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ABSTRACT  
 

Cellulose nanofibers from bioresources have garnered intensive research interest in the past 

decades due to their unique properties including high tensile strength and modulus, low density, 

biocompatibility/biodegradability, and abundant hydroxyls for surface chemistry. The nanofibers 

with surface negative charges, such as cellulose nanocrystals (CNCs) and cellulose nanofibrils 

(CNFs) obtained from sulfuric acid hydrolysis and 2,2,6,6-tetramethyl-piperidin-1-yl-oxyl 

(TEMPO) mediated oxidation, respectively, have been widely studied as reinforcements in 

hydrophilic polymer nanocomposites, hydrogels/aerogels, and nanopapers, however, they are not 

compatible with hydrophobic polymers or organic solvents. Currently, the most common way to 

produce hydrophobic nanocelluloses is functionalization of CNCs and TEMPO-CNFs that were 

previously prepared from cellulose, which is not the most efficient way to obtain nanocellulose. 

This Ph.D. dissertation describes our streamlined approach to produce hydrophobic nanocelluloses 

that are compatible with hydrophobic polymers and organic solvents in an environmentally-

sustainable method, and their applications. 

The novel method of generating hydrophobic nanocellulose was demonstrated by one pot 

telomerization combined with mechanical shearing directly from native cellulose derived from 

rice straw. Butadiene sulfone (BDS) served both as 1,3-butadiene (1,3-BD) reagent and as a 

reaction medium to carry out the telomerization reaction. Optimized telomerization of 1,3-BD with 

cellulose at 110 C, followed by disintegration of 2,7-octadienyl-ether (ODE) functionalized 
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cellulose by mechanical blending yielded ca. 27-41 wt % ODE-nanocelluloses (NCs). The 

thickness of these NCs, as measured by atomic force microscope (AFM), varied with the choice 

of solvent: 3.7 nm in dimethyl sulfoxide (DMSO), 6.3 nm in tetrahydrofuran (THF), and 4.4 nm 

in CHCl3. The surface ODE groups were confirmed by fourier transform infrared spectroscopy 

(FTIR) peaks at 2800-2980 cm-1 for the methylene stretching vibration and at 1640-1704 cm-1 for 

the C=C stretching vibration. Solution state 1H, 13C, Heteronuclear Single Quantum Coherence 

(HSQC), and homonuclear correlation spectroscopy (COSY) nuclear magnetic resonance (NMR) 

elucidated the structure of ODE groups and cellulose backbones in ODE-CNFs. The Tmax of 

ODE-CNFs (332 °C) was revealed to be far superior to that of TEMPO-CNFs.  

The direct disintegration of ODE-cellulose into ODE-NCs in organic media was 

demonstrated using ultra-sonication. This is a benefit because it avoids an extra solvent exchange 

step in producing a fabricated nanocomposite. Scale-up (0.5 g cellulose) telomerization at the 

optimal condition generated ODE-NCs with a degree of substitution (DS) of 0.67 mmol ODE/g-

cell. This agrees relatively well with the DS 0.74 mmol ODE/g-cell of ODE-NCs produced from 

the original scale (0.1 g cellulose), validating the scale-up reaction. To optimize the DS for ODE-

cellulose, diffusion of liquid BDS into cellulose was improved by pre-sonicating cellulose (50 % 

amplitude (A), 3 min) in dimethylformamide (DMF) prior to telomerization at the average 

temperature range between 103 °C and 110 °C. This produced ODE-cellulose with the optimal DS 

1.2 mmol ODE/g cellulose (“g-cell”) and 1.8 mmol ODE/g-cell in the temperature range of 100-

110 °C. The 1.2 DS ODE-cellulose was further sonicated (50 % A, 20 min) to yield 45.5 % ODE-

NCs in toluene. The 1.8 DS ODE-cellulose was further sonicated (50 % A, 20 min) to yield 73.3 

% ODE-NCs in linseed oil (LO). Both were directly brought into processing of nanocomposites. 

The reinforcing effect of 2 % 1.2ODE-NCs and the ability of alkene groups in 1.2ODE-NCs to 
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associate/cross-link with polybutadiene (PBD) and styrene-blk-isoprene-blk-styrene block 

copolymer (PSIS) were demonstrated in nanocomposite films formed under varied conditions. The 

optimal condition for reinforcing cellulose paper with 0.07 % 1.8ODE-NCs in LO was heating at 

70 °C for 16 h, because it successfully transformed cellulose paper into the most reinforced 

hydrophobic paper.  

Cellulose has been optimally isolated from almond shells (AS) in 35.2 % yield by a two-

step NaClO2/KOH process. Subsequent TEMPO (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl 

mediated oxidization generated ribbon shaped cellulose nanofibrils (CNF) with 1.2 ± 0.44 nm 

height, 5.2 ± 1.2 nm width, and 1.6 ± 0.8 m length in 90 % yield. Anisotropic 4.3 cross-sectional 

width-to-height aspect ratio with dominant hydrophilic planes and high length-to-height aspect 

ratio (1167) are distinctively unique to AS-CNFs. This study elucidated how this characteristic 

served in construction of material forms by analyzing different assembling and disassembling 

behaviors by three CNF material forms created under vaired solidification conditions. Fibers that 

were rapidly frozen (-196 °C) and freeze-dried were readily 100 % redispersible in water into 

CNFs with the original size indicating that they were assembled by predominantly polar-polar 

CNF associations. Aerogels fabricated from a slow freezing (-20 °C) and freeze-drying process, 

exhibited an amphiphilic characteristic by absorbing both water and chloroform. They redispersed 

only 10 wt % in water into CNFs with the original size indicating that nonpolar-nonpolar interfacial 

CNF associations are their dominant force for assembling along with some polar-polar CNF 

interactions. Films, from the slowest solidification via casting under the ambient condition, 

exhibited polar surfaces with water contact angles of 34-42° while they were partially redispersible 

in water (71.7 wt %), ethanol (11.4 wt %) and dimethylacetamide (7.4 wt %), indicating that they 

were formed by using dominant polar-polar and minor nonpolar-nonpolar interfacial associations. 
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The higher char residues of the films in TGA may indicate that slow solidification process in air 

induced a calcitrant characteristic. All data combined suggest that solidification speed and 

environments largely influence strength and surface hydrophobicity/hydrophilicity/amphiphilicity 

of TOCNF materials, and their fundamental basis of material construction seems to be supported 

by polar-polar TOCNF associations between wider hydrophilic-to-hydrophobic planes which are 

characteristic to AS-TOCNFs. 
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1.1  Introduction 
 

A vast knowledge base of cellulose nanofibers has been established after a few decades of 

intensive research conducted worldwide, leading to considerable progress in understanding their 

characteristics and potential applications. This chapter reviews current literature on: 1) the 

fundamentals of cellulose, such as sources, structures, and intrinsic properties, 2) chemical 

derivation methods of nanocellulose from a plant source, 3) nanocellulose surface modifications, 

and applications suited for their surface properties. The chapter concludes with current issues and 

needs in nanocellulose studies, leading to my research covered by Chapter 2-5. 

 

1.2 Fundamentals of Plant Cellulose and Cellulose Nanofibers 

1.2.1 Cellulose source and structure 

Cellulose is the most abundant polymer on earth, originating in wood, plants, algae, 

tunicates, and bacteria. Due to its availability, cellulose-based materials have been ubiquitous in 

our society in the form of paper, textiles, and consumables1. Cellulose is found in plant cell walls 

as structural reinforcing material along with lignin and hemicellulose (Figure 1-1). Lignin is 

composed of cross-linked phenolic precursors such as paracoumaryl alcohol, coniferyl alcohol, 

and sinapyl alcohol, while hemicellulose is a mixed polysaccharide consisting of xyloglucans, 

xylans, glucomannans, and mixed linkage -glucans. While lignin-precursors and -oligomers 

adsorb on the surface of cellulose microfibrils2, hemicellulose interacts with cellulose via H-

bonding and covalent bonding3,4. Wood, one of the most industrially important cellulose sources, 

is composed of ca.  45 % cellulose, ca. 25 % hemicellulose and ca. 20 % lignin. Cellulose is 

typically isolated from lignin and hemicellulose by three steps, 1) organic extraction (2:1 
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toluene/ethanol) to remove waxes and other extractives, 2) delignification by NaClO2, and (3) 

hemicellulose removal by alkaline (5 % KOH) treatment5. 

   

            Figure 1-1. Chemical components of plant cell walls. 

 

 

Cellulose is a linear -1,4-linked glucan homopolymer. Each single cellulose chain 

possesses a directional chemical asymmetry with respect to the termini of its molecular axis, with 

one end being a reducing end with a hemiacetal group and the other having a nonreducing end6. 

The parallel chains of cellulose are hierarchically constructed into elementary fibrils, then to 

microfibrils (Figure 1-2) by extensive hydrogen bonds between cellulose chains. Microfibrils are 

thought to be composed of ca. 36 glucan chains7,8, and the degree of polymerization (DP) could 

be as high as ca.  14,000–15,000 in the secondary cell wall of cotton9.  
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Figure 1-2. Hierarchical structure of cellulose microfibrils from higher plants.10 

 

 

1.2.2 Crystal structure of cellulose  

Native cellulose is composed of crystalline and amorphous domains. The crystalline 

domain has one crystal structure, cellulose I, which include two allomorphs, I and I. In cellulose 

chains, both  and I adopt parallel configurations, but cellulose I adopts single-chain triclinic 

unit cell while cellulose I exists as a two-chain monoclinic unit cell.11 I belongs to a triclinic 

unit cell (a = 6.717 Å, b = 5.962 Å, c = 10.400 Å,  = 118.08°,  = 114.80°, and γ = 80.37°) 

(Figure 1-3b) containing one cellulose chain per unit cell12.  On the other hand, I exists in a 

monoclinic unit cell (a = 7.784 Å, b = 8.201 Å, c = 10.38 Å,  =  = 90°, and γ = 96.5°) (Figure 

1-3b) that encloses two cellulose chains12. 

The main difference between  and I is the relative displacement of the sheets in 

the chain direction. For both  and I, the second sheet (II) is shifted down along the cellulose 

chain axis that is parallel to the plane by ~c/4 with respect to the first sheet (I) (green arrow, Figure 

1-3c). In  the third sheet (III) continues shifting downward relative to II by ~c/4. However, in I 

it is shifted upward by ~c/4, creating a relative difference of ~c/2 in the third sheet (III) with respect 

to II in  and I. Another minor difference identified by synchrotron and neutron diffraction study 

is the H-bond geometry between  and I in which the interchain O6H•••O3 bond distances are 
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shorter in I (1.779 Å, 2.040 Å) compared to I (1.853 Å, 2.176 Å), and the average bond angle 

is larger in I (⊾OHO = 156.2º) compared to that of I (⊾OHO = 134.3º)9, which is thought to be 

one of the factors that makes the I structure more stable than the I structure.12-14  

  

 

Figure 1-3 (a) Hydrogen-bonding patterns in cellulose I and I: crystalline network at the origin 

and center of the unit cell for I and I.12–14 Projections of the crystal structures of cellulose I and 

I (b) down the chain axes, with triclinic unit cell for I and monoclinic for I shown by black 

lined boxes; (c) perpendicular to the chain axis. The cellulose chains are represented by pink 

skeletal models. The asymmetric unit of each structure is also represented in thicker lines with 

carbons in yellow.12,13  

 

 

1.3 Nanocellulose 

1.3.1 Nanocellulose isolation 

Nanocelluloses are nano-dimensioned crystal domains isolated from micro-sized cellulosic 

materials, such as wood pulp, microcrystalline cellulose, cotton, and others. The two general types 

of nanocellulose are shorter, rod-shaped cellulose nanocrystals (CNC), and thinner, longer, and 

more flexible cellulose nanofibrils (CNF)5,15. They are obtained by top-down separation of 

crystalline domains from coexisting amorphous domains through chemical, enzymatic, or 

mechanical means (shear force, ball-milling, high-pressure homogenizers, grinders, refiners, cryo-
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crushing, ultrasonic treatment, micro-fluidization), or a combination of chemical and mechanical 

means15.  

Of the chemical separation methods to obtain nanocelluloses, the most common are acid 

hydrolysis with sulfuric acid (H2SO4, ~64 wt %) and 2,2,6,6-tetramethylpiperidin-1-yl-oxyl 

(TEMPO) mediated oxidation. H2SO4 hydrolysis produces negatively charged CNCs with 

diameters and lengths of ca. 10-100 nm and ca. 100-350 nm (Figure 1-4a, d), respectively, 

depending on the cellulose sources, with high crystallinity (Crystallinity Index (CrI) up to 90 %) 

but low yields, typically < 30 %16-18. TEMPO-mediated oxidation, on the other hand, originally 

reported for soluble polysaccharides19 and developed for cellulose by Isogai and coworkers22, 

generates cellulose with C6 oxidized to the carboxylic acid oxidation state (Figure 1-4b, e). That 

material is then mechanically sheared to produce CNFs with a diameter of 2-10 nm and length 

varying between tens of nanometers to micrometers (Figure 1-4c, f).20 CNFs exhibit lower 

crystallinity (CrI 60-70 %), but the process to make them generally has much higher yields (>90 %) 

than those of CNCs18, 21, 22. The longer CNFs have the ability to entangle, offering additional 

mechanical strength, and the large surface area provides more hydroxyls for surface modification.  
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Figure 1-4. AFM images of CNCs and CNFs from wood cellulose by different derivation methods: 

(a) H2SO4; (b) TEMPO; (c) TEMPO and mechanical blending; TEM images of same for (d) 

H2SO4; (e) TEMPO; (f) TEMPO and mechanical blending.18,20 

 

 

Additionally, recent studies have reported two newly developed chemical separation 

methods to produce nanocelluloses by using hydrogen chloride (HCl) vapor23 and deep eutectic 

solvent (DES)24,25, which give high yields of CNCs and CNFs.  

Cotton cellulose fibers (Whatman 1 filter papers) were hydrolyzed by application of HCl 

vapor in equilibrium with an aqueous HCl solution in a desiccator for longer than 1 hour under 

pressure (4.8 kPa ~ 8.2 kPa)23. The resulting CNCs with a yield of 80 - 97.5 wt % did not have 

charges, therefore, they were dispersed in formic acid26 to be analyzed by atomic force microscopy 

(AFM), which revealed dimensions of 7.5 nm diameter and 150-200 nm length. Scanning electron 

microscopy indicated that the morphological changes due to hydrolysis are minor. The CNC CrI 

by wide angle X-Ray scattering increased with increasing HCl vapor pressure (CrI = 64.7 % at 8.2 
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kPa, 4 h), which was also confirmed by solid phase 13C nuclear magnetic resonance spectroscopy 

(NMR) (Figure 1-5a, b).  

Deep eutectic solvents are newly emerging green solvents, readily biodegradable, and 

typically consist of a hydrogen bond donor (e.g., alcohol, amine, carboxylic acid) and acceptor 

(halogen salt) pair27,28. They have been used to pretreat biomass29–31 and to produce 

microcellulose32 and nanocellulose24,25,28,33. A combination of choline chloride (Ch-Cl) and oxalic 

acid was reported to be the most effective DES for production of CNCs with highest length-to-

width aspect ratio (W/L: 1:36), highest CrI (71 %), and highest yield (88%) compared to other acid 

pairs, such as oxalic acid, p-toluenesulfonic acid or levulinic acid 28,  or  the combination of Ch-Cl 

and urea33. 

Ma et al. effectively combined the DES treatment of poplar wood kraft pulp (46.1 % 

cellulose, 34.7 % hemicellulose, 19.1 % lignin) with ultrasonic disintegration of cellulose to 

generate CNCs and CNFs (Figure 1-5c, d). A 1:1 ratio of Ch-Cl and oxalic acid, diluted to 10, 20, 

or 30 % in water, was used to isolate cellulose (80 °C, 1 h) in 90-91 % purity. The pretreated 

cellulose was dissociated into CNFs in 10 % hydrated DES, and CNCs in 20 or 30 % hydrated 

DES by ultrasonic treatment (800 W, 20 kHz, 600 rpm stirring speed) for 20 min, with a CrI of 

70 % and charge densities of 0.05-0.12 mmol COO-/g cellulose (g-cell). This demonstrated that 

DES pretreatment, in combination with ultrasonic energy, increased the accessibility of cellulose 

pulp functional groups and facilitated the disintegration of pulp into nanocelluloses.  

Jiang et al. demonstrated isolation of lignin-containing CNCs (LCNCs) from 

thermomechanical pulp (TMP) by comparing treatments of a binary (Ch-Cl/oxalic acid in 1:1 

molar ratio) and a ternary (Ch-Cl/oxalic acid/p-toluenesulfonic acid in 2:1:1 molar ratio) DES both 

combined with 30 min mechanical blending (Figure 1-5e).25 LCNCs, obtained at the optimal 
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condition of using a ternary DES at 80 °C for 3 h pretreatment, had a width of around 6 nm, 

thickness of 3.3 nm, cellulose I CrI of 57.4%, high lignin content of 47.8%, and higher yield of 

66% compared with LCNCs obtained from the binary DES (39 % Y). Also, LCNCs from this 

process exhibited a high thermal stability (Tmax = 358 °C), indicating promising application 

potential.  

 

Figure 1-5. The degree of crystallinity: (a) as determined by WAXS diffractograms after four 

hours of exposure to HCl vapor (measurement error: 0.1 %); b) NMR spectra of an untreated 

control reference and a sample exposed to 8.19 kPa HCl vapor for four hours.23 DES treatment of 

kraft pulp: (c) the hydrated DES; (d) TEM of CNFs (10 % aqueous DES).24 (e) TEM images of 

lignin containing LCNCs after ternary DES treatment (lignin aggregates are highlighted with 

yellow dashed circles).25 

 

 

1.3.2 Properties of nanocelluloses  

 

The intrinsic tensile strength and Young’s Modulus of CNCs have been reported to be 7.5 

GPa34 and 150 GPa35, respectively, and those of CNFs are 233 MPa36 and 145 GPa35. These values 

are very high for organic materials and the moduli of CNCs are approaching that of multiwalled 

carbon nanotubes (MWCT). For example, the tensile strength of MWCT is 29 GPa37 and Young’s 
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modulus is 270–950 GPa38. CNCs also exhibit a low coefficient of thermal expansion and thermal 

conductivity (i.e., ∼0.72−5.7 W m−1 K−1 for single CNCs and ∼0.22−0.53 W m−1 K−1 for their 

organized nanostructured films)39. These exceptional mechanical and thermal properties, in 

combination with their large aspect ratio and low density, make CNCs and CNFs promising bio-

based nanomaterials for reinforcing nanocomposites. 

 

1.4 Surface Modification of Nanocellulose 

1.4.1 Hydrophilic modification 

CNCs from H2SO4 hydrolysis and CNFs from TEMPO-mediated oxidation both carry 

negative charges in their respective sulfate esters and carboxylate functionalities. Charge densities 

of CNCs and CNFs, which are measured by zeta potential and/or conductometric titration, vary 

depending on the reaction conditions e.g., the concentration of reagents, temperature, reaction 

length, and the source of cellulose. By conductometric titration, charge densities normally range 

between 0.29-0.38 mmol SO4
-/g-cell for CNCs16, and 0.59-1.68 mmol COO-/g-cell for CNFs after 

mechanical blending15.  

Ultra-sonication has also been shown to disintegrate TEMPO-oxidized cellulose. For 

example, TEMPO-oxidized wood and tunicate cellulose, both 0.01 w/v % in water, were fully 

disintegrated into nanofibrils with 1.8 m length and 2.6-3.6 nm width40 by 80 min sonication (300 

W, 19.5 kHz). In another report, sonication of TEMPO-oxidized cellulose derived from Douglas 

fir kraft pulp for 10 min produced CNFs (1.1 mmol/g) with 2.5-4.0 nm width in ca. 90 % yield41. 

Also, sulfuric acid hydrolysis of bleached softwood kraft pulp conducted under sonication (1000-

1200 W) generated shorter (96 nm) but more uniform lengths of CNCs than those without 

sonication (150 nm) with similar widths of 10-20 nm42. Even unmodified cellulose isolated from 

poplar wood powder has been disintegrated into nanofibrils by sonication (1000W, 20-25 kHz, 30 
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min) in water with average width and length of 13.0 nm and 2~3 m, respectively, in 30 min43.  

Both H2SO4-hydrolyzed CNCs and TEMPO-oxidized CNFs are negatively charged and 

exhibit superior aqueous dispersibility over chemically unmodified nanocelluloses. They are 

suitable only for aqueous applications, such as reinforcing hydrophilic polymers44, hydrogels, and 

aerogels45,46, but are not compatible with hydrophobic matrices.  

 

1.4.2 Hydrophobic modification 

To date, efforts to improve dispersibility/compatibility of nanocellulose in organic solvents 

and hydrophobic polymers have been directed toward modifying surface hydroxyls of previously- 

isolated CNCs and CNFs. This section reviews surface modification reactions of CNCs and CNFs 

with various non-charged functional groups, such as esters47–50, silyls51,52, amides53–56, and others 

(Figure 1-6), with a focus on the dispersibility of the products in organic solvents. Also, the issues 

of those processes will be discussed at the end of Chapter 1. 

 

 



 12 

 

              Figure 1-6. Various surface functional groups on nanocellulose.57  

 

 

1.4.2.a Esterification  

Among esterification reactions, acetylation of CNCs is the most widely studied in addition 

to acetylation of cellulose fibers58–60. The reaction proceeds by mixing CNCs with acetic anhydride 

and acetic acid in the presence of a catalyst (i.e., sulfuric or perchloric acid) in either a 

heterogenous or homogenous process. The heterogenous process uses a diluent solvent such as 

pyridine or toluene (80 ºC for 5 h) to produce only surface-acetylated CNCs, preserving their 
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morphology and crystal structure58. In the homogenous process, a continuous reduction in the 

diameter of cellulose crystals during the reaction is observed by transmission electron microscopy 

(TEM) and X-ray diffraction (XRD), while the longitudinal dimension was less affected (Figure 

1-7a, b).59  

CNCs from cotton were esterified using 11-mercaptoundecanoic acid with acetic anhydride 

and glacial acetic acid, in the presence of a catalytic amount of concentrated sulfuric acid, and 

stirred at 40 ºC for 3 days to add thiol functionality50. The thiol product with the optimal degree of 

substitution (DS) of 0.85 mmol/g was dispersible in toluene. It was subsequently used for the cross-

linking reaction with rubber through free-radical thiolene cross-linking. This treatment provided 

reinforcement of the natural rubber (cis-1,4-polyisoprene) nanocomposite. 

CNCs derived from the tunicate Halocynthia roretzi were esterified by an unconventional 

method of mixing them with an aqueous emulsion of iso-octadecenyl succinic anhydride, freeze-

drying, and heating to 105 °C47 to produce esterified CNCs. These CNCs had bulk DS of 0.0158-

0.024 (functional group substitutions per 3 OH groups), and were dispersible in N, N-

dimethylacetamide (DMAc), ethanol, chloroform (CHCl3), toluene, and 1,4-dioxane. 

