving, numerous inorganic membranes or
polymer nanocommites containing nanoporous metaganic frameworks (MQOs$j or zeolite
inclusions have been develop@®? In these cases, highly selective gas transport is achlgve
judicious design of the nanopores in the fillers prior to fabrication as membranes. In marked
contrast, we fabricate hybrid NFC/IL membranes and subsequently employ the nanofibrillar
network of NFC to induce a comparable ssreving effect that is fuable under humid conditions.

By doing so, we find that the G®electivity remains high, whereas the{f@rmeability escalates
by a factor of over 12x relative to neat NFC films, thereby exceeding the Robeson upp&rbound
for CO: in the presence of N These hybrid membranes are predominantlybaised, highly

sustainable and edaendly, completely avoiding synthetic polymers anditosolvents. The
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current work also demonstrates a unique humidiity nt r o I-d ppedn if@d et r ansport

that promotes molecular selectivity in wassvollen NFC/IL membranes.

4.2 EXPERIMENTAL
4.2.1 Materials

The NFC, originated froreucalyptus pulp, was provided by INOFIB S.A.S. (France) as a
suspension in water at a solids content of 3.3 wt%kthyl-3-methylimidazolium acetate
([Emim][OAc], 97%) was purchased from Sigsddrich (Norway) and used a®ceived. The
gases investigated permeation tests included a €8y mixture (10/90 v/iv C@N>) and several
pure gased He (99.99%), N(99.999%) and Ck(99.95%)d all of which were purchased from
AGA (Norway). Gasseparation support membranes composed of polydimethylsiloxane (PDMS)

on polyacrylonitrile (PAN) were provided by Fuijifilm Europe B.V. (The Netherlands).

4.2.2 Fabrication

Both NFC membranes and hybrid NFC/IL membranes were fabricated in this work. The
IL loading levels considered were 20, 35 and 50 wt% [Emim][OACc] relatitbe solids content
of the membranes. For each NFC/IL membrane, a predetermined quantity of IL was added to an
agueous NFC suspension to achieve a given blend composition. The suspension was then
continuously stirred for -2 days to ensure homogeneous N#i€persion. Selétanding NFE
based membranes were prepared by casting the agueous suspension in a Teflon Petri dish, followed
by quiescent solvent evaporation in a convection oven maintained at 40°C. The thickness of the
resulting films varied from 35 60 pum. To generate thin membranes suitable for permeation tests,

aqueous NFC and NFC/IL suspensions were cast and subjected to vacuum filtration on
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PDMS/PAN support membranes, yielding a dense surface layer about 2 um thig<aBeihg
membranes werexamined by a battery of characterization methods and syagepermeation

tests, whereas thin membranes were investigated by rgae@ermeation tests.

4.2.3 Characterization

Morphological analysis of membrane surfaces and eesBons was performedyb
scanning electron microscopy (SEM) in a Hitachi TM3030 microscope. Membrane samples were
cryofractured in liquid nitrogen for crosectional analysis. To improve conductivity, all samples
were sputtecoated with a few nanometers of Au in Ar prior talgsis. Secondary and back
scattered electrons were acquired at accelerating voltages of either 5 or 15 kV. Swollen NFC in
the presence of IL was analyzed by S(T)EM, SEM and erdigpersive Xray spectroscopy
(EDS) in a Hitachi $500 scanning transmissi electron microscope equipped with adens
cold fieldemission source and a BrukefrXy detector. Specimens were prepared by dropping
dilute (0.1 wt%) NFC suspensions onto 3@8sh Cusupportgrids, followed by washing twice
with deionized (DI) waterFor surface composition analysis;ray photoelectron spectroscopy
(XPS) was conducted on a Thermo Fisher Scientific -XR&a system outfitted with a
monochr omat i cTheichemikaUsigsature of @lespecimens was analyzed by Fourier
transform nfrared (FTIR) spectroscopy performed in attenuated total reflectance (ATR) mode on
a ThermeNicolet Nexus spectrometer equipped with a smart endurance reflection cell and a
diamond crystal. Spectra were averaged over 16 scans at a resolution df #henthermal
properties of seitanding films were interrogated by thermogravimetric analysis (TGA)
conducted on a TG 209 F1 Libra instrument. Each specimen was heated from ambient temperature

to 800°C at a heating rate of 10°C/min undep@aiNge at a flowate of 60 ml/min. Accompanying
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water contact angles of membranes were discerned with a Biolin Scientific Attension Theta
contactangle goniometer. Measurements reported as the average between opposing initial contact
angles used a 2 L drop of water.

The water uptake capacity of the NFC/IL hybrid membranes was measured at 35°C by the
pressuredecay apparatus described elsewRefemeasured mass of dry sample was placed in a
isolated volume (35.1 + 0.2 éinmaintained under vacuum to completely evacuate dissolved
penetrants, and another closed volume chamber (49.7 + 8)2va® saturated with water at a
specific vapor pressure, monitored by a pressure sensor. After stgliifie water vapor pressure
in the second volume, both chambers were brought into contact. The gradual decline in pressure
due to water uptake by the sample was recorded over time and correlated with respect to water
activity >62627In addition, the mass uptake {Mvaluated at a given time (t) was used to estimate

thedi f fusivity of water® (D) according to Fickos
— p —B ——A@D ¢ p - 006 (1)

where M represents the mass measured at infinite time (the solubility), and L is the specimen
thickness. Values of D were obtained by the best fE@f1to experimental data at relatively

short times under the assumption that, compared to the initial samaf@ersi significant chain
relaxation occurs at low water concentration in the membrane matrix. Therefore,-psddado

diffusion was presumed here to avoid complications associated with the kinetics of chain
relaxation, as described elsewh&félms were analyzed for dry G@nd N sorption at elevated
pressures in a TA Instruments Rubotherm IsoOSORP gravimetric balance. To ensure asdry mas
prior to loading, each specimen was held under an external vacuum for 24 h, after which the
magnetic suspension balance was exposed to the internal vacuum until the mass reading was

constant (indicating complete evacuation of dissolved penetrants).rébsupe was increased
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incrementally and isothermal sorption measurements were performed at 35°C. Dry He tests yielded
the sample volume required to counteract buoyancy changes inside the chamber. Complementary
property analyses are provided in thgpendix B.

Both singlegas and mixed@jas permeation tests were performed to effectively characterize
the gas separation performance of fabricated hybrid membranes-&usghermeabilities of CO
N2 and CH through the NFC/IL membranes were measured using timeidh singlegas
permeation setup, as schematically depictedFigure 4.1. Each hybrid membrane was
sandwiched between two pieces of impermeable Al tape and sealed with epoxy glue. The specimen
was then placed in the membrane module, and the whole systeevacuated to ensure removal
of any volatile species. The membrane was subsequently stabilized at a specified water activity
using water vapor obtained from a liquid water tank at a particular vapor pressure to ensure that
the membrane was at a targdatiee humidity (RH). Concurrent streams of fully saturated gas
(obtained by bubbling through the liquid water tank) and dry gas were mixed to generate a gas
stream of particular relative humidity by controlling individual mass flows. The temperature, RH
and pressure in the downstream were continuously monitored by an integrated sensor (HygroFlex
HF5, ROTRONIC) and an absolute capacitance manometer (MKS, Baratron), respectively. Upon
opening the V5 valve iRigure 4.1, the upstream side of the membrane @qgssed to a constant
flow of gas humidified at constant RH (corresponding to the value at which the membrane is
equilibrated) and 1 bar. Under these conditions, the driving force for-wegter permeation is
negligible. The increase in downstream presscan be exclusively attributed to incoming
incondensable gas that permeates through the menfSrAnesteady state (timedependent
pressure variation), the permealyil{P) of a singlegas was calculated from the constaokume

variablepressure method according to
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Here, — is the leakcorrected pressure variation over time measured by the pressure transducer,

Vg is the downstream volume,, pnd p represent upstream and downstream pressures,
respectively, R is the universal gas constant, T denotes absolute temperatédrepamsponds
to the exposed membrane area. Permeability values calculdied Bgre reported here in Barrer,
where 1 Barrer 40 cm3(STP)ecm'tsiem HJ?! = 3.35 x 10 molm't s Pd?l. The ideal
selectivity between gaseandj (&j), a metric é the quality of gas separatios,defined a$i/P;.

An in-house mixeejas permeation setup with humidity control was used to perform the
mixed-gas permeation tests. Detailed technical information about thipsetd the test procedure
was reported eadr.> Mixed-gas measurements yielded the actual permeation of a gas mixture for
realistic gasseparation performance assessment. In this case, a thin membrane with a dense
selective layer was coated on a support membranantysis. A circular section cut from each
membrane was placed inside a sample holder in which the permeate area varied from 2.0 to 2.5
cn? due to masking prior to measurement. The membrane was stabilized with regard to both
humidified sweep and feed ges In these tests, the feed gas was aNiz@as mixture (mimicking
flue gas), whereas the sweep gas was pure Coéhstant RH was achieved by controlling the dry
and humidified gas flows. The feed pressure was regulated to 1.7 bar in the upstream by a back
pressure regulator, and the sweep side was maintained at 1.05 bar. A calibrated Agilent 490 Micro
gas chromatagph was used to analyze the composition of the retentate, permeate and feed

streams at steaeltate conditions, and the permeability of fAgas was calculated from

0 ©)

h h h

Here,w represents the tdtpermeate flow rate measured at steady state,andw are the mole
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fractions of water and gasrespectively, in the permeate, apgl, | ; andn  correspond to the
partial pressures of gam the feed, retentate and permeateyeetvely. The associated separation

factor ( 7 ) is given by
'y (4)

whereyxandx (k=i orj) are the mole fractions of gl the permeate and retentate, respectively.

