
ABSTRACT 

JIN, SOO AH. Elucidating and Controlling Hierarchical Structural Development in Hybrid 

Biobased Materials. (Under the direction of Dr. Richard J. Spontak, Dr. Saad Khan and Dr. 

Orlando Rojas). 

 

Polysaccharide-based polymers originating from natural sources have received 

considerable attention and are explored extensively to mitigate our dependence on dwindling fossil 

fuel reservoirs and promote sustainable future. Nanocellulose and nanochitin possess superior 

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 

systems is imperative to expand and optimize their usage in versatile application areas. This 

dissertation examines the use of nanocellulose and nanochitin solid system and elaborates on the 

material and bulk properties. Chapter 1 provides comprehensive review on prior and current status 

of biobased materials and highlights relevant findings of nanocellulose-based and nanochitin-

based systems.  

In Chapter 2, we examine the dispersion and solid behavior of hybrid mixtures composed 

of cellulose nanofiber (CNF) and water-dispersible sulfonated polyester at different composition 

ratio. The flow behavior of sulfonated polyester change from Newtonian to shear-thinning upon 

CNF addition but remains insensitive with further loading. Films cast from such dispersion display 

significant improvement in mechanical properties 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 

free-volume change as a function of drying temperature 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, total free-volume increases for the films cast from sonicated suspension and remains 

steady for the ones dried at elevated temperature. Free-volume of swollen film also increases as a 

function of RH due to water vapor filling and expanding the free-volume pores. 

We perform gas-permeation test in Chapter 4 for CNF and CNF/ionic liquid (IL) hybrid 

membranes for the purpose of CO2 separation. Hybrid membrane demonstrates humidity-sensitive 

CO2 permeability and selectivity compared to pristine CNF membrane due to contiguous pathway 

ensued by IL and water vapor. The membrane exhibits remarkable CO2 permeability and CO2/N2 

selectivity of ~330 Barrer and ~370, respectively.  

In Chapter 5, we elaborate on the mesomorphic behavior of cellulose nanocrystal (CNC) 

films prepared from different electrolyte suspensions using spectroscopy (circular dichroism) and 

microcopy (polarized optical microscope and scanning electron microscopy) techniques. The 

mesophase and cholesteric arrangement are affected by the presence of different cations 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 

aqueous medium using quartz crystal microbalance with dissipation (QCM-D). Nanochitin 

remains rigidly attached to the quartz sensor and thus Sauerbreyôs relationship is valid for our 

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 petroleum-based and they are ubiquitously employed 

in broad spectrum of applications due to their positive attributes, such as but not limited to light 

weightiness, mechanical integrity, versatile functionality and inexpensive production. However, 

these materials are the key contributors to global environmental issues that the world is currently 

experiencing. According to the report filed by United States Environmental Protection Agency 

(EPA) in 2020,1 approximately 292 million tons of municipal solid wastes have been accumulated 

in total and 50% have been landfilled in 2018. Out of those, 36 million tons are plastic wastes in 

which only 9% of them are recycled and 76% of them are disposed to landfill as-is without 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 been a paradigm shift from utilizing fossil fuel-based to 

environmentally benign technology to find alternatives to these petroleum-derived products. Many 

independent attempts have been made to develop and employ renewable and naturally occurring 

materials. More 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 two-phase 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 

surface-to-volume ratios to yield optimum reinforcing potential in the system.  
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1.2 ANISOTROPIC NANOSCALE GREEN MATERIAL  

  Green materials are environmentally 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 bio-based polymers. Bio-based polymers can be classified into three groups based 

on their origins:2 

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 (polyhydroxybutyrate and copolymers of hydroxybutyrate and 

hydroxyvalerate).  

Polysaccharide is one of the abundant and versatile groups of bio-based materials; hence they are 

integral resources in industrial scales. As there are vast numbers of natural sources, there myriad 

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 varying starting resource 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. 
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1.2.1 CELLULOSE AND NANOCELLULOSE  

Cellulose origin and chemistry  

Cellulose is the amplest natural polysaccharide that serves as the important structural 

components of biomasses, such as plants, animals, fungi and bacteria. In molecular terms, cellulose 

is a linear homopolymer composed of D-anhydroglucose repeat units linked to the adjacent glucose 

monomer by ɓ-1,4 glycosidic bonds (Figure 1.1). The cellulose chain is terminated with hydroxyl 

groups attached to C-4 and C-1 carbons at each end; one being reducing end and the other being 

non-reducing end, respectively.3,4  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 100 to 20,000.3ï7 Due to  steric restrictions, cellobiose units have limited chain conformation 

in which both the intra- and intermolecular forces are satisfied. Such restriction promotes parallel 

stacking of the cellulose chains, forming a collection of the chains known as elemental fibrils. 

These fibrils can further aggregate into micro-sized bundles with dimension spanning from 10-50 

nm in diameter and couple microns in length.6 This entity is known as the microfibrils and these 

microfibrils are composed of amorphous regions with intermittent crystalline domains (Figure 

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 three carbon 

atoms (C-2, C-3, C-6) 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 cohesiveness of the material.8,9 Furthermore, 

high density and reactive hydroxyl groups provide versatile and broad possibilities of surface 

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



   

4 

 

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

can occur by both physical (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 typically fabricated by eliminating the 

hierarchical structure via top-down 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 different nanocellulose 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: microfibrillated 

cellulose (MFC), cellulose nanofibril CNF) and cellulose nanocrystal (CNC) (Figure 1.3). 

Microfibrillated cellulose is typically obtained via mechanical means, including high-pressure 

homogenization,10ï14 microfluidization,15ï17 cryocrushing13,18,19 and high intensity 

ultrasonication,20,21 during which high shear is applied onto cellulose structure to break down into 

long fibrous structure while preserving crystallinity (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 bonding in aqueous 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 slurry-like product that 

possesses gel-like behavior even at low loading.22ï25 
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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 the interaction is by imposing a 

surface charge to generate electrostatic repulsion among the fibrils.4,23,26ï28 One example is by 

subjecting the fibrils to oxidation using 2,2,6,6-tetramethyl-piperidinyl-1-oxyl (TEMPO) radicals 

such that the primary hydroxyl groups on C-6 carbon are selectively replaced with carboxylate 

groups.27ï29 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 with gel-like 

properties at higher concentration. The physical components of CNF vary from the source, but the 

size distribution is broad with diameter and length ranging between 4-20 nm and 500-2000 nm, 

respectively. 

While both MFC and CNF contain both disordered and ordered regions, crystalline 

domains can be isolated by hydrolyzing the disordered domains using strong acid, process known 

as acid hydrolysis.12,30ï34 The resulting crystalline particle resembles rod and whisker; hence the 

name cellulose nanocrystal (cellulose nanowhisker in earlier literature) 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 distribution (3-10 nm and 50-

500 nm in diameter and length, respectively) 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 hydroxyl groups 

on C-6 carbon with sulfate half-ester groups. Similar to CNF suspension, surface charge of CNC 

dictates the overall stability of the aqueous suspension and also contribute to the gel network 
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formation at higher loading. Table 1.1 summarizes the preparation 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 

(nm) 

Width (nm)  References 

MNFC High-pressure 

homogenization 

500-10,000 10-100 13,35ï38 

Microfluidization 

Cryocrushing 

High intensity ultrasonication 

Grinders/refiners 

CNF Enzymatic treatment 500-2000 4-20 23,27,29,39,40 

TEMPO-Oxidation 

Carboxymethylation 

Phosphorylation 

CNC Acid hydrolysis 100-500 10-50 12,30ï34,41ï45 

 

1.2.2 CHITIN 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 cellulose.46ï48 

There are numerous reasons to why, but the biggest rationale is the laborious isolation and 

processing conditions to clean 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 groups (-NHCOCH3) attached onto C-2 carbon 

rather than hydroxyl groups. In molecular terms, chitin is a high molecular weight linear chain of 

nitrogenated polysaccharide comprised of two monomers, N-acetyl-D-glucosamine and D-
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glucosamine connected via ɓ-1,4 glycosidic bonds (Figure 1.4). Chitin exists as bundles of 

microfibrils composed of high-density network of chitin chains formed via extensive inter- and 

intra- hydrogen bonding by hydroxyl and acetamide moieties. Chitin is easily obtained from wide 

range of resources in both marine (aquatic 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 

Crustaceans (shrimp, crab and lobster) are most accessible extraction sources.48,49 Physical 

properties, such as crystallinity, morphology and dimension, vary from source to source and 

different pre-treatment and preparation routes must be taken accordingly.  

Chitin can be converted into chitosan if N-acetyl-glucosamine moieties undergo partial 

deacetylation to form D-glucosamines. Although there is a lack of universal criterion or consensus 

established to define what constitutes chitosan, many literatures label chitin with deacetylation 

degree greater than 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 amino (-NH2) groups. Since amine has a pKa 

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 most important 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 surface.46,47,49ï51 Electrostatic repulsion 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 
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are in nanoscale 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, fragmented fibrils (Figure 1.5).50,52 In this 

case, fibers are not fibrillar, per se, but rather particle-like.  Highly crystalline and rod-like 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 intra- and intermolecular 

interactions with adjacent chitin chains to form a sheet.47ï49 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 dictates the crystallinity of the material and thus determines 

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

on the orientation of the sheets: Ŭ-chitin, ɓ-chitin and ɔ-chitin.47ï49  

The most omnipresent allomorph, thus highly explored, is Ŭ-chitin. Such form is accessible 

in most of the shells of Crustaceans, insects and many more. In this form, chitin sheets orient 

themselves in anti-parallel fashion in respect to each other to maximize hydrogen bonding with 

the adjacent sheet (Figure 1.6). As a result, Ŭ-chitin possesses the highest crystallinity and stability 

compared to the remaining allomorphs. In other words, Ŭ-chitin is characterized by high 

crystallinity induced by anti-parallel packing for maximum interaction. High crystallinity and 

densely packed layers hamper most solvent to penetrate through the structure hence prevent 
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swelling and solubilizing. Remaining two allomorphs of chitin are less prevalent and thus are not 

investigated as much as Ŭ-chitin. If chitin sheets align parallel to each other and orient in the same 

direction, ɓ-chitin crystalline structure is achieved. In this arrangement, chitin layers are bound 

together by weaker interactive forces as some hydrogen bonding possibilities have reduced. As a 

result, ɓ-chitin has higher reactivity and is soluble in some solvents (e.g. formic acid) than Ŭ-chitin. 

ɓ-chitin is most prevalent in squid pen, tubes of pogonophoran and many more, and each of them 

possesses different physical properties depending on the extraction source. Finally, ɔ-chitin is the 

least common and hence least studied crystalline form of chitin. It has both anti-parallel and 

parallel arrangement, with every third chain positioned in opposite direction to the two preceding 

chains. In simpler words, ɔ-chitin structure is a combination of Ŭ-chitin and ɓ-chitin arrangement. 

Unless notified, most of the NChs referred here are Ŭ-chitin. 

 

1.3 UTILITY OF BIO -BASED MATERIALS  

While bio-based materials still occupy small percentages of the total market, the global 

trend predicts that the interest and the use of these new class materials will continuously grow in 

the future.53,54 There has been a noticeable increase in the number of peer-reviewed publications 

and patents associated with the use of bio-based polymers in different fields of applications 

(Figure 1.7a,b), especially in plastic industries. According to the Institute for Bioplastics and 

Biocompositesô 2019 report,55 the production capacities of bio-based 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 bio-based yet non-biodegradable plastic and remaining 40.1% is 

biodegradable plastic (Figure 1.7c,d). The use of these materials not only covers the packaging 

fields but also expands into non-packaging sectors, such as in textiles and automotive industries. 
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With the growing trend, the market of bio-based materials will continue to rise in diverse areas 

and substitute petroleum-based 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 fundamental characteristics 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. 

 

1.3.1 NANOCELLULOSE IN AQUEOUS SUSPENSION 

Rheology of fibrous nanocellulose  

Owing to abundant hydroxyl groups on the surface, MFC, CNF and CNC are considered 

highly hydrophilic that remain stable in aqueous environment at ambient condition.56 While MFC 

forms a stable suspension via extensive hydrogen bonding as well as interfibrillar entanglement, 

both CNF and CNC are electrostatically stabilized by their surface charges introduced during their 

fabrication (e.g. TEMPO-oxidation and sulfuric acid hydrolysis, respectively). In rheological 

terms, all these pristine suspension exhibits shear-thinning and thixotropic behaviors. Rheological 

characterization 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 and 

Lindström57 have emphasized the importance of pre-shearing to obtain reproducible data for CNF 

mixtures. In addition, nanocellulose suspensions display concentration-sensitive rheology; higher 

loading leads to higher viscosity as well as stronger gel-network formation. Power-law relationship 

(Ű~Cɓ) between shear stress and uncharged CNF concentration has been established by Tatsumi et 

al. with exponential value (ɓ) of 2. This ɓ value agrees with the study performed by Naderi, 
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Lindström and Sundström,58 where they also determined similar power-law relationship (ɖ~Cɓ) 

between 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 cellulose, when dispersed in water, exists as slurries, and portrays gel-like 

properties even at a low loading.22ï25 Such suspension exhibits the most complex flow behaviors 

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 stress. Iotti et al.24 have presented a rigorous rheological 

study on MFC suspension, where they have designed experiments to understand the time-

dependent and shear-dependent viscosity profiles. They have first found the viscosity hysteresis 

loop at low shear rate region for 1% MFC dispersion when it was subjected to increase (0.1-1000 

s-1) and decrease (1000-0.1 s-1) shear rate sweep (Figure 1.8a). They have postulated three network 

structures that form under shear:  

1. No shear-structure zone (yield stress) 

2. High shear structure zone (high viscosity) 

3. Low shear structure zone (low viscosity)  

No shear-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 applied shear stress (Űy) overcomes the yield 

stress. As the shear rate increases, shear stress exceeds the yield stress and the initial structure 

gradually breakdown, leading to decrease in viscosity. At certain shear rate, viscosity increases as 

fibers start to align along shear, facilitate hydrogen bonding and thereby generate shear-induced 
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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 newly formed structure to 

some extent, the viscosity values in this regime is greater than a hypothetical shear-thinning 

viscosity profile projection achieved at earlier state. When going the opposite direction, from high 

to low shear rate, viscosity values overlap at the high shear-rate 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 ñkinkò in the viscosity profile of fibrous cellulose suspensions (MFC and CNF) at 

intermediate shear rate region.59ï63 Different efforts have been set forth to mitigate the instability; 

For example, Nechyporchuk et al.59 have successfully inhibited wall slip by incorporating serrated 

geometries for MFC suspension.  

Recently, Facchine et al.22 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 1.8b). At initial stage, MFC exhibits gel-like 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. Further increase in shear disrupts 

the anisotropic structure and breaks it down into spherical flocs which eventually becomes smaller 

at higher shear rate. Both floc structures have been confirmed with in situ rheo-optical imaging of 

the suspensions at shear rate 0, 1, 10 and 100 s-1.  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 two-step yield mechanism in which the samples undergo double yield stress: primary 

yield stress (Űy1) occurs when the percolated network transits to anisotropic flocs and secondary 

yield stress (Űy2) refers to the transition from anisotropic to isotropic flocs. This mechanism has 

been elucidated by an in-depth study on microstructure recovery of MFC dispersion by conducting 

a series of dynamic oscillation rheology. They have related the extent of modulus (Gô) recovery 

after structure breakdown with applied shear stress, hence flocs morphology. Three different 

scenarios have been given (Figure 1.8b): 

1. No percolated network breakdown; intact microstructure at Űy>Űy1 

2. Partial network breakdown; incomplete microstructure recovery at Űy1<Űy<Űy2 

3. Complete network breakdown; complete microstructure recovery at Űy>Űy2 

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; hence resulting in 

incomplete microstructure buildup even at rest. In contrary, smaller sized isotropic flocs are 

capable of rebuilding and returning to its original structure and Gô. 

 

Rheology of crystalline nanocellulose  

Steady-state rheology of CNC suspension is analogous to that of fibrous nanocellulose 

suspensions with small differences. Both suspensions display shear-thinning profiles; however, at 

same concentration, the viscosity of CNF is higher than that of CNC suspensions. These 

differences can be attributed to numerous factors, such as but not limited to surface charge64ï67 and 

aspect ratio68ï70. Just like CNF, CNC shows concentration dependent steady shear and dynamic 

oscillation rheology; viscosity and modulus increase with increasing CNC concentration. Li et al.68 

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

in aspect ratio). In other independent work, Shafei-Sabet et al.69 have demonstrated the effect of 

ultrasonic energy input on rheological features of CNC suspension: increasing energy input leads 

to viscosity drop (Figure 1.9a). Furthermore, CNC suspension develops three different regimes in 

the profile, two shear thinning domains and plateau domains at low, high and intermediate shear 

rates, respectively. Such viscosity profile with three pronounced regions is typical characteristics 

of liquid-crystalline polymers.71 Shear thinning behavior at low shear rate is attributed to the 

alignment of the cholesteric liquid crystalline domains and when these 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 into individual 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 domains (Figure 1.9b).  

 

Liquid 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, where they 

spontaneously phase-separate into isotropic (upper) and anisotropic (bottom) phases.3ï6,30,72 

Within anisotropic domain, CNC particles spontaneously organize into layers along the direction 

of cholesteric axis (Figure 1.10a), driven entropically as well as inherent twisted geometry of 
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CNC particles. Each layer is slightly oriented with respect to adjacent layers and forms helicoidal 

structure with left-handed 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 phase (Figure 

1.10b). Ever since the first report on cholesteric arrangement of CNC suspensions by Revol et al. 

in 1992,73 mesomorphic properties of CNC suspension have been illuminated extensively even till 

now. Critical concentration is the parameter 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 charge,64,67,74,75 ionic strength76ï79 and aspect ratio.67,80ï82 As 

CNC particles 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 stabilities 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 post-reaction sulfonation only reflect birefringent glassy 

phase.75 Dong et al.76 have illustrated the effects of ionic strength on the phase transition from 

isotropic to biphasic phase of CNC suspensions by adding different amount of NaCl. They have 

measured the volume fraction of anisotropic phase (◖) as a function of CNC concentrations, varied 

NaCl loadings and extrapolated the data (◖=0) and reported critical concentration of the suspension 

as a function of NaCl content. Phase separation and critical concentration are dependent on the 

amount of NaCl added to the suspension; as ionic strength increases, critical concentration 

increases, meaning that phase separation occurs at a higher CNC concentration in the presence of 

electrolytes. Honorato-Rios et al.82 have performed a rigorous fractionation studies in which they 
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have separated CNC particles based on the length by undergoing systematic phase separation and 

extraction. Fractionation is conducted on the basis of Onsagerôs theory,83 in which longer rods 

reside in anisotropic phase whereas shorter ones remain in isotropic phase. They have confirmed 

that longer rods, thus CNC particles extracted in anisotropic domain, spontaneously phase separate 

at lower concentration than the ones extracted in isotropic domains (Figure 1.11); therefore, rods 

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

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

recently demonstrated by Facchine et al.84 using isothermal titration calorimetry.  

 

1.3.2 NANOCELLULOSE IN SOLID FILM  

Nanoscience and engineering have been extensively studied for past decades because of 

the positive influence it brings to the system even at small loading. One field of nanoscience deals 

with developing nanoscale fillers used for tuning specific features of polymers and polymer 

composites. Nano-sized reinforcing agent displays significant 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 a green nanofiller. Adding them into polymeric matrix is a potential solution to 

overcoming the downsides of conventional hybrid composites. One of the first uses of MFC dates 

to 1987, in which nanocellulose was applied as a reinforcing agents of different thermoplastic 

matrices (polypropylene, polystyrene and high-density polyethylene).85 The results were opposite 

to what could be expected; mechanical properties were inferior to the mechanical strength results 

of pre-hydrolyzed cellulose/polymer composite. The researchers have attributed this outcome to 
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excessive agglomeration of the fibrils, therefore denounced the possibility of MFC as a reinforcing 

agent and accentuated the importance of dispersion state inside the polymer matrix.  

Regardless, considerable efforts have been made to achieve good dispersion state and 

distribution of nanocellulose mainly by functionalizing the surface or adapting different processing 

method (e.g. melt extrusion).86,87 Fibrous and crystalline nanocellulose have their distinctive 

advantages over each other; for instance, disordered domains of fibrillated nanocellulose offers 

higher flexibility whereas morphological advantage of crystalline nanocellulose facilitates 

distribution throughout the matrix. It has only been few decades till people realized the significant 

reinforcing effect nanocellulose brings even with small nanofiller loading. Numerous polymer 

matrices, including thermoplastics and thermosets, have been functionalized with different types 

of nanocellulose. Polymer composite with advanced and superior properties than the 

homopolymeric system has been successfully 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 nanocomposite. 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 CNF into hydrophobic matrix results in macroscopic 

phase separation. The overall performance and the extent of improvement are dependent on the 

dispersion state of CNF within the bulk. The physical interaction between nanofiller and polymer 

is important; therefore, homogeneous dispersion of CNF is an important parameter that must be 
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controlled to achieve maximum benefit nanofillers can offer. Unless it undergoes suitable surface 

modification to overcome self-association and improve interfacial attraction between 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 properties. It 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 

reagent, e.g. surfactants88,89 or block copolymers90,91 into CNF suspension followed by simple 

mixing such that the hydrophilic and 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 are reduced 

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. Sakakibara et al.90 have designed an 

experiment to illustrate the relationship between dispersion state and mechanical integrity using 

diblock copolymer with polar and nonpolar counterparts. In their experiment, they have prepared 

poly(lauryl methacrylate)-b-poly(2-hydroxyethyl methacrylate) (PLAM-b-PHEMA) adsorbed 

CNF by simply mixing these two materials together with homogenizer. Coated CNF is then 

incorporated into high-density polyethylene (HDPE) via twin-screw extruder to produce 

homogeneous CNF/HDPE nanocomposite with various composition ratio. They have confirmed 

uniform distribution of modified CNF throughout the matrix with 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 Youngôs modulus and tensile strength by 140% 

and 84%, respectively.  