 
Figure 1-7. (a) Dispersion of microcrystals of tunicin before acetylation. (b) As in (a) but after 

partial acetylation to DS 0.17 (per 3 OH groups).59 
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1.4.2.b Silylation  

The silylation of CNCs derived from hydrolysis of tunicate was conducted in toluene at 

room temperature using a series of alkyldimethylchlorosilanes with the carbon backbone of the 

alkyl moieties ranging from the short carbon length of isopropyl to the longer lengths represented 

by n-butyl, n-octyl and n-dodecyl. This reaction used an equimolar amount of imidazole to 

neutralize the hydrochloric acid by-product51. The morphological integrity of silylated CNCs was 

preserved when DS was between 0.6 and 1. At DS = 0.6 (per 3 OH groups), CNCs are readily 

suspendable in tetrahydrofuran (THF) (Figure 1-8c-e) and exhibited birefringence under a 

polarized light microscope. However, at DS greater than 1, the CNCs were disintegrated into 

cellulose chains, losing the original CNC morphology and characteristics (Figure 1-8f-h). To 

optimize the control of the highly reactive nature of this reaction, cellulose microfibrils extracted 

from the homogenization of parenchymal cell walls were silylated with the more hindered 

isopropyl dimethylchlorosilane52 to obtain silylated CNFs with DS = 0.36 (per 3 OH groups) that 

were suspendable in THF.  The same reaction condition was applied to silylation of sugar beet 

pulp to generate microfibrils.  

 
Figure 1-8. Dispersibility of CNCs in 1,4-dioxane: (a) unmodified CNCs; (b) esterified CNCs.47 

Silylated tunicin CNCs in THF: (c) phase-separated unmodified CNCs; (d) flocculated suspension 

of silylated CNCs with DS=0.4; (e) non-flocculated suspension of silylated CNCs with DS=0.6. 

(f-h) Models of surface silylated CNCs: (f) onset of surface silylation; (g) silylated CNCs with DS 

under 1; (h) DS=1, too many cellulose chains have been derivatized, and CNCs have become 

highly swollen and partly dissolved.51  
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1.4.2.c Grafting 

The graft polymerization of styrene on CNC, hydrolyzed from cotton61 or microcrystalline 

cellulose (MCC)62, through surface-initiated atom transfer radical polymerization (SI-ATRP), was 

conducted to increase surface hydrophobicity of CNCs. For both examples (cotton, MCC) of SI-

ATRP, the macromolecular initiator was prepared by an esterification of CNCs with 2-

bromoisobutyryl bromide (Br-iBuBr) with triethylamine as a catalyst followed by Soxhlet 

purification (dichloromethane/ethanol). The modified CNCs were then grafted with styrene in the 

presence of 2-bromoisobutyrate as the sacrificial initiator, a catalytic amount of copper(I) bromide, 

and the ligand to generate CNCs grafted with polymerized styrene. When sourced from cotton they 

are called CNC-g-PS162, and when sourced from MCC they are called CNC-g-PS261. Both types 

are 120-180 nm length (Figure 1-9a-d). According to scanning electron microscopy (SEM) 

images, CNC-g-PS1 was dispersed evenly in a polymethylmethacrylate (PMMA) composite film 

up to 1 wt % content, whereas homogeneity was lost in the 2 wt % CNC-g-PS1 composite film. 

The film with 1 wt % CNC-g-PS1 exhibited the highest breaking strength improvement (25%) and 

elongation of the nanocomposite (34%) compared with its non-grafted counterpart. This is due to 

a favorable interfacial association between PMMA and modified CNCs62.  Moradi et al. used the 

dried CNC-g-PS2 as an absorbent demonstrating the capacity of CNC-g-PS2 to absorb the organic 

compound 1,2,4-trichlorobenzene (TCB) from water.  CNC-g-PS2 absorbed 50 % of its weight in 

TCB as compared to 30 wt % absorption by its non-grafted counterpart.61 
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Figure 1-9. TEM images: (a) unmodified CNCs; (b) CNCs grafted with styrene; (c) CNCs 

grafted with styrene stained with uranyl acetate; (d) stained with OsO4.62 

 

 

1.4.2.d Amidation 

Hydrolyzed (2.5 N HCl) Whatman cellulose powder (CF11) was TEMPO-oxidized (0.95 

mmol/g), then grafted with poly (ethylene glycol) with an amino terminal group (PEG-NH2, 

MW1000 Da) via a two-step reaction using water soluble 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) as coupling agents53 

(Scheme 1-1). PEG-grafted CNCs showed a grafting degree of 0.2-0.3 g PEG/g-cell and the same 

dimensions as those of the un-grafted CNCs, 5-10 nm widths, and 100-200 nm lengths. The freeze-

dried PEG-grafted CNFs were rendered suspendable in both water and CHCl3.  

TEMPO-oxidized CNFs derived from Pinus pinaster54 (0.42-1.84 mmol/g), or from 

Douglas fir pulp55 (0.26 mmol/g) were amidated with octadodecylamine55, benzylamine54 (0.02 
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mmol/g), hexylamine54 (0.03 mmol/g), dodecylamine54 (0.01 mmol/g), PEG 207054 (0.04 mmol/g) 

and PEG 200554 (0.02 mmol/g) (Scheme 1-1), or octadecyl-amine55 (0.27 mmol/g) using 

carbodiimine and NHS as an activating system and stirring for 24 h. All CNFs amidated with 

benzylamine, hexylamine, dodecylamine, PEG 2070, and PEG 2005 formed stable dispersions in 

toluene54, and CNFs amidated with octadecyl-amine55 were lyophilized to render them dispersible 

in isopropyl alcohol, THF, and toluene, exhibiting birefringence under crossed polars confirming 

anisotropic fibrils. The advantage of amide linkage is a greater stability than that of an ester linkage 

against severe conditions, such as acidic, basic, or high heat environments. 

 

 
 Scheme 1-1. Schematic illustration of amidation reaction between CNFs and PEG-NH2.53  

 

 

1.4.2.e Click chemistry 

Click chemistry, first introduced to nanocellulose by Argyropoulos’ group63, was also used 

as a means to graft polymers onto nanocelluloses, starting by amidation of TEMPO-oxidized CNFs 

with propargyl amine64. Through amidation of carboxyl groups of CNFs with amino groups of 

propargylamine using EDC/NHS as the activating system, CNFs bearing alkynyl groups were 

prepared as an alkynyl-CNF precursor. In parallel, polycaprolactone diol (PCL) was converted 

into azido-PCL as the counterpart of the CNF precursor in two steps: first, tosylation of PCL to 

produce PCL-OTs, and second, nucleophilic displacement to convert PCL-OTs into azido-PCL by 

using sodium azide. Finally, azido-PCL was grafted onto alkynyl-CNF precursor in THF in the 

presence of CuSO4·5H2O and ascorbic acid as catalysts at room temperature in the dark for 2 days. 
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(Scheme 1-2) In summary, the click chemistry reaction brought CNCs with alkyne functionality, 

and polymers with the azide functionality, together by the Cu(I)-catalyzed Huisgen 1,3-dipolar 

cycloaddition, demonstrating an elegant process of CNC grafting. However, the process requires 

multiple steps which are time-consuming. 

                
Scheme 1-2. Strategy of oxidized nanocellulose modification: (a) propargylamine, MES buffer pH 

4, EDC/NHS, R.T., 24 h; (b) TsCl, THF, triethylamine, triethylamine hydrochloride, R.T., 24h; 

(c) DMF, NaN3, R.T., 24 h; (d) THF, sodium ascorbate, CuSO4, 5H2O, R.T., 48 h.64  

 

 

All the above methods reviewed were effective ways of converting hydrophilic CNCs and 

CNFs that were previously isolated, into more hydrophobic and organic solvent-compatible 

nanocelluloses. However, the multiple reaction steps are time-consuming processes for those 

nanocelluloses that are already hydrolyzed or oxidized. Therefore, the next section reviews more 

efficient processes of functionalization of cellulose followed by defibrillation.  
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1.5 Esterification of Cellulose Followed by Defibrillation  
 

In pursuit of efficiency, hydrophobization of cellulose is typically combined with 

mechanical disintegration such as grinding, cryo-crushing, ultrasonication, high-pressure 

homogenization, or ball-milling.  

For example, acetylation of cotton linter cellulose was conducted65,66 in an acid mixture (4 

wt % cellulose) composed of hydrochloric acid and acetic acid or butyric acid for up to 25 h, 

followed by mechanical agitation in a Waring laboratory blender for 20 or 40 min, which generated 

acetylated CNCs in 25-50 nm diameters, 170-280 nm lengths, and the degree of substitution (DS) 

of 0.02-0.12 mmol/g depending on the reaction time. The product from 20 h reaction formed a 

stable suspension in ethyl acetate for at least 1 h.   

Acetylation of kenaf cellulose with acetic anhydride in 5 wt % pyridine was followed by 

intensive mechanical treatment: high speed blending in aqueous media, cryo-crushing, and high-

pressure homogenizing (500 bar, 40 times), to produce 10-20 nm wide CNFs with DS = 1.16 (per 

3 OH groups) which formed milky acetone and ethanol dispersions that were stable for two 

months49.  

Cellulose from wood pulp filter paper was first pre-treated by a fiber standard dissociation 

device for 20 min, then refined by a vertical refiner for 20 min, freeze-dried, and soaked in acetic 

acid for 15 h, then acetylated with acetic anhydride.48 Finally, acetylated nanocellulose was 

isolated by ultrasonication (40 kHz) at 68–75 ºC for 6 h into 10-100 nm wide acetylated CNCs, 

with DS = 0.47 (per 3 OH groups) and 85.4 % yield, forming a milky gel in water at 5 wt %.  

 Simultaneous acetylation and defibrillation were carried out by ball-milling of cellulose 

(Whatman CF11) with hexanoyl chloride (2.5 mL/g cell) in dimethylformamide (DMF) for 16 h 

followed by centrifuge washing and sonication in DMF to collect a non-sedimenting suspension 
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containing 15-20 nm wide surface-esterified CNFs with DS = 0.54 mmol/g67 (Figure 1-10a). The 

crystallinity was practically unchanged from the original cellulose, indicating that ball-milling in 

DMF was fundamentally different from ball-milling under dry condition, which destroys 

crystallinity. Notably, the DMF could be substituted for THF, CHCl3, aniline, or tert-butyl alcohol, 

but not acetone, ethanol, toluene, or water (Figure 1-10b).   

      

Figure 1-10. Esterification and ball-milling: (a) surface esterification of cellulose nanofibers by 

ball-milling; change in dispersion by esterification and ball-milling (after 24 h standing) (b) in 

DMF; (c) dispersion by hexanoyl chloride at 16 h. The apparent increase in sediment volume in 

the control sample is due to bulking.67  

 

 

The above examples demonstrated functionalization of cellulose and disintegration by 

mechanical forces into nanocellulose, either in two steps48,49,65 or simultaneously67. Thus, these 

approaches are more efficient than producing the CNCs/CNFs, then modifying their surface.  

However, all these approaches involve multiple steps, additional chemicals, and the limitation of 

linkage choices to esters. 

 

1.6 Polymer Reinforcement by Hydrophobic Nanocelluloses 

Nanocelluloses have been effectively used to produce reinforced polymer nanocomposites 

with a “greener footprint”68.  The high strength and length/width aspect ratio (ca. 10 - 1000) of 

nanocelluloses are the essential characteristics for modulating stress-transfer and load-bearing in 
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hydrophobic polymer matrixes, such as polylactic acid (PLA)69–71, polyurethane (PU)72, and 

PMMA73. In order to improve interfacial adhesion between nanocelluloses and hydrophobic 

polymers to obtain the maximum reinforcing effect, hydrophobization of nanocellulose to carry a 

variety of functional groups is critical, as previously discussed. This section (1.6) reviews 

polymers reinforced with surface-modified nanocelluloses. 

1.6.1 PLA 

Recent studies have been focused on the transformation of biodegradable materials toward 

various applications such as the packaging, automotive, textile, medicine, tissue engineering, 

biomedical, and agricultural industries74–82. Biodegradable polymers are PLA, polybutylene 

adipate terephthalate (PBAT), polybutylene succinate (PBS), polyhydroxyalkanoates (PHA), and 

starch, etc. Among those, PLA is a linear aliphatic thermoplastic bio-polyester, most commonly 

obtained by fermentation of corn and potato starch. PLA has highly promising properties such as 

transparency, stiffness, low toxicity, biocompatibility, biodegradability, and competitive cost74,83, 

while its limitations are brittleness and low crystallization rate84. To address these limitations, 

environmentally-friendly and biocompatible reinforcing and nucleating agents such as 

nanocelluloses71,85–87, wood flour, and starch particles88 have been examined as well as inorganic 

materials89–93. Particularly, extensive studies of the reinforcing effect of nanocellulose in PLA have 

demonstrated the superior effect obtained when a nanocellulose surface is modified with 

hydrophobic functional groups for improved interfacial association with the PLA matrix86,87. 

CNCs (15 nm width, 200-300 m length) obtained from hydrolysis of cotton cellulose were 

silylated with n-dodecyldimethylchlorosiliane to generate silylated CNCs (SCNCs) dispersible in 

CHCl3 and THF85. A film cast from 1 wt % SCNCs in a PLA-CHCl3 mixture showed improved 
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tensile modulus, strength, and degree of crystallinity by 27 %, 21 % and 110 %, respectively, 

compared to that with 1 wt % unmodified CNCs. 

CNCs derived from ramie fibers were grafted by ring-opening polymerization (ROP) of L-

lactide with a catalytic amount of tin (II) ethylhexanoate (Sn(Oct)2) in toluene to yield PLA-grafted 

CNC (CNC-g-PLA) nanohybrids71. The resulting CNC-g-PLA nanohybrids formed a stable 

suspension in CHCl3 (Figure 1-11a, b), which was then incorporated in PLA by melt blending 

(155~170 ºC) to form PLA/CNC-g-PLA films. PLA films with un-grafted CNCs turned dark after 

melt blending, suggesting thermal degradation of the CNC, while PLA films with grafted CNCs 

(PLA/CNC-g-PLA) did not. There was no distinct melting temperature in the pristine PLA 

(Mn:130,000g/mol) due to its quasi-amorphous nature, whereas PLA/CNC-g-PLA exhibited two 

melting peaks at 150 and 159 ºC, regardless of the grafted CNC content, (Figure 1-11d) 

corresponding to polymorphism from more structured crystals. This observation indicated that the 

grafted CNC-g-PLA impacts the crystallization of the PLA matrix as a nucleating agent. Above 

the Tg (70 ºC), the storage modulus (E’) of PLA/CNC-g-PLA increased with the CNC-g-PLA 

content (2%-8%), attributed to the enhanced growth of PLA crystal, which restricts the polymer 

chains’ mobility.  

These studies demonstrated the important role of chemical grafts on CNCs in enhancing 

their compatibility with the polymeric matrix, and improving the final properties of the PLA 

nanocomposites. 
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Figure 1-11. (a) Polarized optical microscope images of PLA, PLA–CNC1, and PLA–SCNC1 

acquired at 0, 5 and 10 min at 125 ºC after quenching from melt84 at 210 ºC, scale bar, 200 m. 

Characteristics of PLA grafted and ungrafted CNC: (b-c) suspensions in CHCl3 of (1) unmodified 

CNCs, (2) a physical mixture of PLA/CNC, and (3) a CNC-g-PLA nanohybrid; pictures recorded 

(b) immediately after the stirring was stopped; and (c) 72 h later. (d) DSC traces during heating 

cycle of unfilled PLA and PLA-g-CNC based nanocomposites.72  

 

 

1.6.2 Polymethylmethacrylate (PMMA) 

PMMA is an optically clear thermoplastic, widely used as a substitute for silica glass, due 

to its high impact strength, light weight, shatter-resistance, and other outstanding properties 

including weather and scratch resistance94. It is an amorphous and atactic polymer due to the 

presence of the methyl group in the polymer backbone preventing it from packing closely in a 

crystalline fashion.95 Also, methyl ester side chains of PMMA that hinder the rotation of the 

backbone dihedrals prevent them from moving apart from each other when an external stress is 

added, leading to brittleness at room temperature, especially under an impact force96. The 

applications of PMMA include optical fibers, optical sensors, LEDs95,97, biomedical equipments94, 

and photocatalysis98. Additives such as nanocelluloses are needed to improve brittleness and 

impact strength. 

CNFs (~6.6 nm diameter, 0.7-1.5 m length) extracted from Nordic paper pulp via 

enzymatic hydrolysis were surface modified by allyl glycidyl ether (AGE) with the addition of 

triethylamine in acetone stirring at room temperature for 24 h, then polymerized with MMA 
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monomer in situ with 2:1 mole ratio of 2,2′-azobis(2-methylpropionitrile) (AIBN) / MMA to 

produce covalently grafted nanocomposite, mCNF-g-PMMA (Figure 1-12a)99. mCNF-g-PMMA 

(38 % CNF, 10 % AGE content) exhibited much higher optical transparency, thermal-stability and 

hygro-mechanical properties than (a) the physical blend of AGE modified CNFs (38% content), 

(b) unmodified CNFs (30 % content) with PMMA, or (c) pure PMMA in a water-soaked state 

(Figure 1-12e) did. Morphological differences among three nanocomposites analyzed by SEM 

showed that the layered structure is more ordered and defined for mCNF-g-PMMA due to covalent 

linking of mCNFs and the PMMA polymer network (Figure 1-12b-j). These results demonstrated 

the conjugated network of hydrophobized CNFs and the polymer matrix provides superior 

mechanical strength even under moist conditions. However, this procedure involves many steps 

and the amount of AIBN (2:1 AIBN/MMA monomer) used for polymerization of mCNFs and 

MMA may be more than necessary for free-radical polymerization.   

 

 

 



 25 

    
Figure 1-12. (a) Schematic illustration of nanocomposite preparation: modification of CNF 

network with allyl glycidyl ether (mCNFs), covalent grafting of PMMA on mCNFs via free radical 

polymerization (mCNF-g-PMMA), physical blend of modified CNF/PMMA (mCNF-b-PMMA), 

and “blend” of CNF/PMMA prepared by diffusion of high molar mass PMMA into the porous 

CNF network gel (CNF-b-PMMA). Schematic representations of the relative CNF/PMMA 

distribution and SEM images of cryo-fractured surface of (b, b’, b’’) CNFs blended with PMMA 

(CNF-b-PMMA); (c, c’, c’’) modified CNFs blended with PMMA (mCNF-b-PMMA); (d, d’, d’’) 

modified CNFs grafted with PMMA (mCNF-g-PMMA); (e) stress-strain curves.99  

 

          

1.6.3 Natural rubber elastomers  

Natural rubber (NR) and synthetic rubbers are the two general types of elastomers. Natural 

rubber is cis-1,4-polyisoprene (2-methyl 1,3-butadiene) while synthetic rubbers include 

poly(styrene-butadiene) rubber (SBR), polybutadiene, poly(acrylonitrile-butadiene) rubber (NBR), 

isoprene-isobutylene copolymer (butyl rubber), polychloroprene rubber, silicone rubber, and 

polyurethane, etc.100,101 Among these, natural rubber is characterized by its superior physical 

properties, such as elasticity, flexibility, and abrasion resistance that cannot be fully mimicked by 

synthetic rubber102, except for NBR which has notable swelling resistance towards oils 
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(hydrocarbon, gasoline, etc.) with maximum volume swell of 30 %103. Both natural and synthetic 

rubbers are used in diverse applications for surgical gloves, automobile tires, footwear, latex, 

aerospace, healthcare equipment and devices, footwear, toys, sealants, adhesives, and belts for 

mechanical parts.101,104 However, there are some drawbacks, primarily for natural rubber, such as 

low modulus and strength50,104. Therefore, crosslinking and adding reinforcing fillers from various 

sources, such as carbon black105, silica106,107, or nanocelluloses50, to improve mechanical 

characteristics is necessary. 

Natural rubber covalently cross-linked with surface modified CNCs has been reported to 

show significantly improved thermomechanical properties and reduced stress-softening 

characteristics50. Esterification of CNCs (obtained from sulfuric acid hydrolysis of cotton 

cellulose) with mercaptoundecanoic acid produced surface-modified m-CNCs (0.85 mmol/g-cell) 

with thiol functionality and good dispersibility in toluene. Subsequently, the terminal thiol groups 

on CNCs and alkene groups of isoprene were cross-linked via photo-initiated free radical thiol-ene 

coupling to form a NR/m-CNC film (Figure 1-12a). The cross-linking density of the NR/m-CNC 

film increased significantly (0.053-0.078 mmol/g) as CNC content increased (2-10 %), whereas 

the cross-linking density of NR/un-modified CNC film did not. This provided evidence that the 

m-CNCs are well-dispersed in NR. The NR/m-CNC nanocomposite with 10 wt % of m-CNCs 

showed much higher tensile strength (10.2 ± 1.3 MPa), % strain to failure (1210 ± 110 %), and 

toughness (4.60 ± 0.57 MJ m−3) than NR reinforced with unmodified CNCs. The NR/m-CNCs 

nanocomposites also showed much reduced stress-softening effects (Mullins effect), meaning that 

in NR/m-CNC films the covalent bonds formed at the interface between m-CNCs and the NR 

matrix prevented loss of stress transfer at the interface. The NR/m-CNC film retained stiffness 

even after several repeated loading cycles, while the NR/un-modified CNC film did not.  
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CNCs with 10-20 nm width and 500 nm-2m length were derived from tunicate and grafted 

with maleic anhydride by ring-opening esterification to introduce carboxylic acids as pendant 

groups (m-CNCs). A nanocomposite of m-CNC/epoxidized natural rubber (ENR) was 

compression molded at 180 ºC and 10 MPa for 1 h, which induced a chemical reaction between 

carboxyl groups on m-CNCs and epoxy groups on ENR to produce covalent -hydroxyl ester 

linkages. Fourier transform infrared spectroscopy (FTIR) revealed that the interfacial interaction 

between m-CNCs and ENR involved both covalent cross-linking and an H-bonding network 

between hydroxyl groups on m-CNCs and epoxy oxygens on ENR (Figure 1-12b). The composite 

with 5 % m-CNCs exhibited almost 3-fold improvement in strength, while the composite with 5 % 

un-modified CNCs improved only 2-fold, both with respect to that of pure ENR. This indicated 

that H-bonding and covalent linkage between m-CNCs and ENR enhanced the reinforcing effect 

of m-CNCs on the composite. Doubling m-CNC content to 10 % did not double the strength 

compared to that of 5% m-CNC composite108.               
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Figure 1-13. Illustration of the cross-linking network in nanocomposites: (a) 

mercaptoundecanoyl-CNCs and natural rubber (NR)50 (b) H-bond network in epoxidized (E) 

NR/un-modified CNCs; (c) dual cross-linking networks: H-bonds and covalent bonds in 

ENR/modified CNCs; (d) Stress-strain curve of the composite with 3, 5, 10 % m-CNCs.  

 

 

1.6.4 Polyethylene terephthalate (PET) 

 

Polyethylene terephthalate (PET) is the most used thermosetting polymer belonging to the 

poly(alkylene terephthalate (PAT)) family, and is also one of the major polymers recycled109.  Due 

to its light weight and transparent characteristics it is used  in numerous products such as water 

and beverage bottles and other packaging materials 110. It is also recycled for use as fibers in 

textiles110,111. As a textile material, PET has excellent properties of wash-and-wear, chemical 

resistance, heat stability, high tenacity, and resistance to wrinkling112. However, the poor water 

and moisture absorption of PET makes it less desirable in many applications, i.e., sportswear, 

undergarments, furniture, and bedding, due to the lack of polar groups (-OH, -COOH, -NH2) on 

its polymer backbone113. To cope with this drawback, denier reduction by aminolysis and 
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hydrolysis114,115, co-polymerization and graft co-polymerization of hydrophilic monomers with 

PET in the presence of an initiator116, and plasma surface modification of textile fabrics117 are the 

available approaches to improving hydrophilicity of polyester. However, each method leads to 

undesirable consequences, such as the loss of mechanical strength of fabric due to the polymer 

chain scission114,115, high cost and lengthy processing time116, or requiring complex and expensive 

operating devices117. 