4.3 RESULTS AND DISCUSSION
4.3.1 Morphological claracteristics

To discern the nanofibrillar morphology and chemical composition of NFC in the presence
of the [Emim][OAc] IL, STEMEDS analysis has been performed, and representative results are
presented irFigure 4.2. These findings have bee@ftained by first dropping a highly diluted
agueous suspension of NFC containing 35 wt% [Emim][OAc] on a Cu support grid positioned on
soft tissue to remove excess liquid and then adding additional DI water to remove excess IL and
leave behind IL that isnremically attached to the NFC. Randomly entangled nanofibrillar clusters
characteristic of NFE are observed, thereby confirming no physical changes to the NFC
morphology triggered by the addition of IL. Corresponding ECfsrof the NFC bundles reveal
that the spatial distribution of IL is correlated with that of the NFC, as verified by the N map in
Figure 4.2 (since NFC does not contain N). Moreover, according to XPS restiliadure B.1
in the Appendix B), addition ofIL increases the surface C:N:O ratio from 0.58:0.00:0.42 to
0.57:0.03:0.42 in the case of 20% [Emim][OAc] and 0.58:0.05:0.37 in the case of 35%
[Emim][OAc]. This spatial correlation of [Emim][OAc] with NFC nanofibrils is consistent with
the expected comphitlity of IL with the hydroxytrich surface of NFC. It immediately follows

that the interaction between IL acetate ions with NFC hydroxyl groups, along vatiengation
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of imidazolium rings in close proximity to the NFC surfd@enost likely disrupts hydrogen
bonding between adjacent nanofibrils and thus loosens the NFC network. It is reatsoasdiiene

that surface coverage of individual nanofibrils by IL reduces the capacity of NFC nanofibrils to
form very tightly connected networks through interfibrillar hydrogen bonding, thus softening the
films.3! From a gadransport perspective, surface anchoring of [Emim][OAc] is additionally
beneficial for CQ transport by promoting surfaaiffusion through the imidazolium moieties,

since the crystals present in NFC nanofibrils act as physical barriers to gas transport.

The inherent ability of NFC nanofibrils to physically connect and form tight networks
stabilized by hydrogebonding is esponsible for promoting the formation of deffree films
suitable for gafarrier applications such as packaging. Sohoast films are characterized by
layered structures composed of randomly oriented nanofibrils, as generally observed for specimens
varying in IL loading level inFigure 4.3. This topology is characteristic of NFC films due to
random inplane orientatiod?> As reported by Svageet al,** hydrogenbonding between
nanofibrils in a single layer (intralayer interacfios stronger than that between nanofibrils
residing in different layers (interlayer interaction). For this reason, the cryofractured planar surface
of neat NFC inFigure 4.3A appears rough due to the widespread protrusion of discretely bound
NFC layers tat remain mechanically intattWhen [Emim][OAc] is added to the dispersion, the
IL coats the NFC nanofibrils and, by doing so, successfully precludes both intralayer and interlayer
hydrogenbonding during solvent drying. Whitlisruption of NFC hydrogebonding induced by
the addition of IL has a slightly discernible effect on fracture topolagyF(gures 4.3B-D), it
strongly affects hybrid NFC/IL films with 20 and 35 wt% [Emim][OAc]. According to DMA, the
dynamic storage tasile modulus of NFC decreases Figure B.2 in theAppendix B) as the NFC

crystallinity, as measured by XRD, decreasésHigure B.3 in the Appendix B) in the presence
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of IL.

4.3.2 Chemical and thermal properties
Chemical interactions between NFC nanofibrillar surfaces and the IL have been examined
by FTIR spectroscopy performed in ATR mode. Representative spectra of NFC, the IL and hybrid
NFC/IL membranes are displayed for comparisofigure 4.4A. A key chemicakignature of
native cellulose is the existence of a broad peak between 3250 and 36@@rinuted to-OH
stretching associated with both intramolecular and intermolecular hydbmopeiing. Additional
sharp peaks are positioned at 1060 and 2888 dmeto C-O-C and symmetric & stretching,
respectively, of cellulosic chaitts Pristine [Emim][OAc] IL is differentiated by the presence of
symmetric GC-O stretching at 1380 ctand asymmetric @-O stretching at 1566 ch in
addition to symmetric C=N stretching in the imidazolium ring at 100%. dmeradions between
IL and the NFC nanofibrils are identified by upward shifts in the spectral peak initially at 1380
cm! due to the formation of hydrogen bonds between acetate ions on the IL and cellulose hydroxyl
groups on the NFC. Moreover, a shift in thelp@osition related to CO stretching at 1174'cm
provides evidence of additional intermolecular hydrogen borndiEgcept for these indicators of
hydrogenbonding interactions between the NFC and IL, no new bonds could be detected from
these spectra, thus confirming no permanent chemical modification to the nanofibrillar surfaces.
Imidazoliumbased ionic liquids often possess relatively low melting points, in which case
the addition of [Emim][OAc] is expected to decrease the thermal stability of NFC films. To
ascertain the extent of this anticipated outcome, we have performed TGA on NFCbaidd hy
NFCI/IL films, and the results are providedrigure 4.4B. An initial mass loss at about 100°C in

all three specimens examined is attributed to loss of water. Interestingly, this reduction is nearly
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identical for neat NFC and NFC containing 20 wt% Alt.the higher IL loading level examined
here (35 wt%), this feature is more pronounced, implying that the hydrophilic IL likewise contains
water. These differences are in favorable agreement with the -watde measurements
discussed below. The degradatonset temperature at which a precipitous drop in mass occurs is
observed at just over 300°C for pure cellulose nanofibrils, which reflects their high degree of
internal hydrogefbonding, as well as their aromatic nature. Incorporation of IL disrugts an
reorients the surface hydroxyl groups of the nanofibrils to prevent interfibrillar hydbmgehng,
thereby promoting a considerable reduction in the thermal stability of NFC/IL films to less than
200°C: ~198°C for NFC with 20 wt% IL and ~180°C for Nwith 35 wt% IL. It is important to
recognize that the initial degradation onset temperature of [Emim][OAc] is 2%5F8e
mechanism of expedited degradation in the NFC/IL films is atetbto &2 nucleophilic attack

of acetate ions on the alkyl chain of [Emim][OAc], which, in turn, leads to scission of both the IL
and the cellulose backbone. Since an increase in IL loading in NFC decreases both the specific
heat capacity and viscosity tfie blend, anion mobility is accelerated throughout the matrix,
thereby facilitating alkyl chain and cellulosic degradafiomith increasing temperature. Although

the initial degradation tempaure of NFC/IL films is depressed upon incorporation of IL, these
hybrid films (unlike NFC) become relatively stable at about 350°C and undergo a second
degradation event at ~500°C. Abow& 550°C, all the films (including pure NFC and NFC/IL

blends) yidd virtually no residual ash.

4.3.3 Water sorption
Water plays a major role in the nanoscale swelling of RfF, well as the transport of

CO; through NFGbased membrané&$:1° The hydrophilicity of the hybrid meménes produced
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here is anticipated to increase as the concentration of incorporated IL is increased. This expectation
is corroborated from initial water conteahgle measurements: 37° for neat NFC films, but 26°
and 19° upon addition of 20% and 35% [Emi@¥c], respectively. Moreover, a pressutecay
apparatus described elsewRéseused to monitor the wateptake capacity of each test specimen
and yields the water per polymer mass (ing/@s a function of water actty (obtained from
p/p*® wherep and p*® represent the measured and saturated pressure of water vapor at 35°C).
Representative results obtained from pure NFC and two NFC/IL films are preseriigdine
4 5A. Sigmoidal sorption curves are observed tbthee materials examined, which is consistent
with the swelling behavior of hydrophilic celluloseAddition of IL systematically enhances the
water uptake of NFC films according teeth. loading level: from 0.06 gjg for pure NFC to 0.11
0/gol at 20 wt% [Emim][OAc] and 0.21 gfg at 35 wit% [Emim][OAc], all measured at a water
activity of 0.6. As the data shownhiigure 4 5A indicate, this wateuptake change increases with
increasing water activity. At higher water activities, water clustering is expected inbd5€d
membranes;® thereby leading to an exponential increase in wafgake at high humidity
conditions. In addition to water uptake, sorption measurements have also been correlated to the
kinetics of water uptake at each pressure increment and confirm Fickian diffusion according to the
mathematical procedure proposed bindlli et al!® and Ansalongt al®

In Figure 4 5B, waterdiffusivity in neat NFC films increases with increasing water uptake
in the pristine NFC matrix. For example, as the water uptake is increased from 0.016 to 0.090
g/gol, the corresponding water diffusivity increases by two orders of magnitude (fromG#4 x 1
to ~4 x 16° cn¥/s). This correlation is attributed to NFC swelling due to the inherent hydrophilicity
of nanocellulose. Hybrid NFC/IL films, on the other hand, display pronounced differences even at

low water activities where swelling is expectetédess effective. At low RH levels, water orients
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and localizes along the aromatic protons in the imidazolium ring of [Emim][€%Athe high

water diffusivity at low RH in the NFC/IL films with 35 wt% [Emim][OAc] is attributed to
anisotropiccation diffusion and water surface diffusion through IL pathways. Even at such low
loading levels, the IL conduit is sufficiently contiguous for water molecules to diffuse along NFC
interfaces without requiring much bulk swelling. This can be attributedetdwydrophilicity of

both IL and NFC and the smaller kinetic diameter of water molecules. Hence, in this case, the
diffusivity of water is significantly higher (~3 x fcnm?/s) than it is in NFC/IL films containing

20 Wt% [Emim][OAc] (-4 x 18° cné/s) at a constant water uptake level of 0.0244/ét higher

water activity levels, faster diffusion results in a maximum water diffusivity of ~78cht/s at

a water activity of 0.4 in NFC/IL films containing 35 wt% [Emim][OACcT.(Figure 45). A similar
maximum occurs at ~9 x P&m?/s in films with 20 wt% [Emim][OAc] at a water activity of 0.65.