While physical 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 reduces the polarity 

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).92ï96 Dong et al.94 have grafted PLA onto CNF surface to improve the compatibility of CNF 

in PLA via ring-opening polymerization using L-lactide monomers. In addition, Jonoobi et al. 95 

have fabricated PLA nanocomposite with superior mechanical properties by incorporating 

acetylated CNF. Other surface chemical functionalization includes TEMPO-oxidation,27,28,97 

silanization,98ï102 and polymer grafting;103ï106 regardless of different reaction chemistry, all these 

modifications have the same objective of modulating the surface hydrophilicity and improving the 

dispersion state of CNF in nonpolar 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 groups and their tendency 

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) of the CNF/polymer mixture. This can be frequently 

observed in natural polymer-based nanocomposites, such as thermoplastic starch. Pelissari et al.107 

have prepared CNF reinforced banana starch nanocomposite films by solution casting from 

mixtures collected after high-pressure homogenization. They have varied the number of passages 

through the high-pressure homogenizer for each blend and 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 with multiple 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 been incorporated into different types of polymers mainly 

due to their geometrical and surface properties. Their rod-like shape allows easy dispersion in 

different polymer mixture without encountering entanglement problems as well as facilitates 

processing. Furthermore, 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 aggregation. No further 

functionalization is necessary when incorporating CNC into hydrophilic polymers, such as 

poly(vinyl alcohol) (PVA)108ï110 and waterborne polyurethane (WPU),111ï113 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 itself to form a percolating network in the aqueous 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 is restricted to 

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 nonpolar 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 and hydrolysis of amorphous 

domains of cellulose chains in a single-step process.114 In addition, polymer can be directly grafted 

onto CNC surface by taking grafting-from approach, such as grafting of poly(Ů-caprolactone) 

(PCL) via ring opening polymerization.115 This modified CNC is then combined into PCL matrix 

and the resulting nanocomposite exhibits significant improvement in mechanical properties, in 

which Youngôs modulus of 532 MPa is achieved with 30% PCL-grafted CNC incorporation. This 

is a drastic increase from 231 MPa and 253 MPa, Youngôs modulus obtained for pristine PCL and 

unmodified 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. Ljungberg et al.116 have presented their work on nanocomposite 

comprised of isotactic polypropylene (iPP) and modified CNC. They have prepared two 

functionalized CNCs: one with surface grafted with maleated polypropylene (chemical 

modification) and other adsorbed with surfactant (phosphoric ester of polyoxyethylene-9-

nonylphenyl ether) (physical modification). Compared to the neat iPP film, both iPP with 6 wt% 

grafted and surfactant-adsorbed CNC show improvement in tensile properties. Surprisingly, 

surfactant-coated 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 elongation at 
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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% 

surfactant-coated CNC, respectively). Authors have attributed such discrepancy with distribution 

state of modified CNC in iPP: surfactant adsorbed CNCs are more homogeneously 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 acid hydrolysis. Nagalakshmaiah et al.86 have modified CNC with 

poly(styrene-co-2-ethylhexyl acrylate) latex particles via ionic interactions to reinforce 

polystyrene and Huang et al. have modified CNC with hyperbranched polyethylene ionomers to 

reinforce ethylene-olefin copolymer. For both studies, they have confirmed uniform CNC 

distribution throughout the matrix. Recent work has been conducted by Li et al.,117 where they 

have incorporated physically treated CNC into PLA matrix by solution precipitation approach. 

With adding only 0.5 wt% of Na+ coupled and CTAB coupled CNC, the Youngôs modulus 

increased from 1.04 GPa to 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% Na+ and 0.5 wt% CTAB 

modified CNC, respectively. For most cases, CTAB-CNC/PLA outperforms Na+-CNC/PLA, and 

this is due to better distribution in the matrix which has been confirmed by cross-sectional scanning 

electron microscopy images. However, further addition (up to 5 wt%) of CTAB-CNC brings in 

plasticizing effect, thereby reducing the Youngôs modulus of the nanocomposite.  

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 crystalline phase 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 suspension 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 thrived to adjust the cholesteric pitch 

in initial CNC suspensions whereas others sought to apply external forces to impact the assembly 

while drying. For example, Klockars et al.118 have studied the long-range ordering of CNC 

particles preserved in solid films as a function of anisotropy volume fraction of the initial CNC 

suspension. Their findings report the importance of equilibration prior to casting CNC suspension 

with high anisotropy volume fraction in order to preserve long-range ordering of CNCs to obtain 

uniform structural color.  

Neat CNC film is highly brittle due to its high crystallinity as well as its lack 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 colors. Yao et al.119 have fabricated flexible 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 single and 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 the mechanical 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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1.3.3 NANOCHITIN IN AQUEOUS SUSPENSION 

The fundamental properties of nanochitin dispersion have 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 emulsions,50,120,121 drug carrier 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 crystalline 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 positive surface 

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 liquid crystalline 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 higher concentration, they spontaneously self-assemble to give 

birefringence and nematic phase behavior (anisotropic). Between these concentration regimes, 

critical concentration exists in which isotropic and anisotropic domains coexist.122,123 Within the 

biphasic system, volume fraction of isotropic and anisotropic phase is dependent 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 nematic-gel network. Hence, there are three main phase transitions nanochitin suspensions 
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experience as a function of concentration: isotropic-biphasic, biphasic-anisotropic 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 dimension,51 solid concentration,124 suspension pH,124,125 ionic strength125 and 

interparticle interactions126ï128 on the rheological properties of nanochitin dispersions have been 

illuminated profoundly and reported in the literatures. Understanding the complex rheological 

behaviors of nanochitin suspension or nanochitin-incorporated polymer dispersions is nontrivial 

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

end application.  

Li  et al.124 have performed rheological measurement of ChNC suspension as a function of 

concentration and pH. They have studied steady-state flow behaviors in three different phases 

(Figure 1.12). Isotropic ChNC suspensions (ChNC concentration ~ 2%) exhibit shear-thinning 

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 have negligible impact on the 

flow behaviors as there are minimal interactions among the particles at dilute concentration due to 

spacious surrounding.  

Shear-thinning is also detectable for biphasic system (ChNF concentration ~5%) at all pH 

and the viscosity is pH independent. 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 isotropic phase, 

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 orient themselves 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 intermediate shear rates due to full deformation and breakdown of tactoids.  

Work of Tzoumaki et al.125 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 (Gò) dominates elastic modulus (Gô) at all investigated 

frequency range. However, the ratio of viscous modulus to elastic modulus (tanŭ = Gò/Gô) 

decreases as ChNC solid concentration increases, implying transition of the ChNC suspension 

from viscous fluid to elastic gel. Similar trend is observed in the presence of electrolyte: tanŭ 

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 forces among 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 stabilized 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, Yokoi et al.128 have discerned a power law relationship between viscoelastic 

modulus and concentration of ChNF suspensions from ɓ-chitin. They have delved to understand 

the effect of fibrillar structure (aspect ratio) on mesomorphic behaviors and related to dynamic 

viscoelastic 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 suspension decreased 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 for 4 and 6 minutes contain micron-sized fibril bundles whereas 

those sonicated for 8 and 40 minutes exhibit centimeter-sized 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, respectively. In terms of dynamic rheology, 

Gô demonstrates concentration dependent power law relationship, G ~ cŬ, where Ŭ is a constant 

that describes the network structure. An ideal isotropic polymer gel has a Ŭ value of 2.25 [De 

Gennes]. With increasing sonication time, Ŭ increases from 2.7 to 3.9. This suggests that small 

domains of mesophases exist even for ChNF suspension sonicated for 4 minutes (Ŭ = 2.7). Further 

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 

and 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. In the past, polymers have been 

added to alter the stability of colloidal dispersions. Different polymers induce different changes to 

the dispersion states; for example, presence of non-adsorbing polymers interact with anisotropic 
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particles induced by pure entropic 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 the distance 

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 together. Now that particles 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.  

Tzoumaki et al.127,129 have performed independent studies on rheological behaviors of 

nanochitin dispersions in the presence of different polymers. They have investigated six polymers 

in total and studied the phase and viscoelastic behaviors of the ChNC mixtures: four non-adsorbing 

(whey protein isolate (WPI), guar gum (GG), locust bean gum (LBG) and xanthan), one negatively 

charged (ʆ-carrageenan) and one positively charged (chitosan) biobased polymers. For all studied 

ChNC/WPI mixture compositions, they have observed concentration sensitive gel-like behaviors. 

While keeping WPI concentration constant (3 wt%) and varying ChNC concentration from 0.4-

2.4 wt%, higher Gô modulus is achieved for 2.4 wt% ChNC at all frequency range, implying a 

strong gel network. Such elastic response is two order of magnitude greater than the one obtained 

with 0.4 wt% ChNC addition. Identical concentration dependent Gô values are observed for 

mixture with constant ChNC concentration (1.3 wt%) and varying WPI concentration (1-6 wt%); 

increasing WPI concentration up to 6 wt% results in strong gel network as Gô values are greater 

than Gò values throughout examined frequencies. The authors confirm nematic-gel network 

formation using polarized optical microscope for mixtures exhibiting high Gô modulus and low 

tanɿ values. They attribute the gel network formation to inevitable phase separation that occurs 
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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 to the rheological properties regardless 

of their non-adsorbing nature (repulsive forces). Polarized optical microscopy confirms lack of 

mesophases developed in these mixtures, further accentuating the contribution of nematic structure 

in developing strong gel network.  

Chitin nanocrystal dispersion has shown significant gel strength with the incorporation of 

oppositely charged polymers, ʆ-carrageenan as a result of electrostatic association. Elastic 

modulus has increased almost five orders of magnitude with increasing ChNC concentration from 

0.3 to 1.5 wt% while keeping ʆ-carrageenan 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 increasing ʆ-carrageenan concentration from 0.02 to 0.2 wt% while 

maintaining ChNC concentration constant at 0.7 wt%. The elastic modulus has decreased and tanŭ 

value has increased by three orders of magnitude. In other words, such mixtures do not develop 

gel-network and behave more like liquid as viscous modulus dominates elastic modulus at 

frequency range studied. Negative ʆ-carrageenan and positive ChNC electrostatically interacts to 

form an ionic complex; however, since there are limited amounts of charges that are available for 

interactions, ʆ-carrageenan becomes saturated at higher content. As a result, excess non-adsorbed 

ʆ-carrageenan can impact the viscosity of the system that could eventually interfere with the 

tendency of ChNC developing nematic alignment. Lack of mesophases restrict network formation, 

thereby reduces the elastic response. 
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1.3.4 NANOCHITIN IN SOLID FILM  

Numerous inherent advantages are associated with nanochitin, such as but not limited to 

biodegradability, nontoxicity, renewability and antimicrobial 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 NCh-based materials or NCh 

incorporated hybrid nanocomposites.  

 

Nanochitin-based materials with superior properties 

One of the simple protocols to obtain nanochitin film is by solvent casting and evaporating. 

Fan et al.51 have produced optically transparent films from four aqueous NCh suspensions. 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 TEMPO-oxidized 

ChNC (TO-ChNC), partially deacetylated ChNC/ChNF mixture (PD-NCh), HCl-hydrolyzed 

ChNC (HH-ChNC) and squid-pen ɓ-ChNF (SQ-ChNF) suspensions. Physical properties, such as 

morphology, mechanical properties, thermal properties and oxygen permeabilities, have been 

recorded and compared. Out of these four films, PD-NCh film exhibits the highest mechanical 

properties, with Youngôs modulus and tensile strength of 4.9 GPa and 140 MPa, respectively. Film 

cast from SQ-ChNF suspension displays the lowest mechanical properties, with Youngôs modulus 

and tensile strength of 1.2 GPa and 36 MPa, respectively. The authors reason such outcome to 

physical properties of PD-NCh; PD-NCh has higher crystallinity and high aspect ratio in 

comparison to other suspensions. Regardless of these differences, all films have similar oxygen 

permeabilities of 1 mL µm m-2 day-1 kPa-1.  
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Nanochitin by itself can be developed into a self-standing hydrogel if it undergoes 

appropriate protocol. For example, Liu et al.130 have successfully fabricated physically crosslinked 

robust NCh and pH-sensitive 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 and another with carboxylic groups by partial 

deacetylation and TEMPO-oxidation, respectively. In short, two hydrogels with different base 

materials have been prepared from partially deacetylated NCh (PD-NCh) and TEMPO-oxidized 

NCh (TO-NCh) suspensions and respective physical properties have been characterized. Both 

treated NCh suspensions are placed inside a closed chamber filled with either ammonium 

hydroxide (for PD-NCh) or hydrochloric acid (for TO-NCh) solutions. After 12 hrs, both 

suspensions are transformed 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 frequency regimes as well 

as effective dye adsorption capabilities due to ionic surface charges. In separate work, the authors 

have fabricated chemically crosslinked ChNF-based hydrogels and cyrogels via ice templating 

method.131 In this work, they have prepared ultra-long ChNF via microfluidization and used 

glutaraldehyde as the crosslinker and prepared hydrogels and cyrogels of varying mass ratio of 

ChNF to glutaraldehyde. Prepared 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 nanochitin 

incorporated polymer nanocomposite. Few examples of preparation methods include 
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electrospinning,132ï135 melt extrusions136ï139 and solvent casting.140ï142 Regardless of preparation 

methods or processing techniques, many prior works illuminate the positive outcomes and bulk 

property enhancement induced by well-dispersed 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. Junkasem et al.133 have produced non-woven fibrous mats from 

ChNC/PVA aqueous dispersion with different concentration ratio via electrospinning. Compared 

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

improvement in mechanical properties; maximum Youngôs modulus is achieved with 15.17% 

ChNC/PVA ratio, increasing from 35.3 to 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 hybrid fibrous mats, addition of ChNC into PVA matrix leads to enhanced mechanical 

properties. Youngôs modulus and tensile strength have increased from 48.4 MPa to 1500 MPa and 

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 Kim et al. recently.134 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 mats. Tensile 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 increase in nanofiller content deteriorates the strength due to higher propensity 

of nanoparticles to aggregate. In addition, addition of ChNC and CsNC results in improved thermal 

stability and increase in hydrophilicity. In terms of dye adsorption, pure PVA mat 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 and 1 wt% ChNC mats 

have been prepared by Gopi et al.135 for use in filtration applications. Compared to pristine PVDF 

mat, incorporating 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 404 °C to 428 °C 

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 MPa and 72.2%, 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 matrix and poor 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 particles. 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.   

Butchosa et al.143 have combined bacterial cellulose (BC) and ChNC together to obtain 

antibacterial composite films. The authors have introduced ChNC into BC matrix via two 

processing techniques: in-situ biosynthesis and post-modification. For in-situ 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 hybrid pellicle. After rigorous rinsing, the pellicle is air-dried 
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to yield BC/ChNC composites. Post-modification follows the same procedure as in-situ 

biosynthesis, except ChNC is not incorporated in the cultured medium. After BC pellicle is formed 

and rinsed, it is subjected 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 via in-situ method reveals higher mechanical properties than 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, Salaberria et al. have impregnated both ChNF and ChNC into starch matrix and obtained 

improved mechanical properties, barrier properties and antifungal activities against Asperigillus 

niger. Separate study conducted by Mushi et al. also demonstrates superior improvement of 

ChNF/chitosan nanocomposite films in mechanical properties, further emphasizing the potential 

of ChNF as nanofiller in chitosan matrix. 

Recently, Zhang et al.144 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 mechanism lies on the materialsô self-

assembly nature driven by synergistic interplay between electrostatic interaction and hydrogen 

bonding of negatively charged CNF and positively charged NCh (Figure 1.13). Resulting 

hydrogels are then subjected to lyophilization to obtain 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, Peng et al.145 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 stress at failure 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. 

 

1.4 CONCLUSIONS 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 environment had to endure 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 derived from natural resources to alleviate our dependence on dwindling 

petroleum fuel-based products. It had only been a few decades since people realized the 

outstanding features of these bio-based materials when they are extracted at nanoscale and 

tremendous property enhancement when they are incorporated into different polymer matrix. 

Understanding the fundamental properties of bio-based materials have been a nontrivial task to 

exploit them in appropriate applications and maximize the synergistic material improvement. 

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 nanochitin from 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 limitations 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 to 
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commercialization. Despite having large number of polymer composite industries, manufacturing 

large quantities of nanocellulose-incorporated polymer system is a challenge as less than 1000 tons 

of nanocellulose are produced per year.146 Since most of nanocelluloses have been recognized 

within couple decades, most of them are produced in laboratory-scale rather than industrial-scale. 

Such scarce supplies subsequently lead to overpriced end product of 10 USD per dry kg. Therefore, 

there needs to be a transition from laboratory-level to industrial-level production by increasing the 

nanocellulose manufacturing market quantities. Upscaling will boost the production capacities, 

reduce 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 versatile end-group 

functionalization. However, there are material restrictions associated with nanocellulose that need 

to be overcome before commercialization. For example, pure nanocellulose or nanocellulose-

incorporated polymer composite is susceptible against humidity. These 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. This not 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 laboratory-scale 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 of bio-based materials.  

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

remains as a challenge. Substituting existing synthetic polymer-based products with bio-derived 
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materials without compromising the material properties will help us 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 most certainly improve our life quality without compromising and hurting the 

Mother Nature. 
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1.5 FIGURES 

 

 

 
Figure 1.1. (a) Molecular structure of cellulose (top), TEMPO-oxidized cellulose nanofibrils 

(middle) and cellulose nanocrystals hydrolyzed by sulfuric acid (bottom). (b) Hydrogen-bonding 

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 

plants and (b) nanocellulose containing amorphous and/or crystalline regions. Upon strong acid 

hydrolysis, amorphous domains are eliminated to yield high crystalline nanocrystals. Adapted 

from ref. [37]. 
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Figure 1.3. Three different forms of nanocellulose: (a) Micro/nanofibrillated cellulose (MNFC) 

(b) TEMPO-oxidized cellulose nanofibrils (CNF) and (c) cellulose nanocrystals (CNC). Adapted 

from ref [9]. 

 

 

 

Figure 1.4. Molecular structure of chitin and chitosan. 
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Figure 1.5. (a) Schematic illustration of nanochitin preparation via mechinical disintegration of 

NaOH-mediated deacetylated chitin under acidic condition. (b) Transmittion electron microscopy 

images of 0.3 wt% chitin susepnsion at pH 3 adjusted with acetic acid with different aspect ratio: 

short (left), medium (middle) and long (right). Scale bar represents 500 nm. Adapted from ref [50].  

 

 

 
Figure 1.6. Three different crystalline allomorphs of chitin molecules: Ŭ-chitin, ɓ-chitin and ɔ-

chitin. Chitin chains of Ŭ-chitin and ɓ-chitin are arranged in anti-parallel and parallel manners 

whereas those of ɔ-chitin are arranged in a mixture of anti-parallel and parallel manner. R1 

represents acetamide groups and R2 represents amino groups. 
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Figure 1.7. Recent trends in (a) publications and (b) patents related to bio-based materials. (c, d) 

Current status and forecast of production capacities of bio-based products. Adapted from refs [52] 

and [54]. 
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Figure 1.8. (a) Shear-viscosity profile of 1% MNFC at 25 ęC with increasing (below, 0-1000 s-1) 

and decreasing (upper, 1000-0 s-1) shear rate cycle.  Additional points at 5, 10 and 20 s-1 in the 

increasing shear rate curve and at 10 s-1 in the decreasing shear rate curve. (b) Schematic 

illustration of fibrillar flocs breakdown of MNFC suspension. Adapted from refs [24] and [22]. 
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Figure 1.9. (a) Shear-viscosity 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 2000 J/g CNC. NCC in the legend 

refers to CNC. Adapted from ref [69]. 

