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In recent decades there has been great interest to produce novel bio-based composites to 

reduce carbon footprint without sacrificing the necessities that society demands. To achieve a more 

sustainable future, research in cellulose biopolymers has risen to the forefront. Impressive 

mechanical, thermal and optical properties along with its abundant biomass has made 

nanocellulose (NC) the subject of intense research in the area of electronics, drug delivery, sensors, 

selective filters, and structural materials, to name a few. The practical utility of any cellulose-based 

materials requires a more complete understanding of how the fundamental structure affects final 

performance. This thesis examines several avenues to obtain novel materials by considering 

processing parameters and preparation methods for working with raw nanocellulose materials, and 

mechanochemical approaches for surface grafting to obtain modified CNs with improved 

dispersion in organic media. Lastly, the synergy between the two studies and its impact on 

advanced materials and nanocomposites is discussed. 

The low cost and wide availability of cellulose nanofibers (CNF), a refined form of 

cellulose microfibrils, make these an ideal starting material for our studies. However, the 

aggregated states of freeze-dried CNFs hinder its use as an additive for reinforcing polymer blends 

or functional films. The use of tert-butyl alcohol (TBA) as a stabilizer in pharmaceutical drugs has 

been well studied for its effectiveness in facilitating redissolution and extending product shelf life. 
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Lyophilization of aqueous CNF slurries treated with various amounts of TBA produced a more 

porous material that could be redispersed with superior colloidal stability relative to untreated 

freeze-dried CNFs. Furthermore, CNFs lyophilized from aqueous TBA mixtures could be 

subjected to mild mechanochemical reactions (horizontal ball milling) to produce esterified 

nanofibers with high degrees of substitution (DS) and good dispersibility profiles in organic 

solvents. This solventless technique allowed for a variety of carboxylic acids to be grafted onto 

CNF surfaces. Finally, investigations of new materials with technological utility have been 

explored using networks of CNFs modified with oleic acid. These can be cast into 

superhydrophobic (SHP) films having a hierarchical structure characteristic of a self-similar 

material, with a wettability comparable to that of the lotus leaf. The SHP surface can also be 

regenerated after surface fouling or physical damage.   
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 EXTRACTION, PROPERTIES AND APPLICATIONS OF 
CELLULOSE NANOFIBERS 

1.1 Introduction to the Guiding Principles of Green Chemistry and Cellulose Structure  

 Sustainability has often been defined by many parameters and just like its definition the 

means by which to obtain it has always been changing. Prior to any real scientific descriptions for 

what parameters constitute sustainability, the debate had always been in the political arena. There 

arose a distinct argument from an environmental point of view versus advocates of economic 

growth, who celebrated industrial machinery as the engine of progress that should not be tampered 

with at any cost.1. The maturation of the ideas belonging to both these areas of concern made it 

clear that integration (or synergy) is the solution and that economic growth need not be stifled by 

environmental concerns. In fact, the development of “green chemistry” has the potential for new 

areas of innovation and growth previously not considered. Paul Anastas and John Warner 

developed the 12 guiding principles2 for making a process more “green” or sustainable (Table 1.1), 

and each category has seen intensive research and development since its inception.2   
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Table 1.1 The 12 guiding principles of Green Chemistry and their adages2 

 

 

Cellulose is a biorenewable feedstock that makes up ~40% of all terrestrial biomass, with 

an estimated production of 7.5 x 1010 tons per year.3 As the most abundant biopolymer on earth, 

cellulose is produced by various sources besides wood, including numerous plant species (hemp,4 

sugar beets,5 flax,6 and cotton,7 which is >90% cellulose), bacterial species (Acetobacter,8 

Alcaligenes,9 Pseudomonas,10 and Sarcina11), and diverse marine organisms such as tunicates.12 

Interestingly, nature produces cellulose by diverse biosynthetic pathways that yield various 

polymorphs of this bountiful amphiphilic polymer. For example, cellulose produced from bacteria 

will have a different form than that of derived from wood.13 Natural sources of crystalline cellulose, 

once extracted, are termed Cellulose I, which is characterized by its triclinic unit cell. Cellulose I 

Guiding Principle Adage 
1. Waste Prevention The prevention of waste is better than containment 
2. Atom Economy Reduce waste not just on the macro level, but also the 

molecular level 
3. Less Hazardous Synthesis Choose shorter and safer routes with the environment and 

scientist in mind 
4. Design Benign Chemicals Reagents should be designed to be less toxic 
5. Benign Solvents & Auxiliaries Always try to avoid solvents, but if needed judicious 

selection of a green solvent to be used a minimum 
amount 

6. Design for Energy Efficiency If possible avoid high or low temperature and pressure 
conditions. Ambient reactions are best 

7. Use of Renewable Feedstock When possible (availability and cost) plant based raw 
materials should be chosen over petroleum based 

8. Reduce Derivatives Simplify synthesis as much as possible by avoiding 
unnecessary steps (e.g. no protecting groups) 

9. Catalytic over Stoichiometric When possible always choose catalytic over stoichiometric 
conditions 

10. Design for Degradation Plan ahead for choosing reagents and conditions with 
biodegradable byproducts  

11. Real Time Analysis of Pollution Monitor reactions to minimize or remove hazardous 
byproducts before build up 

12. Inherently Benign Chemistry for 
Accident Prevention 

An inherently safer strategy that may give moderate yield 
is better than a high yielding hazardous route 
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can be converted to the thermodynamically more stable Cellulose II (monoclinic unit cell) via 

mercerization (alkali treatment).14 However, regardless of origin and macrostructure, all types of 

crystalline cellulose have remarkable mechanical features, which arise from its molecular 

properties and bonding profile.   

Cellulose is a simple homopolysaccharide that consists of linear chains of D-glucose dimers 

linked in repeating β-(1→4) units, termed cellobiose, which commonly number between 10,000 

and 15,000 units (Figure 1.1).15 The polymer can be stacked either parallel or antiparallel 

(depending on the source) with stabilization by intermolecular hydrogen bonding due to its high 

density of free hydroxyls. There are several distinguishing features that arise from this molecular 

arrangement: (1) each glucose unit is oriented 180o from its neighbor with all secondary hydroxyls 

oriented in equatorial positions, (2) each glucose unit has 3 hydroxyl groups available for hydrogen 

bonding interactions, and (3) the primary (C6) hydroxyl groups, which are most amenable to 

chemical modifications, are oriented upward and away from interstitial space in every other 

glucose unit. The hydrogen bonding and chain stacking interactions result in mostly crystalline 

domains separated by disordered regions. These two regions greatly affect the mechanical 

properties (e.g. Young’s modulus, tensile strength, and toughness) and react differently to acid 

hydrolysis conditions. 
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Figure 1.1 Structure of cellulose with hydrogen bonding within and between chains (left) and 
1→4 glycosidic linkage of cellobiose unit (right) 

 

1.2 Extraction of Cellulose Nanofibers (CNF), Cellulose Nanocrystals (CNC), and their 
Properties 

Wood-derived cellulose represents a primary source of renewable biomass and is also the 

source of CNFs used in our studies. Wood is available in large quantities at low cost; its societal 

impact is evident from its long history and ubiquitous role in the design of human habitats.16  

Cellulose in wood is hierarchically structured down to the nanoscale.17 Cellulose is converted into 

wood pulp using chemical processes on the multi-ton scale, resulting in aqueous slurries of 

microfibers of high purity.18 The cellulose microfibrils have lengths up to 3 mm and widths up to 

50 μm.19 Traditional methods to isolate CNFs from wood pulp include: (1) mechanical separation 

such as grinding to induce cell wall breakdown, (2) treatment with alkali solutions to remove 

surface lignin and to ease the separation of fibers from bulk pulp, and (3) homogenization of the 

pulp suspension by filtration through a grooved pore under high pressure, where shearing helps 
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isolate the nanomaterial.20 Regardless of method, the resulting CNFs are typically micrometers in 

length with widths in the range of 5–20 nm.  

CNFs are essentially a network of fibrous strands with alternating crystalline and non-

crystalline regions (Figure 1.2). The assortment of the fibers best resembles that of a tangled 

spider’s web with some portions that are straight and aligned and others in randomly entangled 

bundles. The diameter of the bundles can be as large as 100 nm depending on the degree of 

agglomeration.21 The dimensions of the bundled fibers are large enough to produce strong light 

scattering, which accounts for its characteristic opacity in solution or when cast into solid films. 

However, CNFs can be manufactured into transparent paper by mechanically pressing wet CNF 

fiber sheets with vacuum filtration to eliminate air bubbles and decrease light scattering by closing 

the interstitial gaps.22 
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Figure 1.2 Isolation of nanocellulose materials and regions of crystallinity 

 

CNFs can be dispersed in a solution as a suspension whose stability depends on multiple 

factors. Much research has been dedicated toward controlling CNF dispersibility and stability in 

both aqueous and organic solvents.23 Colloidal stability of NC solutions (Figure 1.3) is 

characterized by the rate of sedimentation and flocculation,24 the importance of which will be 

discussed in more detail in the following section (Section 1.3).  
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                        A                                               B                                             C 

Figure 1.3 Examples of colloidal CNF suspensions: (A) sedimentation, (B) flocculation, (C) 
stable dispersion 

 

The techniques used to improve dispersion can be divided roughly into two categories: methods 

that utilize covalent surface modification by grafting organic molecules (or polymers) onto the 

available hydroxyl groups, and methods that rely on mechanochemical methods with the optional 

use of surfactants, disk grinding, cryocrushing, and high-energy homogenization.20 Surface 

grafting is performed to battle the natural tendency of CNFs to agglomerate; conversion of free 

hydroxyls to esters, amides, carbamates, and ethers is a commonly employed strategy (Figure 1.4). 

The degree of substitution (DS) is often characterized by  FTIR or solid-state carbon-13 NMR25.  
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Figure 1.4 Some Examples of Surface Grafting of Cellulose 

 

DS defines the extent to which the surface hydroxyl groups of an anhydroglucose unit (AGU) has 

been functionalized; methodology, analysis, and implications will be discussed in more detail in 

Chapter 2. DS values as high as 2.0 per AGU and low as 0.1 have been reported.26  Another 

category of controlling dispersion is not by grafting any moieties onto the CNF surface, but by 

direct oxidation of exposed C6 hydroxyls with TEMPO27 or NaIO4
28 to impart a negative charge 

onto the CNF surface. The electrostatic repulsion between surfaces into carboxylic acids aids the 

fibers from aggregating and improves dispersion.  

The choice of the functional groups to decorate CNF surfaces must be judiciously selected 

to complement the solvent the dispersion tests will be performed in. In a seminal work by 

Youngblood and workers,29 NC was esterified with fatty acid groups (C12, C16 and C18) in a one-
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pot synthesis involving in situ polymerization and grafting of polylactic acid onto CNC surfaces. 

Plots of Hildebrand solubility parameters, which quantifies the energy of molecular interaction 

(units: cal1/2 cm–3/2), against the absorbance of grafted NC suspended in various solvents, produced 

profiles of colloidal aggregation. Indeed, the type of fatty acid grafted onto the NC surface made 

a difference depending on the choice of solvent. Furthermore, it was shown that NCs grafted with 

fatty acids at a low DS value produced transparent solutions when dispersed in organic solvents, 

as long as the chain length was sufficiently long. The present work will discuss mechanochemical 

esterification of CNF with fatty acids in Chapter 2. 

 Cellulose nanocrystals (CNCs), are the products of CNFs treated with strong acids such as 

H2SO4, HCl or H2PO4 (Figure 1.5). The rate of chain hydrolysis in the amorphous regions of CNFs 

is much faster than for the crystalline portion of isolated fibers, allowing for high yields of CNCs. 