If the activity is increased further in both instances, however, the water diffusivity is observed to
drop since water can diffuse through bulk channelsnasrd and trimers, along with hydrated ions

associated with the IL regions.

4.3.4 Gas permeation

Humid singlegas permeation tests have been performed on membranes at three different
RH levels, namely, 30, 60 and 90% at 35°C, and the results are prioviélgdre 4.6. According
to this figure, the C@permeability of NFC/IL membranes increases substantially with increasing
RH due presumably to increased water uptake in the NFC nmeftisiqure 4 5A). Although NFC
usually acts as a barrier material tes germeation because of its high crystallinity arising from
hydrogenbonding, the dual presence of IL and water promotes both enhaneesb@@on and

diffusion, thereby increasing G@ermeation. While the introduction of IL promotes an increase
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in CO, permeation at all RH level§,vastly different behawi is encountered with regard to the
permeation of N thereby yielding an unexpectedly high ideal selectivity of ative to N at
intermediate humidity levels. Ala. 60% RH, the C&N:z ideal selectivity increases sharply to up

to ~410 for NFC/IL meraranes containing 35 wt% [Emim][OAc] and then decreases sharply at
higher humidification levels. A similar, albeit less pronounced (~150), ideal selectivity maximum
is also evident in the case of NFC/IL membranes with 20 wt% [Emim][OAc].

The interaction bCO;, with a humidified membrane is reportet®y dependent on water
activity in the corresponding matrix. In additiotihe chemical composition of the membrane
matrix strongly affects C&transport across the membrane as both gas molecules and dissolved
species. First, the acetate ions of the IL strongly interact through hydbogeing with the
nanofibrillar surfaceghus reducing interfibrillar interactions and enhancing the available surface
area of the nanofibrils for both water and £&rption. Previous studie¥ have concluded that
CQOz interacts with nanocellulose surfaces due to charge affinity. In fagtc&@QOwveakly complex
with acetate anions via a reversible bond that could improve the surface diffusion afoG@®
the nanofibitlar surfaces’® Moreover, tiemisorption of C@on dry imidazoliumbased ILs has
been fountf to induce C@complexation contributing to enhanced sorption, and the introduction
of water triggers rapid release of chemically sorbed. @@d expedites the production of
bicarbonate species from the same complex.

Another nontrivial effect is related tbe reduction of IL viscosity in the presence of water,
which serves to enhance the diffusion of small molecules such athf@Ogh watesswollen IL
domaing®?43 At high humidity levels, the contiguous IL/water channels provide a fast diffusive
pathwg for hydrated complexes, in addition to the transport of free @Ghould be recognized

that these channels can also physically transport other species such asddHe. Under the
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present experimental conditions, the permeability op @©reases rearkably with increasing
water content in the NFC matrix. The permeation behavior of &parent irFigure 4.6 from
singlegas measurements is likewise observed in mgestestscof. Figure 4.7) wherein the
permeability of CQincreases to a maximum 0820 Barrer in hybrid NFC/IL membranes with
50 wt% [Emim][OAc] at 90% RH and 35°C. Interestingly, at this RH level, thepg@@neabilities
of NFC/IL membranes containing either 35 or 50 wt% [Emim][OAc] are similar, suggesting that
the continuous IL/waterich channels responsible for fast £dffusion exist at the lower IL
loading level, in which case the @Permeabilities are more than 12x greater than that achieved
in neat NFC membranes without the addition of IL.

Another observation thavarrants discussion is that the &£y selectivity measured in
both single and mixedgas tests are qualitatively comparable with a pronounced peak (at ~60%
RH) relative to values recorded at lower and higher humidity levels. To identify the origin of such
high selectivity, we have performed sorption tests aimed at decoupling the solubility and
diffusivity coefficients for gaseous G@nd N. At low CO pressures in particular, the effect of
IL loading on CQ solubility is measurable but not significacf. (Figure B.4A in the Appendix
B which indicates that C£N solubility selectivity €f. Figure B.4B in the Appendix B) in
NFC/IL membranes is not the dominant contributor to the high/KEGselectivity measured in
single and mixedgas permeation tests.tAbugh the interactions of G@an be different in the
presence of water, however, the semicrystalline nanocellulose network still serves as a barrier to
norrinteracting gases and its effectiveness varies as a function of RH. Thisstaddlished
attribue of NFC nanofibrils, along with the aforementioned low sorption selectivity efitCthe
NFC/IL membrane, implies that the overall &R selectivity is governed by the diffusion of

gases (and the corresponding dissolved species derived fropuder lumid conditions.
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4.3.5 Gateopening mechanism for selective separation

To test our hypothesis of a sigelective separation mechanism in NFC/IL membranes that
is controllable by humidity, the transport properties of noninteracting penetrant specieg wraryin
molecular size have also been tested. Siggkepermeation measurements with gases such as He
and CH at various RH conditions have been performed to examine the dominant role of diffusion
selectivity. In these casdsigure 4.8 confirms thathe selectivity of CQrelative to other gases
depends on the kinetic diameter of the second gas and its solubility along the NFC/IL interface,
which is influenced by the surrounding water activity. Given that bethnd He possess limited
solubility in NFC/IL membranes, a large permeability difference signifies the existence of
molecular transport based on size exclusiorkigures 4.8a and4.8b, NFC-based membranes
with 20 and 35 wt% [Emim][OAc], respectively, consistently possess the lowegHE @l el
selectivity (between ~4 and 16) at all RH levels examined, verifying that He permeates through
the membranes faster thaa die to its smaller kinetic diameter. In the case 0#/C8s, the ideal
selectivity is as high as ~100, but is generally lowen that for CQ/N2. Although the solubility
of CHs in the NFC/IL membranes is expected to be higher compareg(asMell as He), its size
still plays a major role in contributing to a lower £€&lectivity relative to Blas a consequence
of the permeatio barrier afforded by the semicrystalline NFC network.

While RH affects the magnitude of these selectivities, two trends are especially
noteworthy. The first is that, at low RH (30%), the M@ and CQ/CHjs ideal selectivities are
comparable at both IL &ing levels, suggesting that insufficient water is available for diffusion
of CO along contiguous pathways of IL/water in the membrane, establishing the importance of
water to boost C&xransport along the nanofibrillar interfaces. At higher RH levawidver, the

CO./CHa ideal selectivity is consistently lower than that forZND, and both selectivities exhibit
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a maximum at 60% RH. The former observation signifies that the NFC/IL membrane regulates
permeation on the basis of molecular size at thesdittmms where the effect is pronounced to a
larger extent with nosoluble N than with slightlysoluble CH. Since the crystals comprising

NFC nanofibrils constitute a natural barrier to gas permeation, it stands to reason that they are
likewise responsie for sieving penetrant molecules, but to a lesser extent, in-stdien

NFC/IL membranes. The density of semicrystalline NFC nanofibrils is controlled by the IL loading
level and humidity, which can be independently used to tune botpegaseation phways and
physical obstacles within NFC/IL membranes and, in turn, the ability of these unique membranes

to transport gas molecules selectively.

4.3.6 Humidity-controlled permeation regimes

The mixedgas permeation response of select NFC/IL hybrid nmands to humidity
changes has been investigated in detail by using Agasdpermeation tests, as presented in
Figure 49. These results can effectively be divided on the basis of RH into three regimes, which
are identified inFigure 4.9 and schematically depicted kigure 4.10. I n the fFrrst re
barriero), the i mpenetrability ofigus é9whenr yst al
the humidity level in the matrix is insufficient to swell the NFC/IL membranes and form
cortiguous IL/water channels. Here, penetrant transport is largely thwarted by an effective barrier
membrane, and Cransport depends on a combination of chemisorption efi€l and surface
diffusion of CQ along the viscous NFC/IL interface (which it haghly swollen at this RH). For
this reason, C@permeability depends sensitively on IL content in the matrix, increasing with an
increase in the IL loading level (from ~5 Barrer at 35 wt% IL to ~60 Barrer at 50 wt% IL at 30%

RH and 35°C). Under thesermbtions, the C@N: separation factor is quantitatively similar for
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both NFC/IL membranes due to concurrently reducedd®@ N permeation (recalling the barrier
efficacy of NFC). -©0pens eagoihdFiguresd.QamdllOgnérgsa h e
the condition at which sufficient membrane humidification permits swelling of NFC due to water
uptake and subsequent formation of contiguous IL/water channels along the NFC nanofibrillar
surfaces. In these channels, 4@nsport is enhanced due to a timation of higher solubility
and faster diffusion relative tooNIn this scenario, the nanofibrils physically separate due to-water
induced disruption of interfibrillar hydrogesonding. When the humidity is increased beyond
45% RH, the C@permeabilityof the matrix starts to increase (to ~26 or ~82 Barrer for membranes
with 35 or 50 wt% [Emim][OAc], respectively, with little or no change inpermeability at 60%
RH). This behavior is attributed to the reduced matrix viscosity and consequently enhanced
diffusion of CQ and associated complexes, even though the partially swollen NFC still acts as a
sizeexclusion barrier to nemteracting and larger molecules.