Nanocellulose has also been employed as a sustainable surface modifier. Zaman et al. 

applied cationically modified CNCs formulated with acrylic binders to modify the surface 

properties of PET fabric, such as coating durability, moisture retention, and wettability113. After 

the treatment, the surface properties of the fabric were changed from hydrophobic to hydrophilic, 

and the cationic CNC-containing textile surface finish showed superior adhesion to the cationic 

dyeable (i.e., anionic) PET surface over the same surface treated with unmodified CNCs. Zhang 

et al. applied CNFs generated from electrospinning of TENCEL fibers with N-methylmorpholine-

N-oxide monohydrate (NMMO) toward a CNF/PET nonwoven composite lithium-ion battery 

separator, through a wet-laid nonwoven (papermaking) process.118 The CNF/PET composite 

lithium-ion battery separator exhibited optimal properties in wettability (Figure 1-14a), 

mechanical strength, thermal resistance, and electrochemical performance compared to 

conventional polypropylene (PP) separators. Furthermore, the porosity of the CNF/PET composite 

lithium-ion battery separator (70%) was higher than that of a PP lithium-ion battery separator 

(40%), which is favorable for electrolyte uptake (Figure 1-14b). Following the discovery by 

Hasegawa et al. in 1995 that cellulose dissolved in TFA becomes acetylated at C6-hydroxyls, and 

is then hydrolyzed partly back to the original hydroxyls during evaporation of the solvent119, 

Rodrigues et al. developed reconstruction of the dissolved sisal pulp (83 % -cellulose) in TFA 
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into sub-micron and nanoscale fibrils via electrospinning120 (Figure 1-14c). By using this 

technology, Santos et al. evaluated the effect of cellulose on composite mats with recycled PET 

prepared by dissolution in trifluoroacetic acid (for 48 h or 72 h) and electrospinning121. The 

presence of cellulose nanofibrils in the electrospun PET mats changed the surface from 

hydrophobic to highly hydrophilic, and the tensile strength of the mats increased by 4.7-fold for 

48 h and 5.3-fold for 72 h of dissolution time. The resulting mats can be applied as filters and 

membranes. 

Clearly, the addition of nanocellulose effectively modified the surface polarity and 

reinforced the PET composite, however, to gain compatibility with PET, the surface modification 

of nanocellulose required the use of corrosive TFA and NMMO which are not commonly used for 

polymer processing. In addition, while electrospinning is a unique and versatile technology to 

transform nano-scale fibers into different morphologies by an unparalleled operational simplicity, 

there is still a strong need to implement scale-up production in the most efficient way. The 

following issues in industrial applications need to be addressed: (i) large volume processing, (ii) 

accuracy and reproducibility in all fabrication stages, and (iii) safety and environmental attributes 

of electrospinning.122 
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Figure 1-14. (a) Photographs of electrolyte wettability of PP lithium-ion battery separator, CNF 

separator. (b) Photograph of electrolyte immersion height of PP lithium-ion battery separator, CNF 

separator.118 (c) SEM images of electrospun PP prepared at various solution flow rates (25.5 and 

65.5 mL min-1).120 

 

 

1.6.5 Vegetable oils 

Vegetable oils (VOs) are renewable, biodegradable building blocks that can form a variety 

of VO-based polymers through free radical, cationic, olefin metathesis, and condensation 

polymerization123. However, VO-based material structures such as films lack strength and requires 

reinforcement by other polymers124-126, cross-linkers127, or nanocelluloses128,129. These VO-

derived polymers have been reported to exhibit a broad range of thermophysical and mechanical 

properties, extending from soft and flexible rubbers to hard and rigid plastics, depending on the 

ratio of VO/monomers, i.e., furfural methacrylate124, divinyl benzene124,126 nanocelluloses128-130, 

or cross-linkers127,131. 

Thiol-Michael addition of pentaerythritol tetrakis(3-mercaptopropionate) (EP3MP) to a 

derivative of high oleic sunflower oil (HOSO) containing enone groups, was used to prepare 

HOSO derived renewable thermosets. This process took place in the presence of CNCs modified 

with a surfactant (s-CNCs) to form a nanocomposite thermoset film128. The film with 5% s-CNCs 

showed a 2-fold improvement in modulus (78 MPa) and strength (1.6 MPa) compared to the 
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modulus and strength of HOSO film cross-linked with EP3MP but without s-CNCs (32 MPa, 0.7 

MPa, respectively).  

Polyurethane (PU) film derived from castor oil derivatized with hydroxyl groups and 

polymerized with methylene diphenyl diisocyanate (MDI) was reinforced with 10-15 nm wide 

CNCs (hydrolyzed from Avicel MCC)129. The nanocomposite film with 0.5 % CNCs exhibited a 

33% increase in modulus (643 MPa) with respect to pristine PU. These examples demonstrate the 

promise of VOs as future alternatives to petroleum-based thermosets. However, fabrication of VO-

based materials is still nascent and requires more research to create viable products. 

Among VOs, linseed oil (LO) contains the highest amount of unsaturation (Table 1-1). 

There is monounsaturation at C9 in oleic acid, double unsaturation at C9 and C12 in linoleic acid, 

and triple unsaturation at C9, C12 and C15 in -linoleic acid. LO is known to undergo complex 

oxidative degradation (Scheme 1-2) promoted by three bis-allylic hydrogen atoms leading to the 

cross-linked structure of LO films as they dry under air without additional chemicals133,134.  Thus, 

such films are commonly used as a natural surface coating of wood products115. Chapter 3 

discusses the application of LO nanocomposites with modified CNFs as a surface coating on 

cellulose paper. 

 

Table 1-1. Vegetable oils. 

Vegetable

Oil 
Viscosity 

(mPa·m) @T (°C) 

Total 

unsaturate

d 

(%) 

Saturated (%) 
137Mono-unsaturated 

(%) 

137Polyunsaturated 

(%) 

Palmitic 
(16:0) 

Stearic 
(18:0) 

Oleic 
(18.:1) 

Gondoic 
(20:1) 

Erucic 
(22:1) 

Linoleic 
(12:2n6) 

-

Linoleic 

(18:3n3) 

Flaxseed 

(linseed) 

 *33.1 @ 25 

    6.0 @ 100 90 3 7 21 _ _ 16 53 

Sunflower 
13548.8 ± 0.2 @ 26 
13523.4 ± 0.1 @ 50 

88 7 5 19 < 0.5 _ 68 1 

Corn 
13659.2 ± 0.8 @ 22 
1369.0 ± 0.8 @ 100 

87 11 2 28 _ _ 58 1 

Soybean 
13657.1 ± 1.1 @ 22 
1368.3 ± 0.6 @ 100 

85 11 4 24 < 0.4 _ 54 7 

                     *https://www.engineeringtoolbox.com 

 

https://www.engineeringtoolbox.com/
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Scheme 1-3. Oxidative degradation process of fatty acid chains in linseed oil.132 

 

 

 

1.7 Summary and Research Needs 

This review focused on the fundamentals of two types of negatively charged nanocelluloses, 

CNCs and CNFs, and their surface functionalization reactions to gain compatibility with organic 

solvents and hydrophobic polymers. There are multiple challenges in the surface modification of 

CNCs and CNFs, i.e., the control of nanocellulose properties (such as size, aspect ratio and 

morphology) and the preservation of crystal integrity. 

While much has been reported in the area of surface modification, most of the methods are 

still heavily dependent on toxic chemicals as well as time- and energy-intensive processes that are 
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difficult to scale-up towards industrial applications, due largely to the compartmentalized steps of 

nanocellulose extraction, functionalization, and material processing.    

Therefore, this Ph.D. research was designed for developing more streamlined strategies 

that lead to producing 2D functional materials from 1D nanocellulose. CNFs were the focus of the 

projects, due to their larger surface areas which are more suitable for reactions than CNCs. The 

objectives are: 1) to simplify the process by hydrophobization of cellulose followed by 

disintegration of the modified cellulose into CNFs, which bypasses a TEMPO-oxidation step; 2) 

to obtain improved surface synergism with common polymer solvents represented in clear CNF 

dispersions (0.1 w/v %) by optimizing degree of substitution; 3) to lean toward the concept of 

green chemistry by reducing chemical use and energy consumption.  

For hydrophobization, the unique recyclable reagent butadiene sulfone was used as a pre-

cursor for telomerization of 1,3-butadiene with cellulose, creating a distinctive ether linkage that 

is less acid-labile and less polar than the frequently-produced ester linkage. Next, the efficient 

disintegration method of the modified cellulose was investigated by comparing mechanical 

blending and ultra-sonication. Finally, these processes were developed into a facile sequence of 

“synthesis / disintegration / nanocomposite formation” by incorporating synthetic hydrophobic 

polymers or a bio-degradable vegetable oil. All studies presented in this dissertation utilized 

cellulose from a biomass source such as rice straws and almond shells. 
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CHAPTER 2:     Hydrophobic 2,7-Octadienyl Ether-Cellulose 

Nanofibrils Using Butadiene Sulfone as Both a Reagent and a 

Medium 
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2.1 Abstract 
 

This is the first proof of concept of generating hydrophobic nanocelluloses by facile one-

pot solventless telomerization using butadiene sulfone (BDS) to serve as a liquid reaction medium 

and as a source of 1,3-butadiene (1,3-BD). Optimal telomerization of 1,3-BD using 6 equivalents 

of 2,7-octadienyl ether (ODE) per to amorphous cellulose (anhydroglucose unit (AGU)) at 110 C 

(“6ODE110”), followed by disintegration by shear force, yielded ca. 27-41 % hydrophobic 

nanocelluloses. These nanocelluloses were dispersible in dimethyl sulfoxide (DMSO), THF, and 

CHCl3 at 3.7, 6.3, and 4.4 nm thickness, respectively. The surface ODE group was evidenced by 

methylene peaks at 2800-2980 cm-1 and C=C stretches at 1640-1704 cm-1 by FTIR. Solution state 

1H NMR elucidated the ODE structure (d6-DMSO, :1.47, 1.95, 2.07 ppm for methylene protons, 

and 4.86, 5.29, 5.61, 5.90, 6.07 ppm for olefinic protons) along with cellulosic protons (: 4.12, 

3.08, 3.28, 3.40, 3.53, 3.19, 3.93 ppm for H1, 2, 3, 4, 5, 6a, 6b, respectively), indicating a 30 % 

surface OH to ODE conversion. ODE-CNFs exhibited far superior thermal stability with a Tmax 

of 332 °C, 67 °C higher than that of TEMPO-CNFs. Most impressively, 1 % ODE-NC effectively 

converted hydrophilic solid mica and porous cellulose paper to hydrophobic surfaces with 

outstanding 102 ± 1 and 94 ± 2 water contact angles, respectively. 

 

2.2 Introduction 

Nanocelluloses (NCs) are the crystalline domains isolated by chemical, enzymatic, or 

mechanical means, or a combination thereof, from native cellulose, nature’s most abundant 

biopolymer. The most commonly used method to isolate the crystalline NCs in the past decades 

has been either (1) removing the amorphous chains via sulfuric acid (H2SO4) hydrolysis1 to the 

most crystalline (up to 91 %)2 nanorod-like cellulose nanocrystals (CNCs) typically in low yields 
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(< 30 %)2, (2) by regioselective TEMPO-mediated oxidation originally reported on glucans3 to 

produce thinner and longer cellulose nanofibrils (CNFs) in much higher yields (ca. 90 %).2,4,5 More 

recently, as a newly emerging method, Kontturi et al. reported isolation of unmodified and 

uncharged CNCs by using hydrochloric acid vapor with an impressive 97.4 % yield and increased 

crystallinity from cellulose.6 The CNFs have an intrinsic tensile strength of 233 MPa9 and a 

Young’s modulus of 145 GPa8, whereas the CNCs have an intrinsic tensile strength of 7.5 GPa7 

and a Young’s modulus of 150 GPa8, the highest among organic materials. Indeed, CNCs approach 

one-third of the 29 GPa10 tensile strength, and half of the 270–950 GPa11 Young’s modulus of 

carbon nanotubes. Both H2SO4 hydrolyzed CNCs and TEMPO-oxidized CNFs carry negative 

charges via sulfate esters and carboxylates, respectively, to exhibit excellent aqueous dispersibility 

compared to uncharged and unmodified CNCs produced by HCl vapor12, which are only 

dispersible in formic acid and m-cresol. Charged NCs find use in aqueous applications, such as 

reinforcing hydrophilic polymers13, coating papers14, hydrogels and aerogels15,16. However, none 

of these NCs can be dispersed in common organic solvents nor are they compatible with synthetic 

polymers.  

To date, efforts to improve organic dispersibility or synthetic polymer compatibility have 

been practiced by surface modification of already-processed CNCs17-20 and CNFs21-25, or lengthy 

multi-step processes of cellulose functionalization followed by defibrillation26. For CNCs, further 

reactions, such as esterification with succinic anhydride17 or 11-mercaptoundecanoic acid18, 

silylation with alkyl chlorosilanes19, or graft polymerization of styrene20, were necessary to render 

them dispersible in dimethyl sulfoxide (DMSO)17, 1,4-dioxane17, toluene18, and tetrahydrofuran 

(THF)19, or to improve compatibility with PMMA20. In the case of CNFs, tannic acid priming and 

amidation with hexadecylamine improved its dispersibility in acetone, ethanol, DMF and toluene21. 
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Graft-polymerization of butyl acrylate on CNFs renders them THF-dispersible22 for epoxy21 and 

PLA composites22. Amidation of CNFs mediated by 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide with octadecyl amine23, amine-terminated polyethylene glycol24, benzyl amine25, 

hexylamine25, or dodecylamine25, renders the CNFs THF-disperisible23 and CHCl3-dispersible24 

upon freeze drying, or toluene-dispersible25 by solvent exchange.  

Acetylation was conducted directly on cotton linter cellulose27,28 in an aqueous mixture of 

acetic acid and butyric acid with a catalytic amount of hydrochloric acid, followed by mechanical 

agitation in a blender (Waring) for 20 or 40 min, to produce acetylated CNCs with 25-50 nm 

diameters, 170-280 nm lengths, and DS of 0.02-0.12 mmol/g depending on blending (20 or 40 

min), and reaction (4-20 h) time. The product from a 20 h reaction followed by 20 min blending 

formed a uniform opaque dispersion in ethyl acetate that lasted at least for 1 h.  Kenaf cellulose 

was acetylated with acetic anhydride in pyridine, then mechanically blended in aqueous media, 

cryo-crushed, and homogenized by high-pressure (500 bar, 40 times) to produce 10-20 nm wide 

micrometer-length nanofibers with DS 1.16 (per 3 OH groups) which formed milky acetone and 

ethanol dispersions that were stable for two months.26 Modification of cellulose followed by 

mechanical disintegration is more efficient than functionalizing already-processed CNCs or CNFs, 

however, it still involves time-consuming reactions and disintegrations. Therefore, better-

streamlined and more sustainable approaches to produce more hydrophobic nanocellulose are 

critically needed.  

This study, therefore, aims to develop a facile process for direct functionalization of 

cellulose followed by disintegration to generate novel nanocelluloses with more a hydrophobic 

hydrocarbon moiety. Particularly, CNFs that are characterized by large surface areas were the 

focus of this study. First and foremost, butadiene sulfone (BDS) was employed as both a solvent 
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and a reagent. BDS is solid at room temperature, and melts at 65 C, and thus can serve as a 

reaction medium at the elevated temperature. Structurally, BDS is analogous to piperylene 

sulfone29, which carries an extra C1 methyl group and has similar physical properties (dipole 

moment D = 5.32, dielectric constant  = 42.6, and solvent polarity *= 0.87) as DMSO (D = 4.27, 

 = 46.7, * = 1.00), a common solvent for diverse organic reactions. Above 90 C, BDS undergoes 

reversible cheletropic degradation into gaseous 1,3-butadiene (1,3-BD) and sulfur dioxide (SO2) 

which have been shown to revert back to liquid or solid BDS at up to 96 wt % of the original mass 

upon cooling in the presence of excess SO2 and 1 wt % hydroquinone inhibitor in a sealed 

environment.29,30 As a reagent, BDS has shown to be a safer source of 1,3-BD for Diels-Alder 

reactions between conjugated dienes and maleic anhydride31 or 1,4-dihydronaphthalene32, 

compared to the highly volatile (Tb = - 4.4 °C) 1,3-BD from a gas cylinder. In the presence of water, 

BDS could also supply sulfurous acid to simultaneously solubilize lignin and hydrolyze xylan in 

biorefining.33,34  

With the chemical versatility and recyclability of BDS, the first effort is to telomerize 1,3-

BD generated from BDS with cellulose isolated from rice straw (RS), the largest agricultural crop 

residue in the world35, with a similar cellulose content as wood36. Telomerization of 1,3-BD has 

been well-documented with alcohols37-39, carbohydrates40,41, and starch42,43 for the production of 

plasticizers37, chemical building blocks38,39, surfactants 40,41, and sizing agents for textile 

applications, or in pharmaceutical applications42,43. However, BDS as a precursor for 

telomerization of 1,3-BD has not been explored nor telomerization of 1,3-BD with cellulose. Most 

importantly, telomerization of 1,3-BD with cellulose to generate nanocelluloses is an original 

concept. Telomerization is a 100 % atom-efficient reaction, and produces C8 telomers of 2,7-

octadienyl ether as a major product (> 95 %), branched iso telomers and 1,3,7-octatriene as minor 
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products (<5 %) when Pd/TOMPP (tris(2-methoxyphenyl)-phosphine) telomerization catalyst is 

used41,44,45(Scheme 2-1). Depending on the ligand type used (TPPTS: trisodium salt of 3, 3’,3’’-

phosphanetriyl benzene sulfonic acid), production of C12 and C24 telomers are also reported on 

ethylene glycol and MeOH46. The resulting 2,7-octadienyl ether linked to cellulose is more 

hydrophobic and less acid-labile than either ester or acetyl groups. 

In the reaction, BDS serves as a reaction medium and as a source for 1,3-BD reagent to 

confer 2,7-octadienyl ether (ODE) functionality on cellulose by telomerization while obviating the 

need for an additional solvent. Telomerization was first optimized by considering the role of BDS 

in generating 1,3-BD and serving as a reaction medium. Kinetic analysis of BDS thermal 

decomposition showed that 10-22 wt % BDS decomposed into gaseous forms at 90-100 °C under 

sealed conditions.47,48 Available 1,3-BD for the reaction was estimated based on a conservative 

10 % conversion, whereas the remaining BDS functioned as a solvent for the reaction. 

Telomerization of 1,3-BD with cellulose was optimized at varying precursor BDS concentrations.  

This is expressed as the molar ratio of telomerized ODE to non-crystalline AGU in cellulose. The 

reaction temperatures were set at 90 °C, the break-down temperature of BDS into gaseous 1,3-BD 

and SO2, and 110 °C, the onset temperature of the Diels-Alder reaction between the terminal alkene 

in the ODE group and 1,3-BD.49,50 The optimal condition was evaluated by both the quantities and 

the qualities of ODE-NCs dispersible in aprotic DMSO, DMF, CHCl3, and THF. These solvents’ 

polarity and affinity to ODE-NC should be relative to the extent of ODE-substitution. The 

morphologies of organic-dispersible ODE-NC on hydrophilic mica and hydrophobic highly-

oriented pyrolytic graphite (HOPG) were observed by AFM. The optimally-modified NCs were 

characterized by FTIR and 1H NMR, their thermal properties by thermal gravimetric analyzer 

(TGA), and crystallinity by X-ray powder diffraction (XRD). 
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Scheme 2-1. The major product of 2,7-Octadienyl ether (ODE)-cellulose and minor products via 

telomerization of 1,3-BD using BDS as both a solvent and a source of reagent, followed by generation of 

ODE-nanocellulose (NC) by mechanical blending. 

 

2.3 Experimental 
 

2.3.1 Materials 

 

Butadiene sulfone (BDS, 98%, ACROS Organics), palladium (II) acetylacetonate 

(Pd(acac)2, 99 %, Sigma-Aldrich), TOMPP (96 %, Spectrum Chemicals & Laboratory Products), 

DMSO (certified), DMF (certified), acetone (HPLC grade), THF (histrogical grade), CHCl3 

(reagent grade), m-cresol (99 %, Sigma-Aldrich), toluene (certified), ethyl acetate (EtOAc, HPLC 

grade) and potassium bromide powder (KBr, FTIR grade, Neta Scientific, Inc.) were used as 

received without further purification. Water used was purified by the Milli-Q Advantage A-10 

water purification system (Millipore Corporate, Billerica, MA). For imaging, mica (highest grade 

V1 mica discs, 10 mm, Ted Pella, Inc.) and HOPG (grade ZYB) were used for AFM, and carbon 

grids (300-mesh copper, formvar-carbon, Ted Pella Inc.) were used for TEM. For UV-vis 

spectrophotometry, quartz, silica and glass standard cell cuvettes (Fisher Scientific) were used. 
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Cellulose was isolated from rice straw (Calrose variety) using a previously reported three-

step process of 2:1 v/v toluene/ethanol extraction, acidified NaClO2 dissolution of lignin (1.4 %, 

70 C, 5 h), and alkaline dissolution of hemicellulose and silica (5% KOH, 90 C for 2 h) in 36.0 

wt % yield2, close to the previously-reported 38.3 wt %51.  The cellulose was frozen (-196 C in 

liquid nitrogen) and freeze-dried (-48 C, 3 d) to a fluffy white mass.  

2.3.2 Telomerization to 2,7-octadienyl ether (ODE)-cellulose 

 

All reactions were performed in a 100 mL stainless steel sealed autoclave reactor (HTR-

100, Hydrion Scientific) in a temperature-controlled oil bath. Telomerization of 1,3-BD with 

cellulose was optimized at varying excesses of precursor BDS to AGU in non-crystalline cellulose 

at 90 °C and 110 °C for 1 h. The quantity of BDS was based on the most conservative 10 % 1,3-

BD liberated from BDS at equilibrium47, 48 and dimerization of two 1,3-BD into one 2,7-octadienyl 

ether (ODE). For each reaction, 100 mg cellulose (0.6 mmol, anhydroglucose unit (AGU)) was 

combined with 2.2 g, 3.5 g, or 4.6 g of BDS (19,  30, or 40 mmol, respectively), i.e., 1.0, 1.5, and 

2.0 mmol ODE from 10 % conversion of liquid BDS to gaseous BDS. Using the reported 0.618 

CrI for rice straw cellulose36, amorphous AGU in 100 mg cellulose is 0.2 mmol. The ODE 

equivalent to the available AGU, or ODE:AGU ratios, became 4.0, 6.3 and 8.4, herein abbreviated 

as 4ODE, 6ODE and 8ODE. The minimal temperature was set at 90 °C, the onset temperature at 

which BDS generates 1,3-BD, the telomerizing reagent. At 120 °C, the Diels-Alder adduct was 

detected in the product by 1H NMR (Figure 2-1), indicating further oligmerization of ODE. 

Preliminary trials were conducted to further optimize reaction variables (Table 2-1). As a result, 

telomerization was set at 90 °C and 110 °C for 1 h for 4ODE (designated as 4ODE90 and 

4ODE110), and at 110 °C for the other two ODE equivalents (designated as 6ODE110 and 

8ODE110). The palladium catalyst (Pd(acac)2) required for coordination of two 1,3-BD into an 
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eight-carbon chain was as low as 0.023 mol% ([Pd] = 0.015 wt %). The amount of electron-rich 

TOMPP41 ligand used to modulate Pd activity was 0.092 mol% per mol AGU. These amounts are 

equivalent to those employed for sugar alcohols and soluble carbohydrates3. The Pd loading (0.015 

wt %) is also significantly lower than that used the used in telomerization of starch (0.04 wt %)42. 

After 1 h telomerization, where the pressure reached between 1.7 and 9.2 bar, the reactor was 

cooled in an ice bath and the reaction mixture was diluted with 10 mL acetone followed by vacuum 

filtration, then rinsed with 10 mL acetone in a centrifuge tube three times, vortexed (10 s), and 

vacuum filtered (3 times) to remove residual BDS, SO2, and palladium complex. 