Post-degradation treatments include washing and dialysis to ensure quality (e.g. removal of any 

leftover fibers).30 The resulting rod-like nanocrystals (54–88% crystallinity)31 are more rigid that 

CNFs due to the absence of disordered segments. The typical dimensions of a CNC particle are 50 

to 500 nm in length and 3 to 50 nm in width.19 A novel feature of CNCs is their concentration-

dependent assembly into cholesteric phases: above a certain concentration threshold, a chiral 

nematic phase will appear. This fascinating change can be attributed to the minimization of 

electrostatic interactions between individual CNCs whose surfaces are negatively charged.32  
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Figure 1.5 Acid digestion of CNFs into CNCs and their respective dimensions  

 

The absence of harsh acid treatment in producing CNFs hold two major advantages over 

CNCs, which are low cost due to absence of an additional processing step, which leads to an eco-

friendlier raw material. In terms of performance, a comparative study by Wiesborn et al.33 was 

conducted in which CNCs and CNFs were used to reinforce the polyethylene oxide (PEO) matrix. 

For example, studies on Young’s modulus and toughness of the nanocomposite showed an optimal 

performance at 7 wt% of CNC or CNF content. However, it that was noted that CNF-reinforced 

PEO had better mechanical properties overall that CNC-reinforced composites, which was 

attributed to the greater load-bearing capabilities of the entangled CNFs.    

                            

Type Length (µm) Width (µm) Height (nm) Crystallinity % 

CNF 0.5 – 2 4 – 20 4 – 20 --- 

CNC 0.05 – 0.5 3 – 5 3 – 5 54 – 88 
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1.3  Applications of Cellulose Nanofiber Based Materials 

The aforementioned properties of CNFs make them suitable for a wide range of 

applications. In this brief overview, the scope of CNF utility will be simplified into two broad 

categories: (1) CNFs as additives to form nanocomposites with improved properties, and (2) 

applications utilizing monolithic CNF materials. Although, the majority of the technological 

advances comes from the former, some interesting and recent applications of the latter will also be 

discussed.       

The use of additives to form composites with overall improvement in its material 

performance is not novel by itself. In ancient times it was common practice to mix wet mud  

(matrix) with straw fibers, which upon drying produced bricks of high durability (Figure 1.6).34 

The mechanical load could be increased by the transfer of stress from matrix to fiber, allowing for 

a tougher material more suitable for homes and infrastructures. In similar fashion, CNF-based 

nanocomposites utilize the relationship between nanocellulose fibers embedded in a polymer, with 

the objective of improving mechanical properties with a simultaneous decrease in carbon footprint. 

The high surface area of the nanocellulose fibers allows for maximum interaction with the polymer 

matrix, which endows improvements in materials performance even at low concentrations without 

sacrificing the native characteristics of the polymer matrix. Ideally, the ratio of CNF to polymer 

matrix should be as high as possible without inducing nanofiber aggregation33 or reducing 

desirable material properties. For example, adding excess NC to a thermoforming polymer might 

lower its transition glass temperature (Tg) below a useful threshold. 
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Figure 1.6 Mud–straw composites as a macroscopic analogy to nanocellulose–polymer 
composites. 

 

Polyethylene (PE), the most ubiquitous synthetic polymer in the world (comprising 35% 

of total thermoplastics), is the main ingredient in the packaging industry for common items such 

as shopping bags. A thorough study on the manufacturing of a CNF/PE composite was conducted 

by Fumiaki et al.35 A twin-screw extruder method was employed to melt-process functionalized 

CNFs with PE 140–160 oC to yield composites with a significant increase in Young’s modulus 

(1.20 to 3.32 GPa), and tensile strength (23.4 to 51.2 MPa), and a favorable decrease in coefficient 

of thermal expansion (CTE) to 72.5 ppm/K (less than 1/3 of pristine PE). The authors noted that 

the grafting of bulky substituents on the CNF surface such as pivaloyl or tert-

butylcyclohexylcarboxyl moieties allowed for better dispersibility in PE, relative to acetylated or 

stearoylated CNFs.  
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In a separate endeavor by Drzal et al,36 CNFs were successfully blended with poly(lactic 

acid) (PLA), a hydrophobic polymer. Here, polylactide solutions in ethyl acetate were added to an 

aqueous solution of polysorbate 80, then concentrated to yield a milky emulsion. Subsequent 

addition of homogenized CNFs to the PLA/polysorbate solution yielded composite sheets having 

both improved stiffness and strength. Increasing CNF content from 8 to 32 wt% resulted in an 

increase in both flexural modulus (up to 6 GPa) and strength (up to 110 MPa). 

To showcase that CNF-based composites can improve not just mechanical properties but 

also electrical conductivity, Li et al.37 mixed CNFs with 20 wt% carbon nanotubes (CNTs) under 

basic conditions to produce a gel film with a complex 3D network, accompanied by a 3-fold 

improvement in conductivity. The improvement was credited to the many overlapping cellulose 

nanofibers that supported a high density of electrically conductive CNTs. Future applications of 

such research will surely find a place in wearable electronics or sensors.  

Applications of monolithic CNF materials also exist, and are unique in their own right. For 

example, CNFs that are extracted using concentrated (12 M) HCl are more crystalline than those 

generated by mechanical methods, with fibers forming a hierarchical assembly with a parallel 

arrangement. Wada et al.38 showed that such highly organized CNFs have hydrolytic activity and 

tested the scope of its reaction against esters, amides and monophosphate bonds of various organic 

substrates. Biological evidence of the material’s ability to decompose virus coatings (wild-type 

M13 bacteriophage) was also demonstrated. A major selling point of the work was the mild 

reaction temperature (30 oC) and retention of catalytic activity between pH 5 and 9. 

Another good example involves 3D printing, which has evolved from a specialized tool to 

a readily available technology with the development of interchangeable parts and user-friendly 

interfaces. Jinho et al.39 used 3D printing to deposit materials  directly onto CNF hydrogels (Figure 
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1.7). The mechanical stability of the CNF substrate allowed for the printed patterns to retain their 

morphology on the template under drying conditions to form thin films (3D  2D). The films 

have potential applications in flexible paper microfluidics, where the patterned microchannels can 

direct fluid movement in sensory applications. A successful application of the 2D printed films 

was demonstrated by the detection of heavy metal ions via a colorimetric assay. 

 

 

 

 

 

 

 

Figure 1.7 3D printing onto CNF substrates for microfluidic applications 

 

In summary, this chapter illustrates some of the methods used in extracting and processing 

NC materials, the organic chemistry used for surface modification, and a brief survey of 

applications involving CNFs as nanocomposites or as stand-alone materials. In the following 

chapters, we will focus on the optimization of freeze-drying conditions that enable CNFs to be 

processed in the solid state, namely by using solvent-free mechanochemistry for surface 

modification of CNFs with a high degree of substitution. Several types of fatty-acid modified 

CNFs are highly miscible in organic solvents and can also be deposited into coatings exhibiting 

remarkable superhydrophobic properties.  
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 MECHANOCHEMICAL GRAFTING OF CELLULOSE 
NANOFIBERS  

2.1 Introduction to Mechanochemistry 

 It is a well-established fact that the governing dynamics of chemical processes, whether it 

is a small-scale reaction setup inside a university lab or an industrial batch reactor inside massive 

factories, obey fundamental laws of kinetics and thermodynamics. Thermodynamics dictate the 

possibility for reactions to even occur, and kinetics stipulate the speed at which they can proceed 

at. Spontaneous reactions require no intervention on behalf of the chemist, whereas other reactions 

require significant activation. Traditional means of applying energy to a chemical system include 

heat, electricity (electrolytic cells), and light or other forms of electromagnetic radiation. The use 

of mechanical force to induce chemical change is often overlooked, but it is just as old if not older 

than the techniques above with records dating back to 315 B.C., prior to the development of 

modern scientific thought.40 It can even be argued that the use of mortar and pestle is the true 

genesis of mechanochemistry, which can be dated back to the Stone Age.40, 41  

 Mechanochemistry, a term coined in the 19th century42, supports at least three guiding 

principles of green chemistry. First, reactions inside of ball mills, rotary planetary grinders, or 

vibrational mixers43 (Figure 2.1) are performed dry or use minute amounts of solvent (termed 

liquid-assisted grinding, or LAG), in accord with Guiding Principle #5. LAG is often used to aid 

the mechanical reduction of sample particle size. Solvent exclusion can translate into huge cost 

savings for research laboratories (even more for chemical manufacturing) as solvent cost and waste 

disposal amounts for much of the cost of production. Second and third, many of the reagents 

developed for mechanochemical reactions are designed to be safe when exposed to the atmosphere 

(Guiding Principle #3), and the simplicity of the MC reactors themselves reduces the chances of a 
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hazardous incident (Guiding Principle #12). In addition to solid reactants, there also exist methods 

to conduct MC reactions using gaseous reagents.44 For more details on the scope of MC reactions, 

the reader is referred to the excellent review by Wang.45  

 

 

                  A                                             B                                                       C 

Figure 2.1 Planetary mill (A), Tumbling ball mill (B), and Vibrational mixer (C) 

 

Mechanistic insights into mechanochemical reactions and their distinctions from 

conventional reactions in solutions are still in its infancy, and most optimizations are obtained 

empirically. General considerations can be assumed for bond formation, bond cleavage, and 

catalytic cycles, but mechanistic pathways may diverge for most cross-coupling reactions.46 In 

seminal work conducted in the early 1900s, it was shown that applying mechanical force to silver 

halide salts resulted in different products than simple heating.47 This early observation, now a well-

accepted fact, established that mechanochemistry can introduce different reaction pathways that 

can yield different products or product ratios.48 In 2015, Friscic et al.49 provided compelling 

evidence using modern equipment and techniques that mechanical activation can give rise to 

different polymorphs for even archetypal reactions. For example, the reaction between zinc acetate 
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and 2-methylimidazole normally affords ZIF-8 (a metal–organic framework), but other 

polymorphs could be formed under specific mechanochemical conditions. Using in situ X-ray 

diffraction,50 they showed that a nonporous polymorph (katsenite) could be produced from 

crystalline ZIF-8 via a fascinating phase change.  

Two popular theories arose in the late 1950s that attempted to provide ball-milling 

reactions with a theoretical backbone that would explain some of the observed phenomena.51 The 

plasma model proposed that at the contact points of ball-to-ball or ball-to-container collisions, a 

plasmatic surface exists, which provides the heat and unique environment for novel reaction 

pathways to occur (Figure 2.2B). A more popular and simpler model called the hot-spot theory52 

proposed that heat at impact collision points is enough for reactions to occur without invoking a 

plasmatic state (Figure 2.2A).  
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                                      A                                                                       B 

Figure 2.2 Illustrations of (A) hot-spot theory (B) plasma model 

 

The common thread between these theories is that the reactions take place far from 

equilibrium due to localized heat gradients, which differs from batch reactions in solution where 

the heat is dissipated evenly throughout the container.53 Stauch and Dreuw published a review that 

attempts to analyze milling reactions from the prospective of quantum chemistry, in which the 

effects of physical force on bond formation during collisions are described using molecular 

orbitals.54 In brief, the very act of shearing that occurs causes covalent bonds to bend, which affects 

the energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO). It is the energy gap between these orbitals that determines bond 

stability.55  

The high temperatures created at colliding surfaces are generated almost entirely by kinetic 

energy. Thus, important factors to consider when establishing reaction conditions in 

mechanochemistry include the type and mass of balls used for milling (Figure 2.3), and the velocity 

or tumbling rate imparted by the ball mill. 