Il n t hiopeimg atg® pergeatioreis mai@lypgoverned by faster diffusion
due b the smaller kinetic diameter of G(®.33 nm) relative to N(0.36 nm) and CkK(0.38 nm)
and (i) expedited transport through the IL/water layer that envelops the NFC nanofibrils and
regulates molecular transport on the basis ofexzdusion. Thus, theeparation factor iigure
4.9 catapults to over 370 in membranes containing 35 wt% [Emim][OAc] at 60% RH. A somewhat
counterintuitive feature of the results presented in this figure is that this abrupt increasiNp CO
selectivity remains evident, bbecomes less pronounced, when the IL loading level is increased
to 50 wt%. Possible explanations for this unexpected result are that a higher concentration of IL
further swells (and thus separates) the NFC nanofibrillar network
and, by doing so, decreashe viscosity of the matrix particularly in the IL/water region along the

NFC surface, thereby yielding a more highly dilated NFC network that effectively reduces the
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barrier efficacy afforded by the semicrystalline nanofibrils. In similar fashion guatidition of

water at higher RH | evels causes the NFC/ 1L n
reinforcement o) characterized by considerabl e
capacity, while the semicrystalline network of fibriunctions to reinforce the swollen matrix and

hence maintain the mechanical properties of the membrane. Under these conditions, a continuous
pathway of IL+water and bulk water yields high sorption and fast diffusion of @@ich
consequently raises tl&0, permeability to as high as 330 Barrer in membranes with 50 wt%
[Emim][OAc] at 90% RH. In such highly swollen NFC/IL membranes, the resistance to N
diffusion is lowered significantly, leading to a less effective sieving and, consequently, to a
reducedCO»/N2 separation factor (~58.2 at 90% RH). In these predominantly IL/xgatggrining
membranes, the semicrystalline NFC nanofibrils serve a different purpose by affecting bulk
mechanical propertie$.

The mechanical reinfoement of NFC in the presence of IL illustrated-igure 4.10is
established irFigure B.2 in the Appendix B and is also highly beneficial in stabilizing water
swollen membranes for lortgrm operation, as demonstratedFigure B.5. Moreover, such
membranes tend not to be susceptible to fluctuations in feed conditions due to their high water
retention capacityyhich is consistent with results from a previous sttifilge NFC/IL membranes
fabricated and characterized in this study at different humidity levels are benchmarked in terms of
their separation performance relative to Bebeson upperboufftin Figure 4.11. This upper
bound identifies the empirical tradéf between CQ@permeability and, in the predasase, C@N2
selectivity obtained from compiled data of numerous membrane materials, thereby setting
aspirational targets for new membrane performance levels to increase energy and cost efficiency

of CO, separation systems. In general, an increase imgsdhility (separation throughput) is
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accompanied by a reduction in selectivity (separation quality)véceversa This tradeoff
essentially reflects either a reduction in gas selectivity as all penetrant molecules migrate under
comparable conditions @bstruction through a dense membrane or an increase in gas selectivity
as molecular transport (usually associated with diffusion) becomes generally more difficult and
speciedifferentiated. As anticipated from the described mechanisms governing gaoiransp
different regimes irFigures 4.9 and4.1Q, all the NFC/IL membranes exhibiting waiaduced
gateopening for CQat intermediate RH levels transcend the upper bound. As far as we are aware,
this is the first example of a watswollen nanofibrillatednembrane to exhibit such remarkable
COp-separation performance. Even without the apparently unique mechanism associated with
molecular gatepening, highly humidified NFC/IL membranes are capable of efficiently
separating C®from N, as evidenced by thealose proximity to the upper bound, thereby
confirming that these eedbiendly membranes with high CGOpermeability and competitive
COo/N2 selectivity capabilities are aptly suitable for g&paration applications related to carbon

capture and ultimatelgyitigating climate change.

4.4 CONCLUSIONS

The current work concurrently exploits the gesrier property of NFC nanofibrils in the
presence of an incorporated IL to generate a new generation of hybrid membranes that are
humidity-tunable anchighly permeable/selective for the purpose of.G€paration. In fact, the
biological origin and hydrophilicity of nanocellulose in conjunction with the use of an IL as a eco
friendly additive in these hybrid meomslyr anes
promising separation properties. This class of membranes not only exhibige@@ability and

CO/N2 selectivity levels that reside near or exceed the Robeson upper bound but also reveals the
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existence of multiple transport mechanisms that arergededoy wateinduced nanoscale changes

in NFC packing, which effectively dictates gas transport on the basis of molecular size. In
particular, we identify three different humiditriven regimes wherein)(molecular transport is
generallyrestricted and Cgdiffusion depends strongly on IL loading) CO; transport is greatly
enhanced by the presence of contiguous IL+water channels that open the gatevidil€&till
restricting the diffusion of larger molecules, aiid fondifferertiated molecular transport occurs
quickly (high permeabilities) at reduced selectivity. In this regard, both IL loading and humidity
serve as independent external controls that can be used to regulasmgpsrt properties of NFC.
This study demonstragethe largely unexplored potential of 1D semicrystalline nanofibrils as
adjustable, senpermeable sizsieving membranes capable of affording precise control over
network characteristics and, hence, size exclusivity irbbged gaseparation membranddgnder
optimal IL loadings and/or humidity levels, these green membranes showcsabk §¥lectivities

as high as ~370 and G@ermeabilities as high as ~330 Barrer, clearly demonstrating their

potential for application in C&separation.
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4.6 FIGURES
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Figure 4.1. Schematic illustration of the singgs permeation setup used for measuring-gase

permeabilities in the presence of controllable relative humidity (RH).
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Figure 4.2. S(T)EM images of (A) neat NFC fibrils and (B) NF®riis containing IL. In (C), a
higherresolution SEM image of NFC with spatialtprrelated IL, as evidenced by elemental

mapping of carbon (D) indicative of NFC and nitrogen (E) indicative of the IL.
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Figure 4.3. SEM images of filmsurfaces (left of white dashed line) and crssstions (right of
white dashed line) acquired from specimens with different levels of added [Emim][OAc] IL (in
wt%): (A) 0, (B) 20, (C) 35, and (D) 50. The 50%dbntaining sample is obtained as a filim

membrane on a PDMS/PAN composite support.
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Figure 44. (A) FTIR spectra acquired from NFC, [Emim][OAc] and hybrid NFC/IL films
containing different loading levels of [Emim][OAc] (labeled and caloded). (B)Massloss
measurements acquired BGA from pristine NFC and two hybrid NFC/IL films (see legend for

specimen details).
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Figure 45. (A) Water uptake and (Bffickian water diffusivities measured at 35°C for pristine
NFC and hybrid NFC/IL films (see legends for specimen detdits solid lines serve to connect

the data.
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Figure 46. Singlegas CQ permeability (black, left axis) and G2 ideal selectivity (blue, right
axis) for two hybrid NFC/IL membranes (see legend for specimen details) presented as functions
of RH measured at 35°C and 1 bar. The solid lines serve to connect the data, exnat thars

correspond to the standard error in the data.
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Figure 4.10.llustration of nanofibrillar network dilation in hybrid NFC/IL membranes at different
RH levels. Wateinduced swelling in these regimes regulates &hsport at constant IL loading.
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CHAPTER 5
Mesophase Characteristics of Cellulose Nanocrystal Films Prepared from Electrolyte
Suspensions
ABSTRACT
Cellulose nanocrystals (CNCs) exhibit a cholesteric mesophase above a critical
concentration in agueous suspensions. Above this concentration, CNOsgaalkze into left
handed helicoidal structures that can be preserved in dried, stratified films. In this Hgstrig,
we have prepared opticalctive CNC films cast from different electrolyte suspensions and
investigated, via circular dichroism and other techniques, the effects of counterion type (six
mono/divalent salts, including those responsible for ptoman g foaud 10t iamgl nids aInt i n
the Hofmeister series) and ionic strength on mesomorphic behavior and cholesteric arrangement.
The presence of electrolytes influences CNC colloidal stability by compressing the electric double
layer and altering intadions among neighboring CNCs and water, thereby affecting the extent to
which the CNCs form a mesophase. Interestingly, mesomorphic behavior and CNC alignment
appear to be sensitive to cationic radius and charge valence, in which case the optida&gprope
of CNC films can be adjusted for targeted sustainable applications. Such heuristic rules can be
valuable for predicting the stability and characteristics of CNC micrdatein designer coatings

and thin films prepared by introducing suitable aagi prior to film formation

* This chapter has been published in this entirety:

Jin, S:A.; Facchine, E. G.; Khan, S. A.; Rojas, O. J.; Spontak, Rournal of Colloid and
Interface Scienc2021

166



5.1INTRODUCTION

Sustainable and eddendly materials that selfrganize into, for instance, liquid
crystalline mesophases have become increasingly important for various technologies (e.g.,
photonic films[1,2], optical coating$3] and otherwise responsive materi@$]). Among these
materials, nanocellake has gained widespread attention due to its inherent advantages that
include, among others, nanoscale dimension, natural abundance, application versatility, and
biological compatibility[67 8]. Cellulose nanocrystals (CNCs), one form of nanocellulose, is
typically manufactured through sulfuric acid hydrolysis (as well as other acids), yieldutigeod
nanoparticles that possess an overall negative charge (due to replacement of the surface hydroxyl
moieties in cellulose by sulfate hadéter groud9,10]). During hydrolysis, less ordered domains
are removed while preserving the more ordered, crystalline fraction. Because of its nanoscale
dimension and high aspe@tio [6], CNC can be readily dispersed in polar polymer matrices to
develop hybrid nanocomposites with enhanced mechanical prodédids3], as well as ionic
liquids to promote unique and effective &€eparation membranes with concentratiand
humidity-dependentféicacy [14]. While the utility of CNC is welkestablished in a wide spectrum
of applications (especially for rheological modificatifitbi 17] or mechanical reinforcement
[11,13)), it likewise serves as a potaily useful optical material due to its ability to exhibit
lyotropic phase behavior.