 

 

 

Figure 1.10. (a) Schematic illustration of left-handed chiral-nematic arrangement of CNC 

suspension above its critical concentration. (b) Polarized optical micrographs of 7 wt% CNC 

suspension. Fingerprint patterns are evidence of of chiral-nematic arrangement, in which the 

distance between two adjacent lines are defined as half pitch. 
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Figure 1.11. (a) Photograph illustrating the onset of phase separation of CNC suspensions at 

different concentrations. Init-CNC refers to as-received CNC, iii-CNC refers to shorter CNC rods 

obtained at isotropic phase three fractionation process, and aaa-CNC refers to longer CNC rods 

obtained in anisotropic phase after three fractionation process. Effective rod diameter increases as 

aaa-CNC < init-CNC < iii-CNC. (b) Resulting graph of anisotropic phase volume fraction as a 

function of CNC concentration. Adapted from ref [82].  
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Figure 1.12. (a) Shear-viscosity values at different shear rates (0.01 and 1 s-1) as a function of 

ChNC concentration and corresponding polarized optical micrographs. (b) Shear-viscosity values 

at different shear rates (0.01 and 1 s-1) of 5 wt% ChNC suspension as a function of pH and 

corresponding polarized optical micrographs. Adapted from ref [124]. 
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Figure 1.13. (a) Photograph showing the methylene blue adsorption by BHH and BHA and (b) 

graph representing the effect of pH on the adsorption capabilities. (c) Proposed intermolecular 

interaction between TEMPO-CNF and PDChNF in BHA at varying pH. Modified and adapted 

from ref [144]. 
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CHAPTER 2 

Cellulose Nanofibers and the Film-Formation Dilemma: Drying Temperature and Tunable 

Optical, Mechanical and Wetting Properties of Nanocomposite Films Composed of 

Waterborne Sulfopolyesters*  

ABSTRACT 

Hypothesis 

Waterborne sulfopolyesters have gained considerable interest as coating materials due to 

their excellent film-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 integrity of the nan-

ocomposite as these two components synergistically interact.  

Experiments 

In this study, we have investigated the suspension and film characteristics of three 

sulfopolyesters varying in charge density, glass transition temperature and molecular weight, as 

well as their mixtures with CNF. We have performed steady-shear rheology on mixtures with 

different CNF loading levels, and resulting films have been subjected to quasistatic uniaxial tensile 

and water contact-angle tests to elucidate the effects of CNF on mechanical and surface properties.  

Findings 

Addition of CNF to waterborne polyester promotes shear-thinning behavior that remains 

unaffected by the CNF content. Solid films cast from these suspensions possess enhanced 

mechanical properties, as well as 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, R. J. Journal of Colloid and 

Interface Science 2021.  
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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 wide range 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 low-VOC technologies, generating a paradigm shift in coating industries 

from solvent-borne polymer systems to waterborne polymer systems [1ï4]. Although water-based 

polymer systems continue to gain tremendous attention, the replacement of established solvent-

based polymer systems with waterborne ones has made gradual progress [4ï6]. Many efforts have 

been devoted to develop and synthesize latex polymer dispersions for use in a broad spectrum of 

coating industries, ranging from aesthetic coatings (e.g., paints) [6ï9] to functional (e.g., 

protective, anti-microbial and fire-retardant) coatings [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 function of as-cast 

films and coatings. Furthermore, the presence of residual water in the resultant film can adversely 

affect properties [12,13] by compromising mechanical performance or optical transparency.  

While numerous studies have been conducted [4,14ï16] to elucidate film formation from 

polymer dispersions, fundamental studies addressing the evolution of waterborne polymer 

dispersions to solid film are still somewhat limited. The widely recognized mechanism of this 

transformation can be summarized in 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 polymer interdiffusion, 
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resulting in a contiguous and, ultimately, defect-free film [8,12,16ï21]. These process-regulating 

steps do not, however, occur sequentially [12,22], but rather simultaneously, especially during the 

particle deformation and polymer interdiffusion stages. Although numerous factors influence the 

last two stages of film formation, one of the most important parameters that must be controlled is 

the drying temperature. In particular, the minimum film formation temperature (MFFT) must be 

judiciously selected [14,19] since it tends to lie near the glass transition temperature (Tg) [19,23,24] 

and is thus sensitive to polymer composition, molecular weight, chemical structure, and 

morphology. When a latex dispersion is cast at a temperature above its Tg (> MFFT), the particles 

undergo deformation and interdiffusion to yield contiguous films. Conversely, latex dispersions 

dried at temperatures below Tg (< MFFT) can form cracked or opaque films, as well as compacted 

powder [19,25]. Therefore, the choice of drying temperature 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 Tg to undergo sufficient deformation and interdiffusion. A major compromise 

typically associated with films and coatings cast from a low-Tg polymer dispersion yields a 

combination of poor mechanical properties. Some coatings, especially those designed for 

protective purposes, require substantial hardness, which cannot be achieved with low-Tg polymers 

[8,26]. This deficiency can be overcome by adding a coalescing aid to plasticize a high-Tg polymer 

and thereby reduce its Tg and the MFFT [27ï29]. Addition of a coalescent, however, raises 

important environmental concerns, since coalescent, as well as potentially other VOCs, are emitted 

from the system upon evaporation. This trade-off is referred [12,26,30] to as the ñfilm-formation 
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dilemma.ò Among the various waterborne polymers that are commercially available, sulfonated 

polyester dispersions enjoy considerable advantages: they do not require additional coalescing 

agents to form high-quality films at ambient temperature, and their cast films display superior 

optical (transparent and glossy) properties [4,31]. 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 drawback restricts the 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 properties [32ï34]. Due to its nanoscale size (which 

yields a high aspect ratio), it 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 physical [35ï40] (by intermolecular 

interaction) or chemical [41ï44] (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, which account 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 polyurethane [45ï49], poly(lactic acid) 
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[50,51] and poly(vinyl alcohol) [52ï54]. In all these cases, bulk mechanical, thermal and barrier 

properties are significantly enhanced. Here, we investigate the suspension and film behavior of 

three series of sulfopolyesters varying in charge density, Tg and molecular weight, and modified 

with cellulose nanofiber (CNF) at different loading levels. Results obtained here reveal 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 properties of these films are sensitive to both CNF loading 

level and drying temperature. 

 

2.2 EXPERIMENTAL  

2.2.1 Materials 

Three Eastman AQÊ polymers (aqueous sulfonated polyesters) were provided in solid 

pellet form by the Eastman Chemical Company (Kingsport, TN). These water-dispersible 

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 displayed in Figure 

2.1 and listed in Table 2.1, respectively. The fundamental properties of these polyesters in aqueous 

suspension were recently described by Islam et al. [5]. The never-dried sodium form of TEMPO- 

(2,2,6,6-tetramethylpiperidine-1-oxyl radical) oxidized CNF used here was manufactured and 

purchased from the Cellulose Nanomaterials Pilot Plant (U.S. Forest Service) at the Forest 

Products Laboratory (FPL) in 1.1% w/w aqueous gel form. Our reason for selecting TEMPO-

oxidized CNF here reflects its ability to remain 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].a  

 
Commercial Polymer Tg Charge Zeta  Average particle   

designation designation (°C) density  potential  diameter in water 

    (meq/g polymer) (mV)  (nm)  

 

Eastman AQ 38S PolyA 38 0.43 ï55  50  

Eastman AQ 48 Ultra PolyB 48 0.89 ï52  13 

Eastman AQ 55S PolyC 55 0.66 ï52  35 

 
aIn all cases the acids comprising these sulfopolyesters consist of IPA/SSIPA, while the glycols consist of 

CHDM/DEG. 

 

2.2.2 Methods 

Stock dispersions (30 wt%) of polyesters A, B and C in Table 2.1, denoted here as PolyA, 

PolyB and PolyC, respectively, for convenience, were prepared by gradually adding the solid 

pellets to deionized (DI) water, followed by mixing on a magnetic stir plate operated at ~70-80 °C 

(above Tg) overnight. These dispersions were then cooled to ambient temperature before diluting 

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 overall CNF concentration 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 to low-temperature probe sonication with a Cole-

Parmer 750-Watt Ultrasonic Processor, operated at 0 °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 excess dissolved oxygen before casting into either square polystyrene (10 cm x 10 cm) or 

round polypropylene (5 cm diameter) Petri dishes. For water contact-angle (WCA) measurements 
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and atomic force microscopy (AFM) analysis, suspensions were cast onto pre-cleaned 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 Asylum MFP-3D instrument. 

Steady-shear viscosity measurements of polyester/CNF suspensions were performed at 

shear rates from 0.5 to 200 s-1 on a TA Instruments Discovery Hybrid Rheometer-3 rotational 

rheometer. To minimize wall slip, roughened parallel plates measuring 40 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 temperature with 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. As-cast sample films were cut into rectangular strips measuring 6.0 

cm x 0.6 cm with a CO2 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 from each sample with a digital 

thickness gauge. For cross-sectional imaging, field-emission scanning electron microscopy (SEM) 

was performed on an ultrahigh-resolution FEI Verios 460L instrument with a Schottkey emitter 

operated at an accelerating voltage of 2 kV without stage bias. Nanocomposite films were 

cryofractured in liquid nitrogen and the exposed cross-section was quickly sputter-coated with 5 

nm Au/Pd prior to imaging. Surface WCA properties were measured on a First Ten Angstroms 

1000B Goniometer, and values reported here are the average of at least 10 tested areas examined 

at ambient temperature.  

 



   

69 

 

2.3 RESULTS AND DISCUSSION 

All three sulfonated polyesters investigated here are copolymers with alternating 

hydrophobic and hydrophilic moieties along the polymer backbone. A previous study [5] focusing 

on the colloidal properties of these sulfonated polyester in aqueous suspension has reported that, 

according to dynamic light scattering and cryo-SEM analyses, multiple polyester chains undergo 

self-assembly into discrete nanospheres when they are dispersed in water. In similar fashion as 

micelles, each nanosphere is composed of a hydrophobic core and a hydrophilic shell, and the 

overall hydrophobicity of the polymer is highly dependent on the ratio of the two acid and glycol 

sequences. On the basis of the properties listed in Table 2.1, PolyA exhibits the most hydrophobic 

behavior with the lowest SSIPA content, followed by PolyC, whereas PolyB possesses the highest 

charge density indicative of hydrophilic 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 time. (The surface of CNF is also 

covered with negative charges from the carboxylic groups introduced during TEMPO-mediated 

oxidation and likewise remain colloidally stable in aqueous suspension.) The average diameter of 

these charged nanospheres ranges from ca. 10 to 50 nm as discerned by Islam et 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 measure more than 80 nm in diameter. According to the AFM 

images acquired here and presented in Figure A.1 (with the corresponding surface roughness 

values provided for completeness in Figure A.2), we estimate that the nanospheres and their 

aggregates measure ca. 40-100 nm in diameter after drying below Tg at 35 °C (the features become 

less distinct and larger after drying above Tg at 60 °C). In this work, we have elected to study the 
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performance of 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 co-continuity and 10/90 for CNF matrix continuity). All of these formulations 

are included in the AFM images provided in Figure A.1. In addition to their apparent pH and 

temperature sensitivity, the sulfopolyester nanospheres can also be significantly enlarged through 

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

 

2.3.1 Rheological properties of CNF and sulfopolyester/CNF suspensions 

To address the rheological properties of the neat CNF suspension and mixed polyester/CNF 

suspensions, we have performed steady-shear measurements with different polyester/CNF ratios, 

and representative viscosity results are presented as a function of shear rate for comparison in 

Figure 2.2.  Unlike most thermoplastic polymers that exhibit shear-thinning viscosity profiles, all 

three sulfopolyesters display Newtonian behavior up to 30 wt% solids content in water over the 

shear rate range examined in Figure 2.2. On the other hand, aqueous suspensions with as little as 

0.2 wt% CNF (designated as 0/100 polyester/CNF) reveals non-Newtonian (shear-thinning) 

behavior. Such behavior is consistent with our previous studies on various types of nanocellulose: 

CNF [55] and MFNC (micro/nanofibrillated cellulose) [56]. Adding 10 wt% CNF to polyester 

dispersions consistently transforms the viscosity profile from Newtonian to shear-thinning. That 

is, the polyester/CNF suspensions at polyester/CNF composition ratios of 90/10, 50/50 and 10/90 

collectively confirm the existence of shear-thinning behavior (Figure 2.2a for PolyA/CNF, Figure 

2.2b for PolyB/CNF and Figure 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 scaling relationship 

of the form (viscosity) ~ (shear rate)a, where a ranges from -0.45 to -0.22. For the PolyA/CNF and 
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PolyB/CNF systems in Figures 2.2a and 2.2b, respectively, the viscosities of the polyester-

dominant (90/10 polyester/CNF) and CNF-dominant (10/90 polyester/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 independent of CNF content, suggesting 

that this water-dispersible 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 applications. 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 composition-dependent. In marked contrast, however, interactions between the 

intermediate hydrophilic/phobic PolyC and CNF are responsible for a much more pronounced 

composition-dependent viscosity profile. In Figure 2.2d, we observe a slight viscosity reduction 

at low PolyC levels and an increase in viscosity at higher ones. Similar phenomena are often 

evident for charged colloids and are attributed [57] to charge screening of the electrostatic double 

layer (EDL). For the polyester-dominant suspension (90/10 polyester/CNF), PolyC nanospheres 

behave as electrolytes that interact with the surface charges of 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 network formation. This yields an increase in viscosity, as reflected in Figures 

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 

Water-dispersible polyesters are well-known for their excellent film-forming properties 

[5]. When sulfopolyester nanospheres are dispersed in water, they behave in similar fashion as 

traditional hard colloids wherein colloidal interactions and stabilizations are governed by the 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory [59,60]. These nanoscale aggregates 

form optically transparent and contiguous films at ambient temperature, and their film-forming 

mechanism is similar to that of latex-type polymers. Figure 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 acquired from neat CNF films cast from a 0.2 wt% suspension. All of the films produced 

here, regardless of composition, are optically transparent, which confirms that (i) these polyesters 

and CNF do not macrophase-separate and (ii ) both constituents are uniformly distributed (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 composition and molecular 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 paper-like with relatively high flexibility. 

According to the methodology employed elsewhere [61] to quantify the optical properties of 

transparent nanocomposites, we calculate the turbidity at a wavelength of 600 nm to be 9.26 x 10-

4 mm-1. When both materials are combined, we obtain films with intermediate properties that 

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 wt% changes the role of CNF from 
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reinforcing agent to matrix material, in which case the polyester imparts stiffness. 

To quantify the composition-induced change in mechanical properties of polyester/CNF 

nanocomposite films, we have conducted quasistatic uniaxial tensile tests on PolyC/CNF films, 

since their parent suspensions revealed the greatest composition-dependent viscosity (cf. Figure 

2.2c). In addition to examining the effect of CNF content on the mechanical properties of these 

films, we also desire to elucidate 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 reports [14,19,23,24] of 

waterborne latex systems. Since the MFFT is close to the Tg for most amorphous glassy polymers 

[19], we have selected two drying temperatures ï 35 and 60 ęC ï so that one is below while the 

other is above the Tg of PolyC (55 ęC, see Table 2.1). Tensile stress-strain results acquired from 

PolyC/CNF films dried at these two temperatures are provided in Figure 2.4. At each drying 

temperature, similar trends are apparent in the mechanical properties as the loading level 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 incorporating 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 least 3x upon addition of only 10 wt% CNF after drying at 35 °C in Figure 2.4a.  

Four mechanical properties ï Youngôs modulus, tensile strength, elongation at break, and 

fracture energy ï extracted from the stress-strain data displayed for PolyC/CNF films dried at 35 

and 60 °C in Figure 2.4 are summarized in Figure 2.5. In all property categories (especially 

fracture energy, measured as the area under the nominal stress-strain curve), the neat polyester 

films dried at 60 ęC consistently exhibit comparable or improved performance relative to those 
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dried at 35 °C. This outcome is expected and in agreement with latex-type 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 polymer Tg. When the drying temperature is lower than Tg, particle packing, deformation 

and interdiffusion are hindered, thereby resulting in defective films and poor film performance 

[19,26]. For the PolyC/CNF nanocomposite films tested, we find more complex trends. For 

example, the Youngôs modulus in Figure 2.5a increases with increasing 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 representative of the continuous CNF matrix, and drying below the Tg 

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 preparation, the 

Youngôs modulus previously reported [57] for neat CNF films prepared by casting/drying aqueous 

CNF suspensions is 4.79 GPa, which is considerably higher than the moduli measured here for 

PolyC/CNF nanocomposites. Similarly, the tensile strength, elongation at break and fracture 

energy for neat CNF films are found to be 232 MPa, 12.6% and 20.5 MJ/m3, respectively. Caution 

must be exercised, however, in quantitatively comparing these data to our present findings. For 

instance, the tensile strength values provided in Figure 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 nanocomposites 
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possess a significantly 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 nanocomposites with 10 wt% 

CNF in Figures 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 between the 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 delaying 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 ęC, respectively, in Figure 2.5d.  

At the higher drying temperature, water 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, which subsequently 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 of events also 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 wt% CNF, 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 densified CNF layers [52]. Since these films are sensitive to drying temperature, it is 
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not surprising that comparable behavior is likewise apparent in Figures 2.5a-b,d for PolyC/CNF 

films containing 90 wt% CNF. While the incorporation of such a high loading of CNF enhances 

all the property metrics relative to the neat polyester in Figure 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, rather than reinforcing, agent for CNF. This scenario is 

qualitatively consistent with the rheological behavior of the same suspension portrayed in Figure 

2.2c, in which the viscosity is lowered as the polyester plasticizes the strong nanofibrillar network 

of the CNF suspension.  

Unlike the previous cases discussed above, however, the mechanical properties of 

PolyC/CNF nanocomposites with 50 wt% CNF are, with notable exception of the Youngôs 

modulus, independent of drying temperature. Moreover, these nanocomposites generally exhibit 

tensile strength, elongation-at-break 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 is not known at present, we speculate that it is due 

to unsuccessful competition between the constituent network-forming species. While numerous 

material factors influence the mechanical properties of polymer/CNF hybrid nanocomposites (e.g., 

the degree of dispersion, 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 vice-versa 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 macrophase-separated, since the films 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 deleterious influence 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 in Figures 2.6 and 2.7, the cross-sectional 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 

representative of CNF at high CNF levels. The fracture surfaces of neat PolyC films dried at 35 

and 60 °C appear relatively smooth in Figure 2.6. Upon addition of 10 wt% CNF, the cross-section 

becomes noticeably rougher, and sharp fracture features reminiscent of brittle materials develop. 

In the films with 50 wt% CNF, CNF-induced stratification becomes apparent, but the film 

morphology consists of coexisting regions that are both smooth and layered in Figure 2.7. Discrete 

nanoscale polyester aggregates are also evident 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 polyester-coated 

laminated morphology and ensures that the CNF comprises the matrix to template the PolyC as it 

coalesces into a coating. Micrometer-scale roughness, along with discrete protrusions and holes, 

are clearly observed. The presence of multiple dense layers and PolyC aggregates interferes 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% CNF, however, a dominant stratified structure is 

prevalent in Figure 2.7 and resembles that of neat CNF (included in the figure). Unlike the 
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uniformly dense layers apparent for neat CNF, nanofibrils, nanofibrillar bundles and possibly 

PolyC aggregates are pulled out from the film surface during cryofracture, with the result 

appearing as holes measuring ca. 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 to pull-out 

during cryofracture provide evidence of weakened interfibrillar interactions [63], which contribute 

to a reduction in mechanical properties relative to neat CNF. 

Both PolyC and CNF are known [4,52] for their excellent film-forming properties. This 

waterborne polyester not only forms contiguous and defect-free films over a wide temperature 

range (even at temperatures below its Tg), but also synergistically interacts with CNF to improve 

the mechanical properties of PolyC/CNF nanocomposite films (cf. Figure 2.5). In addition to such 

significant enhancement of mechanical properties, these nanocomposites exhibit tunable surface 

properties. By controllling the composition and selecting a suitable drying temperature, we can 

control the surface hydrophobicity of the resulting nanocomposite films. In Figure 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 Tg), and (3) 35 °C and post-dried 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 reasonable considering 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 WCA expectedly 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 are CNF-rich 
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behave more hydrophilic (like 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 drops to a predictable 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 its Tg), 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 display excellent 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 shear-thinning behavior, which 

is advantageous in processing and coating 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 

properties. 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 as surface, properties 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, especially the fracture energy. We attribute this 

observation to the presence of cellulose nanofibrils that are uniformly distributed throughout the 

polyester-rich film, inducing energy dissipation and dampening crack propagation. Changes in 

mechanical properties are qualitatively related to internal film morphologies, as discerned by 

electron microscopy of cryofractured cross-sections. Moreover, we have achieved tunable surface 

hydrophilicity, as expressed in terms of the WCA, by simultaneously modulating the composition 

and drying temperature of polyester/CNF nanocomposite films.  

This work demonstrates that the combination of waterborne sulfopolyesters with CNF 

yields hybrid nanocomposites with highly tunable and, in several cases, synergistic properties that 

are especially beneficial for coating applications. Our 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 addressed the effectiveness 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 propensity to entangle and 

form aggregates. Chemical modification of CNF 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 no pre-processing functionalization is required to 

achieve an optimum CNF dispersion state within the waterborne sulfopolyester matrix.  
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2.6 FIGURES 

 

 

 

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 (circles), (b) PolyB/CNC (triangles), and (c) PolyC/CNF (diamonds) at different 

polyester/CNF mass ratios (w/w, color- and symbol-coded): 90/10, 50/50  and 10/90. Solid lines 

are power-law regressions to the data. Error bars representing the standard error are smaller than 

the symbols. 
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Figure 2.3. Photographs of polyester/CNF films cast at 35 C. The polyester used (left) and the 

loading level of CNF in the film (top) are labeled. 
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Figure 2.4. Nominal stress presented as a function of tensile strain during quasistatic uniaxial 

deformation of PolyC/CNF films dried at (a) 35 ęC and (b) 60 ęC at different compositions (w/w, 

color-coded): 100/0, 90/10, 50/50, and 10/90. 
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Figure 2.5. Mechanical properties of polyC/CNF films dried at 35 ęC (blue) and 60 ęC (red) 

extracted from tensile stress-strain measurements: (a) Young's modulus, (b) tensile strength, (c) 

elongation at break, and (d) fracture toughness. Error bars represent the standard error. 
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Figure 2.6. SEM images acquired from cryo-fractured cross-sections of PolyC and PolyC-rich 

PolyC/CNF films prepared at different compositions and dried at 35 and 60 °C (labeled).  