32 

 

 

 

 

 

 

 

 

 

Figure 2.3 Milling media available for mechanochemical grinding 

 

It is important to select the optimal ball size to obtain better yields. Milling balls with 

relatively low mass or density may not transduce sufficient kinetic energy for bond activation to 

occur upon collision. On the other hand, if the milling media is too bulky relative to the reaction 

volume, then their movement within the reaction container is restricted and affects collision rate 

or velocity. Mack et al.56 reported a series of Diels–Alder reactions and compared ball size, milling 

power, frequency, and container type, which are all important parameters for an efficient 

mechanochemical reaction. Using a specific type of mill (SPEX 8000M with 13 x 50 mm stainless 

steel jar), they concluded that the reaction yields changed drastically depending on the media size 

(18% yield for 4.76 mm balls, versus 8% yield for 6.35 mm balls). Furthermore, the number of 

balls used during milling could affect yield by as much as 20%. In the same study, they showed 

that milling in a Teflon container resulted in a lower yield than a stainless-steel container, 

suggesting a difference in impact energy. The nature of the milling container can also impact the 
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reaction outcome, namely by the degradation of functional groups by surface impurities or by 

reaction with the container itself.57 

The material of the milling media and container (steel, Teflon, zirconium, alumina, and 

Nalgene, to name a few), the ball size and quantity, and the design of the ball mill itself represent 

experimental factors that are unique to mechanochemistry. However, extrinsic parameters such as 

reaction temperature are also important to consider. Collision theory has been employed to explain 

how reactions occur during mechanochemistry, which merits a more detailed discussion of 

temperature and activation energy. According to the Arrhenius equation, the number of molecular 

collisions with the correct orientation, having kinetic energy equal to or greater than the activation 

energy, increases with temperature. In addition the input frequency of the ball mill should promote 

molecular collisions and bond activation. Two important questions arise: (1) Can input frequency 

(which correlates with the number of ball-to-ball and ball-to-surface impacts) inside a container 

be correlated with temperature? For example, can conditions be configured so that a ball mill 

operating at 30 Hz reliably produces an internal temperature of 90° C? (2) What other options are 

available to control the temperature inside the container?  

The answer to the first question is simply No: Temperature is a complex function of milling 

media and container size and composition, and also the enthalpy of the specific reaction. The only 

assumption that can be made is that prior to milling, the reagents, container, and media are at room 

temperature regardless of parameter adjustments. Fortunately, thermometers are available that 

allows one to monitor and control reaction temperature by adjustment of extrinsic parameters. 

Emmerling et. al58 used in situ Raman Spectroscopy with thermography to analyze temperature 

flux for crystallization reactions, and Halasz59 reported temperature recording using variable-

temperature synchrotron powder X-ray diffraction to monitor the coordination chemistry between 
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cadmium chloride and cyanoguanidine. In the former study, reactions were conducted in a Perspex 

jar (polymethylmethacrylate, PMMA) with two stainless steel balls at 30 or 50 Hz for 25 minutes. 

The researchers found that a temperature increase occurred (ΔT = 5 K) for the co-crystallization 

of theobromine and oxalic acid within the first 5 minutes of mixing, and reached a maximum 

change (ΔT = 11.3 K) after 12 minutes of milling at 30 Hz. Similarly, the co-crystallization of 

pyrazinamide and oxalic acid at 50 Hz produced a temperature spike after 5 minutes of ball milling 

with a maximum increase of 36 K after 10 minutes. The distribution of temperature is important 

in a ball-milling reaction and its effect on product formation.  

An insightful study by Mack et al.60 describes the general trend seen in mechanochemical 

reactions in terms of yield and activation energy (kcal/mol). Figure 2.4 describes three regions that 

constitute a characteristic profile change during a typical milling reaction. In Region I, the initial 

temperature is produced by the heat of the reaction itself, regardless of milling frequency and 

mostly independent of collisions between media. Region II is dependent on collision frequency 

and better mixing after a given time, resulting in a more homogenous blend allowing for 

comparable energy distribution. Region III is at a late stage of the reaction, and is proposed to 

represent leftover reagents or intermediates that are less reactive under mechanochemical 

conditions. In conclusion, the greatest contribution to thermal energy in a typical milling reaction 

due to collisions can be assigned to Region II.      
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Figure 2.4 General trends of regions during a milling reaction 

 

The methods to control temperature inside the container of a milling reaction are not as 

convenient as with solution reaction vessels, which can be heated or cooled by an external bath. 

Reaction mills can be monitored via non-contact thermography, whose temperatures will depend 

on specific combinations of container type, ball size and number, media composition, and input  

frequency. In most cases, reports of mechanochemical synthetic methods omit this information 

with product yield and reaction time being sufficient to prove the success of the method.   

2.2 Mechanochemical Grafting of Cellulose Nanofibers and Degree of Substitution Analysis  

While the foundations of mechanochemistry are now well established, its application to the 

chemical modification of cellulose grafting is still relatively novel, although not with precedent. 

An early account by Hirotsu et al.61 demonstrated that crystalline cellulose could be grafted onto 

maleated polyethylene after 24 hours of low speed (horizontal) milling at 250 rpm. The resulting 

material was melt-processable and showed improved thermal and mechanical properties. The 
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grafting of small molecules was demonstrated by Huang et al.,62,63 in which NC was milled with 

hexanoyl chloride for 16 hours in a zirconium (Zr) container with 10-mm Zr balls. Although a high 

degree of substitution (DS) was achieved, considerable amounts of dimethylformamide (DMF) 

was used (23 mL/0.5 g CNF), which hardly qualifies as LAG. Indeed, the reaction may have 

worked simply with mechanical stirring. Nonetheless, the resulting film had good optical 

transparency, indicative of the dispersion quality that was obtained post-modification. 

 The stable dispersion of surface-modified CNs in an organic solvent is the most definitive 

test of a successful surface modification; however, DS provides a quantitative measure of covalent 

surface grafting. FT-IR and solid-state 13C NMR also provide important spectroscopic 

characterization for surface-modified NCs, and both methods are applicable to solid-state samples, 

bypassing the need to prepare stable solutions. FT-IR is especially useful for characterizing the 

esterification of CNFs:  The carbonyl (C=O) stretches between 1600 and 1800 cm-1 serve as the 

primary indicators of successful surface modification, as pristine (unmodified) CNFs do not 

produce this absorption band. Two other important regions of the IR spectrum include: (1) 

absorption peak between 3200–3700 cm-1 that correspond with OH or NH vibrations, and (2) the 

appearance of C–H stretching modes in the 2950–2850 cm-1 region originating from aliphatic 

groups (e.g. fatty acids) that have been grafted onto CNF surfaces. In solid-state 13C NMR, the 

majority of signals relevant to cellulose lies with a narrow range (60 to 110 ppm); this simplifies 

analysis of surface esterification, as the carbonyl peak is easily identified near 170 ppm.  

The DS for CNCs has been estimated using elaborate equations, based on the average 

dimensions of these rod-like structures.65 In the case of CNFs, which have variable thickness as 

well as lengths, methods have applied to determine DS. Elemental analysis is one way to obtain 

DS values from bulk samples, namely by comparing the mass ratios of C, H, O, and other elements 
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introduced by grafting. Another simple and popular method is by relative change in mass, as done 

in the work by Huang et al. using Equation 1,62 which has one constant and three variable (m1, m2, 

and Mw). The constant is the molar mass of an anhydroglucose unit on the CNF surface (162 g/mol). 

Mw is the molar mass of the functional group grafted onto the CNF. In the case of the study by 

Huang et al., a hexanoyl group (98 g/mol) was used. The last two variables, m1 and m2, represent 

the initial dry mass of CNF and final dry mass of the esterified product post washing and drying, 

respectively. This simple calculation was also utilized in our own studies.  

     

Equation 1 DS calculation by weight change before and after surface modification 

 

The third method for estimating DS is based on FT-IR and solid-state 13C NMR analysis, 

with the former utilizing the ratio of peak intensities of the C=O stretch (from the ester group) and 

C–O stretch near 1050 cm-1. Solid-state NMR methods for calculating DS use the ratio of 

integrated areas of either the C=O peak to total cellulose carbon signals,66 or the terminal methyl 

group of the grafted aliphatic chain to total carbon signals.67 Correlations of DS values obtained 

from these three methods are often variable, but acceptable as a relative method of comparison. 

Complementary to the “green chemistry” developed thus far with biorenewable CNFs and 

solvent-free mechanochemistry, work by Colacino et al.68 showed that formation of reactive 

carbamate intermediates can be facilitated using 1,1’-carbonyldiimidazole (CDI) under neat 

conditions (Figure 2.5). CDI is a versatile reagent used to activate carboxylic acids for their 

addition to alcohols and amines. The byproducts and driving force of the reaction, carbon dioxide 

and imidazole, are not environmentally hazardous and easily separated from the reaction products. 

CDI is also relatively cheap (<$1/kg) and widely available from many vendors. Its use in 
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mechanochemistry has been demonstrated and shown to be effective in preparing amides, esters, 

ureas and carbamates in the absence of solvent.68 We reasoned that CDI would be a useful reagent 

for activating fatty acids (e.g. oleic, lauric, and stearic acids) and other low molecular weight 

carboxylic acids (e.g., benzoic and furoic) for the surface modification of CNFs. Mechanistically, 

the steps for CDI activation are presumed to be the same as in solution, which was studied in the 

1960s for peptide coupling.69,70 Carboxyl activation involves the formation of an acyl 

carbonylimidazole, which decomposes into CO2 and a metastable acylimidazole. This intermediate 

then reacts with secondary nucleophiles, such as the primary hydroxyls on the CNF surface.       

 

 

Figure 2.5 CDI-mediated CNF surface functionalization. hbm = horizontal ball milling 

 

The remainder of the chapter will focus on applying the principles discussed thus far into 

practice, with the key strategy being the design of scalable reactions with a minimal increase in 

carbon footprint. CDI-mediated esterification of CNFs using various carboxylic acids with high 

DS values will be described, as well as their impact on the enhanced miscibility of surface-

modified CNFs in different solvents.   
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2.3 Experimental 

Instrumentation  

13C CP-MAS spectra were obtained for modified and unmodified CNFs using a 

Chemagnetics CMX-400 NMR spectrometer running SpinSight software and equipped with a 

wide-bore magnet and a 5-mm triple-resonance (H-X-Y) MAS probe. The “CP_TOSS_PM” pulse 

sequence was used, which includes the TOSS71a and TPPM71b techniques. Acquisition parameters 

included 1H and 13C RF field strengths of 50 KHz, a cross-polarization time of 2 ms, a TPPM 

decoupling pulse of 8.5 µs, a relaxation delay of 4 seconds, a data acquisition time of 32 ms with 

a sweep width of 32 KHz, and a sample spinning rate of 5.6 KHz. 2048 scans were acquired for 

each sample (experiment time of 137 minutes) and the data was processed with exponential 

weighting (line-broadening of 35 Hz) and zero-filled twice prior to Fourier transform analysis. 

ATR-IR spectra were obtained in transmission mode for qualitative analysis of modified and 

unmodified CNF using a Thermo Nicolet Nexus spectrometer equipped with a MCT detector 

(800–4500 cm-1), KBr beam splitter and Diamond ATR. UV-Vis spectra were obtained using a 

Varian 50 spectrophotometer. Sonication of CNF suspensions was performed using an UltraSonics 

Processor with a 13-mm Ti immersion probe at maximum power for intervals of 5 seconds 

sonication with 10 seconds rest, over a period of 45 minutes.  

 

General Procedures  

All starting materials and reagents were obtained from commercial sources and used as 

received unless otherwise stated. Mass recoveries were calculated instead of yields; values lower 

than the initial CNF indicated some loss of modified CNF during isolation. DS values were 
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calculated by using Equation 1 with the appropriate Mw values corresponding to the target grafted 

molecule.  