Due to their intrinsic negative charge, CNCs are electrostatically stabilized in an aqueous
environment. At a critical concentration chowever, they selbrganize tdorm a chiral nematic
(cholesteric) mesophasi8]. Above ¢, CNCs spontaneously separate into isotropic and
anisotropic fractions, the volumetric ratio of which depends on the overall concentration of CNC

in suspensiofil5,18] Unlike CNC particles that are randomly distributed throughout the isotropic
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phase, the ones residing in the anisotropic phase are arranged in imperfect layers that are stacked
atop each other and oriented orthagjoto a chiral axis. Cellulose nanocrystals residing in the
same layer are, for the most part, oriented in the same direction, and they are slightly rotated with
respect to each other in adjacent layers, thereby yielding a stratified microstructureftwith le
handed chirality that can be preserved upon solvent evaporation as the suspension dries into a solid
film. The distance required for the layers to complete a full 360° rotation (termed the helical pitch)
primarily defines the optical properties if thiégch measures on the order of the wavelength of
visible light. In this case, the pitch directly relates to the reflected color of thflfijso that the

optical properties of CNC films are microstructtw@able. Production of uniformly colored CNC

films is highly desirable, but extremely difficult since numerous interrelatesiderations
contribute to the morphology of the filf20i 23]. Even under quiescent drying conditions, dried

films likely display domains, or grains, that reflect multiple colors due to differences in anisotropic
domain size and orientati¢®2,24 26].

Independent efforts have sought to control the pitch of CNC mesomorphic domains to
fabricate films possessing uniform light reflection (color), as well as similarly oriented stratified
layers. Approaches to achieve this objective involve varyiagriitial state of the CNC suspension
(by changing ionic strengtf0,27 32], surface charge densif$1,33] particle fraction[34],
anisotropy volume fractiof85], or equilibration timg36, 37]), modifying CNC surface properties
via chemical or physical means (by polymer graffi@g 41]) or the addition of surfactaifit]),
incorporating other (nano)particlg/,42,43] or altering the drying conditions (by thermal means
[44] or application of an external for¢2,18,25,45). Of particular interest here, studies aimed at
examining the effects of ionic strength and inorganic salts on the mesomor@n®béincluding

¢’) of CNC suspensions have afforded valuable insights. An increase in ionic strength, for instance,
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promotes an increase in, @long with a reduction in the anisotropic volume frac{@8i 30].
Although several report$21,24,25,35]have explored the transition from lyotropic CNC
suspensions to microstructured films, the influence of counterion type and ionic strength on the
cholesteric arrangement of CNC solid films remains poorly understood. Many previous efforts
have focused on taifimg the chiral nematic behavior of CNC suspensions by, for instance,
modulating ionic strength, but disregard relating these changes to solid films. In contrast, those
studies seeking to control the optical properties of CNC films have relied on intrgdaici
external field, varying the temperature or adding a hydrophilic additive during drying, but overlook
the use of inorganic cations to template the microstructure in suspension. Here, we endeavor to
merge these disconnected contributions by elucidatiogy electrolyteinduced changes in
lyotropic behavior affect CNC alignment in solid films. Specifically, we introduce different
electrolytes ranging in valence state and ionic strength, as well as their capability in the Hofmeister
series, into CNC suspsions and investigate the resulting effects on the mesomorphic behavior of

CNC and the morphology of solid CNC films obtained by drying.

5.2EXPERIMENTAL
5.2.1Materials

The CNC employed her e was produced by
Nanomateribs Pilot Plant (Forest Products Laboratory, FPL) and acquired in sodium form from
the University of Maine Process Development Center. It was +tieet and used a®ceived.
The initial CNC suspension with 12.1 wt% solids was diluted with deionized @&rto desired
concentrations. Salts including sodium chloride (NaT99.5%), potassium chloride (KOO

99%), magnesium chloride (Mgg1098%), calcium chloride (anhydrous Ca@d96%), sodium
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thiocyanate (NaSCN)99.99%), and guanidine thiocyan&@uSCN,097%) were all purchased
in powder form from Sigm&ldrich and dissolved in DI water to selected concentrations prior to

use.

5.2.2Methods

The dimensions of the CNCs were measured by atomic force microscopy (AFM) on an
Asylum MFR3D instrument perated in AC mode at ambient conditions. For this purpose, freshly
cleaved mica substrate (15 mm x 15 mm) was incubated with 0.01 wt%. {hpdyne solution
(SigmaAldrich) for 30 min, followed by rinsing with DI water and drying with air. Afterwards,
100¢L of 0.01 wt% CNC suspension was then dropped onto the treated substrate for 1 min before
thoroughly rinsing with DI water and drying. Multiple areas were evaluated to ensure acquisition
of representative AFM height images, which were then analyzedtethGOR Pro analysis
software package. After examining 158 CNC particles, their average length and width were 115
nm + 34 nm and 3.9 nm £ 1.0 nm, respectively, and exemplary images are inclkadpdeénC.1
in the Appendix C. The electrostatic charge (@messed as the zeta potential) of the CNC
suspensions was determined under ambient conditions by a Malvern Nano Zetasizer. Aivalue of
44.3 mV was determined for a 3 wt% CNC suspension in DI wettefigure C.2), confirming
excellent longterm colloidalstability. (Comparable results were obtained at a lower concentration,
0.1 wt% CNC.) The zeta potential was further useaksess the stability of CNC suspensions with
different electrolyte content prior to film casting. Experiments wepéicated at least five times
with an average of 20 measurements.

For film casting purposes, the concentrated CNC stock suspension was diluted with DI

water and salt was added to generate an isotropic suspension composed of 3 wt% CNC with
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electrolyte conentrations ranging from 0 to 14 mM. The resultant suspensions were then mixed
at a high shear rate (3000 rpm for 5 min on a Silverson-B5ivixer). Films were prepared by

first casting 30 mL of each suspension into a polystyrene Petri dish (100 mm dianteit& mm
depth) and then drying at 35 in a gravity convection oven. Dried films were cut into rectangular
strips measuring 0:6m wide and 4.&m long, and only the central region of each film was
considered to avoid edge effects that could give oitieet secalled coffee ring47,48] Mesophase
features of the films were observed by polarized optical microscopy (POM) on a Nikon Eclipse
50i POL microscope. At least thredfdrent regions were imaged, and the cholesteric pitch was
calculated with the ImageJ software packdg®] as an avege of several measurements.
Ultraviolet (UV)-visible spectra were collected on a Thermo Scientific Genesys 10S spectrometer.
Rectangle strips cut from the films were mounted in quartz cuvettes so that the surface of each
film was orthogonal to the beam patnd spectra were collected in transmission mode. Circular
dichroism (CD) spectra were also acquired in similar sample orientation with an Applied
Photophysics Pistet80 spectrometer. In this case, the films were analyzed at a rate of 100 nm/min
at an ncrement of 1 nm. For fieldmission scanning electron microscopy (SEM), films were
cryofractured in liquid nitrogen and imaged in ckgsstion on an ultrahigkesolution FEI Verios

460L microscope with a Schottky emitter at an accelerating voltage \dfvithout stage bias.

Cryofractured surfaces were sputteated with 5 nm Au/Pd and imaged the same day.