 

 

 

Figure 2.7. SEM images acquired from cryo-fractured cross-sections of CNF and CNF-rich 

PolyC/CNF films prepared at different compositions 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 (color-coded), and (b) representative water droplets used to measure the 

WCA.  The colored dashed boxes in (b) identify the temperature at which the films were dried in 

(a). 
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CHAPTER 3 

Swelling and Free-Volume Characteristics of TEMPO-Oxidized Cellulose Nanofibril 

Films* 

ABSTRACT 

Cellulose nanofibrils (CNFs) are becoming increasingly ubiquitous in diverse technologies 

requiring sustainable nanoscale species to form or modify films. The objective of the present study 

is to investigate the swelling behavior and accompanying free volume of self-standing 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 temperature. Corresponding free-volume 

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 observed to promote an increase in film density, which serves to reduce bulk 

swelling. These elevated drying temperatures likewise cause the free-volume pore size measured 

by PALS to decrease, while the corresponding total free-volume fraction remains nearly constant. 

Similarly, dispersion of TO-CNF into aqueous suspensions by ultrasonication prior to film 

formation increases both the total free-volume fraction and pore size, but reduces the size of 

individual nanofibrils with little net change in bulk swelling. The swelling and concurrent free-

volume measurements reported here generally reveal an increase in free volume of TO-CNF films 

with increasing RH.  

 

* This chapter has been published in this entirety: 

Torstensen, J. Ø.; Liu, M.; Jin, S.-A.; Deng, L.; Hawari, A. I.; Syverud, K.; Spontak, R. J.; 

Gregersen, Ø. W. S. Biomacromolecules 2018. 
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3.1 INTRODUCTION  

Cellulose nanofibrils (CNFs) surface-modified in the presence of 2,2,6,6-tetramethyl-

piperidin-1-yl)oxyl, referred to as TEMPO (TO), have become increasingly popular since their 

inception in 2006.1 Since that time, TO-CNF has been considered for use in a wide variety of 

technologies as, for instance, a functional paper additive,2 an air-filter precursor,3 a biomedical 

device component,4 and a polymer composite additive to improve mechanical properties.5 

Production of TO-CNF from sustainable wood resources is commonly achieved in a two-step 

process: TEMPO-mediated oxidation, followed by mechanical agitation to isolate the CNFs. 6 

While the starting material is routinely cellulose pulp originating from a broad range of sources, 

the final material consists of nano/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 

charge and enhanced hydrophilicity. Depending on the oxidation conditions, the carboxylic acid 

content can be as high as ~1.6 mmol/g.7 Mechanical agitation introduces disruptive shear forces 

through the use of homogenization, sonication or microfluidization and generates CNFs typically 

possessing the same crystallinity as the starting pulp7 and measuring 1.6-3.8 nm in width8,9 and 

ranging from several hundred nanometers10 up to several micrometers in length.11 Due to their 

high aspect ratio and to facilitate analysis, TO-CNFs are often schematically portrayed as rods (cf. 

Figure 3.1). A molecular-level study12,13 of CNF dissolution reveals that nanofibrils possessing a 

square cross-section measuring 5.2 nm across contain 36 chains, thereby yielding å1.3 chains/nm2. 

Atomic force microscopy (AFM) images of the present TO-CNF (an example of which is included 

in Figure 3.1) indicate that the nanofibrils measure 2.37 ± 0.65 nm in diameter (measured in 

triplicate on 15 TO-CNFs) or, alternatively, 4.4 nm2 on average in cross-sectional area. The 
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corresponding number of chains/nanofibrils is therefore estimated to be ~6. We recognize that 

hierarchical structures, including (partial) plant cells, might also be present.14,15  

Films composed of TO-CNF are relatively straightforward to prepare but 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 in 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 

chains16 and, when modeled as spherical pores, is expected to measure on the order of a few 

Ångstroms from equation-of-state considerations of small molecules.17 This concept, introduced 

to explain the glassy behavior of amorphous polymers, is rooted in the entropic contribution18 to 

statistical thermodynamics.19 Free volume is associated with the amorphous regions of a 

polymer,20 in which case an increase in polymer crystallinity proportionately decreases the 

available free volume, which governs bulk properties such as the glass transition temperature (Tg) 

and melt viscosity, as well as the diffusive transport of molecular penetrants.17 While free volume 

can be indirectly measured from PVT (pressure-volume-temperature) 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 increasing popularity as an 

analytical tool that is capable of directly measuring free volume in polymer films and 

composites.17,21 General observations to date indicate that the free-volume pores (possessing a 

presumed spherical shape) present in many polymers measure 0.4 ï 1.0 nm in diameter.22ï25  

Of particular interest in the present study is the use of PALS to explore the free volume of TO-

CNF films.24 In this case, the diameter of spherical free-volume pores has been reported to be 0.47 
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nm, irrespective of position across 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 

alcohol),26 epoxies,27,28 cellulose acetate,25 and copolymers.25 At low RH levels, some of these 

systems are observed to experience a decrease in average free-volume size that is lower than that 

measured at 0% RH. This initial reduction has been attributed to a molecular-level mechanism 

wherein water molecules fill existing free-volume pores before the pores are forced to expand at 

higher RH levels. In this study, TO-CNF films produced by different fabrication methods are 

characterized to reveal 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 has not been 

previously reported to the best of our knowledge with regard to TO-CNF films. The molecular-

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

explain the mechanism of TO-CNF film swelling.  

 

3.1.1 Water sorption kinetics  

Cellulose, as well as TO-CNF, is a hygroscopic material, indicating that it naturally 

remains in thermodynamic equilibrium with surrounding water vapor or liquid.29 This equilibrium 

is complex and thoroughly investigated for different types of cellulose,30 as well as for cellulose 

in composites.31 Moreover, cellulosic materials are prone to water-sorption hysteresis,32 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 under consideration, it necessarily includes both absorption and adsorption. 
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Nanocellulose, of which TO-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 fast,33 depending on the chemical make-up and spatial 

location of the binding species. For instance, sorption occurs quickly in TO-CNF films as water 

binds to surface hydroxyl and carboxylic groups. Conversely, water molecules bind more slowly 

to internal amorphous moieties and crystalline facets (water cannot penetrate the crystallites34). A 

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 considerations that must be considered in water sorption and TO-CNF film swelling6 

are interfibril interactions, which can inhibit swelling under the following conditions: (i) the 

volume increase of a hydrated nanofibril is physically hindered by other nanofibrils in the network, 

and (ii ) water binding competes with interfibril binding for available hydrogen bonds. Since water 

sorption in TO-CNF films follows a bimechanistic process (e.g., fast vs. slow, direct vs. indirect, 

and water binding vs. interfibril binding), a model that is commonly used to describe the water 

sorption kinetics for cellulosic films is the parallel exponential kinetics (PEK) model.35 This model 

derives from the presumption that the mass gain at a given time (t) during swelling at a specific 

RH (Mt) is the sum of two parallel swelling processes, each with its own time constant (1 or 2), 

as indicated by 

  ὓ ὓ  ρ Ὡ  + ὓ  ρ Ὡ  (1) 

Equation (1) can be interpreted as the occurrence of two concurrent sorption processes with 

each capable of reaching its equilibrium water solubility (ὓ  ὥὲὨ ὓ ). The processes in the 

PEK model possess nominally fast (Ŭ1) and slow (Ŭ2) characteristic times, and the corresponding 
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sorption sites are schematically depicted in Figure 3.1. While precise categorization of different 

sorption sites as fast or slow has yet to be conclusively established36 in terms of their relation to 

specific terms in Eq. (1),30,33,35 the time constants are material-specific and can be extracted from 

sorption experiments performed at different RH levels.30 

 

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 

(electron antiparticles) as a probe by which to characterize vacancy defects and free-volume voids 

in a wide range of inorganic and organic materials. Detailed reviews of PALS are available 

elsewhere.12,32 When positrons are implanted into a subject material, they tend 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 employs 22Na as the positron source, the 

birth of a positron is marked as the start 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 intensity (I) histogram 

between the start and stop signals, a PALS spectrum is obtained. Such spectra frequently consist 

of several exponential decay components of the form 

  Ὅὸ ὍÅØÐ  (2) 

where I j and Űj denote the intensity (or number-density population) and lifetime of the j th 

annihilation lifetime component, respectively. 
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In polymers and semi-conductors, 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 singlet state (para-positronium or p-

Ps) or a triplet state (ortho-positronium or o-Ps). Since the first two lifetimes († and †) in Eq. (2) 

correspond to positron and/or p-Ps 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 o-Ps lifetime, which can be correlated with the free-volume pore size of polymers, 

thereby revealing the morphological features of polymeric media at atomic length scales. Although 

o-Ps ions possess a lifetime of 142 ns in vacuum, this lifetime can be significantly shortened within 

materials through a pick-off process wherein the positron annihilates an environmental electron 

(from the polymer) instead of its original pair. This shortened o-Ps lifetime (†) can be directly 

related to the free-volume pore size through such correlations as the Tao-Eldrup model,37,38 

expressed as  

† πȢυρ  ÓÉÎ       (3) 

where r represents the radius of a spherical free-volume pore, and ær (= 0.166 nm) accounts for 

the electron shell extending into the free-volume pore.39 While this model is commonly used to 

extract free-volume characteristics from polymers, other models, including those not restricted to 

specific shapes, have been proposed. In the present work, a shape-free model40 that cannot be 

expressed in closed form due to its quantum-mechanical derivation has been utilized for analysis 

purposes. Moreover, the associated intensity of the o-Ps component (I3) in Eq. (2) provides the 

relative number density of free-volume elements41 among only similar material systems since this 

quantity is sensitive to material chemistry. When comparing PALS results acquired from the same 
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material series, however, the total volume (L) of the free-volume elements, approximated as 

spherical in shape, can be obtained from 

 ὒ Ὅ “ὶ  (4) 

 

3.2 EXPERIMENTAL  

3.2.1 Materials  

Softwood (fully bleached) pulp was supplied by Södra (Växjö, Sweden) and was oxidized 

at ambient temperature with 98% TEMPO (Sigma-Aldrich, St. Louis, Missouri, USA), sodium 

bromide (NaBr; >99 %, Sigma-Aldrich) and sodium hypochlorite (NaClO; Roth Chemicals, 

Karlsruhe, Germany). Sodium hydroxide (NaOH) and hydrochloric acid (HCl) 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 1.33 wt% prior to oxidation 

with 1.1 mol NaClO gradually added in eight allotments over the course of 50 min. This 

corresponds to 5 mmol NaClO per gram of pulp. During this oxidation process, the pH was 

maintained at 10.5 by gradually adding 0.5 M NaOH. When the pH remained 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 HCl. The oxidized pulp was vacuum-filtered using filter paper with DI 

water until a conductivity of < 5 µS/cm was 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 1000 bar. The final carboxylic acid content was measured by conductiometric 

titration42 as the average of three parallel trials. The acid-soluble lignin fraction was determined 

according to the TAPPI Useful 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 by high-pressure liquid 

chromatography (HPLC).  

 

2. Film preparation 

A suspension composed of 400 g of 0.3 wt% TO-CNF 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 a 3.2 mm 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 

suspension into polyethylene Petri dishes (measuring 15 mm in depth and 95 mm in diameter) and 

then drying at ambient temperature (20-22 °C), 35 °C or 50 °C in a gravity convection oven. 

Specimens are further denoted as Amb (dried at 20-22 °C), 35 (dried at 35 °C) or 50 (dried at 50 

°C), as listed in Table 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 TO-CNF 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 30 sec each for a 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 cross-sections that were subsequently sputter-coated with 5 nm Au/Pd was conducted on 

ultrahigh-resolution FEI Verios 460L instrument at 1.0-1.5 kV without stage bias. Samples were 

prepared and investigated the same day. Films intended to investigate swelling kinetics were stored 

in a desiccator at 0% 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 °C in a 

Percival climate chamber. Specimens were weighed every hour for the first 12 h and then at 

preselected times thereafter. All swelling experiment results reflect four replicates, and equilibrium 

values correspond to 96 h. Film swelling (S) was characterized by the film weights prior to swelling 

(W0) and after a given time in the humidity chamber (Wt) according to   

Ὓ ρ  ρππϷ        (5) 

The PALS measurements were performed in the presence of a ~10µCi 22Na source sealed 

between Kapton films measuring 7.6 µm thick. Two Hamamatsu 3378-50 photomultiplier tubes 

with plastic scintillators (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 

elsewhere,43,44 a photograph of the setup along with a schematic illustration is presented in Figure 

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 to minimize 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. Sample-filled 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 listed in Table 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% RH (otherwise the desiccant would turn red). To 

monitor/confirm the equilibration process, PALS spectra, recording at least 1.5×106 events, were 

acquired at ambient temperature every 1-2 days. Resultant spectra were primarily fitted with three 

annihilation lifetimes using the POSFIT software package, and the regressed value of † was 

related to the size of free-volume elements via a shape-free quantum-mechanical model.40  

 

Table 3.1. Specimen designations employed in this study.  

Specimen designation Drying temperature (°C) Sonication status 

Amb-NS Ambient NS 

Amb-S Ambient S 

35-NS 35 NS 

35-S 35 S 

50-S 50 S 

 

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

Water-vapor source RH levels (%) 

Desiccant 0 

Saturated MgCl2 33 ± 0.2 

Saturated Mg(NO3)2 53 ± 0.2 

Saturated NaCl 75 ± 0.1 

Deionized water 100 

a 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 TO-CNF film characterization  

Conductiometric titration reveals that the carboxylic acid content [-COO- + COOH] of the 

TO-CNF generated here is 1343 ± 7.2 µmol/g. Acid hydrolysis confirms that the cellulose content 

is ~79 wt%, whereas the acid-soluble lignin is ~0.6 wt% (with no detectable acid-insoluble lignin). 

Galacto-(glucomannan) and xylan account for ~9 and ~7 wt%, respectively. Films fabricated from 

the procedure described here measure ~20 µm thick and appear highly transparent, as generally 

evidenced by the photographs presented in Figure 3.3. While the films appear visually similar 

when cast from sonicated or non-sonicated suspensions, their appearance is noticeably affected by 

the drying temperature. Films dried at ambient temperature for about 23 days are virtually defect-

free (Figure 3.3A). Films dried at 35 °C over the course of 6 days display visible bubbles (Figure 

3.3C), and those dried at 50 °C for 1-2 days exhibit a large population of bubbles (Figure 3.3E). 

This observation clearly indicates that, as the specimens are subjected to higher temperatures and 

expedited film drying, the resulting TO-CNF films more readily entrap liquid water, which 

produces bubbles upon vaporization. This observation is consistent with SEM images of cross-

fractured films, displayed in Figure 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 

Figures 3.3B, 3.3D and 3.3F are all sonicated to permit discrimination by SEM (this is not required 

at the length scale associated with visual examination). According to the DLS results provided in 

Figure 3.4, sonication serves to reduce the mean TO-CNF length and shift the size distribution to 

shorter nanofibrils. 
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3.3.2 TO-CNF film swelling 

Swelling tests performed in a Percival climate  chamber on four replicates establish that S 

lies between ~24-33% after exposure to 90 ± 2% RH and 23.9 °C for 96 h. Figure 3.5A displays 

the time dependence of S for films that have been sonicated as suspensions and dried at 3 different 

temperatures. Application of Eq. (1) to these data results in the following values of Ŭ1 and Ŭ 2, 

respectively (in h): 0.036 and 1.177 (ambient temperature), 0.008 and 6.553 (35 °C), and 0.430 

and 9.341 x 104 (50 °C). After exposure to water vapor for 1 h, the TO-CNF 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, these S levels increase to 34/34% (ambient), 30/29% (35 °C) and 22/22% (50 °C). 

Corresponding values of S 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 TO-CNF films occurs within the first hour of exposure. In addition, the swelling results 

displayed in Figure 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 in Figure 3.5B, which shows that, while sonication tends to 

improve swelling modestly (by 14% at ambient temperature and 9% at 35 °C),  increased drying 

time lowers swelling to a greater extent (by 28% from ambient temperature to 50 °C). This latter 

observation, which is consistent with the SEM images provided in Figure 3.3, implies that 

densified TO-CNF films dried at elevated temperatures are more likely to hinder the sorption of 

water molecules and thus swell. Another important consideration here is that hornification might 

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-
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linking,45 would also serve to inhibit swelling. This process has been reported to increase with 

increasing carboxylate content46 and drying temperature.47 

 

3.3.3 Free volume: dry TO-CNF films 

In this section, we explore the effects of sonication and drying temperature on the free 

volume of dry TO-CNF films. To begin, PALS spectra collected from films at 0% RH prepared 

from both sonicated and non-sonicated suspensions 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 values in Table 3.3. The regressed value of the o-Ps lifetime 

(†) ascertained from the sonicated specimen after regression with three characteristic lifetimes 

(1.36 ns) is noticeably larger than that of the non-sonicated one (1.27 ns), which suggests that the 

sonication process affects the radius (r) of the free-volume pores. Calculated values of r ð 0.206 

± 0.002 and 0.218 ± 0.001 nm for the Amb-NS and Amb-S specimens, respectively ð are lower 

than results previously reported24 for dry TO-CNF films (r = 0.235 nm). Corresponding values of 

L from Eq. (4) are (5.26 ± 0.08) x 10-3 nm3 (Amb-NS) and (5.78 ± 0.06) x 10-3 nm3 (Amb-S), 

indicating that the sonicated specimen possesses more free volume (with modestly larger free-

volume pores). This result might help to explain the sonication-induced increase in equilibrium 

swelling evident in Figure 3.5B. To discern the extent to which the values of † and L are robust, 

the PALS spectra have also been fitted to four characteristic lifetimes (cf. Table 3.3). While † 

and I4 are also metrics of free volume in polymeric media and suggest the presence of larger free-

volume pores, the values of I4 are substantially smaller than the other intensity values (~1% for the 

sonicated specimen and ~0.1% for the non-sonicated one), in which case these contributions to the 
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free-volume analysis are probably negligible and are not considered further in this work. Another 

indicator that these additional lifetimes are most likely inconsequential is the surprisingly large 

uncertainty in † relative to all the other extracted † values in Table 3.3 (< 0.05 ns).  

  

Table 3.3. PALS lifetimes measured at 0% RH for TO-CNF films prepared from sonicated and 

non-sonicated suspensions.  

 
Specimen Ⱳ (ns) ╘ (%) Ⱳ (ns) ╘ (%) Ⱳ (ns) ╘ (%) Ⱳ (ns) ╘ (%) 

Three-lifetime fitting 

Amb-NS 0.11 

±0.05 

11.81 

±5.54 

0.38 

±0.01 

73.28 

±5.34 

1.27 

±0.01 

14.91 

±0.32 

ð ð 

Amb-S 0.19 

±0.02 

17.83 

±2.14 

0.40 

±0.01 

68.19 

±1.99 

1.36 

±0.01 

13.98 

±0.21 

ð ð 

Four-lifetime fitting 

Amb-NS 0.08 

±0.01 

14.28 

±1.03 

0.37 

±0.01 

70.43 

±0.84 

1.24 

±0.02 

15.18 

±0.32 

7.47 

±5.76 

0.11 

±0.04 

Amb-S 0.09 

±0.01 

16.01 

±1.81 

0.37 

±0.01 

67.88 

±1.62 

1.19 

±0.04 

15.11 

±0.34 

2.55 

±0.46 

1.01 

±0.58 

 

In addition to TO-CNF suspension sonication, another consideration of importance in this 

section is the drying temperature. Three-lifetime analysis of relevant PALS spectra as above for 

only the sonicated specimens yields free-volume pore radii of 0.215 ± 0.001 and 0.212 ± 0.001 nm 

at drying temperatures of 35 and 50 °C, respectively. Values of r and L extracted from these data 

are displayed as a function of drying temperature (where ambient is taken as 21 °C) in Figure 3.6 

and reveal that, while r systematically decreases, L 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 free-volume characteristics with drying temperature can be explained in 
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terms of the hierarchical structure of TO-CNF.6 We have established that an increase in drying 

temperature promotes film densification, as independently determined  from SEM (Figure 3.3) 

and equilibrium swelling (Figure 3.5). On the basis of these experimental 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 the crystalline 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 free-volume pores. Faster drying times at elevated 

temperatures most likely prevents the chains from adopting their lowest energy conformations, 

and so the population of free-volume pores increases (apparently to a limit) at higher drying 

temperatures. Corresponding values of I3 under these conditions are calculated to be (14.0 ± 0.2)% 

for Amb-S and (14.8 ± 0.4)% for 50-S.   

We anticipate that not all of the free-volume pores in this scenario are accessible to 

penetrant water molecules, in which case equilibrium swelling decreases. In marked contrast, 

sonication loosens the nanofibrils48 and disrupts their crystalline regions49 prior to drying. Doing 

so simultaneously increases both r and L, as reported above.  