CNFs were obtained from Forest Product Laboratories (University of Maine) as a 3 wt% 

slurry, with a distribution of widths and lengths of 5–200 nm and 130–225 µm, respectively as 

provided by the suppliers. Freeze drying was performed on 300-gram aliquots of 3 wt% CNF in 

plastic containers; these were first frozen overnight at –20 oC, then lyophilized for 4 days in a 

Labconco FreeZone Console Freeze Dry System (collector temperature set at –50 oC).  

Covalent modification of cellulose nanofibers was conducted using a homemade low-speed 

horizontal ball mill, built by the Jonathan Amy Facility for Chemical Instrumentation. The freeze-

dried cellulose nanofibers were granulated with a coffee grinder prior to ball milling. Carboxylic 

acid and CDI were combined in a 120 mL NALGENE bottle equipped with ten Zr balls (9 mm) 

and milled for 24 hours. The bottle was vented carefully to release any CO2, followed by the 

addition of 1 g freeze-dried CNF and milling for an additional 24 hours. The resulting white 

powder was then transferred into a 500-mL Erlenmeyer flask, suspended in an aqueous solution, 

and stirred for 30 minutes. The modified CNFs were filtered to produce an off white powder which 

was dried in air for 1 hour, then kept under vacuum overnight to ensure the removal of all volatiles.  

2.4 Results and Discussion 

CNCs were originally considered as a viable starting material for mechanochemical 

esterification, but chemical analysis (anthrone assays) showed varying amounts of free sugars in 

different commercial sources of CNCs (Figure 2.6A). Under acidic conditions, anthrone reacts 

with furfuryl aldehydes (the decomposition product of free sugars) to yield species that are 

detectable at 630 nm by UV spectroscopy. Attempts to wash CNCs by ultrafiltration showed a 
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gradual decrease in the amount of detectable free sugars, but substantial amounts remained even 

after five tedious washes (Figure 2.6B).  
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Figure 2.6 (A) Free sugar concentration detected for various samples (B) Wash cycles and 
detected sugar amounts 
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Nevertheless, CNCs were used in our early ball-milling studies, using bases such as imidazole and 

K2CO3 as well as liquid-assisted grinding with DMSO. Carboxylic acid derivatives included 

dodecenyl succinic anhydride, lauryl and stearoyl chloride, and oleic acid activated with CDI. Ball-

milling reactions could be run on a 50-gram scale, which was successfully demonstrated for 

stearoylated CNCs.    

CNFs were favored over CNCs because of their low free sugar content and reduced 

chemical processing. Namely, CNFs do not require harsh acid for digestion, which makes them 

even more eco-friendly than CNCs. We first investigated several different methods for drying 

aqueous CNF slurries into processable powders (see Chapter 3 for method evolution), and used a 

planetary ball mill (FRITSCH PULVERISETTE 6 classic line) for mechanochemistry. However, 

CDI-mediated stearoylation of dried CNFs gave mixed results, with most reactions containing 

degradation byproducts from the heat generated. Although variations in MC conditions yielded 

some improvement, reproducibility was limited (Table 2.1 and Figure 2.7). 
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Table 2.1 Some early mechanochemical conditions 

 

 

        

Figure 2.7 MC conditions using a planetary ball mill. Significant degradation or charring of 
reaction materials was observed. 

 

The use of a high-speed ball mill (MSK-SFM-3, MTI Corp.) with lower input energy gave 

better results and also allowed us to systematically vary the MC reaction conditions. Reaction 

parameters (ball and container type) were optimized empirically at a frequency of 30 Hz; the 

relative efficiency was measured by calculation of DS values of the products from freeze-dried 

CNFs and stearic acid activated by CDI (Table 2.2).  Esterified CNFs were purified by transferring 

the dry reaction mixture to a 150-mL Erlenmeyer flask, adding 100 mL EtOH, and stirring for 30 

Entry Instrument Result 

1 Planetary pulverizer (colloidal CNF), 400 rpm Success (but hard to repeat) 

2 Horizontal Ball mill (fluffy CNF, 400 rpm) No reaction  

3 Planetary Pulverizer (fluffy CNF), 400 rpm No reaction 

4 Horizontal Ball mill (fluffy CNF, 550 rpm) Success 
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minutes. The solution was then poured into a Buchner funnel and washed twice with additional 

EtOH. The filtered solid was dried in air, and then overnight under vacuum. 

 

    

 

Table 2.2 Optimization of conditions using high-speed ball mill (Zr = Zirconium balls, SS = 
stainless steel, Alum. = alumina) 

 

 

 

 

 

 

 

 

 

The reaction times shown in Table 2.2 (entries 1–5) were kept constant for quick evaluation.  

Extending the milling time from 12 to 24 hours greatly improved DS values to as high as 0.9, 

whereas a milling time of 6 hours or less was insufficient. The sequential addition of reagents was 

also found to be crucial. A separate study had been conducted in which the CNF was added with 

CDI and stearic acid in one pot, versus activation of steric acid with CDI and subsequent addition 

of CNF. The former gave a DS of 0.7 after 24 hours milling, whereas the latter gave a DS close to 

ID Ball Type  Container Time Hertz DS 

1 Zr Nylon 60 min 25–30 0.05 

2 Zr SS 60 min 25–30 0.1 

3 SS SS 60 min 25–30 (neg. value) 

4 Alum. SS 60 min 25–30 0.08 

5 Alum. Nylon 60 min 25–30 0.06 

6 Zr SS 240 min 25–30 0.18 
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1.0. The combination of stainless steel balls and container resulted in discoloration, suggesting that 

these materials were deleterious to the reaction. On the other end, Zr or alumina balls with nylon 

containers gave lower DS, which can be attributed to material “softness” of the nylon container, 

and lower collision energy. However, reproducibility remained an issue, and reactions in the high-

speed ball mill were limited in scale (an important consideration for this research project).  

We then performed MC reactions using a horizontal ball mill operating at low speeds (30–

35 rpm), which could support up to 18 reaction vessels at once (Figure 2.8). Horizontal ball milling 

was performed using Zr balls in NALGENE bottles, which are cheap and available in many sizes. 

This condition yielded grafted CNFs with respectable DS values (Table 2.3); IR spectroscopy 

revealed a strong characteristic C=O stretch for esters, provided further evidence of efficient 

grafting (Figure 2.9). Products from successful grafting reactions exhibit a 10–15 cm–1 increase in 

frequency. 

 

 

Figure 2.8 Horizontal ball milling with Zr balls in NALGENE bottles (30 rpm) 
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Figure 2.9 IR spectra of CNFs esterified with lauric (C12) and stearic (C18) acid after low-speed 
milling 

 

             

Figure 2.10 Scope of compounds grafted onto CNFs under mechanochemical conditions, with 
carbonyl ester stretches. 
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The scope of the horizontal ball milling reaction was extended to other carboxylic acids 

with various functional groups; IR carbonyl stretches of the esterified CNF products are shown in 

Figure 2.10.  The washing protocol was optimized for each product, by reducing the amount of 

alcohol or substituting with water whenever possible (Table 2.3).  

 

Table 2.3 DS values obtained and volume and ratio of washing solvents used for various 
compounds 

 

 

There was no discernable pattern correlating DS to chain length, polarity or any other 

chemical factor. One probable explanation is that the physical process of milling is more important 

than steric or electronic factors. For example, stearic acid is a powder that disperses evenly around 

the milling container upon grinding, whereas oleic acid is sticky and vicious and frequently causes 

the balls to stick against the walls of the reaction chamber or themselves (Figure 2.11). Propionic 

and caproic acids are liquids but with low viscosity; although the DS for caproyl-CNF is low the 

DS of propionyl-CNF is higher possibly due to its smaller molecular size. Overall, the scope of 
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this solventless grafting method demonstrates that a myriad of functionalized CNFs can be 

prepared, using only water or aqueous alcohol for washing.  

 

 

 

 

 

Figure 2.11 Examples of coated balls that arise for vicious starting materials 

 

 Having established a reliable MC method of grafting various carboxylic acids onto CNF 

surfaces, we tested the dispersibility of C18-CNFs and furoyl-CNFs in various solvents. A stable 

dispersion provides the true mark of a successful CNF functionalization, as it can enable a broad 

scope of applications based on homogenous blends of materials that can be cast into 

nanocomposites or thin films. The dispersion behavior of stearoylated and furoylated CNF is 

shown in Figure 2.12.  
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Figure 2.12 Functionalized CNF at 1 w/v% concentration in various solvents (A) Stearoylated 
CNF; (B) Furoylated CNF 
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Qualitatively, 1 wt% C18-CNFs produced more homogenous dispersions in organic 

solvents than 1 wt% furoyl-CNFs. This is expected, as the longer chain length of stearic acid should 

reduce aggregation (steric repulsion) and the energy of solvation in aprotic solvents. However, 

even in the best cases, the colloidal stability of the functionalized CNFs was poor and sedimented 

in less than 24 hours.  

Fortunately, subsequent studies using CNFs lyophilized with a co-solvent (t-BuOH, or 

TBA) produced surface-modified CNFs with much better dispersion stability in organic solvents 

(to be discussed fully in Chapter 3). An example is provided in Figure 2.13, in which CNFs 

modified with various fatty acid derivatives remain stably suspended after 24 hours. In comparison, 

esterified CNFs prepared from freeze-dried samples without TBA dispersed poorly in organic 

solvents, and were observed to sediment only a few minutes after sonication.    

2.5 Conclusion 

The mechanochemistry developed for grafting CNFs with carboxylic acids provides a 

sustainable and scalable method of modifying nanocellulose fibrils in a solvent-free manner. 

Furthermore, the washing steps were designed to use the minimum amount of ethanol. Systematic 

evaluation of experimental parameters such as type and number of balls, media container, and 

milling speed and energy enabled us to optimize conditions for a successful reaction. Further 

improvements will be discussed in Chapter 3, in which the use of TBA as a co-solvent during 

lyophilization resulted in CNFs that are more readily dispersible in both modified and unmodified 

forms, and with subsequently greater colloidal stability.  
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Figure 2.13 Surface-modified CNFs dispersed in various solvents, after 24 hours. Vials on the 
left were prepared using standard freeze-dried CNFs; Vials on the right were prepared using 

CNFs freeze-dried from aqueous TBA solutions. 
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 THE ROLE OF CO-SOLVENT IN THE  
LYOPHILIZATION OF CELLULOSE NANOFIBERS 

3.1 Introduction to different drying techniques for CNFs 

The two main methods of obtaining CNF from cellulose microfibrils involve chemical 

treatment and mechanical processing. Regardless of method, the final product is typically a slurry 

of cellulose nanofibers suspended in water. This aqueous medium allows the native CNFs to 

remain dispersed, but at the cost of shipping viscous liquids that are least 90% water by weight.72 

Although many products can be made using cellulose in slurry form, the aqueous mixture prohibits 

the use of numerous organic reactions that cannot be performed in water. Thus, endeavors to 

dewater CNF pulp have led to a myriad of useful techniques for drying CNFs without destroying 

their nanoscale architecture.73,74 Furthermore, dried CNFs may be useful in composite 

manufacturing, in which neat solids are processed by melt extrusion blending.75  

CNF slurries are gelatinous and comprised of an extended network of entangled fibers. 

However, drying often results in irreversible fiber aggregation and the loss of surface area, a 

process termed hornification (Figure 3.1).76 Essentially, individual nanofibers close distance and 

form strongly associated, hydrogen-bonded bundles that reduce exposed surface area and resist re-

solvation.77 It has been shown that hornification increases the tensile strength of paper in direct 

proportion to increased fiber intercalation.86 However, it also causes three detrimental effects in 

applications where homogenous polymer blends are a prerequisite: (1) more energy is needed to 

redisperse or untangle the bundled  CNF fibers, (2) the agglomerated fibers are unevenly dispersed 

throughout the matrix, which compromises the intended materials properties of the final 

nanocomposite, and (3) the decreased surface area reduces the availability of peripheral hydroxyl 

groups to chemical modification.   
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Figure 3.1 (A) Hornification is the irreversible collapse of CNF fibers during the drying process 
(B) Fiber bundling and pore size reduction as the result of hornification77 

 

The four main methods of drying CNFs that have been used extensively are: (1) 

supercritical drying (SCD),78 (2) spray drying (SD),79 (3) oven drying (OD),80 and (4) freeze drying 

(FD).81 The first three methods will be briefly reviewed, followed by a more in-depth discussion 

on freeze drying (also termed lyophilization or cryodesiccation), the method of choice in our study.  