5.3RESULTS AND DISCUSSION
5.3.1 Cellulose nanocrystals and film formation
Figure 5.1 displays CNC film morphologies obtained from a representative agueous CNC

suspension. Evaporationduced seHassembly (EISA]35], which occurs when isotropic CNC
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suspensions dry and, upon reachingoeder into a liquid crystalline mesophase that ultimately
templates the microstructure of films, is schematically depictEgjure 5.1a. The initial aqueous
suspensins of CNC (with a surface charge of 3ol OSQ/g CNC) at 3 wt% are isotropic and
appear translucent since they lie below(cd 4 [50]t Ré3ultant CNC films dried from the
initial suspensions measuca. 100 pm and appear highly birefringent, according to the POM
image displayed ifrigure 5.1b. A fingerprint pattern, which is a signature feature of cholesteric
arrangement, is clearly visible in this planar view of the CNC film, and the approximatetbialf
can be determined by measuring the distance between two successive dark or briginfinge
lines (see the inset Bigure 5.1b). While FrkaPetesic et a[51] provide an irdepth interpretation
of these fingerprinpatterns in relation to the pitch, we presume that the distance between adjacent
fingerprint lines yields the halsitch of the CNC mesophase in the absence-ptane (lateral)
dimensional change upon drying. The variation in reflected light (coloryamdom orientation
of the fingerprint texture evident in POM images provide evidence of multiple grains exhibiting
different chiral pitches and nonuniform helical orientations. The average pitch of our CNC films
measures 1.88 0.11em, which lies in theange reported in previous repoj22]. Included for
comparison inFigure 5.1cis a crosssectional SEM imagacquired from a film crossection,
revealing wellorganized stratified CNC layers indicative of chiral nematic ordering. Since the
pitch evident in this SEM image i s much small
we estimate that compressiolorag only the surface normal during film drying corresponds to
about 18.6 vol% CNC at kinetic arrg34].

The drying mechanism illustrated ifigure 5.1a indicates that as the suspension
concentration increases and eventually reache€NCs become biphasic and start to form

discrete nematic droplets (commonly referred to as tactoids) in the isotropic phase via nucleation
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[36,46] These nematic tactoids then grow over time until they achieve a critical volume at which
the surface energy constraint between partiglerkais sufficiently lowered to permit the layers to
connect into lefhanded helicoids. These cholesteric tactoids subsequently fuse with adjacent
tactoids to generate larger anisotropic domains and ultimately accumulate to yietarigeg
stratificationalong the isotropic/anisotropic interfddé]. Tactoid fusion, rearranging and settling

to form a contyuous cholesteric phase continues until the system becomes kinetically arrested due
to a systematic increase in viscosity, followed by gelation, upon continued evaporation. At this
point, no further tactoid rearrangement is expected to proceed, andutterstis effectively
lockedin with a characteristipitch. In the present CNC suspensions, variations in pitch can result
from an interplay of several factors: CNC polydispersity, drying conditieng, (rate and
temperature), nonuniform viscosity fluettions, and the ionic strength of the suspension. In
particular, the CNCs investigated here are somewhat heterogeneous according to AFM images and
the corresponding nanoparticle size distributions. Such polydispersity is therefore expected to
strongly afect both mesophase formation and cholesteric alignment in solid films.

On the basis of Ons a[f2¢ loriger rotishae expected tc assembber e d i
before shorter rods and behave as mesogenic units at a lower concentration in suspension. In the
present system, this means that the CNCs with a larger aspect ratio firiz@rngéo nematic
pseudedlayers and eventually form lorrgnge layers at the bottom of the anisotropic pfE&84]

As drying proceeds, shorter CNC nanoparticles contribute to the bulk cholesteric phase by
coalescing with nearby tactoids and insertion along the anisotropic/isotropic interphase. Such
incorporation will either form larger domains of weliganized layers or produce defects by
disrupting the longange stratified morphology, depending on the orientation of their chiral axes

upon fusion. Longange layered elements form if the helicaésvof each tactoid are mutually

173



parallel, but defects develop if the axes are perpendicular to eacljaiheXs the system nears
equilibrium, tactoids in the defective zones will rearrange themselves to promotaihgegorde

until they are kinetically arrested. The viscosity of the system increases concomitantly with
increasing CNC concentration upon water evaporation, thereby leckitige mesophase
characteristics and hampering further structural changes. Unlike ligggsthiiine molecules or
polymers that possess uniform chemistry, the present CNCs are hydrolyzed nanopatrticles that
spatially vary in surface charge and, hence, colloidal stability. All of these factors can alter the

pitch and grain size in solid CNC films.

5.3.2Cation radius and valence effects

Upon introduction of all the electrolytes considered here (NaCl, KCI, M@2Ch, NaSCN,
and GuSCN), the zeta potential is found to increase initially and then, for monovalent cations,
reach a plateau updaorther addition ¢f. Figure C.2). The electrolyte concentration range has
macroscopic phase separation or aggregation. This is an important consideration to discern the
effect of ionic strength on chiralematic ordering in the resulting solid films. Ttheckness of the
films cast from these saline CNC suspensions is likewise unaffected by the addition of different
concentrations or types of salts. The optical properties of the films are, however, strongly affected
by both factors, as confirmed by the pdgraphs displayed ifigure 5.2. An increase in salt
concentration consistently promotes a visible reduction in struictdueed color and the films
become transparent at higher salinities. Interestingly, the extent to which the optical properties
changedue to the addition of electrolyte appears sensitive to both ionic radius and valence of the
electrolyte cation. A lower concentration of salt is required to noticeably alter the translucence of

film for cations with a larger ionic radius or a higher wake. In the case of monovalent KClI, for
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example, 8 mM is sufficient to eliminate all traces of iridescence, whereas films with the same
concentration of NaCl remain slightly iridescent to the unaided eye. Divalent salts extinguish
iridescence at even lowsalt concentrations: ~6 mM for Mand ~4 mM for C#.

It is important to recognize that a lack of film color and an increase in transparency do not
necessarily indicate absence of chimtamatic CNC organization, as several other reasons can be
responible for such observations. One explanation relates to the pitch size, which might not lie
within the visible electromagnetic spectrum. In this case, while a-gtérahtic mesophase can be
present, visible light does not interact with the layered morglyolnd no iridescence (or
birefringence) is apparent. Another explanation is that the layers comprising the cholesteric
mesophase might be disrupted due to the introduction of salts, resulting in a partially disrupted or
fully collapsed microstructure. Diasdered CNC strata would simply allow light to pass through
the film without introducing the modulation necessary to promote optical properties such as color.
To discern if this explanation is responsible for the change in optical properties appkrgaten
5.2, we have investigated the films by POM to identify changes in birefringence due to variations
in liquid crystalline order. Representative images are providegyure 5.3, which clearly reveals
the influence of salt addition on the chire@maticbehavior of the solid CNC films. In all
instances, an increase in salinity causes reductions in birefringence andhemmaic domains
(fingerprint patterns). For films containing monovalent cations” (&al K'), evidence of the
cholesteric mesophasamains up to 8 and 6 mM, respectively, in agreement with the iridescence
results inFigure 5.2. In contrast, birefringence is suppressed at much lower salt concentrations,
still observed at 4 and 2 mM, in films containing¥gnd C&*, respectively.

Theseresults, taken together, indicate that more monovalent cations possessing a smaller ionic

radius are needed to completely disrupt the cholesteric mesophase of CNC films, which
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gualitatively agrees with the relationship between the critical aggregatiaerdoation of CNC
suspensions and ionic strength on the basis of the SeHalzly rule[55]. In addition, the UV
vis spectra of all films ifrigure C.3 reveal a blue shift in the extrema below a wavelengtof
500 nm with increasing salt concentration, and this shift is more pronounced for suspensions
containing Mg* and C&". As the salt concentrations are further increased, the extrema disappear
altogether at catiespecific levels. Another useful analysis of the Mi¥ spectra examines the
derivative of the transmittance as a function lofi | min, wWhere | min is the wavelength
corresponding to the minimum in each W\é spectrum. This representation, include&igure
C.4, provides information regarding the pitch distribut[88]. For CNC suspensions containing
Na’ cations, these curves appear generally comparable in magnitude, shapgpanditsi no
pronounced differences, indicating a relatively concentratidapendent pitch distribution. This
is not, however, true for the other three cationic species, suggesting that they introduce substantial
changes in the pitch distribution. Sinte tPOM images displayed kigure 5.3 indicate that all
the suspensions with 2 mM salt are birefringent and, by inference, possess a liquid crystalline
mesophase, we compare all the dTédirves corresponding to this concentratiorrigure C.5
and note thir surprising catiofindependent similarity wheni | min > 0 and their apparent cation
dependence (discussed above) whén min < 0. Values of the mesophase pitch extracted from
POM images are found iRigure C.6a to decrease with increasing electrelytoncentration,
which corroborates the shift evident in bAS spectra.

Comparing film pitch values to those measured [34] from Na@taining CNC suspensions
at different CNC loading levels revealskigure C.6b that () a similar sakinduced reductin
occurs in suspensions at low CNC loading levalsp{tch values measured from dried films are

consistently lower than those from hydrated CNC suspensionsijiandg pitch value in films is
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reduced further upon incorporation of divalent, rathemtimonovalent, cations. This latter
observation merits further study of lyotropism in agueous CNC suspensions containing
electrolytes differing in ionic strength. A reduction in pitch is primarily attributable to a change in
the level of interaction betwaeCNCs at different ionic strengths of the suspensions. lonic strength
plays a crucial role in colloidal stability as it compresses the electric double layer (EDL) of the
CNCs. Generally speaking, negatively charged nanoparticles are colloidally statiliee
electrostatic interaction. Upon salt addition, however, the EDL becomes compressed as
counterions are sufficiently available to balance surface charges. Charge screening and concurrent
EDL compression affect the balance between repulsive andtiattrémrces, resulting in a net
reduction in the effective size of the nanoparticle. As the electrolyte concentration (and ionic
strength) increases, more cations can interact with and adsorb onto CNC surfaces, further
compressing the EDL and diminishiniget effective nanocrystal size. Smaller nanoparticles are
expected to be drawn closer together by van der Waals (dispersion) forces and consequently lessen
the space surrounding CNCs in liquid crystalline layers. As a result, CNC layers are more tightly
padked, yielding a decrease in pitch. Since cholesteric organization is preserved in the solid films,
pitch reduction appears to be directly templated into the film. Further salt addition permits
attractive forces to dominate over repulsive ones, resultioglimidal destabilization and particle
aggregation. These phenomena are apparent in POM images of the CNC films: increases in salt
concentration lower the pitch and suppress liquid crystallinity.