 

3.3.4 Free volume: swollen TO-CNF films 

Thus far, we have explored the effects of suspension sonication and drying temperature on 

the free-volume and swelling characteristics of TO-CNF films at 0% RH. In this section, the 

response of TO-CNF films exposed to sonication and dried at ambient temperature (designated as 

Amb-S in Table 3.1) is monitored at several different RH levels. The tests performed here utilize 
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the setup described with regard to Figure 3.2. Compared to the static swelling performed in the 

climate chamber (cf. Figure 3.5), the films investigated by PALS require significantly longer 

equilibration times (several days vs. ~12 h) due to the experimental configuration. Representative 

peak-normalized PALS spectra obtained from Amb-S specimens at different RH levels and 

ambient temperature after an exposure time of 5-11 days (spectra shown correspond to equilibrium 

conditions at each RH level) are presented in Figure 3.7 and qualitatively indicate that the o-Ps 

lifetimes are systematically shifted to higher values as the RH level is increased. Corresponding 

values of r and I3 extracted by analyzing such spectra according to Eq. (2) and the model provided 

elsewhere40 with three characteristic lifetimes are provided in Figure 3.8 and reveal that r (which 

exhibits the same RH dependence as Ű3, not 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 dependence of I3 on RH differs slightly: it remains relatively constant up to 53% 

RH and then increases by about 15%. To discern the extent of hysteresis upon deswelling, the 

specimen at 100% RH was re-dried to 0% RH and re-measured. As seen in Figure 3.8, the initial 

free-volume intensity is recovered, but the free-volume pore size is not. The original  pore radius 

measures 0.215 nm while the radius after re-drying is 0.222 nm. At macroscopic length scales, 

pulp drying results in lower porosity.45,50 Free volume that exists at nanoscopic length scales is 

not, however, affected by surface tension in the same way as macropores when water evaporates.  

To determine the time dependence of RH-induced free-volume changes, we have 

performed PALS at different times at each RH level to follow the evolution of free-volume pore 

size and o-Ps intensity during the course of the experiment. The results are shown for both r and 

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 RH as I3. An interesting observation on the 
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first day at 33% RH provides evidence of atypical pore filling, which is also identified in other 

polymer systems.51 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%) before r increases or 

levels off at longer times. Values of r and I3 recorded at the longest time examined at each RH 

level are presumed to be representative of near-equilibrium and are used to construct Figure 3.8. 

While r behaves nearly as anticipated (even during the transient periods of initial swelling and 

final re-drying), the free-volume intensity does not during the transient periods. Upon initial 

swelling, for instance, I3 decreases over the course of the first 3 days as r  systematically increases. 

As the specimen is re-dried, r expectedly decreases to a relatively constant value. While 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 possesses an o-Ps lifetime of 1.86 ns,52 which might impact 

the measured free-volume characteristics here if water in the TO-CNF film elicits its own o-Ps 

signal. Free water molecules can potentially contribute to the extracted values of r since its own 

"free-volume" (Ps bubble) radius is 0.27 nm (cf. Table 3.4),52 which is comparable to the pore size 

ascertained here and in cellulose acetate.25 Below, 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 TO-CNF film dried from sonicated 

suspension and pure water.  

 

System Ű3 (ns) I3 (%) r (nm) 

TO-CNF film  1.36 ± 0.01 13.98 ± 0.21 0.215 (this work) 

Pure water52 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 distribution of pores through the use of adsorption porosimetry, it is only valid 

for relatively large pores and does not account for site-specific interactions such as hydrogen 

bonding in its surface tension term. It nonetheless provides an experimental tactic, as detailed in 

the following section. Our results reported here, as well as others,25,51 indicate that water initially 

fills free-volume pores measuring << 10 nm. The PALS results provided in Figure 3.8 establish 

that the o-Ps intensity is relatively constant, whereas r systematically increases, up to ~53% RH, 

implying that the free-volume 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% RH in Figure 

3.9, water molecules most likely adsorb to the surface of the free-volume pores and partially fill 

them. Pore filling is subsequently overtaken by concomitant pore swelling, which serves to push 

neighboring TO-CNF chains away from each other. Since these water molecules are bound by 

hydrogen bonds, they should not be treated as free water with the free-volume characteristics listed 

in Table 3.4. At RH levels beyond 53%, both free-volume pore size and intensity increase with 

increasing exposure time in Figure 3.8. This observation is explained by water opening the 

amorphous regions of TO-CNF, thus creating more and larger free-volume pores. Under these 

conditions, however, the existence of free water can generate a PALS signal with the o-Ps intensity 

and pore size included in Table 3.4. As seen in Figure 3.3B, the TO-CNF films exhibit 

interfibrillar pores that measure in the micrometer range. While these are not to be confused with 

the free-volume 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 data,24 which 

increases as TO-CNF 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, the o-Ps intensity data in 

Figure 3.8 have been correlated with RH level by an empirical exponential function to interpolate 

the o-Ps intensity at 90% RH. With a regression coefficient (R2) of 0.98, this correlation yields an 

intensity of 15.1%, which can be used to ascertain if I3 corresponds to the mass-weighted average 

of o-Ps intensities from free water and cellulose. The swelling data included in Figure 3.5A 

indicate that the mean equilibrium swelling for Amb-S at 90% RH is 33.2 ± 1.8%, which is 

equivalent to 24.9 ± 1.0 wt% water relative to the total swollen mass. To test the hypothesis above, 

the total signal intensity is expressed in terms of the pure water intensity (Ὅ ), the contributing 

water fraction (Ὢ), the TO-CNF intensity (Ὅ ), and the contributing cellulose fraction (Ὢ) in linear 

fashion to yield 

 Ὅ ὪὍ ὪὍ   (6) 

By utilizing the values listed in Table 3.5, it becomes clear that not all the free water contributes 

to the measured o-Ps signal, since this leads to a higher value of I3 than interpolated from 

measurements (~17% > ~15%). Solving Eq. (6) for Ὢ with the requirement that Ὢ  Ὢ ρ and 

Ὅ = 0.151 yields 8.7 wt% water, thereby verifying that a nontrivial fraction of water in the system 

is bound to the TO-CNF chains and incapable of contributing an o-Ps signal to PALS spectra. A 

similar comparison performed by applying a simple linear rule of mixtures to the o-Ps lifetimes 

for pure water and cellulose results in 7.9 wt% water, which is in fair agreement with the water 

content from the o-Ps intensity calculations. 

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

 

Equilibrium 

swelling (%) 
█◌ █◌* ╘Ἷ █╬ * ╘Ἣ I3 (%) from  

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 



   

115 

 

The free water fractions calculated above from the o-Ps intensities of the pure and swollen 

TO-CNF systems reveals that 35% of the water in the Amb-S specimen is free (and contributes to 

the measured value of I3) and the remaining 65% is bound to the cellulose and is responsible for 

the measured free-volume characteristics of the nanofibrils. A related issue to consider is the 

possibility that bound water alters the formation of o-Ps in such fashion that a reduction in o-Ps 

intensity due to the presence of water-containing free-volume pores is compensated by the 

intensity contribution from free water. For this effect to be realized, the correct o-Ps intensities and 

characteristic lifetimes would have to be concurrently maintained over the entire RH range, which 

is not very likely. On the basis of the experimental results reported here, water initially fills existing 

free-volume pores (as evidenced by a decrease in r after 1 day in Figure 3.9), but is strongly bound 

to the cellulose (without contributing to the o-Ps intensity) in general agreement with the 

classification of "nonfreezing" water during initial cellulose swelling.53,54 After the initial pore size 

reduction, water at longer exposure times and higher RH levels expands the existing free volume 

pores. In this regime, the o-Ps intensity remains relatively steady, suggesting that most of the water 

remains tightly bound to the cellulose without contributing to the o-Ps intensity and consists of 

both "nonfreezing" and "freezing bound" water.54 The latter consists of water molecules that are 

tightly bound to cellulose and exhibit a significantly depressed freezing point compared to free 

water. At RH levels above ~53% RH, however, the presence of free water becomes non-negligible. 

Since the concurrent increases in o-Ps characteristic lifetime (which follows the RH dependence 

of r) and intensity in Figure 3.9 are much more pronounced than those attributable to free water, 

we propose that bonded water opens new free-volume pores in amorphous interchain regions in 

addition to swelling existing pores. A schematic illustration of these free-volume changes is 

depicted in Figure 3.10. 
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3.4 CONCLUSIONS 

In this study, we have investigated the macroscopic swelling and accompanying free-

volume changes of TO-CNF films. While these films swell according to expectation when 

subjected to 90% RH water vapor, swelling is reduced when 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 temperature 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 free-volume pore size due to a combination of disruption and size reduction of the 

TO-CNF fibrils. Subjecting TO-CNF films to various RH levels reveals free-volume pore filling 

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

~ 53%, water likely creates new free-volume pores and behaves as free water inside the film, 

thereby eliciting a free-water PALS signal. This conclusion is supported by comparing PALS 

spectra with free-volume intensity and lifetime calculations. Lastly, swollen films that are 

subjected to re-drying exhibit, slight free-volume pore size hysteresis. This study establishes a 

direct relationship between macroscale and nanoscale water sorption in TO-CFN films prepared 

under several different conditions. 
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3.6 FIGURES 

 

 

 

Figure 3.1. Schematic illustration of water sorption in a TEMPO-oxidized cellulose nanofibril 

(TO-CNF) film. Sorption occurs as water binds primarily to external hydroxyl, aldehyde and 

carboxylic groups (1-3) in internal amorphous regions (4) and along crystalline facets (5). A 

representative AFM image of the TO-CNF is provided in the inset (scalebar = 200 nm). 

 

 

 

 

 

 

 

 

 

 



   

119 

 

 

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 a TO-CNF specimen and the 22Na positron source) and 

a desiccant or salt solution to maintain a specific RH level within an enclosed plastic bag. 
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Figure 3.3. Photographs (left) and cross-sectional SEM images (right) of sonicated TO-CNF films 

dried at different temperatures: (A,B) ambient temperature, (C,D) 35 °C and (E,F) 50 °C. 
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Figure 3.4. Nanofibril dimensions obtained from DLS at (A) 12.8° and (B) 173° on TO-CNF 

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 (S) curves determined from Eq. (5) at 90% RH for TO-

CNF films prepared by sonication and dried at three different temperatures: ambient (), 35 °C (

) and 50 °C ( ).  The solid lines are regressions of Eq. (1) to the data and the error bars denote 

standard errors. (B) Equilibrium S values obtained from swelling curves at 90% RH for the 5 

different specimen designations examined in this study (cf. Table 3.1). 
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Figure 3.6. Free-volume pore radius (r) and total free volume (L) calculated from PALS spectra 

collected from TO-CNF films that were sonicated as suspensions and dried at different 

temperatures (color-coded). The solid lines serve to connect the data and the error bars denote 

standard errors. 

 

 

Figure 3.7. Peak-normalized PALS spectra collected from TO-CNF films prepared from sonicated 

aqueous TO-CNF suspensions dried at ambient temperature for 23 days and measured at different 

RH levels (see legend) at ambient temperature. 
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Figure 3.8. Long-time values of r (blue) and I3 (red) as functions of relative humidity (RH) at 

ambient temperature (color-coded). The solid lines serve to connect the data in the increasing RH 

direction, the dashed lines connect the data upon re-drying, and the error bars denote standard 

errors. 

 

 
Figure 3.9. Free-volume pore radius and intensity of the Amb-S specimen in the presence of 

different RH levels (labeled) as a function of exposure time. Dotted lines represent the times at 

which the long-time value is recorded for a given RH level (these values are displayed in Figure 

3.8). 
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Figure 3.10. Proposed model for water-cellulose interactions in the amorphous regions of 

cellulose chains within CNF (rod). During the initial transient swelling between 0 and ~33% RH, 

water fills intra/interchain free-volume pores and reduces the measured free volume. Beyond this 

transient and up to ~53% RH, the free-volume pores expand without the creation of new pores. 

Beyond ~53% RH, water generates the formation of new pores by displacing chains, thus leading 

to simultaneous increases in o-Ps intensity and pore radius.  

 

 

 

 

 

 

 

 

 

 

 

 

 



   

126 

 

3.7 REFERENCES 

(1)  Saito, T.; Nishiyama, Y.; Putaux, J. L.; Vignon, M.; Isogai, A. Homogeneous Suspensions 

of Individualized Microfibrils from TEMPO-Catalyzed Oxidation of Native Cellulose. 

Biomacromolecules 2006, 7, 1687ï1691. 

(2)  Ottesen, V.; Syverud, K.; Gregersen, Ø. W. Mixing of Cellulose Nanofibrils and Individual 

Furnish Components: Effects on Paper Properties and Structure. Nord. Pulp Pap. Res. J. 

2016, 31, 441ï447. 

(3)  Alexandrescu, L.; Syverud, K.; Nicosia, A.; Santachiara, G. Airborne Nanoparticles 

Filtration by Means of Cellulose Nanofibril Based Materials. J. Biomater. Nanobiotechnol. 

2016, 7, 29ï36. 

(4)  Rashad, A.; Mustafa, K.; Heggset, E. B.; Syverud, K. Cytocompatibility of Wood-Derived 

Cellulose Nanofibril Hydrogels with Different Surface Chemistry. Biomacromolecules 

2017, 18, 1238ï1248. 

(5)  Bulota, M.; Tanpichai, S.; Hughes, M.; Eichhorn, S. J. Micromechanics of TEMPO-

Oxidized Fibrillated Cellulose Composites. ACS Appl. Mater. Interfaces 2012, 4, 331ï337. 

(6)  Dufresne, A. Nanocellulose: From Nature to High Performance Tailored Materials; 

Walter de Gruyter GmbH: Berlin, 2012. 

(7)  Isogai, A.; Saito, T.; Fukuzumi, H. TEMPO-Oxidized Cellulose Nanofibers. Nanoscale 

2011, 3, 71ï85. 

 (8)  Rodionova, G.; Saito, T.; Lenes, M.; Eriksen, Ø.; Gregersen, Ø.; Kuramae, R.; Isogai, A. 

TEMPO-Mediated Oxidation of Norway Spruce and Eucalyptus Pulps: Preparation and 

Characterization of Nanofibers and Nanofiber Dispersions. J. Polym. Environ. 2013, 21, 

207ï214. 

(9)  Jiang, F.; Hsieh, Y. L. Chemically and Mechanically Isolated Nanocellulose and Their 

Self-Assembled Structures. Carbohydr. Polym. 2013, 95, 32ï40. 

(10)  Saito, T.; Kimura, S.; Nishiyama, Y.; Isogai, A. Cellulose Nanofibers Prepared by 

TEMPO-Mediated Oxidation of Native Cellulose. Biomacromolecules 2007, 8 (8), 2485ï

2491. 

(11)  Ishii, D.; Saito, T.; Isogai, A. Viscoelastic Evaluation of Average Length of Cellulose 

Nanofibers Prepared by TEMPO-Mediated Oxidation. Biomacromolecules 2011, 12, 548ï

550. 

(12)  Yuan, X.; Cheng, G. From Cellulose Fibrils to Single Chains: Understanding Cellulose 

Dissolution in Ionic Liquids. Phys. Chem. Chem. Phys. 2015, 17, 31592ï31607. 

(13)  Sèbe, G.; Ham-Pichavant, F.; Ibarboure, E.; Koffi, A. L. C.; Tingaut, P. Supramolecular 

Structure Characterization of Cellulose II Nanowhiskers Produced by Acid Hydrolysis of 



   

127 

 

Cellulose I Substrates. Biomacromolecules 2012, 13, 570ï578. 

(14)  Syverud, K.; Chinga-Carrasco, G.; Toledo, J.; Toledo, P. G. A Comparative Study of 

Eucalyptus and Pinus Radiata Pulp Fibres as Raw Materials for Production of Cellulose 

Nanofibrils. Carbohydr. Polym. 2011, 84, 1033ï1038. 

(15)  Chinga-Carrasco, G.; Yu, Y.; Diserud, O. Quantitative Electron Microscopy of Cellulose 

Nanofibril Structures from Eucalyptus and Pinus Radiata Kraft Pulp Fibers. Microsc. 

Microanal. 2011, 17, 563ï571 

(16)  White, R. P.; Lipson, J. E. G. Polymer Free Volume and Its Connection to the Glass 

Transition. Macromolecules 2016, 49, 3987ï4007. 

(17)  Jean, Y. C.; Van Horn, J. D.; Hung, W.-S.; Lee, K.-R. Perspective of Positron Annihilation 

Spectroscopy in Polymers. Macromolecules 2013, 46, 7133ï7145. 

(18)  Dudowicz, J.; Freed, K. F.; Douglas, J. F. In Advances in Chemical Physics, 1st ed.; Rice, 

S. A., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2008;  pp. 125ï222. 

(19)  Simha, R.; Somcynsky, T. On the Statistical Thermodynamics of Spherical and Chain 

Molecule Fluids. Macromolecules 1969, 2, 342ï350. 

(20)  Nakanishi, H.; Jean, Y. C.; Smith, E. G.; Sandreczki, T. C. Positronium Formation at Free-

Volume Sites in the Amorphous Regions of Semicrystalline PEEK. J. Polym. Sci. B: 

Polym. Phys. 1989, 27, 1419ï1424.  

(21)  Merkel, T. C.; Freeman, B. D.; Spontak, R. J.; He, Z.; Pinnau, I.; Meakin, P.; Hill, A. J. 

Ultrapermeable, Reverse-Selective Nanocomposite Membranes. Science 2002, 296,  

(22)  Nagel, C.; Gu, K.; Fritsch, D.; Strunskus, T.; Faupel, F. Free Volume and Transport 

Properties in Highly Selective Polymer Membranes. Macromolecules 2002, 35, 2071ï

2077. 

(23)  Shantarovich, V. P.; Kevdina, I. B.; Yampolskii, Y. P.; Alentiev, A. Y. Positron 

Annihilation Lifetime Study of High and Low Free Volume Glassy Polymers: Effects of 

Free Volume Sizes on the Permeability and Permselectivity. Macromolecules 2000, 33, 

7453ï7466. 

(24)  Fukuzumi, H.; Saito, T.; Iwamoto, S.; Kumamoto, Y.; Ohdaira, T.; Suzuki, R.; Isogai, A. 

Pore Size Determination of TEMPO-Oxidized Cellulose Nanofibril Films by Positron 

Annihilation Lifetime Spectroscopy. Biomacromolecules 2011, 12, 4057ï4062. 

(25)  Chen, G. Q.; Kanehashi, S.; Doherty, C. M.; Hill, A. J.; Kentish, S. E. Water Vapor 

Permeation through Cellulose Acetate Membranes and Its Impact upon Membrane 

Separation Performance for Natural Gas Purification. J. Membr. Sci. 2015, 487, 249ï255. 

(26)  Hodge, R. M.; Bastow, T. J.; Edward, G. H.; Simon, G. P.; Hill, A. J. Free Volume and the 

Mechanism of Plasticization in Water-Swollen Poly(vinyl Alcohol). Macromolecules 

1996, 29, 8137ï8143. 



   

128 

 

(27)  Madani, M. M.; Miron, R. R.; Granata, R. D. PALS Free Volume Study of Dry and Water 

Saturated Epoxies. J. Coatings Technol. 1997, 69, 45ï54. 

 (28)  Soles, C. L.; Chang, F. T.; Gidley, D. W.; Yee, A. F. Contributions of the Nanovoid 

Structure to the Kinetics of Moisture Transport in Epoxy Resins. J. Polym. Sci. Part B: 

Polym. Phys. 2000, 38, 776ï791. 

(29)  Morrison, J. L.; Dzieciuch, M. A. The Thermodynamic Properties of the System Cellulose 

ïWater Vapor. Can. J. Chem. 1959, 37, 1379ï1390. 

(30)  Belbekhouche, S.; Bras, J.; Siqueira, G.; Chappey, C.; Lebrun, L.; Khelifi, B.; Marais, S.; 

Dufresne, A. Water Sorption Behavior and Gas Barrier Properties of Cellulose Whiskers 

and Microfibrils Films. Carbohydr. Polym. 2011, 83, 1740ï1748. 

(31)  Svagan, A. J.; Hedenqvist, M. S.; Berglund, L. Reduced Water Vapour Sorption in 

Cellulose Nanocomposites with Starch Matrix. Compos. Sci. Technol. 2009, 69, 500ï506. 

(32)  Wahba, M.; Nashed, S. Moisture Relations of Cellulose. III. Sorption Hysteresis and the 

Effect of Temperature. J. Text. Inst. Trans. 1957, 48, T1ïT20. 

(33)  Okubayashi, S.; Griesser, U. J.; Bechtold, T. A Kinetic Study of Moisture Sorption and 

Desorption on Lyocell Fibers. Carbohydr. Polym. 2004, 58, 293ï299. 

(34)  Howsmon, J. A. Water Sorption and the Poly-Phase Structure of Cellulose Fibers. Text. 

Res. J. 1949, 19, 152ï162. 

(35)  Kohler, R.; Alex, R.; Brielmann, R.; Ausperger, B. A New Kinetic Model for Water 

Sorption Isotherms of Cellulosic Materials. 2006, 244, 89ï96. 