The air-dried ODE-cellulose was suspended in 100 mL water (ca. 0.1 w/v %) and blended 

twice in a high-speed blender (Vitamix 5200) at 30k rpm for 15 min for a total of 30 min.  Next, 

the mixture was centrifuged at 5k rpm for 30 min to collect aqueous precipitate (aq. ppt) that 

contained the defibrillated ODE-nanocelluloses, or ODE-NC. The control NCs were obtained by 

mechanically blending 90 mg pristine cellulose in 90 mL water (ca. 0.1 w/v %) and centrifugation 

to collect aq. ppt in the same manner as was done for ODE-cellulose. Subsequent to telomerization, 

the hydrolysis reaction can be conducted as necessary to obtain finer fibrils by addition of H2O, 

following the work by deFrias and Feng33,34 which used BDS in the presence of water to hydrolyze 

xylan before removal of lignin as a pretreatment of sugarcane bagasse and miscanthus towards the 

production of biofuels and chemicals. 
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Figure 2-1. A side product formed by Diels-Alder reaction on ODE-cellulose: (a) reaction 

scheme during telomerization at 120 °C and (b) 1H NMR of Diels-Alder side-product. 

 

Table 2-1. Preliminary telomerization conditions. 

ODE/Temperature 
Reaction 

time 
Variation in reaction condition ODE-cellulose 

4ODE110 2 h n/a dark brown product 

4ODE90 2 h n/a dark brown product 

4ODE110 1 h 46 mmol [Pd] per AGU 80 > p > 90 % in aq. ppt  

6ODE120 1 h n/a Diels-Alder adduct 

6ODE110 1 h 1.5 wt % H2O added as a base 80 > p > 90 % in aq. ppt  

6ODE110 1 h 
Cellulose pre-treated in BDS at 70 °C for 

2.5 h before telomerization 
80 > p > 90 % in aq. ppt  

6ODE110 1 h 5 mL DMF added as a co-solvent 80 > p > 90 % in aq. ppt  

  Where p represents for a product, and % abbreviates weight %. 

 

 

2.3.3 Dispersion of ODE-cellulose in organic solvents 

 

As general practice, the defibrillated ODE-cellulose is kept in an aqueous environment 

(never-dried aq. ppt) to maintain the swollen state of the fibrillar morphology52. After mechanical 

blending, the never-dried aq. ppt (90 mg) was solvent exchanged with acetone (5 mL x 3) followed 

by centrifugation (5 k rpm, 15 min) and decanting the acetone supernatant to collect the precipitate, 
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to which fresh acetone was added to repeat this process 2 more times to remove residual water. 

The final acetone precipitate was solvent exchanged again with DMSO, DMF, THF and CHCl3 

which have widely-varied dielectric constants, polarities and H-bonding abilities (Table 2-2).53,54 

Centrifugation of all organic dispersions was conducted at 1.5 k rpm for 15 min unless specified 

otherwise. Each organic dispersion was homogenized by brief 5 s ultra-sonication (40 kHz, 130 w, 

Branson 2510) and heated (55 °C, 24 h) to remove residual acetone, then centrifuged to collect 

CNFs in the organic supernatant (org sn). Each organic precipitate (org ppt) was vacuum-dried to 

quantify dry mass to calculate the weight of org sn. The CHCl3 dispersion was left standing for 1 

h after centrifugation to phase-separate gravitationally due to the close densities of CHCl3 ( = 

1.489 g/mL) and cellulose ( = 1.600 g/mL). The CNF control was collected from the aq. sn of 

unmodified cellulose by the same high-speed blending (30 k rpm, 30 min) and centrifugation (5 k 

rpm, 15 min). Herein, all mass percentage (wt %) are abbreviated as %, and the dried mass of org 

sn reflects the dispersibility of ODE-CNFs in the organic solvent. Light transmittance of 0.01 % 

ODE-NC in DMSO, DMF, THF and CHCl3 supernatants from 6 ODE at 110 °C were measured 

from 300-800 nm using an Evolution 600 UV-vis spectrophotometer (Thermo Scientific, USA) 

with the respective solvent as reference.  

Table 2-2. Physical properties of organic solvents. 

 Dielectric 

constant 

() 

H-bond 

donor (H)a 

H-bond 

acceptor (H)b 

 (mg/mL) 
 (20 °C, 

dyn/cm) 

Water 80.1 1.17 0.47 0.998 72.8 

DMSO 46.7 0 0.76 1.096 43.5 

DMAc 37.8 n/a n/a 0.937 32.4c  

DMF 36.7 0 0.76 0.945 36.8 

Acetone 20.7 0.08 0.43 0.788 23.5 

m-cresol 11.5 n/a n/a 1.030 n/a 

THF 7.6 0 0.55 0.888 26.4 

EtOAc 6.0 0 0.45 0.901 23.9 
CHCl3 4.8 0.2 0.10 1.489 26.7 

Toluene 2.4 n/a n/a 0.867 28.5 
a from UV/vis spectrum of 4-nitroaniline that was sensitive to the hydrogen bond donation from the -NH2 group. 
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b from dye studies in protic solvents by subtracting the polarity and polarizability effect.53  
c at 30 °C. 

 

2.3.4 Characterization 

ODE-NCs in org sn, including CNFs and nanoparticles (NPs), were imaged by AFM and 

TEM. ODE-NCs (10 mL, ca. 0.0005 w/v %) were deposited onto freshly-cleaved hydrophilic mica 

or HOPG that had a reported water contact angle (WCA) of 70°55,56, air-dried and scanned (Asylum 

Research MFP-3D, Santa Barbara, CA) in air under ambient conditions by tapping mode (28.98 

N/m spring constant, ca. 297 kHz resonance frequency) with an OMCL-AC160TS standard silicon 

probe (Olympus Corp., Japan). The scan rate and image resolution were set to 1 Hz and 512 × 512 

pixels, respectively, and the height images and profiles were processed with Igor Pro 6.21. The 

width and length of ODE-CNFs were measured from the images using TEM, JEOL JEM-1230. 

For TEM, ODE-CNFs (10 mL, ca. 0.0005 w/v %) were deposited onto glow-discharged or as-is 

carbon grids with the excess liquid being blotted by filter paper after 5 min. The specimens were 

then negatively stained with 2 % uranyl acetate or phosphotungstic acid, air-dried, and observed 

by TEM at a 40 or 80 kV accelerating voltage. The height and area ratios of CNFs/NPs were 

measured in AFM images, while width and length were measured in TEM images. These 

measurements were made on 30 - 100 ODE-CNFs and NPs in three to five images from different 

aliquots of the supernatant.  An image analyzer (ImageJ, NIH, USA) was used to calculate the 

means and the standard deviations. ODE-microfibers in organic precipitates (ca. 0.1 w/v %, 10 

μL) were deposited on glass slides and observed using a Leica DM2500 optical microscope 

equipped with a polarizer to measure their width and length (microfiber number (n) = 100 for both). 

Also, the averages with standard deviations were reported. The elemental composition of ODE-

cellulose was evaluated using energy-dispersive X-ray spectroscopy (EDX, XMaxN Silicon Drift 
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Detector, Oxford Instruments, Abingdon, Oxfordshire, England) integrated into an SEM (XL 30-

SFEG, FEI/Philips, USA). The sample was sputter-coated with gold for imaging and elemental 

analysis. ODE-CNFs and unmodified CNFs dried from the organic and the aq. sn, respectively, 

were analyzed as transparent KBr pellets (1:100, w/w) by a Thermo Nicolet 6700 FTIR with the 

transmittance spectra collected from an accumulation of 128 scans at a 4 cm−1 resolution over 

4000–400 cm−1 at ambient conditions. The film surfaces of ODE-CNFs and unmodified CNFs 

(both dried from CHCl3) were analyzed by FTIR-ATR spectra collected from 4000-400 cm-1 at a 

resolution of 4 cm-1 using a Nicolet iN10 microscope spectrometer (Thermo Fisher Scientific, 

USA). The thermal behavior of ODE-CNFs, ODE-cellulose, and cellulose were studied using a 

thermogravimetric analyzer (TGA-50, Shimadzu, Japan) from 25 °C to 500 °C at a 10 °C min-1 

heating rate under N2 purging (50 mL·min-1). The crystalline structures were determined by XRD 

using a PANalytical X’pert Pro powder diffractometer with a Ni-filtered Cu K radiation ( = 

1.5406 Å) at 45 kV anode voltage and 40 mA current. The samples were placed on a graphite stage 

using double-sided tape, and diffractograms were recorded from 5° to 40° at a scan rate of 2° per 

minute.  The crystallinity index (CrI) was calculated by using the intensity of the 200 peak (I200, 

2 = 22.6) and the intensity minimum between the peaks at 200 and 11̅0 (Iam, 2 = 18.7) as 

follows57: 

 

CrI = 
𝐼200−𝐼𝑎𝑚

𝐼200
 x 100                                           Eqn. 1 

 

The crystallite dimensions of these samples were calculated using the Scherrer equation58, 

             Dhkl = 
0.9 𝜆

𝛽1/2 𝑐𝑜𝑠 𝜃
                                                       Eqn. 2 
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where Dhkl is the crystallite dimension in the direction normal to the h k l lattice planes, l is the X-

ray radiation wavelength (1.5406 Å). 1/2 is the full width at half-maximum of the diffraction peak, 

and  is the corresponding Bragg angle. 1/2 was determined by multiple peak fitting in Origin 

software. 

Solution state 1H and 13C NMR spectra of hydrolyzed ODE-CNFs (hODE-CNFs) in d6-

DMSO were measured using a Bruker AVIII 800 MHz 1H NMR spectrometer following a 

previously reported method59, for CNFs with 2 nm or less lateral dimensions. Immediately after 

telomerization, ODE-cellulose was hydrolyzed (exfoliated) in-situ by sulfurous acid which was 

formed by a reaction of SO2, the added 200 L water and atmospheric O2, followed by mechanical 

stirring at 110 °C for one hour. The resulting hODE-cellulose was blended and centrifuged to 

collect the aq. ppt (ca. 5 mg) as previously described and solvent exchanged with acetone followed 

by rinsing (1.0 mL) and centrifugation to collect the acetone precipitate which were repeated three 

times, and then, solvent exchanged with 1 mL d6-DMSO. The residual acetone was removed by 

heating (55 ºC, 2 d), and hODE-CNFs in d6-DMSO was centrifuged (5 k rpm, 10 min) to collect 

the supernatant with ca. 0.2 % hODE-CNFs. 20 L deuterated trifluoroacetic acid (TFA) was 

added to the sample immediately before the experiment to displace cellulosic OH peaks downfield 

to clear the olefinic proton region.60,61 Percent conversion of surface OH groups was elucidated by 

quantitative integration of protons using an anomeric proton as an internal reference. This method 

was chosen over qualitative Br2 titration using color change to indicate the presence of alkene. In 

our preliminary work, we had conducted Br2 titration, but it showed inconsistent results. We 

concluded it does not give meaningful evidence nor is it practical for the 100 mg scale of our 

sample. 
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ODE-CNFs at 0.5 w/v supernatant, and 1 and 2 w/v % dispersion concentrated from 0.5 

w/v % supernatant in THF and CHCl3 supernatant (10 L) were sonicated for 5 sec, then deposited 

on 1 cm diameter circular mica and cellulose filter paper (Whatman, 1 qualitative) (0.785 cm2) at 

0.5, 1, and 2 w/v % and allowed to air dry. Water contact angles (WCA, 5 L) of sessile drops on 

these ODE-CNF covered surfaces were measured every 10 sec up to 80 sec and those values at 30 

sec were reported. The median value of qright and qleft of a sessile drop was obtained by using ImageJ 

contact angle plug-in software. WCA measurements were triplicated in different locations to 

average and derive the standard deviation. The surface coverage of mica by 10 L ODE-CNFs in 

THF and CHCl3 for their respective concentrations was analyzed by optical microscope, and the 

surface roughness was measured over a 5 m x 5 m area in triplicate by AFM. The average value 

and the standard deviation were reported.  

 

2.4 Results and Discussion 
 

2.4.1 Optimization of telomerization reaction 

 

Telomerization of 1,3-BD into ODE on cellulose was conducted with three different 

quantities of BDS that served as both solvent and precursor to reagent at 90 °C and 110 °C for 1 

h. Using a conservative 10% BDS to 1,3-BD conversion and amorphous AGU in rice straw 

cellulose, the equivalent ODE to non-crystalline AGU were at 4, 6 and 8 mole ratios. Coupled with 

reaction temperatures of 90 and 110 °C, four telomerization conditions designated as 4ODE90, 

4ODE110, 6ODE110, 8ODE110 were studied. The telomerized ODE-cellulose averaged a 95 % 

yield at the reaction conditions, where 5 wt % loss was observed which could be attributed to 

exfoliated unmodified cellulose fragments (Figure 2-2). This is similar to the observation that 

pretreatment of miscanthus by BDS34 is accompanied by a loss of glucan up to 10 wt %. Upon 
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blending (30k rpm, 30 min), aqueous precipitates (aq. ppt) that contained hydrophobic ODE-NCs 

were collected for further analyses. The aqueous supernatants (aq. sn) were observed to contain 2-

6 % CNFs and CNF bundles, similar to the 4.8 % CNFs from 60 min blending2. The thickness and 

length of these CNFs slightly decreased with higher BDS ratios and temperatures, i.e., from 1.7 to 

4.2 nm and 0.8 to 4.3 m, respectively (Figure 2-3). The quantities and dimensions of these 

hydrophilic CNFs as minor by-products were consistent with shear force processing. 

 

Figure 2-2. Telomerization reaction and process flow chart and products. 

 

 

Figure 2-3. AFM (a, c, e, g) and TEM (b, d, f, h, all stained with 2% uranyl acetate) of CNFs in 

the aqueous supernatant (aq. sn) from telomerization (4, 6, and 8 ODE/AGU, 90 or 110 °C) and 

blending (30 k rpm, 30 min). Wt % CNFs, and their thicknesses (T, nm), widths (W, nm), and 

lengths (L, m) were determined from 3, 100, 30 and 13 measurements, respectively.  
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The CrI of ODE-cellulose in the aq. ppt was 53.5, 57.5, 65.5 and 50.0 % respectively for 

4ODE90, 4ODE110, 6ODE110, 8ODE110 (Figure 2-4a), retaining most of the crystallinity of 

the original cellulose (CrI = 60.3 %) except for the more crystalline 6ODE110. The never-dried 

aq. ppt from 6ODE110 was solvent exchanged with acetone, and then with DMSO, DMF, THF, 

and CHCl3 to create homogenous opaque dispersions in polar DMSO and DMF but flocculated 

suspensions in the less polar THF and CHCl3, immediately after 3 seconds of vortexing (Figure 

2-4b). All were sedimented within 1 h, leaving a reasonably transparent top phase except for 

CHCl3, which remained partly flocculated due to its close density ( = 1.489 g/cm3) to cellulose. 

All phase-separated suspensions could be homogenously resuspended by brief hand shaking. The 

more homogenous DMSO and DMF dispersions of defibrillated ODE-cellulose demonstrated 

their solvent affinities through polar and H-bonding interactions, indicating the presence of 

remaining surface hydroxyls. 

The ODE-NCs in organic supernatant varied from 7.0 % to 41.7 % of aq. ppt, increasing 

with higher BDS and temperatures, except for negligible differences among those in DMF and 

those from 8ODE110 in solvents other than DMSO (Figure 2-4c). The highest quantities of ODE-

NCs from 6ODE110 in the less polar THF and CHCl3, 27.3 % and 30.3 %, respectively, were ten 

times that of the control, indicating their highest hydrophobicity. For 4ODE90 and 4ODE110, their 

significantly lower dispersibility in the least polar CHCl3 (7.0 % and 11%, respectively) indicated 

less effective telomerization at the lowest BDS mole ratio of 4ODE. While ODE-NC yields in 

DMF appeared unaffected by reaction conditions, yields in the more polar DMSO increased with 

increasing BDS and temperatures, resulting in the highest 40.1 and 41.7 % yields of ODE-NCs for 

6ODE110 and 8ODE110, respectively. This may be due to a DMSO’s structural characteristic 

which contains polar and non-polar functional groups to be able to associate with ODE-NCs with 
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the different extent of functionality. This suggests ODE-NCs in DMSO include all NCs, i.e., not 

only telomerized but also less-modified and even unmodified. As expected, the quantity of BDS 

consumed also increased with temperature and correlated with increasing ODE-NCs dispersed in 

organic solvents (Figure 2-4c). The proportionally higher BDS consumption from 6ODE110 to 

8ODE110 along with obviously lowered ODE-NCs in THF and CHCl3 will be discussed further 

in the AFM section. Clearly, telomerization of 1,3-BD from BDS was optimal at 6ODE110 to 

generate ODE-NCs of greatest dispersibility in organic solvents. Further characterization was thus 

focused on ODE-NCs from 6ODE110.  

The organic precipitates consisted of microfibrils (Figure 2-4d) in 2.9-9.4 m widths and 

157-301 m lengths (Table 2-3), all showing birefringence (Figure 2-4e), representing less 

telomerized or un-modified cellulose. The aq. ppt from 6ODE110 could also be dispersed in m-

cresol and toluene supernatant to give 33.3 ± 4.7 % and 29.1 ± 13.0 % ODE-NCs (Figure 2-4f, g), 

respectively, mostly as particulates or branched fibrils (Figure 2-4f, g), but the aq. ppt gives < 

10 % dispersibility in acetone and ethyl acetate supernatants (Table 2-3). Among these, m-cresol 

and toluene precipitates gelled (Figures 2-4h, i), which may be attributed to H-bonding between 

hydroxyls of ODE-NCs and m-cresol. Both gels exhibited shear thinning behaviors upon shaking, 

indicating their potential processibility, including coatings or inks for 3-D printing. 
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Figure 2-4. ODE-cellulose and ODE-NCs from 6ODE110: (a) XRD of ODE-cellulose; (b) organic 

dispersions (0.1 wt %) of the aq. ppt, immediately after vertexing (top) and after 1 h (bottom);     
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Figure 2-4, continued.  (c) ODE-NCs in organic supernatant and consumption of BDS. Optical 

microscope images of representative microfibrils in DMSO (6ODE110) precipitate (1.5 k rpm,15 

min); (d) transmission; (e) under cross-polarized light. Width (W, m), and length (L, m), were 

determined from 50-100 measurements; 
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Figure 2-4, continued.  The organic supernatant and gelled precipitate from 6ODE110 in m-cresol 

and toluene after centrifugation (1.5 k rpm, 15 min): AFM of supernatant (0.0005 w/v % on 

HOPG) in (f) m-cresol and (g) toluene. Photos of gelled precipitate in (h) m-cresol and (i) toluene. 

The insets are respective dispersion before centrifugation and resting for one hour after vertexing 

for 3 sec;  
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Figure 2-4, continued (j) UV-vis transmittance of 0.01 w/v % organic supernatants; FTIR ODE-

NCs in (k) CHCl3, (l) DMSO, (m) DMF, (n) THF.  
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Table 2-3. The mass and dimensions of ODE-CNFs and ODE-microfibrils in organic supernatant 

and precipitate from 6ODE110 (0.1 w/v %). Thicknesses and ratios of CNF/NP in ODE-NCs were 

based on AFM images. Widths and lengths of ODE-microfibrils were from optical microscopic 

images.  

Solvents 

Used in 

Solvent 

Exchange 

ODE-NCs in Supernatant Microfibrils in Precipitate 

Mass  

(wt %) 

CNF Thickness 

(nm)  

n=20-50 

CNF/NP 

(% area) 

Mass 

(wt %) 

Width  

(m) 

n=50-100 

Length (m)  

n=50-100 

DMSO 40.1 ± 1.0 3.7 ± 5.2 60/40 59.9 ± 1.0 3.7 ± 1.7 223 ± 167 

DMF 19.6 ± 6.5 1.8 ± 1.3 30/70 80.4 ± 6.5 4.3 ± 1.7 25± 102 

Acetone <10 n/a n/a >90 5.2 ± 3.1 351 ± 185 

m-Cresol 33.3 ± 4.7 n/a 5/95 66.7 ± 4.7 9.4 ± 4.4 157 ± 101 

THF 27.3 ± 3.4 6.3 ± 2.4 60/40 72.7 ± 3.4 3.3 ± 1.6 301 ± 149 

Ethyl acetate <10 n/a n/a >90 4.7 ± 2.0 240± 105 

CHCl3 30.3 ± 8.9 4.4 ± 2.2 70/30 69.7 ± 8.9 4.1 ± 1.6 235± 116 

Toluene 28.1 ± 13.0 n/a n/a 71.9 ± 13.0  4.2 ± 1.4 235± 112 

 

 

The THF and CHCl3 supernatants (0.01 w/v %) from 6ODE110 showed higher UV-vis 

transmittance than the DMSO and DMF supernatants, indicating that those ODE-NCs in THF and 

CHCl3 are smaller and/or more compatible with these less polar solvents, thus more hydrophobic 

(Figure 2-4j). FTIR of all ODE-NCs exhibited equally sharp cellulose peaks at 897 cm-1, at 1640 

cm-1, 2898 cm-1 and 3394 cm-1, representing the -glycosidic C1-O-C4 deformation, residual water, 

and aliphatic C-H and OH groups (Figure 2-4 l-n). ODE-NCs dried from CHCl3 supernatant 

contained the most distinguishable ODE characteristics regardless of reaction conditions. The 

methylene and allylic C-H stretching at 2800-2980 cm-1, C=C stretching at 1640-1704 cm-1 and 

C=C-H bending at 700 cm-1 were more resolved and intense (Figure 2-4k), indicating higher 

hydrophobic ODE contents for those ODEs dispersed in CHCl3 than in other solvents, and also 

indicating their higher hydrophobicity.  
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2.4.2 Morphologies of ODE-nanocelluloses 

ODE-NCs in organic supernatants from 6ODE110 were further observed by AFM and 

TEM. ODE-NCs in THF or CHCl3 appeared as individually separated straight fibrils on HOPG or 

carbon (Figure 2-5c-e, g, h), clear evidence of their uniformly hydrophobic surfaces and strong 

affinity to the hydrophobic surfaces.  This contrasts with their appearance as sub-micron 

particulates on hydrophilic mica (Figure 2-5a-b) and the unmodified control nanoparticulates 

(NPs) in CHCl3 on HOPG (Figure 2-5f). AFM images further revealed that the majority of ODE-

NCs in THF and CHCl3 supernatants were mostly CNFs, i.e., 60/40 CNF/NP with 6.3 ± 2.4 nm 

thickness for CNFs in THF (Figure 2-5c), 70/30 CNF/NP with 4.4 ± 2.2 nm thickness, 4.1 ± 1.8 

nm width, and 1.7 ± 0.4 m length for CNFs in CHCl3 (Figure 2-5d, e). The higher proportion of 

smaller ODE-CNFs in CHCl3 indicate their higher hydrophobicity in CHCl3 than in THF. ODE-

NCs from 8ODE110 in CHCl3 were also mostly fibrillar (60/40 CNF/NP), with a similar 4.2 nm 

thickness as those from 6ODE110 but a much shorter length at 0.8 m (Figure 2-5g, h). The 

shorter and the lower yield of nanocellulose from 8ODE110 than from 6ODE110, in combination 

with the highest BDS consumption to form 8ODE110 (Figure 2-4c), point to acid hydrolysis of 

ODE-CNFs by sulfurous acid which is formed by a reaction of SO2 from BDS with residual water 

and atmospheric oxygen as indicated in hydrolysis of xylan during pretreatment of sugarcane 

bagasse33 and miscanthus34 with BDS and water. 