As depicted irFigure 5.4, the extent of EDL compressionsignsitive to the physical attributes
of cations, including the ionic radijy86,57] ionic behaviof56,58] and cation valencf7,59]
The cations considered thus far are included in the Hofmeister series, and each of them can be

classified as either a kosmotrope (strongly hydrated, small ionic radius and high surface charge
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density) ora chaotrope (weakly hydrated, large ionic radius and low surface charge density)
relative to the strength of watarater interactions. The sequence is given bxfNa" O € a
Mg?* in increasing order of surface charge density (from chaotrope to kog®ptho the case of
the monovalent cations (Nand K), pitch reduction is more pronounced fof tian Nd over
the concentration range investigated. According to the Hofmeister sefieatiéhs are superior
chaotropes relative to Na&ations, in which case 'Kcations are anticipated to exhibit stronger
interactions with CNCs of similar ionic character according to the law of matching water affinities
[56,57,60] The implication is that the chaotropic sulfate fesfer moieties on CNC surfaces favor
K* over Nd cations to form strorgy ionic pairs. Since the extent of EDL compression and charge
screening directly depends on the strength of ionic interactiboations compress the EDL of
CNC more than Nacations. The smaller effective size of CNCs inédectrolyte suspensions
resuts in a more compact chiraematic arrangement and thus a shorter pitch than in suspensions
containing N& at equivalent concentration. Although both?Cand Md¢* are considered
kosmotropic cations, similar behavior is observed for these divalent cdticthés case, Ca as
a larger cation behaves less like a kosmotrope relative f &gl allows more favorable and
stronger interactions with the large anionic sulfate-aslér groups on CNC.

In addition to the senmjuantitative analysis of mesomormICNC films from POM images
and U\tvis spectra, we have also measured their circular dichroism (CD) to quantify changes in
chirality upon salt addition. Circular dichroism is defined as the difference between the absorption
of left-handed circularly polaed light (A.cp) and righthanded circularly polarized light &&p)
so that

CD = AcprT Arcp (1)
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This optical metric provides information regarding the handedness of helicoids: positive and
negative CD signals correspond to Jefinded and rightanded blices, respectively.
Representative CD spectra are displaydegure C.7, and the maximum intensities are collected

in Figure 5.5 to elucidate the effect of different electrolyte concentrations with four cations. In all
cases, the CNC films exhibit pise CD over the wavelength range examined, thereby verifying
that, without exception, the CNC mesophases posses$mtated chirality and that the handedness

of the cholesteric helix is insensitive to the presencelaftrolytes and elevated ionic stgém

Two additional trends ifrigures 5.5 andC.7 warrant mention: an increase in salt concentration
alters not only the peak CD intensity but also the peak width.

In the absence of any electrolyte, the peak intensity of the CNC film is 838 mdeg. Upon
introduction of electrolytes, the general response is a systematic reduction in peak CD intensity
and a loss of reflected circularly polarized light from-teinded cholesteric domains. An increase
in ionic strength will ultimately collapse the organizegels so that only an amorphous fraction
remains, at which point no CD signal will be detected. A distinct difference exists, however, when
comparing the influence of salt concentration in CNC films containing monovalent and divalent
cations. For monovalemations, the maximum intensity Figure 5.5 is located at 2 mM upon
Na" or K" addition and then decreases at higher salt concentrations until the CD signal reaches
nearly 0 mdeg at 14 and 10 mM addition for ldad K, respectively. The initial increase in peak
intensity at 2 mM, identifying an improvement in letinded chirahematic ordering, can be
attributed to an increase in aspect ratio generated by compression of the EDL by a small population
of cations. In other words, the interaction between relatively few positively charged ions and
negatively charged CNC particles sliyhtreduces the EDL, thereby yielding nanocrystals

possessing an effectively higher aspect ratio. According to On&&jerods with a higher aspect
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ratio enhance longange order and are therefore expected to improve the cholesteric arrangement
of CNCs.

Another possible contribution to this observation is a reduction in the visodditg CNC
suspension in a low electrolyte environment. The relationship between ionic strength and flow
properties of CNC suspension has previously been establigfigdl,62]in the context of a
weakened electraiscous effect accompanied by a comprese&l. and reduced effective
hydrodynamic size. A decrease in suspension viscosity provides CNCs with more mobility to
organize into ordered mesophases. Moreover, it also facilitates the coalescence of tactoids to
generate larger domains, as well as thenesfient of tactoids to yield les®efective cholesteric
ordering. A combination of both factors benefits-ledinded helical alignment, as discerned from
the peak CD measurementdHigure 5.5. In contrast in this figure, CNC films containing divalent
cations never exceed the peak intensity of thefsa¢t CNC film, and the peak intensity decreases
monotonically with increasing salt content until it reaches nearly 0 mdeg at 6 and 4 mMfor Mg
and C&', respectively. These intensities are consistently lavan those resulting from the
addition of monovalent salts, which agrees with the trends observed by POM arnsd &halyses.
Divalent cations are more effective at screening surface charge and compressing the EDL. In this
scenario, van der Waals inteliacts dominate over electrostatic repulsion at lower salt loading,
thus increasing the tendency of CNCs to aggregate and eventually form highly disordered films.

As demonstrated earlier with regard to the-fakk CNC film, the stratified morphology of the
CNC films prepared from electrolyt®ntaining suspensions can also be examined by SEM for
comparison with our findings from other analytical techniques. According to thesgossnal
images included ifigure 5.6, an increase in salt concentration getly promotes disruption and

collapse of ordered CNC layers. In relationRigure 5.1c, ordered and disrupted strata, or a
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combination thereof, are evident upon addition of 2 mM salt and persist to higher salt
concentrations, depending on cationic radimd valence. Distinctive layers are present in films
prepared from CNC suspensions with monovalent electrolytes, whereas coexisting layered and
amorphous regions are apparent in films dried from suspensions with divalent cations. The most
distinctive layers are visible in the crosection of the CNC film with 2 mM NaCl, and the
corresponding pitch is & 275 nm. When cfombine
Figure C.6a), we conclude that dryinmpduced compression due to kinetic arrest ocatiefout

15.5 vol% CNCJ34]. This concentration is amnginally lower than that of the sdiee CNC
suspension (18.6 vol%) and is attributed to the ability of the electrolyte to screen the EDL. Films
produced in the presence of divalent cations display both periodic and disrupted CNC layers at
low and, in sme case, intermediate salt concentration and then fully disrupted morphologies upon
further cation addition. Once the layers eventually collapse, only amorphous regions remain
throughout the film. Interestingly, some highly distorted areas consist optauidtyers that appear

to be squeezed together, which would be consistent with -indatted reduction in pitchcf,

Figure C.6a). Moreover, the electrolyte concentrations at which such irregularity becomes
dominant matches CD measurements. Stratificatistortion due to cation addition is responsible

for the loss of optical properties (including color) in solid CNC films.

Thus far, the salts considered in this study belong to the Hofmeister series and are responsible
for nfAeat t ® nghi c Hy used proaessctwimlute colloidal instability and promote
precipitation[63]. In this case, the electrolytes reduce watdloid interactions and serve to
enhance watewater interaction§s6,57,60] I n this secti oni,nowee fcfoencsti c
two monovalent cations, Nand guanidie (GU), paired with a thiocyanate (SENanion on CNC

liquid crystallinity to elucidate the relationship between water affinity and mesomorphic behavior.
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Addition of NaSCN and GuSCN into CNC suspensions yields strikingly similar optical properties:
an ingease in salt concentration increases translucence, as demonstriigdréen5.7. The
corresponding UWis spectra irFigure C.8 reveal a slight blushift in the minimum below =
500 nm with increasing electrolyte concentration and complete extrema disappearance at 8 and 6
mM for NaSCN and GuSCN, respectively. Derivatives of the-wB/spectra are provided in
Figure C.9 and reveal that the change in pitch distribution uporesidition is significantly more
pronounced in the case of GUSCN relative to NaSCN. While the shift in thediwinimum with
increasing salt addition follows the same trend as the cations paired with chloride anions, the
degree of blue shift is greater fda" paired with Cl than SCN over the entire salt concentration
examined ¢f. Figure C.108). Since the wavelength at this minimum is related to the pitch of the
cholesteric morphology by Braggbés | aw, the di
According to the Hofmeister series, SCN a large, polarizable chaotropic anion and is best
known t o i nAidnuoc eo fi $pacbb}gndmiedergolymer complexd66] in aqueous
medi a. I n contrast t o-0o@atn,i @ ns hitdayanpatoemod rei ofins
bonding between water molecules and thus improve colloidal stability in water by breaking
transient water cluster§5]. An increase in the availability of water molecules introduces a
molecularlevel competition between CNC and water molecules (via hydrogen bonding) and CNC
and cations (via electrostatic interaction). Rartnore, since thiocyanate anions are bulkier than
chloride anions, they will occupy more volume and influence the negative charge of CNCs at a
shorter distance than ‘Chnions. As a result, the motion of CNCs and their tactoids will be
restricted due tolectrostatic repulsion among negatively charged CNCs and 8Gibhs, and the
CNC layers will become compressed to minimize this repulsive force and ultimately-locked

drying proceeds. In addition, the smaller pitches measured from POM images, dtoseas
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provided inFigure 5.8, and included for comparison iRigure C.6a corroborates that the
cholesteric layers are more compressed in'S&itaining films than in Cicontaining films due
the larger SCN anions. Regardless of pitch differences, thelesteric phases completely
disappear at 8 mM for NaSCN (and NaCl) and 6 mM for GUSCN (and KCI).