(36)  Kohler, R.; Dück, R.; Ausperger, B.; Alex, R. A Numeric Model for the Kinetics of Water 

Vapor Sorption on Cellulosic Reinforcement Fibers. Compos. Interfaces 2003, 10, 255ï

276. 

 (37)  Tao, S. J. Positronium Annihilation in Molecular Substances. J. Chem. Phys. 1972, 56, 

5499ï5510. 

(38)  Eldrup, M.; Lightbody, D.; Sherwood, J. N. The Temperature Dependence of Positron 

Lifetimes in Solid Pivalic Acid. Chem. Phys. 1981, 63, 51ï58. 

(39)  Goworek, T.; JasiŒska, B.; Wawryszczuk, J.; Zaleski, R.; Suzuki, T. On Possible 

Deviations of Experimental PALS Data from Positronium Pick-off Model Estimates. 

Chem. Phys. 2002, 280, 295ï307. 

(40)  Wada, K.; Hyodo, T. A Simple Shape-Free Model for Pore-Size Estimation with Positron 

Annihilation Lifetime Spectroscopy. J. Phys. Conf. Ser. 2013, 443, 012003. 

 (41)  Sousa, A.; Souza, K. C.; Reis, S. C.; Sousa, R. G.; Windmöller, D.; Machado, J. C.; Sousa, 

E. M. B. Positron Annihilation Study of Pore Size in Ordered SBA-15. J. Non. Cryst. Solids 

2008, 354, 4800ï4805. 



   

129 

 

(42)  Saito, T.; Isogai, A. TEMPO-Mediated Oxidation of Native Cellulose. The Effect of 

Oxidation Conditions on Chemical and Crystal Structures of the Water-Insoluble 

Fractions. Biomacromolecules 2004, 5, 1983ï1989. 

(43) Liu, M.; Hawari, A. I. Positron Characterization of Neutron Irradiated Reactor-Grade 

Graphite. Trans. Am. Nucl. Soc. 2014, 110. 

(44)  Gidley, D. W.; Peng, H.-G.; Vallery, R. S. Annihiliation as a Method to Characterize 

Porous Materials Annu. Rev. Mater. Res. 2006, 36, 49ï79. 

(45)  Fernandes Diniz, J. M. B.; Gil, M. H.; Castro, J. A. A. M. Hornification ï Its Origin and 

Interpretation in Wood Pulps. Wood Sci. Technol. 2004, 37, 489ï494. 

(46)  Racz, I.; Borsa, J. Swelling of Carboxymethylated Cellulose Fibres. Cellulose 1997, 4, 

293ï303. 

(47)  Kato, K. L.; Cameron, R. E. A Review of the Relationship between Thermally-Accelerated 

Ageing of Paper and Hornification. Cellulose 1999, 6, 23ï40. 

(48)  Saito, T.; Kuramae, R.; Wohlert, J.; Berglund, L. A.; Isogai, A. An Ultrastrong 

Nanofibrillar Biomaterial: The Strength of Single Cellulose Nanofibrils Revealed via 

Sonication-Induced Fragmentation. Biomacromolecules 2013, 14, 248ï253. 

(49)  Sumari, S.; Roesyadi, A.; Sumarno, S. Effects of Ultrasound on the Morphology, Particle 

Size, Crystallinity, and Crystallite Size of Cellulose. Ind. Aliment. Sci. Study Res. Chem. 

Chem. Eng. Biotechnol. 2013, 14, 229ï239. 

(50)  Stone, J. E.; Scallan, A. M. A Structural Model for the Cell Wall of Water-Swollen Wood 

Pulpfibres Based on Their Accessibility to Macromolecules. Cellul. Chem. Technol. 1968, 

2, 343ï358. 

(51)  Muramatsu, M.; Okura, M.; Kuboyama, K.; Ougizawa, T.; Yamamoto, T.; Nishihara, Y.; 

Saito, Y.; Ito, K.; Hirata, K.; Kobayashi, Y. Oxygen Permeability and Free Volume Hole 

Size in Ethylene-Vinyl Alcohol Copolymer Film: Temperature and Humidity Dependence. 

Rad. Phys. Chem. 2003, 68, 561ï564. 

(52)  Eldrup, M. Positron Lifetimes in Pure and Doped Ice and in Water. J. Chem. Phys. 1972, 

57, 495ï504. 

(53)  Luukkonen, P.; Maloney, T.; Rantanen, J.; Paulapuro, H.; Yliruusi, J. Interaction ð A 

Novel Approach Using Thermoporosimetry. Pharm. Res. 2001, 18, 1562ï1569. 

(54)  Nakamura, K.; Hatakeyama, T.; Hatakeyama, H. Studies on Bound Water of Cellulose by 

Differential Scanning Calorimetry. Text. Res. J. 1981, 51, 607ï613. 

 

 



   

130 

 

CHAPTER 4 

Humidity -Responsive Molecular Gate-Opening Mechanism for Gas Separation in 

Ultraselective Nanocellulose/IL Hybrid Membranes* 

ABSTRACT 

Nanofibrillated cellulose (NFC) represents an important class of bio-based nanomaterials 

that possess favorable properties including hydrophilicity, 1D structure, biodegradability, and 

surface tunability. Although widely known for its effective gas-barrier attributes due to its inherent 

crystallinity and hydrogen-bonding capability, the ability of NFC to form dense films has been of 

considerable interest in selective gas-separation applications as a viable replacement for synthetic 

polymers. With precise control of targeted properties at the nanoscale, NFC can likewise be used 

to enable selective removal of greenhouse gases such as CO2. Herein we report a class of ñgreenò 

hybrid membranes composed of NFC and an ionic liquid (IL), 1-ethyl-3-methylimidazolium 

acetate ([Emim][OAc]) that together exhibit exceptional separation properties arising from 

controllable nanoscopic design. With this new class of green membranes, CO2/N2 selectivities as 

high as ~370 and CO2 permeabilities as high as ~330 Barrer have been obtained at optimal IL 

loadings and/or humidity levels. The current work demonstrates that size exclusion of a molecular 

penetrant in a water-swollen NFC membrane matrix relies on the network architecture of partially 

swollen nanocellulose fibrils to selectively permeate CO2 through enhanced diffusive pathways. 

Additionally, the gas-transport and rheological properties of these NFC-fabricated membranes can 

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

 

* This chapter has been published in its entirety: 

Janakiram, S.; Ansaloni, L.; Jin, S.-A.; Yu, X.; Dai, Z.; Spontak, R. J.; Deng, L. Green 

Chemistry 2020. 
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4.1 INTRODUCTION  

Due to its relatively low cost, biodegradability and nanostructural tunability, nanocellulose, 

including nanofibrillated cellulose (NFC), cellulose nanocrystals (CNC) and bacterial 

nanocellulose (BNC), constitutes a valuable building block for many advanced material designs in 

a wide variety of contemporary applications.2 As a consequence of its abundant availability and 

natural renewability coupled with its inherently high crystallinity and hydrogen-bonding 

propensity that promotes the formation of films with excellent gas-barrier properties, 

nanocellulose is of greatly escalating interest as an eco-friendly and biodegradable alternative to 

synthetic, oil-derived plastics in packaging industries.3,4 However, little is known about using such 

bio-based nanomaterials for gas-separation applications, especially those targeting CO2 capture 

for the mitigation of climate change.5 Ansaloni et al.6 and Venturi et al.7 have investigated NFC 

in the form of pristine films, as well as nanocomposite membranes containing poly(vinyl amine) 

(PVAm), for CO2 separation. In the latter case, the high hydroxyl density on the surface of NFC 

ensures compatibility with hydrophilic polymers to achieve satisfactory mechanical 

reinforcement,6,8 whereas PVAm permits facilitated transport of CO2 in the presence of fixed-site 

carriers. The NFC likewise increases water retention, thereby promoting superior CO2 transport in 

these nanocomposite membranes. Similar results have been obtained in our previous works 

wherein nanocellulose was found to benefit CO2 transport in nanocomposite membranes 

containing NFC nanofillers in various polymeric matrices.5,9,10 However, the CO2 permeability of 

neat NFC films in the absence of polymer matrix is very low due to the presence of discrete 

crystalline obstacles11 distributed throughout the membranes,6 even though these neat NFC 

membranes may exhibit high CO2 selectivities relative to both N2 and CH4 under humid conditions. 

Moreover, interfibrillar hydrogen bonding renders pristine NFC membranes brittle and thus 
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mechanically unsuitable for commercial gas-separation applications. Nonetheless, its 

semicrystalline structure is composed of amorphous lignin and hemicellulose domains that can 

favor specific gas permeation.2,6,12 Introduction of NFC-compatible CO2-philic additives is 

therefore anticipated to result in bio-based hybrid membranes that possess high CO2 solubility.  

In the present study, the gas-permeation performance of NFC films is improved through 

the addition of an ionic liquid (IL), which serves to enhance CO2 solubility for more effective 

separation. Prior studies have examined13ï15 the thermodynamic compatibility of ILs with different 

cellulosic materials, and resultant cellulose/IL blends typically possess interesting CO2-separation 

properties due largely to the presence of the IL.16 Combining these attributes, we posit that the 

NFC semicrystalline network can be exploited as a physical barrier for nonspecific gases while 

IL -swollen regions permeate CO2. In this scenario, humidity can provide another independent 

degree of freedom, since water synergistically interacts with hydrophilic ILs17,18 and NFC,19 to 

allow precise control over CO2 transport through IL-containing hybrid membranes under 

isothermal conditions. In the spirit of molecular size sieving, numerous inorganic membranes or 

polymer nanocomposites containing nanoporous metal-organic frameworks (MOFs) or zeolite 

inclusions have been developed.20ï23 In these cases, highly selective gas transport is achieved by 

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 size-sieving effect that is tunable under humid conditions. 

By doing so, we find that the CO2 selectivity remains high, whereas the CO2 permeability escalates 

by a factor of over 12x relative to neat NFC films, thereby exceeding the Robeson upperbound24 

for CO2 in the presence of N2. These hybrid membranes are predominantly bio-based, highly 

sustainable and eco-friendly, completely avoiding synthetic polymers and toxic solvents. The 
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current work also demonstrates a unique humidity-controlled ñgate-openingò transport mechanism 

that promotes molecular selectivity in water-swollen NFC/IL membranes. 

 

4.2 EXPERIMENTAL  

4.2.1 Materials 

The NFC, originated from eucalyptus pulp, was provided by INOFIB S.A.S. (France) as a 

suspension in water at a solids content of 3.3 wt%. 1-Ethyl-3-methylimidazolium acetate 

([Emim][OAc], 97%) was purchased from Sigma-Aldrich (Norway) and used as-received. The 

gases investigated in permeation tests included a CO2/N2 mixture (10/90 v/v CO2/N2) and several 

pure gases ð He (99.99%), N2 (99.999%) and CH4 (99.95%) ð all of which were purchased from 

AGA (Norway). Gas-separation support membranes composed of polydimethylsiloxane (PDMS) 

on polyacrylonitrile (PAN) were provided by Fujifilm 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][OAc] relative to the solids content 

of the membranes. For each NFC/IL membrane, a predetermined quantity of IL was added to an 

aqueous NFC suspension to achieve a given blend composition. The suspension was then 

continuously stirred for 1-2 days to ensure homogeneous NFC dispersion. Self-standing NFC-

based membranes were prepared by casting the aqueous 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 to 60 µm. 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 µm thick. Self-standing 

membranes were examined by a battery of characterization methods and single-gas permeation 

tests, whereas thin membranes were investigated by mixed-gas permeation tests. 

 

4.2.3 Characterization 

Morphological analysis of membrane surfaces and cross-sections was performed by 

scanning electron microscopy (SEM) in a Hitachi TM3030 microscope. Membrane samples were 

cryofractured in liquid nitrogen for cross-sectional analysis. To improve conductivity, all samples 

were sputter-coated with a few nanometers of Au in Ar prior to analysis. 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 energy-dispersive X-ray spectroscopy 

(EDS) in a Hitachi S-5500 scanning transmission electron microscope equipped with an in-lens 

cold field-emission source and a Bruker X-ray detector. Specimens were prepared by dropping 

dilute (0.1 wt%) NFC suspensions onto 300-mesh Cu support grids, followed by washing twice 

with deionized (DI) water. For surface composition analysis, X-ray photoelectron spectroscopy 

(XPS) was conducted on a Thermo Fisher Scientific XPS-Theta system outfitted with a 

monochromatic Al KŬ source. The chemical signature of all specimens was analyzed by Fourier-

transform infrared (FTIR) spectroscopy performed in attenuated total reflectance (ATR) mode on 

a Thermo-Nicolet Nexus spectrometer equipped with a smart endurance reflection cell and a 

diamond crystal. Spectra were averaged over 16 scans at a resolution of 4 cm-1. The thermal 

properties of self-standing 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 under a N2 purge at a flow rate of 60 ml/min. Accompanying 
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water contact angles of membranes were discerned with a Biolin Scientific Attension Theta 

contact-angle goniometer. Measurements reported as the average between opposing initial contact 

angles used a 2 µL drop of water.  

The water uptake capacity of the NFC/IL hybrid membranes was measured at 35°C by the 

pressure-decay apparatus described elsewhere.25 A measured mass of dry sample was placed in an 

isolated volume (35.1 ± 0.2 cm3) maintained under vacuum to completely evacuate dissolved 

penetrants, and another closed volume chamber (49.7 ± 0.2 cm3) was saturated with water at a 

specific vapor pressure, monitored by a pressure sensor. After stabilizing the 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.5,6,26,27 In addition, the mass uptake (Mt) evaluated at a given time (t) was used to estimate 

the diffusivity of water (D) according to Fickôs law:28 

ρ В  ÅØÐ  ςὲ ρ Ὀὸ (1) 

where MÐ represents the mass measured at infinite time (the solubility), and L is the specimen 

thickness. Values of D were obtained by the best fit of Eq. 1 to experimental data at relatively 

short times under the assumption that, compared to the initial sample state, no significant chain 

relaxation occurs at low water concentration in the membrane matrix. Therefore, pseudo-Fickian 

diffusion was presumed here to avoid complications associated with the kinetics of chain 

relaxation, as described elsewhere.6 Films were analyzed for dry CO2 and N2 sorption at elevated 

pressures in a TA Instruments Rubotherm IsoSORP gravimetric balance. To ensure a dry mass 

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). The pressure 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 the Appendix B. 

Both single-gas and mixed-gas permeation tests were performed to effectively characterize 

the gas separation performance of fabricated hybrid membranes. Single-gas permeabilities of CO2, 

N2 and CH4 through the NFC/IL membranes were measured using the humid single-gas 

permeation setup, as schematically depicted in Figure 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 system was evacuated 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 target relative 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 in Figure 4.1, the upstream side of the membrane was exposed 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 water-vapor permeation is 

negligible. The increase in downstream pressure can be exclusively attributed to incoming 

incondensable gas that permeates through the membrane.29 At steady state (time-independent 

pressure variation), the permeability (P) of a single-gas was calculated from the constant-volume 

variable-pressure method according to 
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ὖ   (2) 

Here,  is the leak-corrected pressure variation over time measured by the pressure transducer, 

Vd is the downstream volume, pu and pd represent upstream and downstream pressures, 

respectively, R is the universal gas constant, T denotes absolute temperature, and A corresponds 

to the exposed membrane area. Permeability values calculated by Eq. 2 are reported here in Barrer, 

where 1 Barrer = 10ī10 cm3(STP) cmī1 sī1 cm Hgī1 = 3.35 x 10ī16 mol mī1 sī1 Paī1. The ideal 

selectivity between gases i and j (aij), a metric of the quality of gas separation, is defined as Pi/Pj. 

An in-house mixed-gas permeation setup with humidity control was used to perform the 

mixed-gas permeation tests. Detailed technical information about this set-up and the test procedure 

was reported earlier.5 Mixed-gas measurements yielded the actual permeation of a gas mixture for 

realistic gas-separation performance assessment. In this case, a thin membrane with a dense 

selective layer was coated on a support membrane for analysis. 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 

cm2 due to masking prior to measurement. The membrane was stabilized with regard to both 

humidified sweep and feed gases. In these tests, the feed gas was a CO2/N2 gas mixture (mimicking 

flue gas), whereas the sweep gas was pure CH4. Constant 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 chromatograph was used to analyze the composition of the retentate, permeate and feed 

streams at steady-state conditions, and the permeability of the i th gas was calculated from 

ὖ  
ȟ ȟ ȟ

 (3) 

Here, ὠ represents the total permeate flow rate measured at steady state, ώ  and ώ are the mole 
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fractions of water and gas i, respectively, in the permeate, and ὴȟ, ὴȟ and ὴȟ correspond to the 

partial pressures of gas i in the feed, retentate and permeate, respectively. The associated separation 

factor (‌Ⱦ ) is given by 

‌Ⱦ  
Ⱦ

Ⱦ
 (4) 

where yk and xk (k = i or j) are the mole fractions of gas k in the permeate and retentate, respectively. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Morphological characteristics 

To discern the nanofibrillar morphology and chemical composition of NFC in the presence 

of the [Emim][OAc] IL, STEM-EDS analysis has been performed, and representative results are 

presented in Figure 4.2. These findings have been obtained by first dropping a highly diluted 

aqueous 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 is chemically attached to the NFC. Randomly entangled nanofibrillar clusters 

characteristic of NFC5 are observed, thereby confirming no physical changes to the NFC 

morphology triggered by the addition of IL. Corresponding EDS maps of 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 results (cf. Figure B.1 

in the Appendix B), addition of IL 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 compatibility of IL with the hydroxyl-rich surface of NFC. It immediately follows 

that the interaction between IL acetate ions with NFC hydroxyl groups, along with re-orientation 
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of imidazolium rings in close proximity to the NFC surface,30 most likely disrupts hydrogen-

bonding between adjacent nanofibrils and thus loosens the NFC network. It is reasonable to assume 

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.31 From a gas-transport perspective, surface anchoring of [Emim][OAc] is additionally 

beneficial for CO2 transport by promoting surface diffusion 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 hydrogen-bonding is responsible for promoting the formation of defect-free films 

suitable for gas-barrier applications such as packaging. Solvent-cast films are characterized by 

layered structures composed of randomly oriented nanofibrils, as generally observed for specimens 

varying in IL loading level in Figure 4.3. This topology is characteristic of NFC films due to 

random in-plane orientation.32 As reported by Svagen et al.,33 hydrogen-bonding between 

nanofibrils in a single layer (intralayer interaction) is stronger than that between nanofibrils 

residing in different layers (interlayer interaction). For this reason, the cryofractured planar surface 

of neat NFC in Figure 4.3A appears rough due to the widespread protrusion of discretely bound 

NFC layers that remain mechanically intact.34 When [Emim][OAc] is added to the dispersion, the 

IL coats the NFC nanofibrils and, by doing so, successfully precludes both intralayer and interlayer 

hydrogen-bonding during solvent drying. While disruption of NFC hydrogen-bonding induced by 

the addition of IL has a slightly discernible effect on fracture topology (cf. Figures 4.3B-D), it 

strongly affects hybrid NFC/IL films with 20 and 35 wt% [Emim][OAc]. According to DMA, the 

dynamic storage tensile modulus of NFC decreases (cf. Figure B.2 in the Appendix B) as the NFC 

crystallinity, as measured by XRD, decreases (cf. Figure B.3 in the Appendix B) in the presence 



   

140 

 

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 comparison in Figure 4.4A. A key chemical signature of 

native cellulose is the existence of a broad peak between 3250 and 3690 cm-1 attributed to -OH 

stretching associated with both intramolecular and intermolecular hydrogen-bonding. Additional 

sharp peaks are positioned at 1060 and 2880 cm-1 due to C-O-C and symmetric C-H stretching, 

respectively, of cellulosic chains35. Pristine [Emim][OAc] IL is differentiated by the presence of 

symmetric O-C-O stretching at 1380 cm-1 and asymmetric O-C-O stretching at 1566 cm-1, in 

addition to symmetric C=N stretching in the imidazolium ring at 1001 cm-1. Interactions between 

IL and the NFC nanofibrils are identified by upward shifts in the spectral peak initially at 1380 

cm-1 due to the formation of hydrogen bonds between acetate ions on the IL and cellulose hydroxyl 

groups on the NFC. Moreover, a shift in the peak position related to CO stretching at 1174 cm-1 

provides evidence of additional intermolecular hydrogen bonding.31 Except for these indicators of 

hydrogen-bonding 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. 

Imidazolium-based 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 NFC and hybrid 

NFC/IL films, and the results are provided in Figure 4.4B. An initial mass loss at about 100ºC in 

all three specimens examined is attributed to loss of water. Interestingly, this reduction is nearly 



   

141 

 

identical for neat NFC and NFC containing 20 wt% IL. At 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 water-uptake measurements 

discussed below. The degradation onset 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 hydrogen-bonding, as well as their aromatic nature. Incorporation of IL disrupts and 

reorients the surface hydroxyl groups of the nanofibrils to prevent interfibrillar hydrogen-bonding, 

thereby promoting a considerable reduction in the thermal stability of NFC/IL films to less than 

200°C: ~198ºC for NFC with 20 wt% IL and ~180ºC for NFC with 35 wt% IL. It is important to 

recognize that the initial degradation onset temperature of [Emim][OAc] is 215ºC.36 The 

mechanism of expedited degradation in the NFC/IL films is attributed to SN2 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 of the blend, anion mobility is accelerated throughout the matrix, 

thereby facilitating alkyl chain and cellulosic degradation,15 with increasing temperature. Although 

the initial degradation temperature 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. Above ca. 550°C, all the films (including pure NFC and NFC/IL 

blends) yield virtually no residual ash. 