While ODE-NCs in DMSO had the same 60/40 CNF/NP ratio (Figure 2-5k) as those in 

THF, some were nearly four times thicker and appeared as bundles (Figure 2-5k inset), suggesting 

they were less telomerized and/or less hydrophobic. Significantly fewer CNFs (30/70 CNF/NP) in 

DMF (Figure 2-5n) with mainly NPs and aggregates (>90 %) from 4ODE90 and 4ODE110 by 

the AFM images on HOPG indicates less hydrophobic surface chemistry of ODE-NCs, thus more 
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unreacted or less functionalized OHs (Figure 2-5 i, j, l, m). These morphological observations 

further confirm that the 6ODE110 telomerization conditions defined earlier produce the most 

hydrophobic ODE-NCs in the highest quantities. The proportions of CNFs and NPs in ODE-NCs 

depend on the organic liquids, i.e., 70 % CNFs in CHCl3 and 60 % CNFs in THF and DMSO. The 

CNFs in CHCl3 were the most hydrophobic, the thinnest (4.4 ± 2.2 nm, 4.1 ± 1.8 nm wide) and 

the longest (1.7 ± 0.4 m), with the highest aspect ratio of ca. 400.        

                  

               

Figure 2-5. AFM (a and b on mica, c, d, f and g on HOPG) and TEM (e and h on carbon) images 

of ODE-CNFs from: (a-e) 6ODE110; (f) unmodified CNF control; (g and h) 8ODE110. At 0.0005 

w/v % in THF or CHCl3 supernatants. The specimen for TEM was negatively stained with (e) 2 % 

uranyl acetate or (h) phosphotungstic acid. Measurements for thicknesses, widths and lengths were 

based on n=100 for thickness (T, nm), and n=30 for width (W, nm) and length (L, m). Area percent 

nanofibrils and nanoparticles (CNF/NP) were indicated; 
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Figure 2-5, continued. AFM (i-k and n) and TEM (l, m) images of ODE-NCs stained with 2% 

phosphotangstic acid from (i, l) 4ODE90 and (j, m) 4ODE110 dispersed in CHCl3; (k) 6ODE110 dispersed 

in DMSO, and the inset shows CNF bundles; (n) 6ODE110 dispersed in DMF. Measurements for 

thicknesses, widths and lengths were based on n=100 for thickness (T, nm), and n=30 for width (W, nm) 

and length (L, m). Area percent nanofibrils and nanoparticles (CNF/NP) were indicated.  

     

 

2.4.3 Surface characterization by the solution state 1H NMR 

In-situ hydrolysis of ODE-cellulose was done by simply adding water to generate sulfurous 

acid from the SO2 precursor followed by blending to produce thinner hODE-CNFs (Figure 2-6a, 

b) to improve spectral sensitivity as we previously demonstrated59. Solution state 1H NMR of 

hODE-CNFs from 6ODE110 showed cellulosic protons (Figure 2-6c) as did those from both 

4ODE110 and 8 ODE110 (Figure 2-6d, e), but not 4ODE90, which had poor peak resolution (not 

shown) attributed to thick and branched fibrillar structures even after hydrolysis. The most 

distinguishable signals for ODE-groups were observed in that of hODE-CNFs from 6ODE110, 

indicating higher ODE substitution of OH groups. The downfield peak at  4.27 is assigned to the 
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cellulosic anomeric proton (H1) that is close to the chemical shift at  4.45 for TEMPO-oxidized 

CNFs.59 The furthest upfield triplet at  3.08 ppm coincides with the chemical shift of H2 at  3.05 

ppm for cellulose dissolved in DMA-d9/LiCl.62 Peaks present at  3.28,  3.40,  3.53 ppm, and  

3.19,  3.93 ppm are assigned for H3, H4, H5 and each of the diastereotopic H6 protons, 

respectively, which are in close proximity to the chemical shifts of H3, H4, H5 at  3.52,  3.66,  

3.75 ppm, and those of H6 at  4.04 and  3.30 ppm for TEMPO-CNFs. The upfield multiplets at 

 1.47,  1.95, and  2.07 ppm are assigned to methylene protons, and peaks at  6.07 (1H),  5.61 

(2H),  5.29 (1H) ppm belong to olefinic protons for ODE-CNFs. The integration values of all 13 

ODE protons were averaged and normalized to the reference anomeric proton at  4.27 to obtain 

the degree of substitution (DS) of ODE/AGU because only surface nuclei could be detected by 1H 

NMR of nanocellulose.51 In comparison, the spectrum of as-is CNFs (Figure 2-6c inset) exhibited 

considerably lower peak intensity of alkene protons in ODE groups evidenced by the integration 

values. 

                ODE/AGU = 
(a+b+c+........+m)/13

 H1
                      Eqn. 3 

13C NMR is as follows (800 MHz, d6-DMSO, 25 °C, tetramethylsilane (TMS)) in Table 2-4 

(Figure 2-6f).  

 

Table 2-4. Chemical shift of carbons in ODE-CNFs. 

ppm 29.2 30.2 31.1 63.7 73.0 74.4 75.7 79.4 83.3 102.2 129.2 133.2 134.8 138.0 

C# C11 C12 C10 C6 C5 C2 C3 C4 C7 C1 C14 C13 C9 C8 
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Figure 2-6. Surface characterization of hODE-CNFs (from 6ODE110): (a) AFM of hODE-CNFs 

in d6-DMSO supernatant on HOPG (0.0005 %); (b) thickness distribution. 1H NMR spectra for 

hODE-NCs from (c) 6ODE110, inset spectrum is for as is ODE-NCs; (d) 4ODE110; (e) 4ODE90;  
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Figure 2-6, continued. (f) 13C spectrum of hODE-NCs from 6ODE110 in d6-DMSO. 

 

2.4.4 Surface ODE groups based on crystalline structure  

To estimate the total number of OH groups on CNF surfaces, a simplified nanofibril cross-

section model (Figure 6a) that depicts the hydrophobic (200) crystalline planes as the width (W) 

and the hydrophilic surfaces with hydroxyls and ODE groups as the thickness (T) along the 

respective b and a axes of the unit cell (Figure 2-7a, b) was created based on thorough observations 

and analyses of individual ODE-CNFs by AFM and TEM. Our cross-sectional shape is based on 

the morphology of ODE-nanofibrils which appeared completely straight on hydrophobic HOPG 

(Figures 2-5d) and carbon grids (Figures 2-5e). The absence of any kinks or bends means the 

surfaces of fibrils attached to HOPG is uniformly compatible with the HOPG surface, thus they 

are most likely the (200) planes. Bending or rotating of ODE-CNFs should be observed when the 

ununiformly functionalized (11̅0) (110) planes are attached to HOPG.    
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Figure 2-7. Hydrophobic ODE-CNF cross-sectional models (a) representing (200) plane on 

hydrophobic HOPG or carbon surfaces with d-spacings noted and (b) cellulose 1 monoclinic unit 

cell with lattice dimensions noted. 

 

 

In this model, surface OH groups are the surface AGU (Ns) over total AGU (Nt) multiplied 

by 
3

2
 since there are 3 OHs exposed on either each surface cellobiose or on 2 AGUs (Eqn. 4). Ns 

are those on two sides (2x) along the thickness (T) spaced by d(200) plus one (Eqn. 5). The total 

number of AGUs are simply the product of multiplying those in the T and W directions (Eqn. 6). 

Thus, the percent of ODE over total surface OHs is expressed by Eqn. 7 in which ODE/AGU 

derived from 1H NMR integration calculation (Eqn. 3) is divided by total surface OHs from Eqn. 

4. This operation led to 30.0 % conversion of CNF surface OHs to ODE-groups, equivalent to 0.74 

mmol ODE/g-cell.  

surface OH = 
3

2
･

N𝑠

N𝑡
 =  

3𝑏

𝑊+𝑏
 Eqn. 4 

                where Ns = 2･{
𝑇

𝑑(200)
 + 1} Eqn. 5 

                           Nt = {
𝑇

𝑑(200)
 + 1} ･ {

𝑊

𝑏
+ 1} Eqn. 6 

ODE / surface OH = 
(eq.  2)

 (eq.  3)
 Eqn. 7 
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2.4.5 Physical properties of 6ODE110 ODE-CNFs from CHCl3 

 

ODE-CNFs exhibited the distinctive cellulose characteristic I peaks at 14.7°, 16.8° and 

22.7° corresponding to the (1 1̅ 0) (110) and (200) monoclinic cellulose I lattice planes, 

respectively (Figure 2-8a). For ODE-CNFs, the CrI of 52.3 % (calculated from their XRD 

patterns) and the crystallite dimension of 2.67 nm (calculated from the Scherrer equation) showed 

substantial retention of the crystalline core of original pure rice straw cellulose (CrI = 60.2 %, Dhkl 

= 3.46 nm). The CrI and the crystallite dimension of unmodified CNFs (those produced by only 

mechanical blending) increased to 65.5 % and 4.05 nm respectively (Figure 2-8b), indicating 

removal of amorphous regions. The slightly lower crystallinity and the smaller crystallite 

dimension of ODE-CNFs indicate that hydroxyl groups in the inter-fibrillar regions involved in 

telomerization facilitate their dispersion in organic liquids.  

As shown in Figure 2-8c, ODE-CNFs have a negligible moisture absorption of 0.8 % (as 

measured by TGA), compared to 4.9 % for unmodified CNFs and 6.3 % for the original cellulose, 

giving clear evidence of the surface OH to ODE conversion. ODE-CNFs also decompose 

differently from unmodified CNFs and the original cellulose, losing some mass over the broad 

temperature range of 160-306°, then showing a greater mass loss in the narrow 325-335 °C range. 

The first loss is attributed to the decomposition of surface ODE which may be akin to structurally 

similar fatty acid alkene degradation.63,64 The second mass loss at Tmax of 332 °C is slightly higher 

than for unmodified CNFs (325 °C). Both losses are lower than the original cellulose due to their 

nanoscale dimensions. Most significantly, Tmax of ODE-CNFs at 332 °C is 67 °C higher than the 

265 °C Tmax of TEMPO-CNF2. The significantly, the higher thermal stability of ODE-CNFs 

reflects the decoupled surface-versus-core decomposition and is a clear advantage over TEMPO-
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CNFs that decompose by decarboxylation of surface carboxylates followed by concurrent solid-

to-gas breakdown of the cellulose core2.  

FTIR-ATR of the dried ODE-CNF surface (Figure 2-8d) showed =C-H stretch at 3023 

cm-1, methylene groups at 2800-2980 cm-1 and C=C at 1640-1704 cm-1(Figure 2-4k).  

 

       
         

  
Figure 2-8. Characteristics of air-dried ODE-CNFs (6ODE110) from CHCl3: (a) XRD; percent 

crystallinity; (b) the respective crystallite size based on the Scherrer equation; (c) TGA and 

derivative-TGA; (d) FTIR-ATR. 

 

 

The ability of ODE-CNFs in THF and CHCl3 supernatants to spread, coat, and change the 

surface wettability of hydrophilic solid and porous surfaces was investigated. Freshly cleaved mica 
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was smooth (root mean square (RMS): ca.1-2 nm), displaying 0° WCA, and remained similarly 

wettable when 10 L of either THF or CHCl3 was spread and dried (Figure 2-9a). With 0.5 w/v % 

ODE-CNFs, 10 L of either THF and CHCl3 were spread and dried to similar-sized area to ca. 0.1 

mg/cm2 (Table 2-5), rendering surfaces hydrophobic with WCAs of 61 ± 2° and 82 ± 7°, 

respectively (Figure 2-9b, c, insets). However, optical microscopy showed numerous areas of 

exposed mica surfaces which is demonstrated by the surface roughness measurements (root mean 

square, RMS) of 108 nm (THF) and 93 nm (CHCl3) by AFM in comparison to smooth mica surface 

(2 nm). This indicates insufficient coverage by ODE-CNFs at 0.5 %. Doubling ODE-CNF 

concentration in THF and CHCl3 to 1 % not only further enhanced the hydrophobicity to WCA of 

78 ± 4° (THF) and 102 ± 1° (CHCl3), but also reduced roughness to 78 and 59 nm, respectively 

(Figure 2-9 b, c, insets), indicating more uniform coverage. The reduced area coverage of CNFs 

on mica dried from 1.0 % THF and CHCl3 dispersions (Figure 2-9 b, c, insets) led to higher area 

densities of ca. 0.36 mg/cm2 (THF) and 0.50 mg/cm2 (CHCl3) which reflect the increased liquid 

surface tensions due to the presence of hydrophobic ODE-CNFs (Table 2-5). The smaller area 

covered by ODE-CNFs in CHCl3 than THF is also consistent with the more hydrophobic nature 

of those in CHCl3 as observed earlier. The fact that 2 % ODE-CNFs in either solvent did not induce 

further hydrophobicity (Figure 2-9d) suggests that 1 % ODE-CNFs is an effective concentration 

to cover and convert the hydrophilic mica surface to hydrophobic. All sessile drops stabilized in 

ca. 80 sec on coated mica (Figure 2-9e), demonstrating the low energy of ODE-CNF covered 

surfaces.  
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Figure 2-9. Water contact angles (5 L sessile drop) on hydrophilic mica and cellulose paper as 

affected by air dried ODE-CNFs (6ODE110) in THF and CHCl3 (10 L): (a) top views of water 

spreading (blue lines) on mica as-is and mica covered with 10 L THF and CHCl3 and dried 

(yellow dash lines); optical microscopic images of mica coated with 0.5 % (left) and 1 % (right) 

ODE-CNFs in (b) THF and (c) CHCl3 with their respective WCA (at 30 s); (d) WCA as a function 

of concentration; (e) WCA as a function of time; (f) WCA (at 2 s) over cellulose paper as-is and 

covered with 1 % ODE-CNFs in THF and CHCl3 and dried.  
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Table 2-5. Coating characteristics of ODE-NC from THF and CHCl3 dispersion over mica and 

cellulose paper. 

 
 

The hydrophilic cellulose filter paper (qualitative, grade 1) absorbed water instantaneously 

and a 5 L water droplet wetted the entire area, whereas those coated with 1 % ODE-CNFs from 

THF and CHCl3 displayed 81 ± 2° and 94 ± 2° WCA, respectively, for the initial two seconds 

(Figure 2-9g). After 3 seconds, the water droplet spread to cover ca. 60 % of the coated area, 

suggesting incomplete coverage of ODE-CNFs on the more porous cellulose paper. These 

preliminary results demonstrated the promise of ODE-NCs as a highly effective hydrophobic 

surface coating for solid surfaces. 

 

2.5 Conclusions 

Hydrophobic nanocelluloses have been successfully prepared by telomerization achieved 

by using butadiene sulfone (BDS) as both a reagent (1,3-BD) and a reaction medium, followed by 

mechanical disintegration (30k rpm, 30 min), and organic solvent dispersion. The optimal reaction 

condition with 6ODE at 100 °C produced 41.6 %, 27.3 %, and 30.3 % 2,7-octadienyl ether (ODE)-

CNFs in DMSO, THF, and CHCl3 supernatants with 3.7 nm, 6.3 nm, and 4.4 nm thicknesses, 

respectively, while retaining significant crystallinity. The presence of ODE-groups in ODE-CNFs 

was confirmed by FTIR and ATR-FTIR, showing =C-H stretching at 3023 cm-1, methylene groups 

at 2800-2980 cm-1 and C=C at 1640-1704 cm-1. The solution phase 1H NMR in d6-DMSO 

elucidated surface protons of ODE-CNFs at 1.47, 1.95, 2.07, 3.08, 3.19, 3.28, 3.40, 3.53, 3.93, 
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4.12, 4.86, 5.29, 5.61, 5.90, and 6.07 ppm. A 30 % conversion of surface OH to ODE was estimated 

based on the integration value of the average ODE proton normalized to that of anomeric proton 

on cellulose backbone. ODE-CNFs were nearly as thermally stable as un-modified CNF, and 

exceedingly superior in thermal stability (Tmax = 332 °C) compared to TEMPO-oxidized CNFs 

(Tmax = 265 °C). These ODE-CNFs were hydrophobic, absorbing negligible moisture, and their 

deposition at a mere 1 w/v % on hydrophilic mica and porous cellulose paper (WCA= 0°) instilled 

impressive hydrophobicity of 102° and 94° WCAs, respectively. These organic solvent compatible, 

thermally stable, and high aspect ratio ODE-CNFs are the most hydrophobic reported to date. 

ODE-CNFs generated from this facile process hold great promise toward numerous hydrocarbon 

and synthetic polymer compatible applications. 
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Hydrophobic Nanofibrils in a d6-DMSO Solution for Phase 1D and 

2D NMR Analysis  
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3.1 Abstract 
 

This chapter covers surface structural elucidation of individual ODE-CNFs as colloidal 

suspensions in d6-DMSO by 1H and 13C nuclear magnetic resonance spectroscopy (NMR), 2D 

heteronuclear single quantum coherence (2D HQSC), and homonuclear correlation spectroscopy 

(COSY). “As-is” ODE-CNFs (thickness: 3.7 ± 5.2 nm, width: 4.1 ± 1.7 nm) were obtained from 

telomerization of butadiene produced from butadiene sulfone with rice straw cellulose, followed 

by mechanical disintegration. The hODE-CNFs (T:1.2 ± 0.5 nm, W:3.8 ± 0.5 nm) were obtained 

from the subsequent hydrolysis. Their 1H spectra were identical except hODE-CNFs showed 

improved peak intensity1 in agreement with 1H and HSQC NMR of TEMPO-CNF20. The 

integration area of the proton peaks gave H2:H1 ratios of 1.16:1, close to the theoretical 1:1 value 

for cellulose, enabling quantitative calculation of surface functionalization (0.13) per AGUs. The 

chemical shifts of hODE-CNFs in 1H NMR and 13C NMR are as follows:  = 1.5, 2.0, 2.1, 3.1, 3.2, 

3.3, 3.4, 3.5, 3.9, 4.1, 4.9, 5.3, 5.6, 5.9, 6.1, and  = 29.2, 30.2, 31.1, 63.7, 73.0, 74.4, 75.7, 75.7, 

83.3, 102.2, 129.2, 133.2, 134.8, 138.0 ppm, respectively. 2D HSQC and COSY clearly elucidated 

spatial connectivity of cellulosic H-C and vicinal hydrogens in ODE-CNF structure.  

 

3.2 Introduction 
 

Nanocelluloses are the highly crystalline nanoscale domains isolated from cellulose, the 

most abundant and renewable biopolymer on earth originating from sources such as plants, wood, 

and tunicates, and characterized by strength and biocompatibility. Nanocelluloses have been most 

commonly derived by chemical means in combination with mechanical forces. Sulfuric acid 

hydrolysis2 generates highly crystalline, short rod-shaped CNCs, while TEMPO-mediated 

oxidation3–5, combined with mechanical disintegration, produces CNFs with a high aspect ratio. 
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Nanocelluloses have an intrinsic tensile strength of 7.5 GPa6 and Young’s modulus of 150 GPa7 

for CNCs (the highest among organic materials), and 233 MPa8 and 145 GPa7 for CNFs, 

respectively. They are both aqueous-compatible due to surface negative charges; however, they 

are not suitable for hydrophobic processing. To produce nanocelluloses compatible with organic 

solvents and hydrophobic polymers, chemical modifications of CNCs and CNFs are typically 

employed, by silylation9,10, acylation11, or etherification12 for CNCs, and amidation13,14 for CNFs. 

Less frequently, surface modification of cellulose, by acetylation15 and telomerization1, followed 

by mechanical defibrillation, is also practiced.  

Analytical techniques such as FTIR, X-ray photoelectron spectroscopy (XPS), and energy 

dispersive X-ray analysis (EDX) discern qualitative characteristics of surface functional groups on 

molecules in solution and solid state, while NMR can provide both qualitative and quantitative 

information. Solution state NMR analysis is particularly important for nanocelluloses because it 

elucidates molecular structures, the connectivity of atoms, and their interactions based on 

individual fibrillar morphology. This cannot be accomplished by solid-state NMR techniques, such 

as cross-polarization/magic-angle-spinning (CP/MAS)16 and dynamic nuclear polarization 

(DNP)17, due to the sample preparation method of drying and grinding that leads to agglomeration 

of fibrils or disintegration of crystalline structures. The structure of aqueous soluble TEMPO-

oxidized polyglucuronic acids, derived from microcrystalline cellulose and cotton linter, has been 

elucidated in 9 % aqueous NaOH18 and D2O19, respectively. More recently, the first 1H and 2D 

HSQC NMR on CNCs and CNFs as colloidal suspensions elucidated their surface chemical 

structure20. Quantitatively, conversion of C6 primary hydroxyl to carboxylate on CNFs, as 

analyzed by 2D HSQC NMR, was proven to be consistent with, but more sensitive than, those 

conversions obtained by conductometric titration. Thus, NMR in solution state can offer superior 
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structural and quantitative information on individual nanocelluloses, especially when the CNF 

dimension is 2 nm or thinner to maximize spectral sensitivity due to the faster tumbling and 

reorientation of the thinner fibrils. However, the above analyses were performed on hydrophilic 

nanocelluloses in D2O, and there is no previous report of partially hydrophobized CNFs with low 

degrees of substitution analyzed in a single organic solvent by NMR. Fully functionalized 

microcrystalline cellulose with acetyl and amino groups with DS = 3 (per 3 OH groups) was 

soluble in CDCl3 and the surface chemistry was successfully elucidated by solution state 13C NMR 

analysis21. On the other hand, nanocelluloses with lower degrees of substitution are insoluble in 

all organic solvents, and direct methods to characterize their surface chemistry are severely limited. 

For example, CNCs grafted with PMMA (surface DS = 0.096 per 3 OH groups) in acetone were 

solvent exchanged to the combination solvents of tetraalkylphosphonium acetate ionic liquid 

([P4444][OAc]): d6-DMSO, then analyzed by 1D and 2D HSQC NMR22. Ionic liquid dissolves 

nanocellulose into individual chains that provide only indirect information about crystalline CNCs. 

Also, it exhibits multiple solvent peaks likely to interfere with the peaks of the interest. 

There is a dire need of a simple solution state NMR analysis in a single organic solvent for 

hydrophobized CNFs with low DS. Therefore, in this study, hydrophobic CNFs functionalized 

with octadienyl ether were probed using 1D and 2D NMR to demonstrate their suitability for direct 

characterization of the surfaces of individual CNFs in d6-DMSO in the colloidal state.  

 

3.3 Experimental  
 

3.3.1 Materials 

 

Please refer to Chapter 2, Section 2.3.1. 
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3.3.2 Derivation of ODE-CNFs and hODE-CNFs 

For telomerization of cellulose, hydrolysis of ODE-cellulose, and defibrillation of them 

into ODE-CNFs and ODE-hCNFs, please refer to Chapter 2, Section 2.3.2. 

 

3.3.3 NMR sample preparation of ODE-CNFs and hODE-CNFs 

 

Solution state 1H and 13C NMR, was conducted to avoid drying and potential 

agglomeration of fibrils which may lead to inaccurate surface information. The sample preparation 

of ODE-CNFs and hODE-CNFs in d6-DMSO is briefly described in Chapter 2, Section 2.3.4. In 

more detail, the aqueous precipitates were rinsed with acetone to precipitate more hydrophobic as-

is ODE-CNFs and hODE-CNFs, followed by centrifugation to remove the top clear phase. This 

was repeated 3 times (Figure 3-1). To the last precipitate in acetone that contains ca.10 mg (dried 

weight) of as-is ODE-CNFs or hODE-CNFs, 1 mL d6-DMSO was added, and then, the residual 

acetone in d6-DMSO was removed in an oven at 55-60 ºC for 3 d with occasional stirring. This 

was followed by centrifugation at 11k rpm for 10 min to collect the clear d6-DMSO supernatant, 

from which 600 L was transferred to a NMR tube for the analysis with the final concentration ca.  