Typically, as water is removed from the surfaces of a suspended network of particles or 

fibers, capillary forces pull these objects together resulting in a collapsed structure. In SCD, the 

aqueous medium is displaced by supercritical CO2, which is nontoxic and relatively inert.82 This 

substitution occurs at high pressure and slightly elevated temperatures. Switching water to a less 

polar medium reduces the effects that result in hornification, as the high surface tension of the air–
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water interface is avoided. However, the instrument and conditions needed to maintain the 

temperature and pressure above the critical point can be costly.  

SD is more common than SCD, and the equipment allows for greater control of 

experimental parameters. The technique involves dispersing CNF as small droplets, whose 

increased curvature and lower surface tension accelerate the rate of evaporation.83 Agglomeration 

of the deposited CNFs is reduced simply because smaller droplets can only contain so much 

material. However, more research is needed to improve the uniformity of droplet sizes, which is a 

limitation when the SD process is practiced on an industrial scale.84  

OD is easily scalable, and conventional ovens are cheap, programmable and user-friendly. 

However, the direct drying of cellulose nanofibers will surely result in hornification with 

subsequent loss of nanostructure. The effects of oven drying are similar to that of drying CNF 

networks under ambient conditions (e.g., gradual evaporation from a CNF slurry in a Petri dish). 

The slow evaporation of water from a colloidal CNF suspension allows the fibers time to migrate 

toward each other to create larger bundles, often with dimensions exceeding the nanoscale.85 The 

increased rate of drying in an oven is not fast enough to overcome hornification. 

 FD, unlike SCD, involved sublimation (a phase change from solid to liquid) under reduced 

pressure and at low temperatures (Figure 3.2).87 Naturally, the CNF slurry needs to be in solid 

form, which is usually accomplished either by freezing the sample prior to lyophilization or by 

programming the FD apparatus to perform freezing by a defined protocol. In the latter case, it is 

recommended that the initial shelf temperature be well below 0 °C to ensure that all the water 

remains frozen during sublimation, and to enable a smooth phase change below the triple point at 

which all three phases exist.88 For pure water, the triple point is achieved at 0.01 °C and 4.58 mm 

of Hg.89  
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Figure 3.2 Diagram of the phase changes involved in FD (blue arrow) and SCD (red arrow) 

 

Initially, the frozen samples are in a low-pressure environment at the highest temperature 

possible, although usually still below the triple point. The reason for the higher temperature during 

this primary drying stage is that it allows for the rapid sublimation of over 90% of the water onto 

the condenser. Care should be taken to balance the rate of sublimation with changes in temperature, 

as large variations in heat can induce cake collapse and compromise the quality of the freeze-dried 

material. Secondary drying, the last step prior to obtaining the fully dried product, involves the 

desorption of any remaining water strongly bound to the solute (i.e., water associated with surface 

hydroxyls on CNFs). Many FD systems are programmed to elevate the shelf temperature at this 

stage, to accelerate water desorption at the ice–solute interface. However, this should again be 

performed with care, as rapid desorption can also draw adjacent fibers together to cause 

irreversible cohesion and entanglement. 

The eutectic point of the solid sample is an important factor in the FD process that affects 

many parameters prior to and during sublimation. The eutectic temperature (TE) is defined as the 
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freezing point for a specific composition (solute wt%), and is always lower than the freezing point 

of any single constituent.90 A prerequisite for effective FD is to maintain the sample in solid form 

throughout the process, so it is vital that the temperature remains below the TE of the frozen mixture. 

This is also referred to as the critical formulation temperature (CFT),91 and is synonymous with  

TE for crystalline materials and Tg for amorphous samples. In either case, performing FD above 

the CFT can result in cake collapse or meltback, which is qualitatively observed when the shape 

of the FD product is deformed relative to its container. 

The use of FD as a method to convert CNF emulsions into solid-state forms without loss 

of porosity has been reviewed previously, especially as a method of forming aerogels.81,92,93 

Cellulose fibers can be reorganized during ice crystallization, which affects their 3D network 

structure in its final freeze-dried state as characterized by SEM. High-aspect ratio ice crystals often 

grow in a direction dictated by the CNF fiber axes; in turn, the ice crystals create a perimeter 

encouraging unidirectional fiber alignment.94 If the fibers are closely packed, they can collapse 

into micron-sized bundles and multi-lamellar sheets (i.e. hornification). On the other hand, if the 

fibers are initially well dispersed, the CNF network after primary drying should be highly porous 

and comprised mostly of fibrils with diameters below 100 nm, so it is important to identify FD 

conditions that can preserve these nano-architectural features. In the next section, we discuss 

strategies to prevent structural collapse of the CNF network during FD, using insights gleaned 

from pharmaceutical process research. 

3.2 Cake Formation/TBA: Importance and Interpretation 

Lyophilization of pharmaceutical drugs into a solid matrix increases their stability and shelf 

life, relative to liquid formulations.95 Mild heating is used to drive sublimation below the CFT, 
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which also preserves the active pharmaceutical ingredient (API). FD is thus categorized as a “soft” 

drug processing technique. Extensive studies and reviews have been published on FD methods for  

preserving API in commercial drug formulaitons.96 The focus of this section will be on the 

qualitative analysis of FD products in the form of cakes and on the use of co-solvents to improve 

conditions during lyophilization. This type of data is important, as cake morphology is a strong 

indicator of successful FD and API stability. In the case of CNFs, the quality of cake formation 

can be translated into the final morphology of the fiber network, which dictates subsequent 

dispersion and colloidal stability. In other words, poor cake appearance is often correlated with 

poor dispersion. 

One good way to assess cake quality is whether the FD product retains the same volume 

and shape as its container prior to freezing. Various deviations from ideal (elegant) cake formation 

are described with colorful labels such as collapse, meltback, puffing, slanting, lifting, cracking, 

shrinkage, coloring, and dropping (Figure 3.3).97 A detailed description of each deformation is 

beyond the scope of this chapter, but some general guidelines will be helpful to appreciate their 

occurrence in CNF cake formation.  
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Figure 3.3 Cake appearance as an indicator of freeze-drying quality.97 

 

Regardless of deformation type, all non-ideal cakes share two common assumptions: (1) there are 

no strict references of what is acceptable, rather the results are analyzed based on empirical 

precedent (i.e. a historical database of earlier cases), and (2) deformation is a strong sign of poor 

long-term stability, although there is a margin of tolerability. Often, a freeze-dried product can 

experience shrinkage or collapse but still be useful. Due to the energy cost of FD processes 

imperfect batches are not thrown out, but each sample is analyzed individually which is a laborious 

and time-consuming process.98  

Cake collapse is the result of defective microstructures that are often produced when CFT 

is surpassed, allowing a liquid phase to form inside the matrix with subsequent loss of physical 

structure. Often the result is not so much perimeter shrinkage, but a visible downward collapse of 

the top layer. Furthermore, the liquid phase can re-solidify followed by sublimation that leaves 



59 

amorphous drops termed meltbacks. Finally, two important terms that need to be addressed are 

shrinkage and cracking. Shrinkage is tested simply by inverting the container and allowing the 

solid to fall out, whereas cracking is quickly identified by visible crevices and canyons on the top 

or side of the dried cake. In the pharmaceutical industry shrinkage and cracking do not necessarily 

mean poor API stability, but simply indicate the poor mechanical integrity of the matrix.97 

However, in our CNF studies their appearance correlated with hornification of varying degrees. 

This implies that the agglomeration of fibers result in overall decrease of cake height and width 

upon sublimation.  

Co-solvent systems in which water is diluted with an organic solvent have been shown to 

help not just with cake stability, but also many other practical aspects such as solubility and a 

reduced FD processing time.99 Disadvantages of such systems include the low flash point of 

organic solvents, the increased cost of disposing solvent waste, and added precautions to ensure 

that no impurities or byproducts are generated in the final product.100 Compatible solvents for FD 

with aqueous suspensions include, but are not limited to, tert- and n-butanol (TBA and NBA), 

ethyl acetate, ethanol, acetonitrile, acetone, and methanol.101  

The role of co-solvents has been studied extensively.99,100,102,103 By almost all accounts the 

effect of binary solvent systems begins with freezing. In our study, the organic solvent used was 

TBA, which is fully miscible in water and forms well-defined eutectic mixtures. For example, the 

TE is –5 °C for a 20 wt% TBA solution, and –3 °C for a 90% solution.104 Akira et al. demonstrated 

the use of 40% TBA in the lyophilization of TEMPO-oxidized cellulose nanofibrils (TOCN) to 

produce aerogels surface areas greater than 300 m2/g, compared to untreated TOCN with a surface 

area of 100 m2/g.81 However, a decrease in surface area was observed when 1:1 water:TBA (v/v%) 

was used, indicative of TOCN aggregation during lyophilization. The authors also observed a more 
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uniform distribution of TOCN fibers by SEM imaging. Laminar sheets were clearly visible in 

untreated TOCN samples versus samples lyophilized from 10% to 50% TBA, whereas the author 

surmised that the lower eutectic point of water–TBA mixtures reduced the size of ice crystals 

during freezing below micron dimensions.104 Dongyeop et al.105 also showed that dispersions of 

oven-dried CNC and CNF can be modulated by adding TBA to aqueous emulsions prior to heating, 

although surface area data was omitted. The authors suggested that the lower surface tension of 

water–TBA mixtures helps limit the “dragging” effect as explained previously.  

The objective of this chapter is to study the use of a lyophilization co-solvent such as TBA 

on the dispersibility of CNFs post-lyophilization, using cake integrity as a visual predictor of 

positive effects. Absence of shrinkage, meltback and cake collapse were also positive indicators 

that a suitable mixture of TBA and aqueous CNF slurry had been achieved. 

3.3 Experimental 

A Labconco freeze dryer with shelves (FreeZone Bulk Tray 77530) was used in all 

lyophilization studies. In a typical experiment, a 100-mL polyethylene container with 3% aqueous 

CNF slurry (80 g) and TBA (20 g) was placed in a –20 oC freezer overnight covered by a tissue 

paper. The collector was precooled to –50 oC prior to placing the frozen sample on the vacuum 

chamber shelf, which was kept at room temperature (20–23 oC). Lyophilization was conducted at 

.092 torr over a period of 4 days without controlling the shelf temperature. 

In a typical procedure to functionalize lyophilized CNFs (TBA treated) the cake was first 

broken up into smaller pieces so as to fit inside the coffee grinder. Then the grinder was turned 

and stopped only after all the cake had been made into a fluffy like solid. In a NALGENE container 

(200 mL) equipped with 11 Zr balls was added oleic acid (1 g) and CDI (2 g) and milled for 12 

hours with opening of the cap after 1 hour to release CO2. Then the grinded CNF/TBA solid was 
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added to the container, mixed in with a spatula and milled for an addition 12 hours. Finally, the 

mixture was deposited into a 500 mL Erlenmeyer flask and washed with EtOH (100 mL) or EtOH: 

H2O (70: 200 mL) mixture. Filtration of the solution by way of Buchner funnel with a Whatman 

filter paper followed by 5x wash with EtOH or EtOH: H2O mixture yield a thick film. The film 

was allowed to air dry overnight or can be dried via vacuum. 200 mg of the dried OA-CNF was 

added to a beaker along with 20 mL of CHCl3 and probe sonicated for 45 minutes at maximum 

power (5 seconds ON and 10 seconds OFF) to yield the dispersed solution. 