 

4.3.3 Water sorption 

Water plays a major role in the nanoscale swelling of NFC,37 as well as the transport of 

CO2 through NFC-based membranes.5,6,10 The hydrophilicity of the hybrid membranes 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 contact-angle measurements: 37° for neat NFC films, but 26° 

and 19° upon addition of 20% and 35% [Emim][OAc], respectively. Moreover, a pressure-decay 

apparatus described elsewhere5 is used to monitor the water-uptake capacity of each test specimen 

and yields the water per polymer mass (in g/gpol) as a function of water activity (obtained from 

p/psat, where p and psat represent the measured and saturated pressure of water vapor at 35°C). 

Representative results obtained from pure NFC and two NFC/IL films are presented in Figure 

4.5A. Sigmoidal sorption curves are observed for all the materials examined, which is consistent 

with the swelling behavior of hydrophilic cellulose.19 Addition of IL systematically enhances the 

water uptake of NFC films according to the IL loading level: from 0.06 g/gpol for pure NFC to 0.11 

g/gpol at 20 wt% [Emim][OAc] and 0.21 g/gpol at 35 wt% [Emim][OAc], all measured at a water 

activity of 0.6. As the data shown in Figure 4.5A indicate, this water-uptake change increases with 

increasing water activity. At higher water activities, water clustering is expected in NFC-based 

membranes,5,19 thereby leading to an exponential increase in water uptake 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 by Minelli et al.19 and Ansaloni et al.6 

In Figure 4.5B, water diffusivity 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/gpol, the corresponding water diffusivity increases by two orders of magnitude (from ~4 x 10-11 

to ~4 x 10-9 cm2/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 expected to be less effective. At low RH levels, water orients 
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and localizes along the aromatic protons in the imidazolium ring of [Emim][OAc].38 The high 

water diffusivity at low RH in the NFC/IL films with 35 wt% [Emim][OAc] is attributed to 

anisotropic cation 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 attributed to the hydrophilicity 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 10-8 cm2/s) than it is in NFC/IL films containing 

20 wt% [Emim][OAc] (~4 x 10-10 cm2/s) at a constant water uptake level of 0.024 g/gpol. At higher 

water activity levels, faster diffusion results in a maximum water diffusivity of ~7 x 10-8 cm2/s at 

a water activity of 0.4 in NFC/IL films containing 35 wt% [Emim][OAc] (cf. Figure 4.5). A similar 

maximum occurs at ~9 x 10-9 cm2/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 channels as dimers and trimers, along with hydrated ions 

associated with the IL regions. 

 

4.3.4 Gas permeation 

Humid single-gas permeation tests have been performed on membranes at three different 

RH levels, namely, 30, 60 and 90% at 35ºC, and the results are provided in Figure 4.6. According 

to this figure, the CO2 permeability of NFC/IL membranes increases substantially with increasing 

RH due presumably to increased water uptake in the NFC matrix (cf. Figure 4.5A). Although NFC 

usually acts as a barrier material to gas permeation because of its high crystallinity arising from 

hydrogen-bonding, the dual presence of IL and water promotes both enhanced CO2 sorption and 

diffusion, thereby increasing CO2 permeation. While the introduction of IL promotes an increase 
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in CO2 permeation at all RH levels,18 vastly different behavior is encountered with regard to the 

permeation of N2, thereby yielding an unexpectedly high ideal selectivity of CO2 relative to N2 at 

intermediate humidity levels. At ca. 60% RH, the CO2/N2 ideal selectivity increases sharply to up 

to ~410 for NFC/IL membranes 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 of CO2 with a humidified membrane is reportedly6,39 dependent on water 

activity in the corresponding matrix. In addition, the chemical composition of the membrane 

matrix strongly affects CO2 transport across the membrane as both gas molecules and dissolved 

species. First, the acetate ions of the IL strongly interact through hydrogen-bonding with the 

nanofibrillar surfaces, thus reducing interfibrillar interactions and enhancing the available surface 

area of the nanofibrils for both water and CO2 sorption. Previous studies5,10 have concluded that 

CO2 interacts with nanocellulose surfaces due to charge affinity. In fact, CO2 can weakly complex 

with acetate anions via a reversible bond that could improve the surface diffusion of CO2 along 

the nanofibrillar surfaces.40 Moreover, chemisorption of CO2 on dry imidazolium-based ILs has 

been found41 to induce CO2 complexation contributing to enhanced sorption, and the introduction 

of water triggers rapid release of chemically sorbed CO2 and expedites the production of 

bicarbonate species from the same complex.  

Another nontrivial effect is related to the reduction of IL viscosity in the presence of water, 

which serves to enhance the diffusion of small molecules such as CO2 through water-swollen IL 

domains.42,43 At high humidity levels, the contiguous IL/water channels provide a fast diffusive 

pathway for hydrated complexes, in addition to the transport of free CO2. It should be recognized 

that these channels can also physically transport other species such as CH4 and He. Under the 
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present experimental conditions, the permeability of CO2 increases remarkably with increasing 

water content in the NFC matrix. The permeation behavior of CO2 apparent in Figure 4.6 from 

single-gas measurements is likewise observed in mixed-gas tests (cf. Figure 4.7) wherein the 

permeability of CO2 increases to a maximum of ~320 Barrer in hybrid NFC/IL membranes with 

50 wt% [Emim][OAc] at 90% RH and 35ºC. Interestingly, at this RH level, the CO2 permeabilities 

of NFC/IL membranes containing either 35 or 50 wt% [Emim][OAc] are similar, suggesting that 

the continuous IL/water-rich channels responsible for fast CO2 diffusion exist at the lower IL 

loading level, in which case the CO2 permeabilities are more than 12x greater than that achieved 

in neat NFC membranes without the addition of IL.  

Another observation that warrants discussion is that the CO2/N2 selectivity measured in 

both single- and mixed-gas 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 CO2 and N2. At low CO2 pressures in particular, the effect of 

IL loading on CO2 solubility is measurable but not significant (cf. Figure B.4A in the Appendix 

B which indicates that CO2/N2 solubility selectivity (cf. Figure B.4B in the Appendix B) in 

NFC/IL membranes is not the dominant contributor to the high CO2/N2 selectivity measured in 

single- and mixed-gas permeation tests. Although the interactions of CO2 can be different in the 

presence of water, however, the semicrystalline nanocellulose network still serves as a barrier to 

non-interacting gases and its effectiveness varies as a function of RH. This well-established 

attribute of NFC nanofibrils, along with the aforementioned low sorption selectivity of CO2 in the 

NFC/IL membrane, implies that the overall CO2/N2 selectivity is governed by the diffusion of 

gases (and the corresponding dissolved species derived from CO2) under humid conditions. 
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4.3.5 Gate-opening mechanism for selective separation 

To test our hypothesis of a size-selective separation mechanism in NFC/IL membranes that 

is controllable by humidity, the transport properties of noninteracting penetrant species varying in 

molecular size have also been tested. Single-gas permeation measurements with gases such as He 

and CH4 at various RH conditions have been performed to examine the dominant role of diffusion 

selectivity. In these cases, Figure 4.8 confirms that the selectivity of CO2 relative 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 both N2 and He possess limited 

solubility in NFC/IL membranes, a large permeability difference signifies the existence of 

molecular transport based on size exclusion. In Figures 4.8a and 4.8b, NFC-based membranes 

with 20 and 35 wt% [Emim][OAc], respectively, consistently possess the lowest CO2/He ideal 

selectivity (between ~4 and 16) at all RH levels examined, verifying that He permeates through 

the membranes faster than N2 due to its smaller kinetic diameter. In the case of CO2/CH4, the ideal 

selectivity is as high as ~100, but is generally lower than that for CO2/N2. Although the solubility 

of CH4 in the NFC/IL membranes is expected to be higher compared to N2 (as well as He), its size 

still plays a major role in contributing to a lower CO2 selectivity relative to N2 as a consequence 

of the permeation 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 CO2/N2 and CO2/CH4 ideal selectivities are 

comparable at both IL loading levels, suggesting that insufficient water is available for diffusion 

of CO2 along contiguous pathways of IL/water in the membrane, establishing the importance of 

water to boost CO2 transport along the nanofibrillar interfaces. At higher RH levels, however, the 

CO2/CH4 ideal selectivity is consistently lower than that for CO2/N2, 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 these conditions where the effect is pronounced to a 

larger extent with non-soluble N2 than with slightly-soluble CH4. Since the crystals comprising 

NFC nanofibrils constitute a natural barrier to gas permeation, it stands to reason that they are 

likewise responsible for sieving penetrant molecules, but to a lesser extent, in water-swollen 

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 both gas-permeation pathways 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 mixed-gas permeation response of select NFC/IL hybrid membranes to humidity 

changes has been investigated in detail by using mixed-gas permeation tests, as presented in 

Figure 4.9. These results can effectively be divided on the basis of RH into three regimes, which 

are identified in Figure 4.9 and schematically depicted in Figure 4.10. In the first regime (ñgas-

barrierò), the impenetrability of semicrystalline NFC nanofibrils dominates in Figure 4.9 when 

the humidity level in the matrix is insufficient to swell the NFC/IL membranes and form 

contiguous IL/water channels. Here, penetrant transport is largely thwarted by an effective barrier 

membrane, and CO2 transport depends on a combination of chemisorption of CO2 in IL and surface 

diffusion of CO2 along the viscous NFC/IL interface (which is not highly swollen at this RH). For 

this reason, CO2 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 35ºC). Under these conditions, the CO2/N2 separation factor is quantitatively similar for 
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both NFC/IL membranes due to concurrently reduced CO2 and N2 permeation (recalling the barrier 

efficacy of NFC). The second regime (ñgate-openingò) identified in Figures 4.9 and 4.10 marks 

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, CO2 transport is enhanced due to a combination of higher solubility 

and faster diffusion relative to N2. In this scenario, the nanofibrils physically separate due to water-

induced disruption of interfibrillar hydrogen-bonding. When the humidity is increased beyond 

45% RH, the CO2 permeability of 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 in N2 permeability at 60% 

RH). This behavior is attributed to the reduced matrix viscosity and consequently enhanced 

diffusion of CO2 and associated complexes, even though the partially swollen NFC still acts as a 

size-exclusion barrier to non-interacting and larger molecules.  

In this ñgate-openingò regime, CO2 permeation is mainly governed by (i) faster diffusion 

due to the smaller kinetic diameter of CO2 (0.33 nm) relative to N2 (0.36 nm) and CH4 (0.38 nm) 

and (ii ) expedited transport through the IL/water layer that envelops the NFC nanofibrils and 

regulates molecular transport on the basis of size-exclusion. Thus, the separation factor in Figure 

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 increase in CO2/N2 

selectivity remains evident, but becomes 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, decreases the 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 



   

149 

 

barrier efficacy afforded by the semicrystalline nanofibrils. In similar fashion, further addition of 

water at higher RH levels causes the NFC/IL membranes to enter the third regime (ñmechanical 

reinforcementò) characterized by considerable swelling as they reach their maximum water uptake 

capacity, while the semicrystalline network of fibrils functions 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 CO2, which 

consequently raises the CO2 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 N2 

diffusion is lowered significantly, leading to a less effective sieving and, consequently, to a 

reduced CO2/N2 separation factor (~58.2 at 90% RH). In these predominantly IL/water-containing 

membranes, the semicrystalline NFC nanofibrils serve a different purpose by affecting bulk 

mechanical properties.44 

The mechanical reinforcement of NFC in the presence of IL illustrated in Figure 4.10 is 

established in Figure B.2 in the Appendix B and is also highly beneficial in stabilizing water-

swollen membranes for long-term operation, as demonstrated in Figure B.5. Moreover, such 

membranes tend not to be susceptible to fluctuations in feed conditions due to their high water-

retention capacity, which is consistent with results from a previous study.5 The NFC/IL membranes 

fabricated and characterized in this study at different humidity levels are benchmarked in terms of 

their separation performance relative to the Robeson upperbound24 in Figure 4.11. This upper 

bound identifies the empirical trade-off between CO2 permeability and, in the present case, CO2/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 CO2 separation systems. In general, an increase in permeability (separation throughput) is 
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accompanied by a reduction in selectivity (separation quality) and vice-versa. This trade-off 

essentially reflects either a reduction in gas selectivity as all penetrant molecules migrate under 

comparable conditions of obstruction through a dense membrane or an increase in gas selectivity 

as molecular transport (usually associated with diffusion) becomes generally more difficult and 

species-differentiated. As anticipated from the described mechanisms governing gas transport 

different regimes in Figures 4.9 and 4.10, all the NFC/IL membranes exhibiting water-induced 

gate-opening for CO2 at intermediate RH levels transcend the upper bound. As far as we are aware, 

this is the first example of a water-swollen nanofibrillated membrane to exhibit such remarkable 

CO2-separation performance. Even without the apparently unique mechanism associated with 

molecular gate-opening, highly humidified NFC/IL membranes are capable of efficiently 

separating CO2 from N2, as evidenced by their close proximity to the upper bound, thereby 

confirming that these eco-friendly membranes with high CO2 permeability and competitive 

CO2/N2 selectivity capabilities are aptly suitable for gas-separation applications related to carbon 

capture and ultimately mitigating climate change. 

 

4.4 CONCLUSIONS 

The current work concurrently exploits the gas-barrier property of NFC nanofibrils in the 

presence of an incorporated IL to generate a new generation of hybrid membranes that are 

humidity-tunable and highly permeable/selective for the purpose of CO2 separation. 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 membranes yields ñgreenò membranes with tremendously 

promising separation properties. This class of membranes not only exhibits CO2 permeability and 

CO2/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 are governed by water-induced nanoscale changes 

in NFC packing, which effectively dictates gas transport on the basis of molecular size. In 

particular, we identify three different humidity-driven regimes wherein (i) molecular transport is 

generally restricted and CO2 diffusion depends strongly on IL loading, (ii ) CO2 transport is greatly 

enhanced by the presence of contiguous IL+water channels that open the gate for CO2 while still 

restricting the diffusion of larger molecules, and (iii ) non-differentiated 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 regulate gas-transport properties of NFC. 

This study demonstrates the largely unexplored potential of 1D semicrystalline nanofibrils as 

adjustable, semi-permeable size-sieving membranes capable of affording precise control over 

network characteristics and, hence, size exclusivity in bio-based gas-separation membranes. Under 

optimal IL loadings and/or humidity levels, these green membranes showcase CO2/N2 selectivities 

as high as ~370 and CO2 permeabilities as high as ~330 Barrer, clearly demonstrating their 

potential for application in CO2 separation.  
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4.6 FIGURES 

 

 

 

Figure 4.1. Schematic illustration of the single-gas permeation setup used for measuring pure-gas 

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) NFC fibrils containing IL. In (C), a 

higher-resolution SEM image of NFC with spatially-correlated 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 film surfaces (left of white dashed line) and cross-sections (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% IL-containing sample is obtained as a thin-film 

membrane on a PDMS/PAN composite support. 
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Figure 4.4. (A) FTIR spectra acquired from NFC, [Emim][OAc] and hybrid NFC/IL films 

containing different loading levels of [Emim][OAc] (labeled and color-coded). (B) Mass-loss 

measurements acquired by TGA from pristine NFC and two hybrid NFC/IL films (see legend for 

specimen details). 
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Figure 4.5. (A) Water uptake and (B) Fickian water diffusivities measured at 35°C for pristine 

NFC and hybrid NFC/IL films (see legends for specimen details). The solid lines serve to connect 

the data. 

 

 

Figure 4.6. Single-gas CO2 permeability (black, left axis) and CO2/N2 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, and the error bars 

correspond to the standard error in the data. 
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Figure 4.7. Humidified mixed-gas CO2 permeability presented as a function of RH at 35°C and 

1.7 bar for hybrid NFC/IL films (see legend for specimen details). (*Included for comparison are 

single-gas permeability results for pristine NFC membranes reported elsewhere.5) The solid lines 

serve to connect the data, and the error bars correspond to the standard error in the data. 
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Figure 4.8. Ideal selectivity values of different gas pairs (see legends for specimen details) at 35°C 

in hybrid NFC/IL membranes at different IL loading levels (in wt%): (A) 20 and (B) 35. The error 

bars correspond to the standard error in the data. 
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Figure 4.9. Humidified mixed-gas CO2 permeability (black, left axis) and CO2/N2 separation 

factor (blue, right axis) for two hybrid NFC/IL membranes (see legend for specimen details) 

presented as functions of RH measured at 35°C and 1.7 bar. The shading differentiates the regimes 

identified in the text, and the solid lines serve to connect the data. 
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Figure 4.10. Illustration of nanofibrillar network dilation in hybrid NFC/IL membranes at different 

RH levels. Water-induced swelling in these regimes regulates CO2 transport at constant IL loading. 
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Figure 4.11. Gas-separation performance of humidified NFC/IL membranes (see legend for 

specimen details) at various RH conditions at 35°C relative to the Robeson upper bound (red 

line).23 The solid lines serve to connect the data, and the RH level is assigned to each datum point. 
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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 aqueous suspensions. Above this concentration, CNCs self-organize into left-

handed helicoidal structures that can be preserved in dried, stratified films. In this systematic study, 

we have prepared optically-active 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 promoting ñsalting-outò and ñsalting-inò in 

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 interactions 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 optical properties 

of CNC films can be adjusted for targeted sustainable applications. Such heuristic rules can be 

valuable for predicting the stability and characteristics of CNC microstructure in designer coatings 

and thin films prepared by introducing suitable cations 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, R. J. Journal of Colloid and 

Interface Science 2021.  
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5.1 INTRODUCTION  

Sustainable and eco-friendly materials that self-organize into, for instance, liquid 

crystalline mesophases have become increasingly important for various technologies (e.g., 

photonic films [1,2], optical coatings [3] and otherwise responsive materials [4,5]). Among these 

materials, nanocellulose has gained widespread attention due to its inherent advantages that 

include, among others, nanoscale dimension, natural abundance, application versatility, and 

biological compatibility [6ï8]. Cellulose nanocrystals (CNCs), one form of nanocellulose, is 

typically manufactured through sulfuric acid hydrolysis (as well as other acids), yielding rod-like 

nanoparticles that possess an overall negative charge (due to replacement of the surface hydroxyl 

moieties in cellulose by sulfate half-ester group [9,10]). During hydrolysis, less ordered domains 

are removed while preserving the more ordered, crystalline fraction. Because of its nanoscale 

dimension and high aspect ratio [6], CNC can be readily dispersed in polar polymer matrices to 

develop hybrid nanocomposites with enhanced mechanical properties [11ï13], as well as ionic 

liquids to promote unique and effective CO2-separation membranes with concentration- and 

humidity-dependent efficacy [14]. While the utility of CNC is well-established in a wide spectrum 

of applications (especially for rheological modification [15ï17] or mechanical reinforcement 

[11,13]), it likewise serves as a potentially 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 (c*), however, they self-organize to form a chiral nematic 

(cholesteric) mesophase [18]. Above c*, CNCs spontaneously separate into isotropic and 

anisotropic fractions, the volumetric ratio of which depends on the overall concentration of CNC 

in suspension [15,18]. 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 orthogonal to 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 microstructure with left-

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 the pitch measures on the order of the wavelength of 

visible light. In this case, the pitch directly relates to the reflected color of the film [19] so that the 

optical properties of CNC films are microstructure-tunable. Production of uniformly colored CNC 

films is highly desirable, but extremely difficult since numerous interrelated considerations 

contribute to the morphology of the film [20ï23]. Even under quiescent drying conditions, dried 

films likely display domains, or grains, that reflect multiple colors due to differences in anisotropic 

domain size and orientation [22,24ï26]. 

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 varying the initial state of the CNC suspension 

(by changing ionic strength [20,27ï32], surface charge density [31,33], particle fraction [34], 

anisotropy volume fraction [35], or equilibration time [36, 37]), modifying CNC surface properties 

via chemical or physical means (by polymer grafting [38ï41]) or the addition of surfactant [1]), 

incorporating other (nano)particles [37,42,43], or altering the drying conditions (by thermal means 

[44] or application of an external force [2,18,25,45]). Of particular interest here, studies aimed at 

examining the effects of ionic strength and inorganic salts on the mesomorphic behavior (including 

c*) of CNC suspensions have afforded valuable insights. An increase in ionic strength, for instance, 
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promotes an increase in c*, along with a reduction in the anisotropic volume fraction [28ï30]. 

Although several reports [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 tailoring 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 introducing an 

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 elucidating how electrolyte-induced 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 suspensions and investigate the resulting effects on the mesomorphic behavior of 

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

 

5.2 EXPERIMENTAL  

5.2.1 Materials 

The CNC employed here was produced by the U.S. Forest Serviceôs Cellulose 

Nanomaterials Pilot Plant (Forest Products Laboratory, FPL) and acquired in sodium form from 

the University of Maine Process Development Center. It was never-dried and used as-received. 