0.5 %. As the final step in sample preparation, immediately before the experiments, about 10 vol % 

of TFA was added to the sample to displace cellulosic OH peaks out of the olefinic proton region 

by H-bonding the OHs with the TFA.  
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                         Figure 3-1. Solution state NMR sample preparation process. 

 

3.3.4 Surface characterization of ODE-CNFs and hODE-CNFs by NMR, AFM and TEM. 

 

For surface characterization information for NMR, AFM and TEM, please refer to Chapter 

2, Section 2.3.4. 

 

3.4 Results and Discussion  
 

3.4.1 Characterization of hODE-CNFs and as-is ODE-CNFs 

 

Figures 3-2 a & b show that the thickness of hODE-CNFs (1.2 ± 0.5 nm) had been 

significantly reduced during hydrolysis of the “as is” ODE-CNFs (3.7 ± 5.2 nm). The lower 

thickness of hODE-CNFs can improve spectral sensitivity, as concluded in our previous 

publication20.  NMR analysis is meaningful especially when the CNF dimension is 2 nm or thinner 

to maximize spectral sensitivity due to faster tumbling and reorientation of the thinner fibrils. The 

inversion recovery curves of H2 (Figure 3-2c) show faster recovery (1.48 s) of hODE-CNFs than 



 95 

that (4.67 s) of ODE-CNFs, which is consistent with the much thinner hODE-CNFs than ODE-

CNFs to produce more highly-resolved spectral peaks, which is consistent with TEMPO-CNFs20.  

 
Figure 3-2. Surface characterization and sensitivity comparison of hODE-CNFs and “as is” 

ODE-CNFs: (a) fibril dimensions; (b) AFM and TEM of respective ODE-CNFs; (c) recovery 

time (T1) inversion recovery of respective ODE-CNFs. 

 
 

For 1H NMR and 13C NMR spectra, the chemical shifts of protons and carbons for ODE-

CNFs and the peak integration analysis, please go to Chapter 2, Section 2.4.3.  

 

 

 

3.4.2 Heteronuclear single quantum coherence spectroscopy (HSQC) 

 

Heteronuclear single quantum coherence spectroscopy (HSQC) is used to correlate the 

chemical shift of protons (displayed on the F2 axis) to the 13C chemical shift (on the “indirect,” F1 

axis) of their directly-attached carbons.  

For cellulosic protons, the H1 proton is coupled to the anomeric carbon at 102 ppm (Figure 

3-3). Diastereotopic protons spaced apart from each other at  3.19 and  3.93 are both attached to 

C6 at 63.65 ppm. H2, H3, H4, and H5 are coupled to the carbons at 73.01, 74.39, 75.72, and 79.39 
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ppm, respectively. All of these are in proximity to, or consistent with, the TEMPO-oxidized 

cellulosic protons reported previously20. 

For ODE-groups, two sets of allylic peaks and one methylene peak were coupled with the 

upfield carbon at 28.5, 30.0, and 31.0 ppm, although the intensity was very low, and the carbon 

connection with olefinic protons was not as clear, due to the low degree of substitution. 

 
                                         Figure 3-3. HSQC spectrum of hODE-CNFs. 

 

3.4.3 Homonuclear correlation spectroscopy (COSY) 

 

Homonuclear Correlation Spectroscopy (COSY) identifies spins of vicinal hydrogens 

which are coupled with each other. The assignments of protons in the cellulose backbone for ODE-

CNFs in COSY are as follows (Figure 3-4): H1 and H2 are coupled with each other at 4.27 and 

3.17 ppm, H2 and H3 are at 3.17 and 3.28 ppm, H3 and H4 are at 3.28 and 3.40 ppm, H4 and H5 
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are at 3.40 and 3.53 ppm, H5 and H6a are at 3.53 and 3.20 ppm, and H5 and H6b are at 3.53 and 

3.93 ppm. Peaks from H4 and H5 appear only in the center, indicating that they overlap each other 

due to being in the same environment. Therefore, all vicinal protons which are coupled with each 

other were identified.  

      
                                               Figure 3-4. COSY spectrum of hODE-CNFs. 

 

 

 

3.5 Conclusions   
 

Surface chemistries of hydrophobic ODE-CNFs have been successfully characterized by 

solution state NMR of their colloidal suspensions in d6-DMSO, following the never-dried sample 

preparation method for TEMPO-oxidized CNFs in D2O20. Cellulose was extracted from rice straw, 
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functionalized by telomerization of butadiene derived from butadiene sulfone with cellulose 

hydroxyls, followed by mechanical blending to obtain hydrophobic ODE-CNFs (“as-is”) with 

dimensions of 3.7 ± 5.2 nm thickness and 4.1 ± 1.7 nm width. To produce thinner fibrils to obtain 

sharper signals, hydrolysis was conducted to generate hODE-CNFs with the dimension of 1.2 ± 

0.5 nm thickness and 3.8 ± 0.5 nm width. 1H and 13C NMR of hODE-CNFs was used to elucidate 

the surface protons and carbons even for those from ODE-groups with low substitution on 

individual ODE-CNF at  = 1.47, 1.95, 2.07, 3.08, 3.19, 3.28, 3.40, 3.53, 3.93, 4.12, 4.86, 5.29, 

5.61, 5.90, 6.07, and  = 29.24, 30.20, 31.09, 63.65, 73.01, 74.39, 75.72, 75.72, 83.33, 102.21, 

129.24, 133.23, 134.81, 138.02 ppm, respectively. Chemical shifts for the 1H and 13C peaks of the 

ODE-CNF backbone were consistent with those of TEMPO-CNFs20. Also, the integration area of 

the proton peak gave H2:H1 ratios of 1.16:1, close to the theoretical 1:1 value for cellulose. 2D 

HSQC clearly provided structural information on cellulosic protons by showing spatial 

connectivity between protons and carbons. 2D COSY identified vicinal hydrogens which are 

coupled with each other. These findings verified that solution-state NMR of hydrophobic CNFs in 

d6-DMSO can provide direct analysis of CNFs in 1D and 2D NMR, offering surface chemistry 

elucidation of individual CNFs not only in D2O but also in d6-DMSO. 
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Nanocellulose Derived by Ultra-Sonication: Scale-Up, Optimization 
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4.1 Abstract 
 

2,7-Octadienyl-ether cellulose (ODE-NC) previously obtained with the optimal condition 

(0.1 g scale)1 was sonicated to prove that ultra-sonication in organic media could produce ODE-

NC, and further improve yields. Wetting and 5 sec. vortexing of ODE-cellulose in tert-butanol 

(TB) prior to sonication improved the yield of ODE-NC in THF, CHCl3, LO, and toluene to 28, 

52, 66, and 37 %, respectively. Scale-up (0.5 g cellulose) telomerization with 6ODE equivalence 

per AGU at 110 C resulted in a DS of 0.67 mmol ODE/g-cell, in relative agreement with 0.74 

mmol ODE/g cell obtained at 0.1 g cellulose scale, which validated the scale-up reaction. 

Sonicating cellulose (50 % amplitude (A), 3 min) in DMF prior to telomerization separated 

cellulose bundles into individual fibers and produced ODE-cellulose with DS 1.2 and 1.8 mmol 

ODE/g-cell (1.2ODE-cell and 1.8ODE-cell, respectively). Sonication (50 % A, 20 min) of 

1.2ODE-cell and 1.8ODE-cell yielded 45.5 % 1.2ODE-NC in toluene and 73.3 % 1.8ODE-NC in 

LO. A cast film formed from sonicated 1.2ODE-cell combined with polybutadiene (PBD) in 

toluene exhibited an outstanding modulus (2.23 ± 0.34 MPa) and yield strength (0.15 ± 0.04 MPa), 

over six- and two-fold higher than those of the PBD control, respectively. Furthermore, a film 

formed by a thorough 5 h mixing of 2 wt % 1.2ODE-microcellulose/nanocellulose (MC/NC) and 

poly(styrene-blk-isoprene-blk-styrene) (PSIS) in toluene showed a strength of 17.3 ± 3.3 MPa, ca.  

three-fold higher than those of the control film and the film formed by cross-linking between 

alkenes in ODE-groups and isoprene.  Cellulose paper (CP) was optimally reinforced by coating 

with 0.07 v/v.% 1.8ODE-NC mixed with LO (85 wt % add-on) and heating at 70 ºC for 16 h, 

showing improved strength by 2.6-fold with respect to CP.  The coated CP surface after rinsing 

off the unbound reaction residues (11 %) was hydrophobic (WCA 91~117º) and water repellent 

for 3h, due to fatty acids (FAs) covalently bound to CP via transesterification, and cross-linked 
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FAs and ODE-NC. This report has demonstrated a streamlined approach to directly disintegrating 

ODE-cellulose in organic solvents and/or plant oil by sonication into ODE-NC. The excellent 

compatibility of the optimized 1.2ODE-NC with PBD and PSIS in toluene, and 1.8ODE-NCs with 

bio-degradable LO, suggests broad areas of future applications in material fabrication and food 

packaging. 

 

 4.2 Introduction 
 

In Chapter 2, hydrophobization of cellulose by telomerization of 1,3-BD with hydroxyl 

groups was demonstrated by using butadiene sulfone (BDS) as both a reagent (1,3-BD) and a 

solvent.1 ODE-cellulose was mechanically blended in water to produce ODE-NC-containing 

precipitate which was solvent-exchanged with polymer solvents to obtain 27.3 %, 30.3 % and 

28.1 % yield of ODE-NC in respective THF, CHCl3, and toluene dispersions. ODE-NC in THF 

and CHCl3 contained more nanofibrils (ODE-CNFs) than nanoparticles (Table 4-1), while ODE-

NC in toluene contained no separated nanofibrils. With the DS of 0.74 mmol ODE/g-cell as 

measured by solution state 1HNMR, ODE-NC absorbed negligible moisture and exhibited 

impressive hydrophobicity by WCA of 102° and 94° when deposited (1% in CHCl3) over freshly-

cleaved hydrophilic mica (WCA = 0°) and cellulose paper, respectively. However, the yields and 

the DS of ODE-NC needs to be further improved. 

 

Table 4-1. Dispersion of ppt from aq. blending of ODE-cellulose (0.74 mmol/g-cell, 6ODE110 1 

h).1  

 DMSO DMF m-Cresol THF CHCl3 Toluene 

ODE-NC (wt %) 40.1 19.6 33.3 27.3 30.3 28.1 

CNF/NP 60/40 30/70 5/95 60/40 70/30 * 

  *virtually no separated nanofibrils 
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This study focused on scaling up the one-pot synthesis of ODE-cellulose (ODE-cell), 

optimizing functionalization and yield, and streamlining the disintegration of ODE-NC by direct 

sonication in organic liquids (Scheme 4-1). Ultra-sonication refers to the acoustic cavitation 

caused by the nucleation, growth, oscillation, and transient collapse of gas bubbles to generate the 

localized elevated temperatures (ca. 5000 °C)2 and/or pressures (ca. 500 atm)3 utilized to 

disintegrate aggregated polymers or homogenize reagents. Sonication has been used to disintegrate 

TEMPO-oxidized or sulfuric acid hydrolyzed cellulose in water into CNCs and CNFs4-6, but it is 

less common to apply sonication to produce nanocellulose in organic liquids. Cellulose was 

sonicated in DMF which is compatible with cellulose as well as BDS, 1,3-BD, and the catalyst, 

prior to telomerization to determine if the diffusion of 1,3-BD into the cellulose can improve 

telomerization. Pretreating OCE-cell with tert-butanol (TB) was examined to help disintegration 

of ODE-cell by sonication by reducing inter-fibrillar association among hydroxyls in ODE-cell via 

hydrogen bonding7.    

 

Scheme 4-1. Telomerization with 6ODE, 1h at 90-110 ºC at 0.5 g cellulose scale. 

 

The effect of ODE groups in reinforcing polybutadiene (PBD) nanocomposite films with 

ODE-microcellulose/nanocellulose (MC/NC) with a DS of 1.2 mmol ODE/g-cell (1.2ODE) was 

investigated by varying the mixing methods of nanocomposite solutions. Also the effect of 

1.2ODE-MC/NC in nanocomposite films of poly(styrene-blk-isoprene-blk-styrene) (PSIS) was 
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investigated by mixing or cross-linking with PSIS using a metal-free radical initiator, 

azobisisobutyronitrile (AIBN).  

Disintegration of ODE-cellulose with DS of 1.8 mmol/g-cell (1.8ODE-cell) into 1.8ODE-

NC in LO followed by homogenization using sonication was investigated by using the mixture as 

a hydrophobic reinforcing coating for cellulose paper (CP) under varying temperatures and lengths 

of heating.  

LO not only has structural similarity with ODE groups but also contains three bis-allylic 

hydrogen atoms (Figure 4-1), which are potentially capable of initiating oxidation-induced cross-

linking among alkenes in FAs and ODE-NC.8,9 Also, transesterification between FAs in LO and 

hydroxyls in CP and ODE-NC create a covalently-bonded surface coating on CP. Therefore, the 

mechanical strength of the coated paper was probed in connection with transesterification and 

cross-linking reactions among CP, LO and ODE-NC. 

               

                  Figure 4-1. Structure of ODE-CNF and linseed oil. 

 

4.3 Experimental  
 

4.3.1 Materials  

 

linseed oil (LO, Aldrich), PBD (MW200k-300k, Aldrich), PSIS (78% isoprene, Aldrich) 

were used as received without further purification were used as received without further 

purification. For other materials, please refer to Chapter 2, Section 2.3.1. 
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4.3.2 Telomerization Scale-Up  

 

All telomerizations with 0.5 g cellulose were performed in a 500 mL stainless steel sealed 

autoclave reactor (HTR-00, Hydrion Scientific) equipped with a pressure gauge (200 psi max) and 

a digital temperature control with two thermocouples, one for the external temperature and the 

other for the internal liquid BDS temperature (Figure 4-2).  

                                     

    Figure 4-2.  Set-up of temperature-controlled autoclave reactor for 0.5 g scale telomerization. 

 

The optimal condition for telomerization of 1,3-BD with cellulose to generate ODE-

cellulose reported in Chapter 2 was replicated in 0.5 g scale to reproduce the DS of 0.74 mmol 

ODE/g-cell. To optimize DS, 7 mL DMF was added to 0.5 g cellulose and the mixture was 

sonicated for 3 min at 50 % amplitude (A, ca. 7 kJ) in a 20 mL vial, then transferred to a Teflon 

reaction vessel with an extra 1 mL DMF to rinse the vial.  For each reaction, 0.5 g cellulose (3 
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mmol AGU) was combined with 16.6 g of BDS (141 mmol), i.e., 7 mmol ODE (2 x 1,3-BD) from 

the conservatively-estimated 10 % conversion of BDS1 to 1,3-BD. Using the reported 61.8 % CrI 

for rice straw cellulose10, amorphous AGU in 0.5 g cellulose was ca.1 mmol. The ODE 

equivalence to the available AGU, or ODE:AGU ratio, became 6 and herein is abbreviated as 

6ODE. The temperature was 100-110 °C at which BDS generates gaseous 1,3-BD (the 

telomerizing reagent) at a higher rate than at 90 °C. The palladium catalyst (Pd(acac)2) used for 

coordination of two 1,3-BD into an eight-carbon chain, and the electron-rich TOMPP ligand used 

to modulate Pd activity, were as low as 0.023 mol% ([Pd] = 0.015 wt % of cellulose) and 0.092 

mol% per mol AGU, respectively. Thus, the Pd needed is significantly lower than the 0.04 wt % 

used in telomerization of starch11. Upon 1 h telomerization where the pressure reached between 

2.3-6.2 atm, the reactor was cooled in an ice bath and the reaction mixture was diluted with 30 mL 

acetone followed by vacuum filtration to obtain the product, ODE-cellulose. This product was then 

rinsed with 30 mL acetone in a centrifuge tube three times, vortexed (10 sec) and vacuum-filtered 

(3 times) to remove residual BDS, SO2, and palladium complex.  DS was calculated from the mass 

gain of ODE-cellulose (WODE) based on the average mass of cellulose obtained from heating BDS, 

without catalyst, under pressure at varying temperatures for 1 h. Exfoliation of cellulose removed 

6.3 ± 1.3 wt %, leaving 93.3 ± 1.3 wt % or the base weight (WCB) to calculate the yields from 

telomerization.  

DS (mmol ODE /g-cell) =( 

𝑊(𝑂𝐷𝐸)−𝑊(𝐶𝐵)

𝑀𝑊(𝑂𝐷𝐸)
𝑥

1000 𝑚𝑚𝑜𝑙

𝑚𝑜𝑙

𝑊(𝐶𝐵)
 )        Eqn. 1 

Where weight (W) is expressed in grams (g), and MW(ODE) is 109 g/mol. 

ODE-celluloses with the designated DS of 0.67 mmol ODE/g-cell, 1.2 mmol ODE/g-cell and 1.8 

mmol ODE/g-cell are denoted as 0.67ODE-cell, 1.2ODE-cell, and 1.8ODE-cell.  
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4.3.3 Sonication 

 

ODE-cellulose suspended in organic solvents (DMF, THF, CHCl3, LO, toluene) was 

disintegrated by Q 700 (Q SONICA, LLC., output frequency 20 kHz), at 50 % A for the designated 

length of time. Volume of the organic solvents and the concentration of ODE-cellulose in the 

dispersions were kept constant in each experiment. Power (watt, W) was relatively constant 

between 40-50 W for all organic solvents except LO (50-60 W) for the designated amplitude 

(50 %). Ice bath was used to maintain the constant temperature at 25~30 ºC. 

4.3.4 Characterization 

 

The height of ODE-NC in CHCl3 (10 mL, ca.  0.0005 w/v %) obtained from sonication 

(35-75 % A, 7-26 kJ) were measured by AFM on HOPG. CHCl3 was selected as a sonication 

medium because the optimized ODE-NC20 from blending were most compatible with CHCl3, 

producing the highest quantity of ODE-NC and the highest ratio of CNFs/NPs by AFM (Asylum 

Research MFP-3D, Santa Barbara, CA). Please refer to Chapter 2, Section 2.3.4, for more detailed 

information about AFM imaging, and characterization of ODE-cellulose, cellulose paper and 

cellulose paper coated with ODE-CNFs/linseed oil by FTIR, TGA, XRD.  

Crystallinity Index (CrI) was calculated by using the intensity of the 200 peak (I200, 2 = 

22.6) and the intensity minimum between the peaks at 200 and 11̅0 (Iam, 2 = 18.7) as follows12: 

                CrI = 
𝐼200−𝐼𝑎𝑚

𝐼200
 x 100 Eqn. 2 

 

4.3.5 tert-Butanol treatment 

 

10 mg of ODE-cellulose (0.7 mmol ODE /g-cell) was wetted with 200 L of tert-butanol 

(TB) and vortexed for 3 sec, followed by the addition of 10 mL CHCl3, then sonicated at 50 % A 

for 20 min. 0.3 g ODE-cellulose was suspended and sonicated in 30 mL TB (at 50 % A, 20 min, 
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38 kJ), then lyophilized to produce a fluffy mass, which was vortexed in various solvents (THF, 

LO, toluene, and CHCl3,).  For the first three solvents, the next step was centrifugation to collect 

the supernatant, but for CHCl3, gravitational separation was used.  

4.3.6 Polymer nanocomposites  

 

For film reinforcement, 3.3 g (i) polybutadiene (PBD) and (ii) PSIS were combined with 

previously sonicated (50 % A, 20 min, 45 kJ), 2 wt % 1.2ODE-cellulose (0.066 g, 0.079mmol ODE 

groups) and unmodified-cellulose (unmod-cell, 0.066 g) in toluene. Sonicated 1.2ODE-cellulose 

and unmod-cell were used as is (without separating into supernatant and precipitate) and are 

denoted as 1.2ODE-MC/NC or unmod-MC/NC, respectively. The amount of toluene used for the 

final cast solution was 33 mL and was evaporated in an oven at 70 °C overnight unless otherwise 

noted. For coating and reinforcement of cellulose paper, iii) 0.05 g of 1.8ODE-cellulose or unmod-

cell was sonicated (50 % A, ca.  80 kJ) in 50 g LO for 20 min, and centrifuged (1.5 k rpm for 10 

min) to collect the supernatant that contained 0.07 wt % 1.8ODE-NC or unmod-NC in LO to coat 

cellulose paper. Herein, all mass percentage (wt %) are abbreviated as %. Stress–strain tensile 

measurements of 1.5 cm x 5 cm rectangular specimens were performed on an Instron 5566, 

equipped with a 5.0 kN load cell, at a rate of 20 mm per min.  

i) PBD  

Cast films of PBD with 2 % 1.2ODE-NC/MC, 2% unmod-NC/MC and the control were 

prepared in toluene by varying sonication times for PBD as shown in Table 4-2. 

Table 4-2.  Reaction conditions for cast films using PBD. 

Ingredients/Conditions Abbreviation 

PBD (10.0 w/v % in 33 mL toluene) control 

PBD (16.5 w/v % in 22 mL toluene), unmod-MC/NC in 11 mL toluene, 

stir 5 h 

unmod20/PBD0 

PBD (in 22 mL toluene), 1.2ODE-MC/NC in 11 mL toluene, stir 5 h 1.2ODE20/PBD0 

PBD (in 22 mL toluene), 1.2ODE-MC/NC*  1.2ODE10/PBD10 
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PBD (in 33 mL toluene), dry 1.2ODE-cell** ODE-cell/PBD20 

* from sonicating 1.2ODE-cell (50 % A, 10 min, 23 kJ) in 11 mL toluene to produce 1.2ODE-

MC/NC, then co-sonicating with PBD for 10 min 

**co-sonicated (50 % A, 20 min, 74 kJ) 

 

 

 

 

ii) Styrene-blk-isoprene-blk-styrene tri-block copolymer (PSIS) 

Table 4-3 presents the variables and detailed processing methods used to examine the effect 

of ODE groups on reinforcing PSIS nanocomposite film with 1.2ODE-MC/NC by mixing or cross-

linking with PSIS using AIBN. 

The first set of conditions covered three controls, as detailed in Table 4-3. Pristine PSIS is 

denoted as control 1a; PSIS cross-linked with AIBN (6 mg, 0.037 mmol or 1:1 FR/ t-ene) is 

denoted as control 1b; PSIS mixed with the unmod-MC/NC is denoted as control 1c. 

The second set of conditions was examined to determine the optimal amount of AIBN. 

Assuming the terminal alkenes (t-enes) at C7 of ODE groups in 1.2ODE-NC (0.079 mmol ODE) 

are more reactive than the internal alkenes at C2 of ODE groups, varied amounts of free radicals 

(FR) 0.036, 0.074 and 0.15 mmol, equivalent to 0.018, 0.037 and 0.073 mmol AIBN, were used 

to cross link all t-enes (0.079 mmol) with 0.2 % of isoprene-alkenes (38 mmol, i-enes) in 3.3 g 

PSIS. Thus, their mole ratio was presented as 0.5:1, 1:1 and 2:1 FR/t-ene, respectively, and denoted 

by 2a, 2b and 2c. All cross-linking reactions with AIBN were performed under N2.  

The third variable was activation time of t-enes in 1.2ODE-NC (10 min, 1h) followed by 

the addition of PSIS to ensure that cross-linking takes place between t-enes and i-enes. Mixing 

AIBN (1:1 FR/t-ene) with ODE-MC/NC for 15 min was denoted as 3a, and for 1h was denoted as 

3b. 

The fourth variable was mixing time of ODE-MC/NC and PSIS in toluene with a stir bar. 
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The mixing times of 0.5 h, 5 h and 16 h were denoted as 4a, 4b, 4c. The fifth condition was 3 % 

ODE-MC/NC in PSIS mixed for 16 h at r.t., denoted by 5.  