3.4  Results and Discussion 

The conversion of CNF slurries into processable solids was pursued with two goals in mind: 

(1) to achieve a dehydrated state within a short time, and (2) to obtain a fine powder with high 

surface area for subsequent mechanochemical functionalization. Initial attempts at oven drying of 

undiluted CNF slurries resulted in hardened blocks that were unworkable; the hardness of the dried 

CNFs made it almost impossible to grind them into finer powders for MC modification. Treatment 

of CNFs with several washes of acetone was found to be effective at dewatering CNF slurries by 

simple filtration and drying at room temperature, with the final dry mass stabilizing at 3.1 wt% of 

the initial wet mass after four days (Figure 3.4 and Table 3.1).  
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Figure 3.4 Dewatering of acetone-treated CNFs resulted in hardened flakes that resisted further 
processing 

 

 

 

 

 

 

 

 

Table 3.1 Relative mass changes of air-dried CNF samples after dewatering with five acetone 
washes (initial wet mass = 94 g) 

 

 Significant volume shrinkage, a qualitative indicator of hornification, was observed for 

the acetone-washed CNF samples after only one day of air drying inside a Petri dish (Figure 3.5). 

Oven heating of the acetone-washed samples exacerbated deformation from a planar form 

(curling at the edges), and produced a hardened disk that resisted further processing.   

Day Mass (g) Relative Mass% 

1 16.1 17 % 

2 3.27 3.5 % 

3 3.16 3.4 % 

4 3.10 3.3 % 
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Figure 3.5 Shrinkage and curling of air- and oven-dried CNFs, dewatered by acetone washing 

 

Various pressing methods were tested to improve drying, such as using a mechanical load 

during heating or vacuum drying (Figure 3.6). This helped to keep samples from warping and also 

reduced the drying time, but resulted in a stiff, hardened solid that could not be broken into finer 

granules for ball milling. We also investigated the drying effects of different co-solvents to 

determine whether pressed CNFs could be dried to completion more rapidly without significant 

hardening. Polar solvents such as methanol, ethanol, isopropanol and ethyl acetate were tested, 

however in all cases shrinkage and hardening occurred to such an extent that we abandoned this 

the approach.  
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Figure 3.6 Vacuum drying of dewatered CNF samples under a mechanical load 

 

We then evaluated lyophilization as the primary dewatering method. FD of frozen CNF 

slurries took up to four days for complete desiccation. As expected, interrupting the FD process 

prior to complete desiccation had an adverse effect on samples that were allowed to warm at room 

temperature. If the sample was not fully freeze-dried, the gradual evaporation of residual water at 

ambient temperature and pressure would result in hornification and deformation of the CNF cake 

(Figure 3.7, left). For example, CNF samples that were freeze-dried for 48 hours and left to dry at 

room temperature formed a porous and hardened material (Figure 3.7, right).     
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Figure 3.7 Left, lyophilized CNF samples taken out at different time periods (1–4 days). Right, 
porous and hardened CNF cake after partial lyophilization then drying under ambient conditions. 

 

 Completion of FD over the full 4-day period afforded the best quality CNF cakes, which 

were stiff but still sufficiently malleable to be ground into powder. We initially used a hand-

operated kitchen grinder with two different coarseness grades for shredding bulk CNF (Figure 3.8). 

However, the CNF grains did not break down during MC ball milling, and their interiors remained 

inaccessible to chemical modification. We then used an electric coffee grinder to reduce the CNF 

particles to finer grain sizes for subsequent mechanochemistry. The ground FD-CNF particles were 

considerably more amenable to MC, compared to those produced by simple air drying.  

  

24hr               48hr                    72hr                     96hr 
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Figure 3.8 (A) Benchtop (manual) kitchen grinder used to shred freeze-dried CNF into coarse 
grains; (B) Freeze-dried CNF before grinding; (C) CNFs after being subjected to coarse and fine 
shredding by manual grinder; (D) Further reduction of CNF grains using electric coffee grinder 

 

The cake appearance of the FD-CNFs showed both collapse and shrinkage, even if left 

undisturbed during the 4-day sublimation window (Figure 3.9, left). In addition, the colloidal 

stability of the redispersed FD-CNFs in water was poor, as characterized by its rapid sedimentation 

(Figure 3.10, right).  
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Figure 3.9 Collapse and shrinkage of FD-CNF cakes prepared from different solvent mixtures: 
Left, untreated CNF; middle, 5 wt% TBA; right, 20% TBA  

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3.10 Colloidal stability of CNFs redispersed in water after freeze drying. Samples were 
allowed to stand for 24 hours after initial dispersion by sonication. Left, after FD with 56 wt% 

NBA; middle, after FD with 43 wt% TBA; right, no co-solvent added  

 

The addition of tert-butyl alcohol (TBA) as a lyophilization co-solvent to CNF slurries 

greatly improved the quality of FD-CNFs, as compared with untreated slurries. The freeze-dried 

cakes produced from CNF slurries treated with 10 to 25 wt% TBA showed minimal collapse and 

shrinkage, suggestive of reduced hornification after lyophilization (Figure 3.11). Furthermore, the 

                            FD w/ n-butanol (56 wt%)     FD w/ tert-butanol (43 wt%)      FD w/H2O only  



68 

colloidal stability of the FD-CNFs redispersed in water was vastly improved relative to dispersions 

of CNFs that were freeze-dried from untreated slurries (Figure 3.10). Interestingly, the improved 

cake structure is obtained only within a certain range of TBA concentrations, and begins to worsen 

above 25 wt% TBA. In addition to cake shrinkage at higher TBA concentrations, “lifting” of the 

sample from the bottom of the container could also be observed.  

 

                          10 wt%               15 wt%               20 wt%              25 wt%          30 wt%  

 

 

 

 

                         

 

 

 

 

                        10 wt%        15 wt%          20 wt%         25 wt%          30 wt%         35 wt% 

 

 

 

 

Figure 3.11 CNF cakes after freeze-drying from aqueous slurries containing 10 to 35 wt% TBA. 
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The co-solvent effect of added n-butanol (NBA) was studied as well, however addition of any 

amount of NBA produced serious deformations in cake appearance (Figure 3.12). It was concluded 

that NBA did not work nearly as well as TBA as a co-solvent during lyophilization. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Appearance of FD-CNF cakes from aqueous slurries containing 10–30 wt% NBA  

 

 

SEM images of FD-CNFs produced from 10 and 20 wt% TBA showed increased porosity and a 

higher density of submicron fibers, relative to a freeze-dried sample prepared from an untreated 

slurry (Figure 3.13). BET measurements confirmed an increase in total surface area (Table 3.2).  

  



70 

 

 

 

 

 

 

 

 

 

 

 

                                      

Figure 3.13 SEM images of freeze-dried CNFs. Upper left, FD-CNF lyophilized from 10 wt% 
TBA slurry; upper right, FD-CNF lyophilized from 20 wt% TBA slurry. Bottom, FD-CNF 

without TBA treatment. Images taken by Taehoo Chang. 
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Table 3.2 BET measurements of freeze-dried CNFs, as a function of initial TBA wt% prior to 
lyophilization. Data acquired by Taehoo Chang. 

 

 

 

 

 

 

 

 

 

 

 

Lastly, freeze-dried CNFs were functionalized with lauric acid using mechanochemistry 

and dispersed as a 1 wt% chloroform solution. As expected, the use of CNFs lyophilized from 

slurries with 10% TBA resulted in much better dispersions in organic solvents after esterification, 

compared with CNFs obtained from untreated slurries (Figure 3.14).     

 

  

TBA % Surface Area (m2/g) 

0 2.4432 ± 0.0288 

10 23.4660 ± 0.1741 

20 23.8307 ± 0.1731 

30 20.4734 ± 0.1490 

40 22.0818 ± 0.1367 

50 19.5715 ± 0.1155 



72 

 

 

 

 

 

 

 

 

 

Figure 3.14 Images (5 cm x 5 cm) of cast films prepared from 1 wt% laurylated CNF in 
chloroform. Left, prepared using CNFs lyophilized from water (untreated); right, prepared using 

CNFs lyophilized from slurries with 20 wt% TBA. 

 
The relative DS values of grafted FD-CNFs lyophilized from 10% TBA (Table 3.3) were 

increased relative to those prepared from FD-CNFs without TBA (see Table 2.3), in accord with 

the increase in surface area due to TBA co-solvent effect. The prevention of fibrillar collapse 

would not only allow individual fibers to be separated, but also expose a greater number of surface 

hydroxyls for esterification. The resulting functionalized CNFs would benefit from higher density 

of chain grafting (accompanies by a decrease in surface hydroxyls) resulting in better dispersion 

in organic media such as CHCl3.   
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Table 3.3 DS value of esterified CNFs (lyophilized with 10% TBA as cosolvent) 

 

Ester Type DS 

Caprylate (C6) 0.95 

Laurate 1.08 

Oleate (C18) 2.5 

Benzoate 1.04 

Pyroglutamate 0.16 

Urocanate 0.14 

Methacrylate 0.84 

2-Furoate 0.81 
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3.5 Conclusion 

The solventless modification of CNFs by mechanochemistry relies on the dewatering and 

controlled drying of CNFs from aqueous slurries. However, many attempts to speed up the drying 

process often result in hardened CNFs that could not be dispersed into finer powders. Solvent 

exchange with acetone and accelerated drying using heat or vacuum were both unsuccessful, 

although there may be some potential for their application toward novel structural materials. 

The addition of TBA as a co-solvent to CNF slurries prior to freeze-drying greatly 

improved the dispersion properties of the resulting solid by limiting hornification and increasing 

surface area. SEM images revealed fewer and smaller aggregated bundles and a finer distribution 

of fiber widths, relative to CNFs freeze-dried from water. A systematic study of CNF 

microstructure as a function of solvent composition prior to lyophilization provided new insights 

into this field of inquiry. Indeed, the traditional description of a “good” cake is directly linked to 

CNF dispersion stability: cakes that showed collapse or shrinkage were less capable of producing 

stable colloidal solutions upon redispersion. CNF slurries containing 10–25 %TBA produced the 

best cakes after lyophilization, whose fibers were the least hornified and thus most readily 

redispersed. Lastly, MC esterification of powderized FD-CNFs prepared from 20% TBA slurries 

could be dispersed easily in CHCl3 and cast into uniform films. In contrast, functionalization of 

FD-CNFs prepared from aqueous slurries produced grainy films with a high density of structural 

defects, due to extensive coagulation and agglomeration.  
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 STUDIES ON THE SUPERHYDROPHOBIC 
PROPERTIES OF FATTY ACID-ESTERIFIED CELLULOSE 

NANOFIBERS 

4.1 Introduction to superhydrophobic materials 

  The use of TBA as a co-solvent in the preparation of FD-CNFs has led to improved 

fibrillation and dispersion stability of both unmodified and esterified CNFs dispersed in various 

solvents. Furthermore, the solvent-free, mechanochemical grafting of carboxylic acids onto FD-

CNF surfaces enables the creation of uniform films that can be cast with various thicknesses. This 

presents a wonderful opportunity to study the wettability of coatings prepared from fatty acid-

functionalized CNFs.  