The initial CNC suspension with 12.1 wt% solids was diluted with deionized (DI) water to desired 

concentrations. Salts including sodium chloride (NaCl, Ó 99.5%), potassium chloride (KCl, Ó 

99%), magnesium chloride (MgCl2, Ó 98%), calcium chloride (anhydrous CaCl2, Ó 96%), sodium 
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thiocyanate (NaSCN, Ó 99.99%), and guanidine thiocyanate (GuSCN, Ó 97%) were all purchased 

in powder form from Sigma-Aldrich and dissolved in DI water to selected concentrations prior to 

use. 

 

5.2.2 Methods 

The dimensions of the CNCs were measured by atomic force microscopy (AFM) on an 

Asylum MFP-3D instrument operated in AC mode at ambient conditions. For this purpose, freshly 

cleaved mica substrate (15 mm x 15 mm) was incubated with 0.01 wt% poly-L-lysine solution 

(Sigma-Aldrich) for 30 min, followed by rinsing with DI water and drying with air. Afterwards, 

100 ɛL 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 analyzed with the IGOR 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 included in Figure C.1 

in the Appendix C. The electrostatic charge (expressed as the zeta potential) of the CNC 

suspensions was determined under ambient conditions by a Malvern Nano Zetasizer. A value of ï

44.3 mV was determined for a 3 wt% CNC suspension in DI water (cf. Figure C.2), confirming 

excellent long-term colloidal stability. (Comparable results were obtained at a lower concentration, 

0.1 wt% CNC.) The zeta potential was further used to assess the stability of CNC suspensions with 

different electrolyte content prior to film casting. Experiments were replicated 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 concentrations 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 L5M-A mixer). Films were prepared by 

first casting 30 mL of each suspension into a polystyrene Petri dish (100 mm diameter and 15 mm 

depth) and then drying at 35°C in a gravity convection oven. Dried films were cut into rectangular 

strips measuring 0.9-cm wide and 4.0-cm long, and only the central region of each film was 

considered to avoid edge effects that could give rise to the so-called coffee ring [47,48]. Mesophase 

features of the films were observed by polarized optical microscopy (POM) on a Nikon Eclipse 

50i POL microscope. At least three different regions were imaged, and the cholesteric pitch was 

calculated with the ImageJ software package [49] as an average 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 path, and spectra were collected in transmission mode. Circular 

dichroism (CD) spectra were also acquired in similar sample orientation with an Applied 

Photophysics Pistar-180 spectrometer. In this case, the films were analyzed at a rate of 100 nm/min 

at an increment of 1 nm. For field-emission scanning electron microscopy (SEM), films were 

cryofractured in liquid nitrogen and imaged in cross-section on an ultrahigh-resolution FEI Verios 

460L microscope with a Schottky emitter at an accelerating voltage of 2 kV without stage bias. 

Cryofractured surfaces were sputter-coated with 5 nm Au/Pd and imaged the same day. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Cellulose nanocrystals and film formation 

Figure 5.1 displays CNC film morphologies obtained from a representative aqueous CNC 

suspension. Evaporation-induced self-assembly (EISA) [35], which occurs when isotropic CNC 
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suspensions dry and, upon reaching c*, order into a liquid crystalline mesophase that ultimately 

templates the microstructure of films, is schematically depicted in Figure 5.1a. The initial aqueous 

suspensions of CNC (with a surface charge of 330 mmol OSO3/g CNC) at 3 wt% are isotropic and 

appear translucent since they lie below c* (å 4 wt%) [50]. Resultant CNC films dried from the 

initial suspensions measure ca. 100 µm and appear highly birefringent, according to the POM 

image displayed in Figure 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 approximate half-pitch 

can be determined by measuring the distance between two successive dark or bright fingerprint 

lines (see the inset of Figure 5.1b). While Frka-Petesic et al. [51] provide an in-depth interpretation 

of these fingerprint patterns in relation to the pitch, we presume that the distance between adjacent 

fingerprint lines yields the half-pitch of the CNC mesophase in the absence of in-plane (lateral) 

dimensional change upon drying. The variation in reflected light (color) and random 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 ± 0.11 ɛm, which lies in the range reported in previous reports [22]. Included for 

comparison in Figure 5.1c is a cross-sectional SEM image acquired from a film cross-section, 

revealing well-organized stratified CNC layers indicative of chiral nematic ordering. Since the 

pitch evident in this SEM image is much smaller than that observed in POM images (å 349 nm), 

we estimate that compression along only the surface normal during film drying corresponds to 

about 18.6 vol% CNC at kinetic arrest [34]. 

The drying mechanism illustrated in Figure 5.1a indicates that, as the suspension 

concentration increases and eventually reaches c*, CNCs 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 particle layers is sufficiently lowered to permit the layers to 

connect into left-handed helicoids. These cholesteric tactoids subsequently fuse with adjacent 

tactoids to generate larger anisotropic domains and ultimately accumulate to yield long-range 

stratification along the isotropic/anisotropic interface [46]. Tactoid fusion, rearranging and settling 

to form a contiguous 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, and the structure is effectively 

locked-in with a characteristic pitch. In the present CNC suspensions, variations in pitch can result 

from an interplay of several factors: CNC polydispersity, drying conditions (e.g., rate and 

temperature), nonuniform viscosity fluctuations, 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 affect both mesophase formation and cholesteric alignment in solid films. 

On the basis of Onsagerôs theoretical prediction [52], longer rods are expected to assemble 

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 first organize into nematic 

pseudo-layers and eventually form long-range layers at the bottom of the anisotropic phase [53,54]. 

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 well-organized layers or produce defects by 

disrupting the long-range stratified morphology, depending on the orientation of their chiral axes 

upon fusion. Long-range layered elements form if the helical axes of each tactoid are mutually 
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parallel, but defects develop if the axes are perpendicular to each other [25]. As the system nears 

equilibrium, tactoids in the defective zones will rearrange themselves to promote long-range order 

until they are kinetically arrested. The viscosity of the system increases concomitantly with 

increasing CNC concentration upon water evaporation, thereby locking-in the mesophase 

characteristics and hampering further structural changes. Unlike liquid crystalline molecules or 

polymers that possess uniform chemistry, the present CNCs are hydrolyzed nanoparticles 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. 

 

5.3.2 Cation radius and valence effects 

Upon introduction of all the electrolytes considered here (NaCl, KCl, MgCl2, CaCl2, NaSCN, 

and GuSCN), the zeta potential is found to increase initially and then, for monovalent cations, 

reach a plateau upon further addition (cf. 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 chiral-nematic ordering in the resulting solid films. The thickness 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 photographs displayed in Figure 5.2. An increase in salt 

concentration consistently promotes a visible reduction in structure-induced color and the films 

become transparent at higher salinities. Interestingly, the extent to which the optical properties 

change due 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 valence. In the case of monovalent KCl, 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 lower salt concentrations: ~6 mM for Mg2+ and ~4 mM for Ca2+.  

It is important to recognize that a lack of film color and an increase in transparency do not 

necessarily indicate absence of chiral-nematic CNC organization, as several other reasons can be 

responsible for such observations. One explanation relates to the pitch size, which might not lie 

within the visible electromagnetic spectrum. In this case, while a chiral-nematic mesophase can be 

present, visible light does not interact with the layered morphology and 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. Disordered 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 apparent in Figure 

5.2, we have investigated the films by POM to identify changes in birefringence due to variations 

in liquid crystalline order. Representative images are provided in Figure 5.3, which clearly reveals 

the influence of salt addition on the chiral-nematic behavior of the solid CNC films. In all 

instances, an increase in salinity causes reductions in birefringence and chiral-nematic domains 

(fingerprint patterns). For films containing monovalent cations (Na+ and K+), evidence of the 

cholesteric mesophase remains up to 8 and 6 mM, respectively, in agreement with the iridescence 

results in Figure 5.2. In contrast, birefringence is suppressed at much lower salt concentrations, 

still observed at 4 and 2 mM, in films containing Mg2+ and Ca2+, respectively.  

These results, 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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qualitatively agrees with the relationship between the critical aggregation concentration of CNC 

suspensions and ionic strength on the basis of the Schulze-Hardy rule [55]. In addition, the UV-

vis spectra of all films in Figure C.3 reveal a blue shift in the extrema below a wavelength (l) of 

500 nm with increasing salt concentration, and this shift is more pronounced for suspensions 

containing Mg2+ and Ca2+. As the salt concentrations are further increased, the extrema disappear 

altogether at cation-specific levels. Another useful analysis of the UV-vis spectra examines the 

derivative of the transmittance as a function of l ï lmin, where lmin is the wavelength 

corresponding to the minimum in each UV-vis spectrum. This representation, included in Figure 

C.4, provides information regarding the pitch distribution [35]. For CNC suspensions containing 

Na+ cations, these curves appear generally comparable in magnitude, shape and slope with no 

pronounced differences, indicating a relatively concentration-independent pitch distribution. This 

is not, however, true for the other three cationic species, suggesting that they introduce substantial 

changes in the pitch distribution. Since the POM images displayed in Figure 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 dT/dl curves corresponding to this concentration in Figure C.5 

and note their surprising cation-independent similarity when l ï lmin > 0 and their apparent cation 

dependence (discussed above) when l ï lmin < 0. Values of the mesophase pitch extracted from 

POM images are found in Figure C.6a to decrease with increasing electrolyte concentration, 

which corroborates the shift evident in UV-vis spectra.  

Comparing film pitch values to those measured [34] from NaCl-containing CNC suspensions 

at different CNC loading levels reveals in Figure C.6b that (i) a similar salt-induced reduction 

occurs in suspensions at low CNC loading levels, (ii ) pitch values measured from dried films are 

consistently lower than those from hydrated CNC suspensions, and (iii ) the pitch value in films is 
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reduced further upon incorporation of divalent, rather than monovalent, cations. This latter 

observation merits further study of lyotropism in aqueous CNC suspensions containing 

electrolytes differing in ionic strength. A reduction in pitch is primarily attributable to a change in 

the level of interaction between CNCs at different ionic strengths of the suspensions. Ionic 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 stabilized due to 

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 and attractive forces, 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 diminishing the 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 

packed, 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, resulting in colloidal 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 in Figure 5.4, the extent of EDL compression is sensitive to the physical attributes 

of cations, including the ionic radius [56,57], ionic behavior [56,58] and cation valence [57,59]. 

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) or a chaotrope (weakly hydrated, large ionic radius and low surface charge density) 

relative to the strength of water-water interactions. The sequence is given by K+ < Na+ Ò Ca2+ < 

Mg2+ in increasing order of surface charge density (from chaotrope to kosmotrope). In the case of 

the monovalent cations (Na+ and K+), pitch reduction is more pronounced for K+ than Na+ over 

the concentration range investigated. According to the Hofmeister series, K+ cations are superior 

chaotropes relative to Na+ cations, in which case K+ cations 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 half-ester moieties on CNC surfaces favor 

K+ over Na+ cations to form stronger ionic pairs. Since the extent of EDL compression and charge 

screening directly depends on the strength of ionic interaction, K+ cations compress the EDL of 

CNC more than Na+ cations. The smaller effective size of CNCs in K+ electrolyte suspensions 

results in a more compact chiral-nematic arrangement and thus a shorter pitch than in suspensions 

containing Na+ at equivalent concentration. Although both Ca2+ and Mg2+ are considered 

kosmotropic cations, similar behavior is observed for these divalent cations. In this case, Ca2+ as 

a larger cation behaves less like a kosmotrope relative to Mg2+ and allows more favorable and 

stronger interactions with the large anionic sulfate half-ester groups on CNC.  

In addition to the semi-quantitative analysis of mesomorphic CNC films from POM images 

and UV-vis 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 polarized light (ALCP) and right-handed circularly polarized light (ARCP) 

so that 

 CD = ALCP ï ARCP (1) 
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This optical metric provides information regarding the handedness of helicoids: positive and 

negative CD signals correspond to left-handed and right-handed helices, respectively. 

Representative CD spectra are displayed in Figure 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 positive CD over the wavelength range examined, thereby verifying 

that, without exception, the CNC mesophases possess left-handed chirality and that the handedness 

of the cholesteric helix is insensitive to the presence of electrolytes and elevated ionic strength. 

Two additional trends in Figures 5.5 and C.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 left-handed cholesteric domains. An increase 

in ionic strength will ultimately collapse the organized layers 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 monovalent cations, the maximum intensity in 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 Na+ and K+, respectively. The initial increase in peak 

intensity at 2 mM, identifying an improvement in left-handed chiral-nematic 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 slightly reduces the EDL, thereby yielding nanocrystals 

possessing an effectively higher aspect ratio. According to Onsager [52], rods with a higher aspect 
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ratio enhance long-range order and are therefore expected to improve the cholesteric arrangement 

of CNCs.  

Another possible contribution to this observation is a reduction in the viscosity of the CNC 

suspension in a low electrolyte environment. The relationship between ionic strength and flow 

properties of CNC suspension has previously been established [27,61,62] in the context of a 

weakened electro-viscous effect accompanied by a compressed EDL 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 the refinement of tactoids to yield less-defective cholesteric 

ordering. A combination of both factors benefits left-handed helical alignment, as discerned from 

the peak CD measurements in Figure 5.5. In contrast in this figure, CNC films containing divalent 

cations never exceed the peak intensity of the salt-free CNC film, and the peak intensity decreases 

monotonically with increasing salt content until it reaches nearly 0 mdeg at 6 and 4 mM for Mg2+ 

and Ca2+, respectively. These intensities are consistently lower than those resulting from the 

addition of monovalent salts, which agrees with the trends observed by POM and UV-vis analyses. 

Divalent cations are more effective at screening surface charge and compressing the EDL. In this 

scenario, van der Waals interactions 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 salt-free CNC film, the stratified morphology of the 

CNC films prepared from electrolyte-containing suspensions can also be examined by SEM for 

comparison with our findings from other analytical techniques. According to the cross-sectional 

images included in Figure 5.6, an increase in salt concentration generally promotes disruption and 

collapse of ordered CNC layers. In relation to Figure 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 radius and 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 cross-section of the CNC film with 2 mM NaCl, and the 

corresponding pitch is å 275 nm. When combined with the pitch measured from POM images (cf. 

Figure C.6a), we conclude that drying-induced compression due to kinetic arrest occurs at about 

15.5 vol% CNC [34]. This concentration is marginally lower than that of the salt-free 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 some 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 of multiple layers that appear 

to be squeezed together, which would be consistent with a salt-induced reduction in pitch (cf. 

Figure C.6a). Moreover, the electrolyte concentrations at which such irregularity becomes 

dominant matches CD measurements. Stratification distortion 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 ñsalting-out,ò which is a commonly used process to induce colloidal instability and promote 

precipitation [63]. In this case, the electrolytes reduce water-colloid interactions and serve to 

enhance water-water interactions [56,57,60]. In this section, we consider the ñsalting-inò effect of 

two monovalent cations, Na+ and guanidine (Gu+), paired with a thiocyanate (SCNï) anion 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 increase in salt concentration increases translucence, as demonstrated in Figure 5.7. The 

corresponding UV-vis spectra in Figure C.8 reveal a slight blue-shift in the minimum below l = 

500 nm with increasing electrolyte concentration and complete extrema disappearance at 8 and 6 

mM for NaSCN and GuSCN, respectively. Derivatives of the UV-vis spectra are provided in 

Figure C.9 and reveal that the change in pitch distribution upon salt addition is significantly more 

pronounced in the case of GuSCN relative to NaSCN. While the shift in the UV-vis minimum with 

increasing salt addition follows the same trend as the cations paired with chloride anions, the 

degree of blue shift is greater for Na+ paired with Clï than SCNï over the entire salt concentration 

examined (cf. Figure C.10a). Since the wavelength at this minimum is related to the pitch of the 

cholesteric morphology by Braggôs law, the difference must be attributable to the anion.  

According to the Hofmeister series, SCNï is a large, polarizable chaotropic anion and is best 

known to induce ñsalting-inò of polymers [64,65] and interpolymer complexes [66] in aqueous 

media. In contrast to anions that promote ñsalting-out,ò thiocyanate anions inhibit hydrogen 

bonding between water molecules and thus improve colloidal stability in water by breaking 

transient water clusters [65]. An increase in the availability of water molecules introduces a 

molecular-level competition between CNC and water molecules (via hydrogen bonding) and CNC 

and cations (via electrostatic interaction). Furthermore, 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 Clï anions. As a result, the motion of CNCs and their tactoids will be 

restricted due to electrostatic repulsion among negatively charged CNCs and SCNï anions, and the 

CNC layers will become compressed to minimize this repulsive force and ultimately locked-in as 

drying proceeds. In addition, the smaller pitches measured from POM images, such as those 
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provided in Figure 5.8, and included for comparison in Figure C.6a corroborates that the 

cholesteric layers are more compressed in SCNï-containing films than in Clï-containing films due 

the larger SCNï anions. Regardless of pitch differences, the cholesteric phases completely 

disappear at 8 mM for NaSCN (and NaCl) and 6 mM for GuSCN (and KCl).  

The maximum CD intensities of CNC films with NaSCN and GuSCN have been extracted 

from the CD spectra in Figure C.11 and are displayed for comparison relative to each other and 

to Na+ cations in Figures 5.9 and C.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 

NaCl 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 two cases is cation-driven despite 

the anion size difference (181 pm radius for Clï and 215-220 pm radius [67] for SCNï). 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 anionic radius 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 of Gu+ does not promote an initial 

improvement in mesophase arrangement. In fact, 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.  

Cross-sectional 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 results in Figure 5.9) are provided in Figure 5.10 and 

reveal qualitatively similar disrupted morphologies as those seen in Figure 5.6 for chloride-

containing salts. As in the case of NaCl-imbibed films, a more highly ordered stratification is 

visible for films modified with 2 mM NaSCN, 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 in Figure 5.10 is å 246 nm and the corresponding pitch from POM images is 1.61 mm 

(cf. Figure C.6a), indicating that drying-induced compression is kinetically arrested at about 13.7 

vol% CNC [34], which is progressively lower than those of the salt-free and NaCl-containing films 

due presumably to greater EDL screening indicative of an increase in anion size. An increase in 

salt content greatly diminishes long-range order, which appears lost altogether at concentrations 

of 14 mM for NaSCN and 10 mM for GuSCN, respectively. As expected from the CD 

measurements in Figure 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 cation. Table 5.1 

summarizes our findings regarding the effect of different electrolytes on the left-handed cholesteric 

stability of CNC films. 

This study focuses on relating electrolyte templating in suspension 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 and ionic strength of electrolytes, as well as whether they induce salting-out or 

salting-in, influence film characteristics. While not meant to be exhaustive, these results provide a 

roadmap for the design of stratified films with tunable optical properties from 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. 

 

 

 

 

 

 

 

 

For instance, Li+ cations 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 templated by electrolyte 

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 effectively serve 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.  

 

5.4 CONCLUSIONS 

In this study, we have systematically modified the liquid crystalline 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 either kosmotropic or chaotropic behavior in aqueous media, 

are observed to modulate CNC-cation interactions. Mesophase stability as discerned in terms of 

Anion Cation 

Electrolyte concentration needed to 

prevent mesophase formation by CD 

(mM) 

Clï 

Na+ 14 

K+ 10 

Mg2+ 6 

Ca2+ 4 

SCNï 
Na+ 14 

Gu+ 10 
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chiral-nematic morphologies is sensitive to both cationic radius and valence in the following 

sequence: [Na+] > [K+] Ó [Gu+] > [Mg2+] > [Ca2+]. In the case of monovalent cations, lower 

concentrations of K+ and Gu+ relative to that of Na+ promote similar levels of morphological 

disruption, and this comparison is augmented further with divalent cations (Mg2+ and Ca2+) 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 efficient at destabilizing the mesophases at lower concentration. In the 

case of small monovalent cations, Na+ (paired with either Clï or SCNï anion) and K+ promotes an 

improvement in cholesteric ordering at 2 mM due to factors such as compression of the EDL of 

CNCs and an accompanying reduction in viscosity.  

Interestingly, the bulky Gu+ monovalent cation does not exhibit this behavior, but its 

influence instead resembles the trend exhibited by divalent cations. This chaotropic cation 

possesses a similar affinity as the sulfate half-ester 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 that Gu+ cations are more effective at 

screening the negative charges compared to Na+ and K+ cations. Anions influence mesomorphic 

behavior at low salt concentrations but appear to have little influence at higher concentrations. In 

addition to UV-vis and CD spectra, the translucence of films is also 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 been previously investigated [29,67], no definitive conclusions have 

been drawn linking electrolyte characteristics, optical properties and film morphology. 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 films. Additional 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 aqueous suspensions, 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 templates, film 

formation.  
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5.6 FIGURES 

 

 

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 domains. (b) POM image of a 

CNC film revealing optical birefringence due to the locked-in cholesteric mesophase (the pitch is 

visible in the 2x enlargement of the identified region). (c) Cross-sectional cryofractured SEM 

image displaying a layered morphology. 
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Figure 5.2. Photographs of CNC and salt-modified films cast from aqueous 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 present in the 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. 
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Figure 5.4. 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 CNCs and compress the EDL more 

efficiently than ones that are smaller and less chaotropic.  
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Figure 5.5. Circular dichroism (CD) peak intensity of CNC films modified with monovalent and 

divalent salts (see legend) presented as a function of salt concentration. The solid lines serve to 

connect the data. 



   

193 

 

 
 

Figure 5.6. Cross-sectional 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 levels. 

The scalebar applies to all images. 