 

 

 

Table 4-3. Preparation and conditions for incorporating 1.2ODE-cell (2 %, 0.066 g) and unmod-

cell in PSIS (98 w%, 3.3 g) in toluene (33.3 mL). Sonication of ODE-cell alone, and with PSIS, 

was performed at a constant amplitude, 50 % A, 20 min. AIBN cross-linking was conducted at 85 

C for 3 h unless otherwise noted. 

Purpose Variable Method 

1. Control 

 

none a) Stir PSIS at room temperature for 2h, then dry at 70 C. 

AIBN  
b) Stir & heat PSIS at 85 C, add 6 mg AIBN (1:1 FR/t-ene), 

stir at 85 C, 3h, dry at 70 C. 

unmod-

MC/NC, 0.5 h 

mix 

c) Add unmod-MC/NC in 11 mL toluene to PSIS in 22 mL 

toluene at r.t. and mixing at r.t. for 0.5 h.  

 

With 1.2ODE-MC/NC: 

2. One-Pot x-linking: 

To find an optimal AIBN 

amount  AIBN in 1~3 

mL toluene 

a) Add 3 mg AIBN (0.5:1 FR/t-ene) to the co-sonicated 

1.2ODE-cell and PSIS in toluene, stir at 85 C for 3h. 

b) Same as (2a) but with 6 mg AIBN (1:1 FR/t-ene) 

c) Same as (2a) but with 12 mg AIBN (0.5:1 FR/t-ene) 

3. Activation of t-enes / x-

linking with i-enes: 

To x-link t-enes and i-enes 

selectively (not to x-link 

among i-enes) 

Activation 

time of t-enes 

Add 6 mg AIBN (1:1 FR/t-ene) to 1.2ODE-MC/NC at 85 C, 

then 

a) 10 min activation mixing, then adding PSIS to x-link for 2 h 

50 min. 

b) 1 h activation mixing, then adding PSIS to x-link for 2 h. 

4.  Mixing by a stir bar: To 

examine a mixing effect 

without AIBN addition 
Mixing 

time 

a) Add 1.2ODE-MC/NC in 11 mL to PSIS in 22 mL in toluene 

and mix at r.t. for 0.5 h. 

b) Same as 4a, but mix at r.t. for 5 h 

c) Same as 4a, but mix at r.t. for 16 h 

5. Same as 4 3 % ODE-

MC/NC 
Same as 4c, but with 3 % ODE-MC/NC in PSIS 
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iii) Cellulose paper coating with 0.07% ODE-NC in linseed oil  

Cellulose filter paper (Whatman, qualitative, grade 1,  = 1.541 g/cm3) (CP) was cut into 

1.5 cm x 5 cm strips. CP strips were either as is, or covered with 500 mL of LO or 0.07 % 

unmodified-NC in LO. The excess LO was blotted by Kimwipes followed by drying at 70 °C for 

8 h. Both were designated as controls. The experimental CP strips were immersed in 0.07 % ODE-

NC, blotted, and dried at 70 °C for 8h, 16 h, 32 h, 64 h or dried for 16 h at 100 °C or 120 °C. CP 

strips were also immersed in 2.0 % ODE-MC/NC then dried at 85 °C for 16 h.  

Unbound residual LO on CP was removed by rinsing with ethanol (five strips in 20 mL) 

by orbital shaker for 5 min. This was repeated with fresh ethanol each time until weight loss ceased. 

Typically, this took six to seven cycles. Acetone rinsing was conducted in the same manner. AFM 

samples of ODE-NC in LO were prepared by diluting 0.07 ODE/LO in toluene to 0.0005 w/v %. 

Water contact angles (WCA, 5 mL) of sessile drops on coated strips (control 2, 4a, 4b) were 

measured at 3 sec, 3 min and 20 min. The median value of qright and qleft of a sessile drop was 

obtained by using ImageJ software, with contact angle plug-in software. WCA was triplicated in 

different locations to derive the average and the standard deviation. The density () of CP was 

calculated from the weighed mass and volume of a strip; porosity () of the coated CP was 

calculated as: 

             porosity () = ( 1 −
ODE-LO

(𝑐𝑒𝑙𝑙)
 ) x 100 %              Eqn. 3 

             Where cell is the density of pulp cellulose: 1.541 cm3/g 

Maximum absorption capacity was calculated based on porosity as follows: 

             Cm = 
LO

cell

 ·


1−
 ·100 %                                     Eqn. 4 

 



 113 

Stress–strain tensile measurements of the 1.5 cm x 5 cm rectangular cellulose paper, and all 

ODE+LO coated cellulose paper strips, were performed in the same manner as those of PBD or 

PSIS composites. 

 

4.4 Results and Discussion   

  

4.4.1. ODE-cellulose disintegration into ODE-NC (0.74 mmol/g-cell) by sonication 

 

The effect of sonication on disintegration of ODE-cellulose (0.74 mmol/g-cell) that was 

synthesized under the optimal condition of six mole equivalence of ODE at 110 ºC (6ODE110) 

for 1 h (100 mg scale)1 in CHCl3 was evaluated at 35, 50, and 75 % amplitudes for 5 and 10 min. 

At 5 min, as sonication energy increased (35-75 A, 7 kJ to 13 k), more nanoparticles (NPs, 60-

90 %) with decreasing diameters (12.2-6.1 nm) and decreasing quantities of CNFs (40-10 %) with 

similar dimensions (T: 8.2 nm - 12.5 nm, L:1.9 - 2.0 m) were produced (Figure 4-3a, b). At 10 

min sonication, as energy increased (35-75 % A, 17 kJ to 26 kJ), the thickness of CNFs reduced to 

half (6.1 to 3.3 nm) and length reduced by two-thirds (1.7 to 0.5 m), while the diameters of NPs 

stayed statistically constant between 2.9 ± 1.3 nm and 5.0 ± 2.0 nm (Figure 4-3a, b). This is 

consistent with the observation elsewhere that there is a minimum nanoparticle size below which 

degradation does not take place by sonication13. At 17 kJ sonication (50 % A), the submicron 

particulates (diameter of ca.  35.8 nm) are observed in the AFM image at ~60 % of the area 

compared to 40 % combined CNFs and NPs.  However, at 20-26 kJ, the submicron particulates 

were no longer observed and the ratio of NPs to CNFs had dropped to 50 %/50 %, indicating their 

disintegration.  

The corresponding precipitates contained microfibers which also showed reduced width 

and length as energy increased from 10 to 26 kJ (Figure 4-3c, d). These results proved the concept 
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that ODE-cellulose could be disintegrated by direct sonication (35-100 A, 5 or 10 min) in CHCl3 

into ODE-NC. However, the ODE-NC yields were low at 13, 13, and 18 % at the relatively low 

energies of 17, 20, and 26 kJ, respectively.        

 
Figure 4-3. Effect of sonication on ODE-cellulose (6ODE110, 0.74 mmol ODE/g-cell synthesized 

by 0.1 cellulose scale) in CHCl3 (0.1 w/v %): (a) AFMs of ODE-NC (CNF/NP) (0.001 w/v % for 

5 min and 0.0005 w/v % for 10 min) on HOPG; (b) ODE-CNF thicknesses (T) and lengths (L) 

based on AFM images (n=30-100) as a function of sonication energy; (c) optical microscopic 

images of precipitates from sonication at 10 kJ and 26 kJ. 

 

 

4.4.2 Scale-up 

 

The synthesis of ODE-cellulose was optimized and scaled up from 0.1 g cellulose in 100 

mL to 0.5 g cellulose in a 500 mL autoclave reactor. (Figure 4-2)                                                                                                     

First, the decomposition rates of 16 g BDS in the presence of 0.5 g cellulose in the sealed 

reactor without the catalyst was determined by the percentage of the internal pressure over the 

maximum possible pressure (19 atm) upon heating at each temperature for 1 h. In a typical reaction, 

the pressure started to rise at around 95 °C and the rate of BDS decomposition accelerated between 
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100 and 105 °C and then plateaued at 106 °C, showing a linear BDS decomposition rate with 

increasing temperatures to a maximum 35.4 % at 106 °C. The temperature reached 90 °C in 20 

min, at which point evolution of 1,3-BD became rapid, and the telomerization reaction was carried 

out for 40 min. This length of time is ample, consistent with the reported time needed for 

telomerization of 1,3-BD with carbohydrates and sugar alcohols14.  

By heating cellulose with BDS at varying temperatures without Pd in situ for 1 h (blank 

telomerization), 6.3 ± 1.3 % mass loss of cellulose was observed (Figure 4-4a) due to exfoliation, 

leaving 93.7 ± 1.3 % or the base weight to calculate the yields from telomerization with Pd. The 

yield of ODE-cellulose increased with increasing temperatures from 100 to 113 °C which 

corresponds to the availability of 1,3-BD, reaching up to 113 wt % with the degree of substitution 

(DS) with 1.2 mmol ODE/g-cell (Figure 4-4b) by mass gain (Eqn. 1). DS was derived by mass 

gain of ODE-cellulose based on the base weight, divided by MW of ODE (109 g), then further 

divided by the base weight. (Eqn. 1). However, the product with 1.2 mmol ODE/g-cell were 

brownish due to decomposed carbohydrates, thus the product with 0.67 mmol/g-cell (0.67ODE-

cell) obtained at the average temperature of 107 °C is optimal. This DS is 10 % lower than the 

0.74 mmol ODE/g-cell from the 0.1 g scale reaction under the same conditions, demonstrating the 

validity of the scale-up reaction. 
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Figure 4-4. Effect of telomerization temperature on scale-up telomerization of 0.5 g cellulose: 

(a) % mass yield of control (no Pd) and ODE-cellulose; (b) degree of substitution (DS) of ODE-

cellulose.  

 

4.4.3 Optimization of disintegration by sonication 

 

Direct sonication (50 % A) of 0.1 w/v % 0.67ODE-cell in THF, CHCl3, linseed oil (LO) 

and toluene produced increasing quantities of ODE-NC with increasing sonication energy and time. 

Also, at 42 kJ (50A) for 20 min and 62 kJ (50A) for 30 min, quantities were greater using CHCl3 

than THF.  CHCl3 and toluene produced a similar quantity of ODE-NC, but for a given sonication 

time, toluene required more energy (62 kJ instead of 42 kJ at 20min, and 95 kJ instead of 62 kJ at 

30 min, 50A) (Figure 4-5a). The higher quantity of ODE-NC in THF at 10 min may indicate that 

less functionalized ODE-NC was exfoliated in the first 10 min.  Most importantly, sonication 

produced the same quantity of ODE-NC in CHCl3 and toluene in shorter time (20 min) and in one 

step as those dispersed from blended aq. precipitate for 30 min1 (Figure 4-5b, c). Thus, direct 

sonication in organic liquids was proven more effective than aq. blending. 

Sonicating (20 min, 42-84 kJ) tert-butanol (TB) wetted ODE-cellulose in THF, CHCl3, LO, 

and toluene (ca. 2 v/v% TB) improved ODE-NC yields to 28, 52, 66, and 37 % as compared to 18, 

31, 47, and 30 % by direct sonication in the respective solvents (Figure 4-5b, c) with the highest 

increase in LO by 19 %. Pre-wetting with 5 v/v% TB did not further improve the ODE-NC yields. 

ODE-cellulose was also sonicated in TB (50 % A, 20 min, 38 kJ) and lyophilized to a fluffy mass, 

then vortexed in THF, CHCl3, LO, and toluene to disperse 31, 57, 65, and 41 % ODE-NC, similar 

to those pre-wetted with TB (Figure 4-5c). Despite some advantages of lyophilized powdery 

nanocelluloses (they are readily dispersible in any liquids and convenient to transport), the 

lyophilization process requires more energy. Thereby, simply pre-wetting ODE-cellulose with TB 
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at ca. 2 v/v% was the optimal condition for improving the yield of ODE-NC in moderately to more 

hydrophobic organic solvents, and most impressively in LO.  

 

                

 
 

Figure 4-5. Optimization in generation of ODE-NC (0.1 w/v %) in organic liquids by sonication 

(50 % A, 10, 20, 30 min) of ODE-cellulose (6BED110, 0.67ODE) directly, pre-wetted with 2 v/v%: 

(a) % ODE-NC as a function of sonication energy (kJ), TB (+), or sonicated in TB & lyophilized 

(*). % ODE-NC dispersible in the organic liquids:(c) from direct sonication, from sonication of 

pre-wetted ODE-cellulose with 2 v/v%, (d) from sonication of ODE-cellulose in 100% TB and 

lyophilization. 
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4.4.4 Optimization of DS by pre-sonication of cellulose 

 

Sonication (50 A, 3 min, 70 kJ) of cellulose in DMF reduced the 100+ m wide fiber 

bundles to ca. 10 m wide fibers in 1 min, then to single swollen fibers in 3 min (Figure 4-6 

inset photo).  

 
Figure 4-6. Optical microscopic images of cellulose (0.5 g) sonicated (50 % A, 0, 1 or 3 min, 2 or 

7 kJ) in DMF (7 mL) with arrows indicating separated binary (middle) and individual fibers (right). 

 

The yields from blank telomerization of pre-sonicated cellulose was 91.2 ± 2.1 wt % which 

was ca. 2% less than those from telomerization of cellulose without pre-sonication under the same 

conditions due to the increased exfoliation. This yield was used as the base weight to calculate 

yields. ODE-cellulose mass increased rapidly and more significantly as temperature increased, 

reaching higher yields than those without pre-sonication at similar temperatures (Figure 4-7a). 

Telomerization of cellulose briefly sonicated in DMF resulted in a much higher DS of 1.2 mmol 

ODE/g-cell (1.2ODE-cell) and 1.8 mmol ODE/g-cell (1.8ODE-cell) at the average temperature 

range between 103 and 110 ºC, respectively, as compared to 0.67 mmol/g-cell (0.67ODE) obtained 

at 107 ºC without pre-sonication. Moreover, longer reaction times of 1.5 h and 2 h at 110 ºC 

increased the DS to 3.1ODE-cell and 4.1ODE-cell, respectively (Figure 4-7b). This confirms that 

pre-sonication in DMF separated and swelled individual fibers, thus improving diffusion of 

reagents deep into the fibrils.  
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Figure 4-7. Effect of pre-sonication of cellulose in DMF on telomerization (6ODE, 1h) to ODE-

cellulose on: (a) % mass yield of control (no Pd) and ODE-cellulose with or without pre-

sonication; (b) DS of ODE-cellulose with or without pre-sonication. 

 

 

In the FTIR, the presence of ODE groups with ether linkages to cellulose was shown by C-

O-C bend at 1100 cm-1, and =C-H stretch at 3049 cm-1. All intensified with increasing DS, while 

a very small shoulder peak for the C=C stretch appeared next to the water peak at between 1640-

1704 cm-1 (Figure 4-8a). Sharp peaks distinctive to cellulose are seen at 897 cm-1, 1640 cm-1, 2896 

cm-1, and 3363 cm-1, representing the -glycosidic C1-O-C4 deformation, residual water, aliphatic 

C-H, and OH groups, respectively. In XRD, the CrI of the most highly telomerized 3.1ODE-cell 

and 4.1ODE-cell was significantly reduced to 25.0 % and 9.8 %, respectively, from the 60.3 % CrI 

of the original cellulose (Figure 4-8b). Furthermore, the cellulose I characteristic peaks at 14.7º, 

16.8º, and 22.6º disappeared, while an emerging peak coincided with the regenerated cellulose II15 

at 20.5º, showing loss of cellulose I to possibly cellulose II crystalline structure as a result of high 

substitution. 1.8ODE-cell preserved the majority of the crystallinity (CrI = 43.8 %) of the original 

cellulose, and a small sign of an evolving peak at 20.5º suggests that this is the highest DS with 

cellulose I crystalline form. The moisture contents of ODE-cellulose were also reduced to 0.8 

and 2.5 % for 1.8ODE-cell and 1.2ODE-cell, respectively, consistent with the less hygroscopic 

nature of ODE groups as their quantity increases. Similarly, the Tmax of cellulose (353 ºC) was 
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lowered to 320 ºC and 310 ºC for 1.2ODE-cell and 1.8ODE-cell, respectively, reflecting the heat 

labile nature of ether linkage at the elevated temperature. However, the Tmax is much higher than 

the 265 °C Tmax of TEMPO-CNF16 (Figure 4-8c). Brief 3 min sonication of cellulose in DMF 

was highly effective in improving telomerization of 1,3-BD with cellulose, reaching a DS of up to 

1.8 mmol ODE/g-cell with largely-preserved crystallinity and negligible moisture absorption. 

 
Figure 4-8. Characteristics of ODE-cellulose from telomerization of pre-sonicated cellulose: (a) 

FTIR; (b) XRD; (c) TGA and dTGA. 

 

 

4.4.5 1.2ODE-NC by sonication in toluene 

 

Sonication (50 % A) of 1.2ODE-cell and 1.8ODE-cell (0.1 w/v %) in toluene, a common 

solvent for PBD and PSIS elastomers, produced increasing yield of 1.2ODE-NC with increasing 

time and energy. As Figure 4-9a shows, the yield increase of 1.2ODE-NC was especially 

impressive for the increase in time from 10 min (31 kJ, 50 A) to 20min (62 kJ, 50 A).  

The microfibers in the precipitate appeared individually separated in toluene, but 

aggregated as they dried on the hydrophilic glass, indicating their functionalized surfaces (Figure 

4-9b, inset).  

In AFM images, 1.2ODE-NC obtained from 20 min sonication (60 kJ, 50 A) appeared as 

10-40 nm diameter particulates on hydrophilic mica (Figure 4-9c), indicating their hydrophobicity 

and incompatibility with mica. On more hydrophobic HOPG, four morphologies were observed. 
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Three of the four (ca.  75 % by area) were either (1) as an inter-connecting fibrillar network (T:1.0 

± 0.3 nm) (Figure 4-9d), or (2) as individual straight and curly CNFs (T:1.3 ± 0.5 nm) (Figure 4-

9e), or (3) as much thicker, wiggly CNFs (T:12.8 ± 3.3 nm) due possibly to multiple fibrils stacking 

up (Figure 4-9f). The fourth morphology, i.e., the remaining ca.  25 % of 1.2ODE-NC, were NPs 

(diameter 8.6 ± 2.9 nm), indicating a less hydrophobic surface than the other fibrils (Figure 4-9g). 

The varied thicknesses of ODE-CNFs (1.0 ~ 12.8 nm) and a tendency of curling may be attributed 

to unevenly distributed ODE groups on 1.2ODE-CNF surfaces. The product using sonication in 

toluene has far more 1.2ODE-CNFs than NPs (ratio 75:25), thus it is a far higher quality product 

than the 0.74ODE-NC1 (with virtually no CNFs) obtained by mechanical blending (Table 4-1).  

 
Figure 4-9. Sonication (50 % A, 10, 20 and 30 min) of 1.2ODE-cell and 1.8ODE-cell in toluene: 

(a) % 1.2ODE-NC in toluene as a function of sonication energy at 30, 60, 90 kJ.  (b) optical 

microscope image of the precipitate from the sonicated (20 min) 1.2 ODE-cell, dried on glass. 

Inset images were taken by crossed polars. AFM images of 1.2ODE-NC: (c) on mica at 0.001 

w/v %; (d, e) on HOPG at 0.05 %; (f, g) on HOPG at 0.001 %.  
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4.4.6 Effects of ODE-NC on mechanical strength of polymer composite 

 

To examine the effect of ODE groups in 1.2ODE-MC/NC on reinforcing a PBD 

nanocomposite film, 1.2ODE-MC/NC was combined with PBD (sonicated at 50 A for 0, 10, and 

20 min) (Figure 4-10), and designated as 1.2ODE20/PBD0, 1.2ODE10/PBD10, and 1.2ODE-

cell/PBD20.  

 

 
                   Figure 4-10. Nanocomposite film of 2 % 1.2ODE-NC in PBD or PSIS. 

 

 

1.2ODE20/PBD0 exhibited the highest modulus (2.23 ± 0.34 MPa) and yield strength (0.15 

± 0.04 MPa), over 6- and 2-fold higher than those of the control, respectively, without sacrificing 

the strain (Figure 4-11, Table 4-4). While the unmod20/PBD0 film exhibited an excellent 

modulus (0.63 ± 0.07 MPa) and yield strength (0.11 ± 0.07 MPa), these were only a fraction of 

those from 1.2ODE20/PBD0, evidence of the enhanced interfacial affinity between 1.2ODE-

MC/NC and PBD due to the surface ODE groups via overall Van Der Waals/London dispersion 

interactions.  

As PBD sonication time increased to 20 min (1.2ODE-cell/PBD20), the modulus doubled 

and the ultimate strength tripled, compared to that of the control, but the strain was only a fraction 

of the control.  The resulting plastic characteristics (Figure 4-11b) suggested chain scission of 

PBD due to extended sonication (23~74 kJ). This also agrees with the clearer film appearance of 

1.2ODE-cell/PBD20 compared to that of 1.2ODE20/PBD0 or the control (Figure 4-11b inset).      
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These data suggest that sonication longer than 10 min (50 A) may damage polymers, and 

ODE-MC/NC is effectively homogenized with PBD by stirring without using sonication energy.  

 

 
Figure 4-11. Effect of 2 % 1.2ODE-NC on the tensile properties of 1.2ODE-NC/PBD 

nanocomposites: (a) modulus, yield strength, ultimate strength, and strain; (b) representative 

stress-strain curves.  

 

        

       Table 4-4. Tensile properties of PBD nanocomposite with 2 % 1.2ODE-MC/NC. 

PBD 

(Sonication Time) 

Modulus 

(MPa) 

Strength (MPa) 

Strain (%) Yield ultimate 

PBD 0.35 ± 0.11 0.06 ± 0.01 
1) 0.13 ± 0.08 

2) 0.14 ±0.03 
2200 ± 70 

Unmod20/PBD0 0.63 ± 0.07 0.11 ± 0.07 0.10 ± 0.03 1300 ± 400 

1.2ODE20/PBD0 2.23 ± 0.34 0.15 ± 0.04 0.18 ± 0.10 1800 ± 500 

1.2ODE10/PBD10 0.55 ± 0.23 0.10 ± 0.04 0.03 ± 0.01  800 ± 500 

1.2ODE-cell/PBD20 0.79 ± 0.49 n/a 0.46 ± 0.15 110 ± 5 

                      Table 4-4 is based on the average of three experimental results. 

         

  

1.2ODE-MC/NC was also incorporated with PSIS at 2 % with a varied amount of metal-

free radical initiator, AIBN (Table 4-5). With increased AIBN from 0.5:1 to 1:1 FR/t-ene molar 

ratio, the modulus (8.0 ± 1.6 MPa) increased by 27.0 % with respect to that of 1:0.5 FR/t-ene (6.3 

± 1.9 MPa), and by 63 % in comparison to those of both controls, control 1a (4.8 ± 0.6 MPa) and 

control 1b (4.9 ± 0.6 MPa), respectively, while the ultimate strength and the strain were unaffected 

statistically, indicating improved cross-linking between 1.2ODE-NC and PSIS by 1:1 FR/t-ene 

(Figure 4-12a, c). Further increasing AIBN to 2:1 FR/ t-ene produced a very sticky glass-adhering 
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film with a fraction of the strength and the strain of the control, without affecting the modulus 

(Table 4-5), possibly due to AIBN-induced PSIS decomposition17 and chain scission of PSIS by 

excess AIBN. Thus, the optimal AIBN quantity was 1:1 FR/t-ene molar ratio (Table 4-5).  

 

Table 4-5. Moles of alkenes in 1.2ODE group and PSIS. 