Wettability, a well-studied surface phenomenon,106 describes the surface interaction 

between a liquid (usually water) and a solid surface. The degree of wettability can be quantified 

by the contact angle (CA) formed by a liquid droplet on solid surface (air–solid interface). An 

angle < 90° means that the liquid has some affinity for the surface (solvophilic), whereas an angle 

> 90° means the liquid is repelled by the surface (solvophobic).107 In nature, surfaces of the lotus 

leaf and duck feathers are considered to be superhydrophobic (SHP) where the CA exceeds 150° 

and water droplets easily roll off the surface (Figure 4.1).108 Furthermore, if the surface on which 

the liquid rests is tilted, the sliding angle becomes a useful parameter to define wettability. The 

sliding angles of SHP surfaces are considered to be smaller than 5°.110  
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Figure 4.1 (Above) Contact angles for hydrophilic, hydrophobic and superhydrophobic (SHP) 
surfaces supporting a water droplet. (Below) Photo of a water droplet on a SHP-CNF surface. 

  

  Immediate applications of SHP surfaces include self-cleaning materials,111 anti-fogging 

windows,112 and ship bottoms with reduced drag113 to name a few. An extensive review by 

Mageshwaran for recent applications of SHP surfaces is recommended.114 

  The qualities responsible for SHP surfaces can be chemical, physical or a combination of 

both. Chemical modification alters the interactions between liquid and surface; simply put, the 

surface energy is lowered. However, chemical modification (such as surface grafting with fatty 

acids, as described in the previous chapter) is not enough on its own to overcome the CA threshold 

of 150° that defines SHP, although it can bring the CA to 130°.115   
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  Physical structure is also important for SHP. In order to better understand these, two 

working models have been established. The Wenzel model116 assumes a conformal contact 

between liquid and solid surfaces (i.e., no air pockets are created), whereas the Cassie or Cassie–

Baxter model117 invokes surface tension between liquid and gas, such that the liquid touches only 

the edges and vertices of solid surfaces with pockets of gas trapped underneath (Figure 4.2). The 

latter model emphasizes the importance of surface roughness: An imaginative take on surface 

roughness is the planet Earth with its mountain ranges and forests. From afar the surface looks 

smooth, but closer inspection shows valleys and peaks. Thus, most SHP surfaces exhibit 

microscopic features with minimum contact with the water drop, which is supported from below 

by the pressure created by the air/gas pockets.  

 

 

 

 

 

 

 

Figure 4.2 The two physical models used to explain wetting phenomena at the air/liquid/solid 
interface. 
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4.2 Generating Cellulose Nanomaterials with Hydrophobic Surfaces 

 Nanocellulose fibers provide an opportunity to produce biorenewable SHP materials, 

which have caught the attention of the scientific community.118-122 The advantages of nanoscale 

materials includes more surface area for chemical modification and finer structural features that 

support the Cassie–Baxter model. To date, efforts to prepare SHP surfaces either involve the 

deposition of materials as coatings or thin films, or the generation of microtextured surfaces by 

lithographic methods.120 However, most SHP surfaces are limited by abrasion or fouling, and need 

to be replaced or reapplied. 

One method of reducing the surface energy of cellulose-based substrates is to sprinkle 

nanoparticles (NP) onto cellulose fibers to produce composite materials with SiO2, ZnO, or Ag 

NPs (which has also found use as a catalyst support).123 Innovative and functional as these are, 

underlying issues of environmental toxicity and cost (reagents and equipment) still need to be 

addressed.  

The culmination of experimental work in this thesis supports a simple and reproducible 

process for creating eco-friendly SHP coatings from chemically modified CNFs, using methods 

that are scalable and cost-effective. The SHP coatings can also be regenerated after damage or 

fouling by exfoliation, which is important for practical applications: while SHP surfaces produced 

by living systems naturally repair themselves, synthetic SHP surfaces are generally not self-

renewable. SHP surfaces were characterized by FTIR, solid-state 13C NMR, contact-angle 

measurements, and SEM analysis, the latter two in collaboration with Taehoo Chang.  
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4.3 Experimental  

Preparation of materials 

In a typical procedure, 1 gram of esterified CNFs just after MC synthesis (see Chapter 3) was 

placed in a 200-mL Erlenmeyer flask, suspended in 100 mL EtOH, and stirred for 30 minutes at 

room temperature. The product was collected via Buchner funnel lined with a 90-mm paper disk 

(Whatman 1), washed with EtOH (3 x 10 mL), then flushed with air. The disk of esterified CNFs 

was carefully removed from the paper, and allowed to dry in air on a watch glass.  

 

Wetting analysis and exfoliation  

Freshly prepared CNF disks (see procedure above) or squares mounted on glass slides were tested 

for hydrophobicity and SHP by depositing a water droplet onto the CNF surface with a syringe, 

with the substrate positioned at various slant angles. Exfoliation of CNF substrates was performed 

by laying cellophane tape (Scotch) over the surface, followed by its removal using a peeling motion 

to expose a fresh layer. 

4.4 Results and Discussion 

In reference to the work presented in Chapter 3, fatty-acid grafted CNFs prepared by the 

freeze drying of aqueous slurries with 10 wt% TBA provide an interesting segue into SHP 

materials. This simple method of functionalizing CNF surfaces involves low-cost reagents and 

minimum solvent, and sets the stage for processes that can be performed on an industrial scale.  

Initial studies were performed with oleic acid-functionalized CNFs. It was hypothesized 

that in addition to its inherently hydrophobic character, the internal double bond in the fatty acid 

chain introduces a “kink” that prevents its dense packing. In contrast, the fully saturated stearic 
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acid readily adopts a linear conformation and can pack closely with neighboring molecules, as is 

evident from its higher melting point versus oleic acid (Figure 4.3).    

 

                 

 

     

 

 

 

 

 

Figure 4.3 Above, stearoyl versus oleyl chains grafted on CNF surfaces; below, disk of olelyl- 
CNF after filtering and drying 
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Wetting experiments were conducted first on disks of oleylated CNFs, prepared by filtering, 

washing, and drying in a Buchner funnel (Figure 4.4). This material meets the basic criteria for 

superhydrophobicity: free-standing water droplets moved around freely, and quickly slid off the 

disk at a slight tilt angle. Few if any water droplets were pinned at any part of the membrane, 

indicated that the entire surface exhibited SHP character. 

 

 

    

 

 

 

 

 

Figure 4.4 Freely moving water droplets on oleylated CNF disk 

 

 The disks prepared by collection of oleyl-CNFs on filter paper were at least 100 

micrometers thick. To test the ability to cast CNFs into SHP thin films on thermoplastic substrates 

such as PET, oleylated CNFs were suspended in CHCl3 or EtOH for deposition by spray coating. 

The latter proved harder to disperse and caused clogging at the spray gun, however, thin films 

could be produced by spraying CHCl3 dispersions of oleyl-CNF onto PET films, which exhibited 

SHP in subsequent wetting tests (Figure 4.5). 
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Figure 4.5. Spray coating of oleyl-CNF onto PET film; a SHP coating was formed after several 
passes. SHP demonstrations were performed by placing the coated PET at an incline. 

  

Static contact angles were measured on four different spray-coated samples, prepared from 

surface-modified CNFs using fatty acids having different chain lengths: (1) hexanoic acid (C6-

CNF), (2) lauric acid (C12-CNF), (3) stearic acid (C18-CNF), and (4) oleic acid (OA-CNF; Figure 

4.6 and Table 4.1). Three out of four CNF samples exhibited SHP character, whereas C18-CNFs 

coatings were simply hydrophobic. The differences in sample wettability can be attributed in part 

to the dense chain packing in C18-CNFs represented in Figure 4.3; the limited freedom of the alkyl 

chains reduces their ability to provide effective steric repulsion against fiber aggregation. On the 

other hand, OA-CNF (monounsaturated C18-CNF) had the highest static contact angle. SEM 

image of spraying coated OA-CNF indicated a fibrous hierarchical structure with micro/nano sized 

pores (Figure 4.7). 
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Table 4.1 Static contact angles for spray-coated CNG thin films on PET substrates. Data 
collected by Taehoo Chang. 

 

 

 

 

 

 

 

 

 

Figure 4.6 Water droplet dispensed onto functionalized CNF surfaces. Photos taken by Taehoo 
Chang. 

  

Material CA (static) 

C6-CNF 157.2 ± 2.0 

C12-CNF 157.6 ± 0.4 

C18-CNF 130.7 ± 4.8 

OA-CNF 159.9 ± 2.3 
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Figure 4.7 SEM image of oleyl-CNFs spray-coated onto PET substrate. Image taken by Taehoo 
Chang. 

 

 The SHP properties of the CNF-coated samples can be compromised by physical defects 

or fouling. For example, a pad of OA-CNF mounted on a glass slide exhibited SHP character, as 

expected (Figure 4.8). However, scratching or touching the surface with an unwashed thumb 

resulted in a loss of SHP. This property could be recovered by exfoliating the CNF sample with 

Scotch tape, revealing a fresh and unblemished OA-CNF surface, which demonstrates an ability 

to regenerate SHP that could be useful in applications such as self-cleaning surfaces.   
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Figure 4.8 (A) Olelylated CNF mounted on a glass slide showing SHP behavior; (B) pressing 
sample with unwashed thumb; (C) loss of SHP due to contaminated surface; (D) exfoliation of 

surface with Scotch tape; (E) restoration of SHP using exfoliated sample on glass slide, and also 
reverse side of tape. 
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The SHP properties of OA-CNF coatings do not appear to be degraded by simple 

compression. The roughness of the OA-CNF surface is reduced after a compressive force is applied 

(Figure 4.9A), however SHP is still retained. Exfoliation restores the original surface roughness 

without loss of SHP character (Figure 4.9B).  

 

 

 

 

 

 

 

                    A                                                                                 B 

Figure 4.9 (A) SEM image of OA-CNF after compression with gloved thumb; (B) recovery of 
surface roughness after exfoliation. Images taken by Taehoo Chang. 
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4.5 Conclusion 

The methodology developed for the mechanochemistry and processing of fatty-acid 

modified nanocellulose fibers afforded homogenous SHP films that produced contact angles that 

superseded 150o. Physical damage or chemical fouling of the CNF surfaces causes a loss in their 

SHP character, but this can be recovered by a simple exfoliation step. The hierarchical structure 

of the CNF films is likely an important feature in the regeneration of SHP function. Future work 

in characterizing and modeling SHP CNF surfaces are currently underway. 
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ABSTRACT:  

The presence of soluble carbohydrate derivatives in cellulose nanocrystal (CNC) slurries is an 

uncontrolled variable that can significantly alter the properties of CNC-based materials and 

compromise subsequent performance. In this work, the content of soluble carbohydrates in CNC 

slurries from nine independent samples has been characterized and classified by sugar type and 

size, with large variations due to differences in plant source, process, and purification methods. 

Analytical methods include anthrone and bicinchoninic acid (BCA) tests for estimating reducing-

end sugar and total sugar content, HPLC to determine the relative fraction of mono- and 

oligosaccharides, and MALDI/TOF for oligosaccharide analysis. The quantity and type of soluble 

carbohydrates in a given CNC slurry varies widely with plant origin and methods of CNC 

production and purification, as well as sample age. While the fraction of soluble carbohydrates can 
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be partially reduced by ultrasonication and ultrafiltration, extensive washing is not sufficient for 

their complete removal. This suggests that the residual carbohydrates are strongly bound to CNCs, 

or easily regenerated upon ultrasonication.   

Keywords: 

Oligosaccharides, Cellulose Nanocrystals, Impurities, Sugar Detection. 

 In the anthrone assay, dilute solutions of oligo- and polysaccharides are rapidly hydrolyzed 

into free sugars, which undergo further dehydration and condensation with anthrone to produce a 

blue-green solution with an absorbance peak at 630 nm (Figure 1). The assay is complete within 

minutes and provides a convenient method for estimating the total concentration of free sugars 

(mostly glucose units) in CNC samples. We note that non-reducing sugar alcohols cannot be 

accounted for by the anthrone assay, however these are not expected to be significant based on the 

process chemistry used to produce CNC samples. However, the CNCs themselves can degrade 

further under strongly acidic conditions, so their removal by sedimentation or ultrafiltration prior 

to the anthrone assay is important. 