The maximum CD intensities of CNC films with NaSCN and GuSCN have been extracted
from the CD spectra iRkigure C.11 and are displayed for comparison relatiweesach other and
to Na' cations inFigures 5.9 andC.10b, respectively. Addition of NaSCN up to 2 mM yields an
initial increase in CD peak intensity, followed by a reduction with increasing salt concentration
until it eventually reaches ~0 mdeg at 14 mM, which is comparable to the behavior observed for
NacCl in Figure 5.5. In Figure C.10b, the initial increase is more pronounced in the case of the
chloride anion, but the peak intensities are surprisingly similar at higher salt concentrations,
suggesting that morphological disruption in CNC films in these twesdasationdriven despite
the anion size difference (181 pm radius for &d 215220 pm radiug67] for SCN). It is
interesting that 14 mM of either salt is sufficient to completely collapse the cholesteric mesophase
in CNC films irrespective of anionic radius. The effect of aniomaidius at lower electrolyte
concentrations is not yet clear and merits further study to fully understand its impact on
mesomorphic behavior. Despite being monovalent, the addition‘ad@&s not promote an initial
improvement in mesophase arrangementatt, f{GU appears to induce a monotonic decrease in
peak intensity (although the error bars at 2 mM are large), which reaches ~0 mdeg at 10 mM. We
ascribe this observation to the higher charge screening efficacy of the larger and bulkier chaotropic
cation.

Crosssectional SEM images of CNC films containing NaSCN or GUSCN electrolytes at three

different salt concentrations (two corresponding to cholesteric mesophases and one at the condition
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of mesophase collapse, according to the CD resufmgure 5.9) are provided irFigure 5.10and

reveal qualitatively similar disrupted morphologies as those seéigure 5.6 for chloride
containing salts. As in the case of Nafbibed films, a more highly ordered stratification is
visible for films modified with 2 mMNaSCN, whereas coexisting ordered and disrupted regions
are present in films with GUSCN at the same concentration. In the former case, the pitch discerned
from SEM inFigure510i s & 246 nm and the c onagexislgbmdi ng
(cf. Figure C.6a), indicating that dryingnduced compression is kinetically arrested at about 13.7
vol% CNCJ[34], which is progressively lower than those of the-Bak: and NaCGtontaining films

due presumably to greater EDL screening indicative of an increase in anion size. An increase in
salt content greatly dimishes longrange order, which appears lost altogether at concentrations

of 14 mM for NaSCN and 10 mM for GuSCN, respectively. As expected from the CD
measurements iRigure 5.9, a lower concentration of GUSCN with a larger cation is needed to
fully disrupt the layered morphology relative to NaSCN with a smaller caflafle 5.1
summarizes our findings regarding the effect of different electrolytes on tinatefed cholesteric
stability of CNC films.

This study focuses on relating electrolyte templabimguspension to generate mesomorphic
CNC films with tunable microstructural details, and we rely largely on optical and morphological
analyses to discern the details of this relationship. Our investigation clearly indicates how both the
valence state anwnic strength of electrolytes, as well as whether they induce salingr
saltingin, influence film characteristics. While not meant to be exhaustive, these results provide a
roadmap for the design of stratified films with tunable optical propefteaa a natural and
sustainable resource, and they can be sensibly extrapolated to include other electrolytes not

explicitly considered here.
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Table 5.1. Concentrations at which mesomorphic behavior is no longer observed by CD in CNC
films for different electrolytes.

Electrolyte concentration needed to
Anion | Cation prevent mesophase formation by CD
(mM)
Na* 14
) K* 10
Cl'
Mg?*
ca* 4
) Na* 14
SCN
Gu' 10

For instance, Lfications could be introduced as charge carriers or antifreeze agents in films that
remain partially hydrated either due to environmental conditions or for a targeted application. The
effect of such cations on the mesomorphic behavior of CNC films temptgtezlectrolyte
suspensions would likely constitute an important design criterion for optical waveguides, as well
as related technologies that can benefit from the stratification afforded by a chiral nematic
mesophase. The findings of this study effecyivagrve to bridge previous efforts intended to alter
lyotropic behavior through the addition of salts or film characteristics through means other than

the addition of salts.

5.4CONCLUSIONS

In this study, we have systematically modified the liquid ctiysea behavior and
associated optical properties of solid CNC films by incorporating different electrolytes from the
Hofmeister series into precursor aqueous CNC suspensions, thereby altering their initial ionic
strength. Selected cations, exhibiting eitkesmotropic or chaotropic behavior in aqueous media,

are observed to modulate CMN@tion interactions. Mesophase stability as discerned in terms of
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chiraknematic morphologies is sensitive to both cationic radius and valence in the following
sequence: [N] > [K'] O *] b BAg?*] > [C&"]. In the case of monovalent cations, lower
concentrations of Kand Gdu relative to that of Napromote similar levels of morphological
disruptionand this comparison is augmented further with divalent cation$'@mhgiCa*) due to

their higher charge screening efficiency. The concentration of cations required to completely
disrupt mesophase ordering likewise depends on the extent of ionic interactions: larger and
divalent cations are more efficienta@gstabilizing the mesophases at lower concentration. In the
case of small monovalent cations, Njgaired with either Clor SCN anion) and K promotes an
improvement in cholesteric ordering at 2 mM due to factors such as compression of the EDL of
CNCs anl an accompanying reduction in viscosity.

Interestingly, the bulky Gumonovalent cation does not exhibit this behavior, but its
influence instead resembles the trend exhibited by divalent cations. This chaotropic cation
possesses a similar affinity astbulfate haHester groups on the CNC surface and will likely
interact more favorably compared to the other monovalent cations. Since the efficiency of charge
screening depends on the intensity of interaction, we posit tHataBions are more effectivat
screening the negative charges compared toaNd K cations. Anions influence mesomorphic
behavior at low salt concentrations but appear to have little influence at higher concentrations. In
addition to U\vis and CD spectra, the translucence of filimslso visibly altered upon salt
addition and is altogether lost when the layered film morphology is completely disrupted to the
presence of electrolyte in the precursor CNC suspension. Although the importance of electrolytes
on CNC film formation has le® previously investigatgd@9,67], no definitive conclusions have
been drawn linking electrolyte characteristics, optical properties and finphmlogy.The present

work aims to contribute to a more thorough understanding of the mechanism by which electrolytes
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affect the liquid crystallinity of CNC suspensions, which are responsible for templating the
morphologies and properties of solid CNC flnAdditional film-forming considerations not
explicitly considered here but warranting future investigation are the correlated effects of
electrolyte concentration and ionic strength on the onset of CNC lyotropism [50] and the
cholesteric pitch in aqueossispensions, both of which afford beneficial insight into the extent of
counterion screening. This information, coupled with the CNC aspect ratio, can help to identify
the CNC concentration at which kinetic arrest [34] occurs during, and ultimately tesygibm

formation.
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5.6 FIGURES

Increasing time >

/ : Cellulose nanocrystal
' : Nematic tactoid

: Cholesteric tactoid

: Stratified CNC layers

Figure 5.1. (a) Schematic illustration of CNC film formation from CNC suspensions as water
evaporates. A lyotropic phase transition occurs as the CNC concentration reaches c* upon drying.
Tactoids nucleate and grow over time to yield larger anisotropic domainsO#)irRage of a

CNC film revealing optical birefringence due to the lockedholesteric mesophase (the pitch is
visible in the 2x enlargement of the identified region). (c) Geestional cryofractured SEM

image displaying a layered morphology.
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Figure 5.2. Photographs of CNC and safiodified films cast from agueous suspensions composed
of 3 wt% CNC and varying electrolyte concentrations (labeled). Optical properties of the films are

clearly affected by the type and concentration of cation pré&séme initial suspensions.
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Figure 5.3. POM images of mesomorphic films cast from aqueous suspensions containing 3 wt%
CNC and 4 different salts (labeled on left) at 4 different concentrations (labeled on top). The

scalebar applies to all images.

190



Na*
116 pm

MONOVALENT CATION
o 0 ©
-
<
ﬁ -
" (-
°
Mg2
p‘ g 114 pm

e W - -

DIVALENT CATION i &

Figure 54. An illustration displaying changes in the EDL due to variations in cationic radius,
valence and ionic behavior. Under conditions of similar cationic concentration and valence, larger
and more chaotropic cations interact more strongly with CN@sc@mpress the EDL more

efficiently than ones that are smaller and less chaotropic.
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Figure 55. Circular dichroism (CD) peak intensity of CNC films modified with monovalent and
divalent salts (see legend) presented as a function afaaentration. The solid lines serve to
connect the data.
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Figure 556. Crosssectional SEM images of cryofractured CNC films containing 4 different salts
(labeled on left) at 3 different concentrations (labeled on top) at low, intermediate and high level
The scalebar applies to all images.
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