Estimates of soluble reducing sugar in the filtrates of CNC samples (diluted 10X) were 

calibrated against a standard curve prepared with dextrose. Absorbance values ranged from 0.69 

(CNC4) to 0.01 (CNC6), corresponding to total sugar (glucose) concentrations from 925 to 2 

mg/mL, respectively (Figure 1a).  The following outcomes were noted: 

(i) Residual sugar content in CNCs derived from different wood and plant sources varied 

widely, even when purified using similar methods (CNC1, CNC2, CNC6, CNC7). 

(ii) Samples from the same wood source but different lots (CNC1, CNC2) also showed large 

variations, indicating low control during the degradation or purification process. 

(iii) The amount of soluble sugar increased/remained constant over time (CNC2a, CNC2b). 
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(iv) Residual sugar content decreased in accord with the method of purification used, based on 

overall dilution factor. For example, CNC4 was subjected to XX rounds of ultrafiltration 

(dilution factor = 11XX), whereas CNC3 and CNC5 were subjected to XX rounds of 

sedimentation and ultrafiltration, respectively (dilution factors = XXX and XXX). 

(v) Oxidative methods for CNC processing correlated with higher residual sugar content 

(CNC8, CNC9), however the relationship is tenuous as different plant sources and 

purification methods are also factors. 
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Figure 1. (a) Anthrone assay estimating total sugar (glucose equivalent, mM) in filtrates 

collected from CNC1–CNC9 (see Table 1), following a 10X dilution. (b) Estimates of total 

sugars (anthrone assay) versus soluble reducing-end sugar (modified BCA assay), with linear 

correlations (lines drawn to guide the eye) fits the proportion of the total sugar rings detected 

and the sugar rings with a reducing end. Data for CNC2 and CNC4 not included.    
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  With regard to the impact of purification methods on the removal of residual sugars, 

multiple rounds of sedimentation (by centrifugation, method B) appears to be more efficient than 

passive filtration by membrane dialysis (method D). This indicates that additional oligosaccharides 

are likely removed from CNCs by shear forces during centrifugation. However, sedimentation can 

be laborious and time-consuming, and cannot be easily performed on an industrial scale. Very 

importantly, the difference in free sugar content between CNC filtrates obtained by methods B and 

D has no correlation with ionic conductivity (2 mS/cm versus 50 μS/cm, respectively). Therefore, 

reductions in residual sugar concentration after each purification step cannot be based on simple 

dilution factors, due to their gradual dissociation from CNCs. 

 As mentioned earlier, the strongly acidic conditions of the anthrone test is expected to 

hydrolyze the glycosidic bonds of all soluble oligosaccharides, yielding an estimate of total free 

sugar (glucose units) in the filtrate following acid digestion. To quantify the concentration of 

reducing-end sugars (mixture mono- and oligosaccharides) under non-hydrolytic conditions, all 

CNC filtrate samples were subjected to the modified BCA assay under the assumption that cross-

reactive species such as peptides were absent. The effective concentrations of soluble sugars were 

calibrated against a dextrose standard, and presented as reducing-end units for comparison with 

data from the anthrose assay (Figure 1b and Table 2).  
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Table 2. Estimates of soluble reducing sugars in filtrates using the modified BCA assay. 

Sample 
ID 

Solute 
(units?)a 

Reducing- 
end units 

(μmol/mL)b 

Glucose 
Equivalent 

(mg/L)b 

CNC1 3.6 124.3 22.4 
CNC2    
CNC3 5.0 43.2 7.8 
CNC4    
CNC5 2.9 13.5 2.4 
CNC6 15.6 49.7 8.9 
CNC7 4.8 62.3 11.2 
CNC8 2.3 108.7 19.6 

CNC9 6.9 113.5 20.4 
a Final concentration of filtrate after dilution. b Mean of XX measurements. 
 
 As expected, the concentration of reducing-end sugars scales with that of total glucose units 

estimated by the anthrone assay, in a roughly linear fashion (Figure 1). The ratio of the two values 

depends partly on the plant source: filtrates from wood-derived CNCs (CNC1–CNC5) exhibit 

ratios that indicate most of the soluble sugar to exist in polysaccharide form with an average degree 

of polymerization (DP) of 27, whereas those from other plant sources (CNC7–CNC9) yield mean 

DP values closer to 17.  CNC6 is a noteworthy exception with a mean DP value of 0.2, a strong 

indication that longer oligosaccharides were largely absent. Given the nonspecific nature of the 

BCA assay it is possible that this measurement is artificially boosted by plant proteins or other 

impurities[28], [29], however we have no indicators that further support this notion. 

 HPLC analysis provided some additional insights into the residual sugars from various 

CNC filtrates (Figure 2). While all filtrates contained glucose as expected, the chromatographs 

were in fact dominated by oligo- and polysaccharides (DP > 2), whose retention times were too 

short to permit the identification of specific oligomers using the available column and method.  

Indeed, only one sample (CNC8) produced peaks suggesting a significant fraction of cellobiose. 
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Several samples also contained minor amounts of solutes having higher polarity, suggestive of 

organic acids generated during the oxidative degradation of glucose[1]; further analysis of these 

byproducts was not pursued. Lastly, other plant-derived monosaccharides such as xylose and 

arabinose were not observed in significant quantities. Overall, the HPLC analysis qualitatively 

confirms our earlier observation that most of the soluble sugar in CNC filtrates exists in the form 

of oligo- and polysaccharides.  
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Figure 2. HPLC analysis of CNC filtrates. Peaks with retention times similar to known molecules 
are indicated. Retention times of some standard compounds are provided for comparison (inset, 

lower right). MV = ?? 

 

Two HPLC samples contained sufficient quantities of free sugar to merit further analysis. 

The filtrate from CNC7 contained significant levels of residual glucose, estimated at 77 mg/L (0.43  

μM); the filtrate from CNC8 contained glucose and also cellobiose, estimated at 234 mg/L (1.3 

μM). These values corresponded respectively to 40% and 70% of the reducing-end sugars plotted 
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in Error! Reference source not found.. The relatively high estimate for CNC8 can be attributed 

to the oxidative degradation of oligosaccharides during the CNC production process.  

CNC filtrates were also subjected to MS analysis using MALDI-TOF to characterize the 

molecular weights of residual sugars present in relatively high abundance. The most prevalent MS 

peaks were found between m/z 200 and 800, with the four most common ions having m/z values 

of 273, 372, 413 and 551 (Figure 3). For comparison, the molecular weights of oligocelluloses are 

342, 504, and 666 Da (DP2, DP3, and DP4 respectively).  Higher molecular-weight species were 

not observed, most likely due to their lower solubility or dispersion in the organic matrix relative 

to low molecular-weight derivatives [30]. It is worth noting that synthetic oligocellulose with DP 

> 20 have been evaluated by MALDI-TOF analysis[31], indicating that further effort may be 

needed to release residual oligosaccharides from CNC filtrates into well-dispersed forms. 

Nevertheless, the MS data provided here is sufficient to establish that the residual sugar content is 

comprised of more than simple mono- or disaccharides, in accord with the colorimetric assays. 
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Figure 3. MALDI-TOF results of CNC filtrates; ions with common m/z values are highlighted. 
Heavy horizontal lines correspond to oligocelluloses with similar molecular weights (in amu).  

 

Tandem mass spectrometry (MS/MS) was performed on selected ions to gain further 

insights into the fine structure of the more populous ions; their corresponding fragment ions are 

listed in Figure 5. Given the original assumption that the molecules we are seeing are 

polysaccharides, the NIST Chemistry WebBook[32] was used to narrow the obtained molecular 

wights to documented carbohydrates. However, the combinations would be endless, as there are 

hundreds of documented carbohydrates with each of the obtained molecular weights. Despite the 

complication, there are a couple interesting observations within the 273-274 ions: While there was 
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no C-H-O molecule that matched the 273 or 274 molecular weigths, if nitrogen was added to the 

formula, several matches (aminoacids, nitrates, and nitrate esters) appeared. Although the origin 

of aminoacids or even the mere presence of nitrogen in these materials is not clear, these are two 

more examples of the posibilities mentioned at the end of section 3.2, where a molecule could be 

detected by BCA, but not by anthrone assay. 

 

Figure 10 MS/MS Result from selected MALDI Ions. Dextrose is pointed out to show the 
proximity of the detected fragments to a single ring saccharide. 

 

Once again, the results obtained by MS/MS did not match the expected single ring molecular 

weight, but yielded unexpected values around it. Taking into account the different measured 

characteristics of the detected impurities, finding an exact match for the molecules detected by 

MALDI that could also break into the fragments detected by MS/MS, with the same retention 

times as the molecules detected by HPLC, would be not only be time consumming but improbable. 

On the other hand, if the CNC are going to be used in an application concerned by the presence of 

specific molecules, with MALDI responses similar to the detected ions, and links of the size of the 

fragments detected by MS/MS, the combination of these two methods could be useful to confirm 

its presence. 
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Table 4 Information obtained in this work. 

Question Method and Answer 
Is there a fast and 

easy method to 
measure free 

sugars? 

Anthrone assay provides a fast, reliable and inexpensive method 
for oligosaccharide detection in CNC filtrates. 

How many 
reducing sugars? 

BCA detected different concentrations of reducing ends for each 
sample, however, no information about the rest of the molecule 
is provided by these results. A concentration can be inferred if 
glucose molecules are assumed. 

What determines 
the sugars content? 

Anthrone assay showed the amount of free sugars in the filtrates 
could be related to aging, production and purification method. 

Are there any 
known sugars? 

HPLC detected very few of the suspected saccharides, most of 
the molecules detected had a retention time characteristic of 
molecules larger than a disaccharide. 

Exactly how big 
are they? 

MALDI detected several ions in the range of one to four sugar 
rings. No exact match of a traditional oligosaccharide was found. 
However, the same four ions were detected in almost all the 
samples tested. 

Can single rings be 
obtained through 
fragmentation? 

MS/MS showed how the previously detected ions fragmented 
into two or three smaller molecules. No fragment was an exact 
match for a single glucose ring. 

Can the impurities 
be washed away? 

Ultrasonication and Ultrafiltration can be used several times to 
reduce the amount of impurities in the CNC slurries. It is possible 
that impurities keep appearing after several washes due to 
amorphous regions being cleaved from the crystalline domains.  
 

 

 

This work originated from the suspicion of the existance of impurities in the form of free sugars 

in the CNC slurries. After the CNC were separated from the continuous media by ultrafiltration 

through a 300 kDa membrane, several chemical assays were conducted to confirm the existence 

of carbohydrate contaminants in the CNC slurries. Chemical methods also helped to characterize 

the impurities and provided valuable information about their nature.  
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It was found that there were free reducing sugars in the slurries, but also other oligosaccharides 

were detected, so a more comprehensive technique than a simple sugar test or a conductivity 

measurement is needed to detect and quantify these contaminants. Anthrone assay proved to be 

useful tool for determining the content of carbohydrate contaminants. 

The exact determination of the nature of the polysaccharides is very difficult, although, the amount 

of detected polysaccharides by anthrone assay were small (under 0.1wt%). If the desired 

application demands a high purity, or if it requires the absence of a particular component with a 

known response to the methods presented in this work, impurities can be washed away extensive 

ultrafiltration. However, the impurities appeared to be bound to the CNC and  it should not 

assumed or expected that these impurities would come out as easy or fast as glucose or salts. Thus, 

purification of CNCs during production to a conductivity end-point may leave significant 

polysaccharide in the material, and as such a separate anthrone endpoint should also be instituted, 

depending on the application. 
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