AIBN 

3mg: 0.02 mmol 

6mg: 0.04 mmol 

12mg: 0.08 mmol 

Mass (g) 

ODE 

group or 

I 

(mmol) 

Total 

alkenes 

(mmol) 

t-enes,  

i-enes 

(mmol) 

FR/t-ene or FR/i-ene 

0.04 

mmol 

FR 

0.08 

mmol 

FR 

0.15 

mmol 

FR 

1.2 mmol ODE/g -cell 0.07 0.08 0.16 0.08 0.5:1 1:1 2:1 

PSIS (78 % isoprene = I) 
 

PSIS: 3.3 

I: 2.6 
38 38 38 0.001:1 0.002:1 0.004:1 

          MW(AIBN) = 164 g/mol; MW(I) = 68.1 g/mol              

          FR: free radical, t-enes: terminal alkenes in 1.2ODE group’s, i-enes: alkenes in isoprene. 

 

 

 
Figure 4-12. Effect of the sonicated 1.2ODE-cellulose with PSIS: (a) mol ratios of 1.2ODE-

alkene and PSIS-alkene; (b) varied processing methods; (c) varied mixing lengths; (d) typical 

stress-strain curves.  
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Table 4-6. Stress-strain characteristics of 1.2ODE-NC/MC effects on PSIS copolymers with and 

without initiator AIBN and from different preparation conditions. 

Purpose Condition 
Modulus 

(MPa) 

Strength 

(MPa) 

Strain 

(%) 

1. Control 

 

a. Pristine 4.8 ± 0.6 5.9 ± 0.6 1200 ± 30 

b. AIBN 4.9 ± 0.9 4.9 ± 0.6 1400 ± 90 

c. Unmod, (0.5 h 

mix) 
5.3 ± 0.3 5.6 ± 0.7 1000 ± 60 

With 2 % 1.2ODE-MC/NC: 

 
2. Optimum AIBN in x-

linking 

a. 0.5:1 FR/t-enes 6.3 ± 1.9 6.0 ± 1.0    1200 ± 50 

b. 1:1 FR/t-enes 8.0 ± 1.6 5.7 ± 1.2    1000 ± 70 

c. 2:1 FR/t-enes 5.1 ± 1.0 1.0 ± 0.1 300 ± 50 

3. x-linking between t-

enes and i-enes 

a.  10 min 3.34 0.836 400 

b.   1 h 8.0 ± 2.0 6.2 ± 1.0 1200 ± 200 

4. Effect of mixing. 

a.   0.5 h 5.8 ± 0.9 4.2 ± 1.3 1000 ± 80 

b.     5 h 8.1 ± 1.4 17.3 ± 3.3 1800 ± 48 

c.   16 h 7.8 ± 1.0 16.6 ± 2.5 1800 ± 400 

     5. 3 % 1.2ODE-MC/NC 16 h mixing 13.5 ± 0.5 15.2 ± 1.5 1200 ± 100 

 

t-Enes in 1.2ODE-MC/NC were activated for varied times (10 min and 1h) with the optimal 

amount of AIBN (1:1 FR/t-ene) at 85 °C for 15 min, followed by the addition of PSIS. The short 

10 min mixing produced a very sticky glass-adhering mass with a fraction of the strength and the 

strain shown by control 1a and control 1b. On the other hand, increasing mixing time to 1 h 

increased the modulus (8.0 ± 2.0 MPa) by 67 % and the strength (6.2 ± 1.0 MPa) by 5 %, similar 

to the results from 2b (Table 4-6.2), but with 20 % higher strain.  This observation may indicate 

that the AIBN activation of t-enes for 1 h followed by PSIS addition, and the addition of AIBN to 

the mixture of 1.2ODE-MC/NC and PSIS, resulted in similar reinforcement, implying that t-enes 

may be more reactive toward AIBN than i-enes.  Increasing AIBN to 2:1 FR/t-ene, keeping 1 h 

mixing constant, resulted in a sticky mass consistent with the observation of 2c (Table 4-6.2). 

Thus, activation of t-enes by 1:1 FR/t-ene AIBN for 1 h (Table 4-6.3) showed the optimum 

reinforcing effect.  
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Mixing 1.2ODE-MC/NC and PSIS in toluene without AIBN for a short time (0.5 h) 

improved the modulus by 20.8 % with respect to that of the control 1a, and by 9.4 % compared 

with that of control 1c, without affecting the strength and strain, indicating the better interfacial 

adhesion of 1.2ODE-MC/NC compared with unmod-MC/NC surface with PSIS. A remarkable 

improvement was observed at the longer 5 h mixing time (Table 4-6.4), i.e., longer mixing time 

nearly tripled the strength to 17.3 ± 3.3 MPa compared with the two controls (0.5 h mixing), and 

the modulus and the strain improved to 8.1 ± 1.4 MPa and 1800 ± 400 %, respectively. Further 

lengthening the mixing time to 16 h (Figure 4-12b) did not lead to further improvement. Increasing 

1.2ODE-MC/NC content to 3 % with 16 h mixing further improved the modulus (13.5 ± 0.5 MPa) 

by 66.7 % with respect to that of 5 h mixing, but the strength and the strain did not improve. Mixing 

for 5 h was deemed the optimal mixing time. Clearly, longer mixing improved the reinforcement 

of the PSIS nanocomposite films with 1.2ODE-MC/NC, likely by separation and re-orientation of 

polymer chains, forming the homogenized mixture with 1.2ODE-MC/NC.  

 

4.4.7 Dispersibility and morphology of 1.8ODE-NCs in linseed oil 

 

Sonication (50% A, 20 min, 84 kJ) of 1.2ODE-cell in LO yielded 52.9 % ODE-NC, higher 

than the 47 % from 0.67ODE-cell but lower than the 66 % from TB wetted 0.67ODE-cell (Figure 

4-5f, g). Sonication (50 % A) of 1.8ODE-cell yielded a remarkable 67.9 % of 1.8ODE-NC in only 

10 min. The yield increased moderately to 73.3 % at 20 min (84 kJ) and plateaued at 76.1 % at 30 

min (120 kJ) (Figure 4-13a). The precipitate from 20 min sonication showed the most 

individually-separated (least aggregated) microfibers when diluted in toluene, compared to acetone 

and ethanol (Figure 4-13, b-d). AFM images of 1.8ODE-NC in LO, created by dilution in toluene 

to 0.0005 w/v % and deposition on HOPG (Figure 4-13e, f), showed residual LO-covered 
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nanofibrils with 15.0 ± 5.8 nm (n=50) thickness. By subtracting the thickness of LO droplets (11.6 

± 2.6 nm, n=20) prepared in the same manner, 1.8ODE-NC has an estimated thickness of ca. 3.4 

nm. 

 

Figure 4-13. Sonication (50 % A) of 1.2ODE-cell and 1.8ODE-cell in linseed oil (LO): (a) 

weight % 1.2ODE-NC and 1.8ODE-NC from 10, 20 and 30 min or 40, 84, 120 kJ; optical 

microscopic images of precipitate from sonication (20 min; 84 kJ) of 1.8ODE-cell diluted in (b) 

ethanol, (c) acetone and (d) toluene; AFM images of ODE-CNFs (e) and LO (f) both diluted in, 

and dried from, toluene (0.0005 w/v %) on HOPG. 

 
 

4.4.8 Reinforcing effect of 1.8ODE-NC in LO for cellulose paper  

 

The mechanical strength and surface hydrophobicity of the paper coated with 1.8ODE-NC 

in LO were studied in connection with transesterification and cross-linking reactions among CP, 

LO and 1.8ODE-NC. CP imbedded with 0.07 % 1.8ODE-NC/LO (ca. 85 % add-on weight of 

NC/LO on CP) and heated under various temperatures (70-120 °C) for varied times improved the 

modulus, strength, and strain (Table 4-7). The LO-coated CP (control 2) showed some 

improvement in strength and strain in comparison with CP (control 1), indicating the reinforcing 

effect of LO by itself (Figure 4-14a). By adding 0.07 % 1.8ODE-MC/NC to LO, a significant 

improvement in strength (24.6 ± 0.5 MPa) and strain (6.4 ± 0.4 %) over those of control 2 was 
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observed. Doubling the heating time to 16 h increased the modulus and the strength further to 1.16 

± 0.09 GPa and 26.7 ± 0.8 MPa, respectively. On the other hand, the unmod-NC (control 3, 8 h 

heat) resulted in much lower strength and strain than those of 4a and 4c in Table 4-7, indicating 

1.8ODE-NC’s superior interfacial adhesion to FAs in LO compared with unmod-NC. Also, the 

lower strength of unmod-NC/LO (control 3) compared to LO (control 2) may suggest unmod-NC 

interfered with possible cross-linking among FA in LO. Neither increasing heating time nor 

temperature showed any noteworthy improvement (Figure 4-14, b-d). Heating under a N2 

environment (Table 4-7) decreased the strength and the strain by 14 % and 9 %, indicating a cross-

linking effect by oxidative degradation29 of FAs shown in Scheme 1-2 in Chapter 1. Further 

increasing 1.8ODE-NC from 0.07 % to 2.0 % and heating at a 15 C higher temperature increased 

the modulus, strength, and strain to 1.39 ± 0.08 GPa, 31.0 ± 3.3 MPa and 9.6 ± 1.3 %, respectively. 

These increases were not proportional to the increase in 1.8ODE-NC concentration. Thus, heating 

0.07 % 1.8ODE-NC in LO at 70 °C for 8-16 h is the optimal condition for CP coating for strength 

enhancement.  
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Figure 4-14. Tensile properties of CP coated with 0.07 % 1.8ODE-NC in LO: effect of (a) LO 

alone, with unmodified NC or 1.8ODE-NC heated at 70 C for 8 h; (b) lengths of heating at 70 C; 

(c) heating temperatures for 16h; (d) typical stress-strain curves. 

 

 

 

Table 4-7. Effect of 0.07 and 2.0 % 1.8ODE-NC in LO coating of CP on mechanical strength. 

Coating 
Reaction 

condition 

Modulus 

(GPa) 

Strength 

(MPa) 

Strain 

(%) 

Controls 

 

1. None (n=3) n/a 0.88 ± 0.07 10.0 ± 4.5 2.1 ± 1.1 

2. LO only (n=3) 70 C, 8h 0.92 ± 0.06 14.1 ± 1.0 4.3 ± 1.6 

3. 0.07 % unmod-NC   

   in LO (n=3) 
70 C, 8h 1.05± 0.03 11.5 ± 0.7 2.5 ± 0.7 

4. 0.07 % 1.8ODE-NC 

in LO (n=4) 

  a. 70 C, 8 h 0.98 ± 0.05 24.6 ± 0.5 6.4 ± 0.4 

  b. 70 C, 16h 1.16 ± 0.09 26.7 ± 0.8 6.5 ± 0.6 

  c. 70 C, 16h, N2 1.13 ± 0.33 22.9 ± 1.0 5.9 ± 0.9 

  d. 70 C, 32 h 1.03 ± 0.09 21.6 ± 1.6 6.7 ± 0.4 

  e. 70 C, 64 h 1.02 ± 0.12 22.5 ± 1.6 6.8 ± 0.5 

  f. 100 C, 16h 1.25 ± 0.11 21.6 ± 3.4 8.3 ± 1.7 

  g. 120 C, 16h 1.12 ± 0.20 27.4 ± 2.0 9.4 ± 1.1 

5. 2.0 % 1.8ODE-MC/NC 

in LO (n=4) 
  h. 85 C, 16 h  1.39 ± 0.08 31.0 ± 3.3 9.6 ± 1.3 
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4.4.9 Rinsing effect on coated CP by ethanol and acetone 

 

The coated CP was rinsed with acetone and ethanol. This removed the 11.3 % unbound 

LO, leaving a net gain of 73.7 % which may include CP-bound transesterified FA, inter-cross-

linked CP-bound FA, 1.8ODE-NC, some residual triglycerides cross-linked with CP-bound FA, 

and some unbound co-mingled triglycerides, glycerols, etc. The assumptions were made that 100 

g CP is loaded with 73.7 g (73.7 %) of bound FAs (0.3 moles), while the estimated weight of 

1.8ODE-NC in the CP coating is 0.06 g (Eqn. 5) based on 0.07 % of initial 85.0 % add-on weight 

on CP (Tables 4-8, 9). The hydroxyl contents in 1.8ODE-NC and CP were calculated to be 0.0004 

(negligible) and 0.6 mols, respectively, following Eqn. 6 and 7, and related to esters in FAs (0.32 

mols) in ca. 0.001 OH:1 FA and ca. 2 OH:1 FA molar ratios, respectively. This indicates that the 

estimated ~43.4 % of available CP-hydroxyls including 1.8ODE-hydroxyls may have 

transesterified with the esters of FA in LO (Eqn. 8) as a covalently bonded hydrophobic surface 

coating.  
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        Table 4-8. Chemical components in 100 g linseed oil. 

Fatty acid in 100g LO 

(0.114 moles) 

[# alkene] 

Fatty acid 

(wt %) 

Fatty acid (FA)  

MW (g/mol) 

Esters in FA 

in 100 g LO 

(mol) 

Alkene in 100 g 

LO 

(mol) 

Saturated acid 10 n/a 0 0 

Oleic acid [1] 21 282 0.07 0.07 

Linoleic acid [2] 16 280 0.06 0.11 

a-Linoleic acid [3] 53 278 0.19 0.57 

Linseed Oil (100 g) 100 n/a 0.32 0.76 

         

 

Table 4-9. Moles of functional groups in 0.07 % 1.8ODE-NC, LO and CP after rinsing. 

1.8ODE-

NC 

*0.0595 g 

1.8ODE-NC 

(mol) 

 LO 
73.7 g FA  

(mol) 
 CP 

100 g CP 

(mol) 

†OH 0.0004  Ester 0.2  ††OH 0.6 

Alkene 0.0001  Alkene 0.6  Bound FA 0.3 

       Bulk DS=1.8 mmol ODE/g-cell  
The average fatty acid MW(avg. FA) = 262 g/mol 

73.7 g FAs bound to 100 g CP (due to 73.7 % avg. weight gain at 70 C) 

 

*  Eqn. 5:  Based on 85.0 g initial weight gain of CP with 0.07 % ODE/LO: 85.0 x 0.07/100 =0.06 g.  

 † Eqn. 6:  OH on ODE-NC = 
0.06 𝑔 −(0.06 𝑔 𝑥 1.8 𝑚𝑚𝑜𝑙/𝑔 𝑂𝐷𝐸 𝑥 109 𝑔 𝑂𝐷𝐸/𝑚𝑜𝑙) 𝑥 

1 𝑔

1000 𝑚𝑔

162 𝐴𝐺𝑈/𝑚𝑜𝑙
 x 3OH x   

                    (1-0.6) (where 0.6 is the CrI of rice straw cellulose31) 

††Eqn. 7:  OH on CP = (100 g AGU/162.14 g AGU/mol) x (1-0.65) x 3OH= 0.65 mole 

 (where 0.65 is the CrI of pulp) 

    Eqn. 8:  FA / (Free OH on CP) = (0.281 / 0.65 mole CP-OH) x 100 % = 43.4 % 

 

The WCA over the surface of the coated CP (LO 70C 8h, 1.8ODE-NC in LO at 70C for 

8h, and 1.8ODE-NC in LO at 70C for 16h) ranged between 91, 99, and 117 at 3 min with the 

highest by 1.8ODE-NC in LO at 70C for 16h (Figure 4-15a). This is consistent with the lowest 

maximum % absorption capacity (10 %) of 1.8ODE-NC in LO at 70C for 16h (Table 4-10). All 

coated CP were impenetrable by water for at least 3 h, while water passed through control 1 CP 

within 5 min (Figure 4-15b).                  

FTIR of the coated and rinsed CP after ethanol and acetone rinsing showed a strong C=O 

vibration at 1741 cm-1 indicating the bound FAs to CP via ester linkages (Table 4-7, 4c). All data 
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combined demonstrated reinforcing and hydrophobizing effects of LO/ODE-CNFs on CP. This 

chemical-free coating has a promise in food packaging and wrapping applications. 

         
Figure 4-15.   Characteristics of CP coated with 0.07 % 1.8ODE-NC in LO, heated at 70 C for 8 

h or 16 h, and rinsed with ethanol and acetone: (a) WCAs and photos of sessile drops; (b) a photo 

showing water repellency of the coated CP with 1.8ODE-NC in LO; (c) FTIR of coated CP with 

1.8ODE-NC in LO heated in different conditions and after rinsing. 

 

                

Table 4-10. Weight loss, density, % porosity and % absorption capacity of the coated CP with 

0.07 % 1.8ODE-NC in LO. 

Heating time (70 °C)      Weight Loss (%)  Density (g/cm3) Porosity (%) 
Max absorbance 

Capacity (MAC, %) 

CP (r.t.)   1.0 ± 0.2 0.8 46 51 

LO (8 h) 16.6 ± 0.6 1.3 19 14 

1.8ODE-NC in LO (8 h) 14.1 ± 0.9 1.3 16 12 

1.8ODE-NC in LO (16 h) 10.5 ± 1.5 1.3 14 10 

 

4.5 Conclusions 
 

ODE-cellulose was defibrillated into nanocellulose with T: 3.3-5.1 nm and L: 0.5-1.7 m 

(10/90-50/50 CNF/NPs) in CHCl3 by sonication for 10 min (35 - 75 % A, 17-26 kJ) with ca. 15-

18 % yield. Scale-up (0.5 g) telomerization under optimal conditions on a 0.1 g scale (6ODE110) 

generated ODE-cellulose with 0.67 mmol/g by mass gain, and produced 31 wt %, and 30 wt % 

ODE-NC in CHCl3 and toluene, respectively, after 20 min sonication (50 % A), achieving the same 

yields as those from blending of aq. precipitate, but in less time. In addition, sonication enabled 

the use of a wide variety of organic solvents and linseed oil. Wetting of ODE-cellulose by TB 
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further increased the yield of ODE-NC in THF, CHCl3, LO, and toluene by 55.6, 67.7, 40.4, and 

23.3 wt %, respectively, compared with those without TB wetting. This confirmed the effect of H-

bonding between TB hydroxyls and ODE-NC hydroxyls, increasing the compatibility between 

ODE-NC and aprotic organic solvents. By pre-sonicating (50 % A, 3 min) cellulose prior to 

telomerization (6ODE, 1h), DS of ODE-cellulose significantly improved  to  1.2 mmol ODE/g-

cell (113 % yield)  and 1.8 mmol ODE/g-cell (119 % yield) as the average temperature increased 

in the range between 113-110 C, in comparison with that obtained without pre-sonication (0.74 

mmol ODE/g-cell) at 107 C. Sonication (50 % A, 20 min) of ODE-cell directly in polymer 

solvents also improved efficiency of NC production by eliminating the aqueous blending and 

solvent exchange process, generating 45.5 % yield of 1.2ODE-cell in toluene and 73.3 %  yield of 

1.8ODE-cell in LO. Furthermore, they were directly mixed with polymers to create 

nanocomposites, or used as surface coatings on cellulose papers. 

PBD film from a stirred solution of PBD combined with 2 % 1.2ODE-MC/NC (2.23 ± 0.34 

MPa) without additional sonication demonstrated the highest yield strength (0.15 ± 0.04 MPa) 

without sacrificing the strain. In PSIS film with 2 % 1.2ODE-MC/NC, the highest modulus (7.8 ± 

1.0 MPa), strength (17.3 ± 3.3 MPa) and strain (1780 ± 448 %), were achieved without any 

additional reagents, but only by 5 h thorough mixing of the two components in toluene. Coating 

of CP with 0.07 % ODE-NC/LO and heating at 70 ºC for 16 h has shown the optimal reinforcing 

effect of CP with strength of 26.7 ± 0.8 MP, which may reflect the highest extent of the grafting 

and cross-linking among CP, ODE-NC and LO. Hydrophobicity of the coated CP surface was 

evidenced by the WCA of 117º at 3 min for CP coated with LO/ODE at 70 ºC for 8h and LO/ODE  

at 70 ºC  for 16h, and their water retention for at least 3 h.  
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By using sonication, facile process of disintegration and processing of ODE-cellulose in 

nonpolar polymer solvents and linseed oil was demonstrated. The excellent compatibility of 1.2 

and 1.8ODE-NCs with toluene, PBD, PSIS, and bio-degradable LO suggests a broad array of 

potential applications in material fabrication with reinforced natural rubbers, elastomers, or 

chemical-free food packaging.  
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CHAPTER 5:     Facile Cellulose Isolation and Nanofibril 

Characterization for 1D To 3D Fiber, Film, and Aerogel Structures 

from Almond Shells 
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5.1 Abstract 
 

Cellulose has been optimally isolated from almond shells (AS) in 35.2 % yield by a two-

step NaClO2/KOH process. Subsequent TEMPO (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl 

mediated oxidization generated ribbon shaped cellulose nanofibrils (CNF) with 1.2 ± 0.44 nm 

height, 5.2 ± 1.2 nm width, and 1.6 ± 0.8 m length in 90 % yield. Anisotropic 4.3 cross-sectional 

width-to-height aspect ratio with dominant hydrophilic planes and high length-to-height aspect 

ratio (1167) are distinctively unique to AS-CNFs. This study elucidated how this characteristic 

served in construction of material forms by analyzing different assembling and disassembling 

behaviors by three CNF material forms created under vaired solidification conditions. Fibers that 

were rapidly frozen (-196 °C) and freeze-dried were readily 100 % redispersible in water into 

CNFs with the original size indicating that they were assembled by predominantly polar-polar 

CNF associations. Aerogels fabricated from a slow freezing (-20 °C) and freeze-drying process, 

exhibited an amphiphilic characteristic by absorbing both water and chloroform. They redispersed 

only 10 wt % in water into CNFs with the original size indicating that nonpolar-nonpolar interfacial 

CNF associations are their dominant force for assembling along with some polar-polar CNF 

interactions. Films, from the slowest solidification via casting under the ambient condition, 

exhibited polar surfaces with water contact angles of 34-42° while they were partially redispersible 

in water (71.7 wt %), ethanol (11.4 wt %) and dimethylacetamide (7.4 wt %), indicating that they 

were formed by using dominant polar-polar and minor nonpolar-nonpolar interfacial associations. 

The higher char residues of the films in TGA may indicate that slow solidification process in air 

induced a calcitrant characteristic. All data combined suggest that solidification speed and 

environments largely influence strength and surface hydrophobicity/hydrophilicity/amphiphilicity 

of TOCNF materials, and their fundamental basis of material construction seems to be supported 
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by polar-polar TOCNF associations between wider hydrophilic-to-hydrophobic planes which are 

characteristic to AS-TOCNFs. 

 

5.2 Introduction 
 

Almonds are the largest tree nut crop in the world, with ca. 80% (kernel basis) being 

produced in California.1 With a projected 1.5 million metric tons of kernels produced in 2020-212, 

an equal amount of shells (AS) and twice as much hulls (AH) are expected. In 2017, a total of 3.1 

million metric tons of biomass was produced by the California almond industry, of which 53.5 % 

is categorized as woody biomass (19.7 % AS) and 46.5 % as fleshy biomass (46.1 % AH).2,3 While 

AH is utilized as dietary supplement for cows, almond woody biomass has been used as a source 

for generation of bioenergy4,5,6 and production of biochar and activated carbon7–11. AS exhibited a 

higher heating value (18.3 MJ/Kg) and moderately higher bulk density (373 kg/m3)4 than those of 

wood pellets or charcoal by combustion. The carbonization temperature of AS at 400 °C, lower 

than the generally-used 600 °C for carbonization of other agricultural residues, leads to cost-

effective processes of energy production7. Almond shells have been studied for use as plastic fillers 

in polypropylene (PP)12–15 or cation/anion absorbents16–18. As plastic fillers in polypropylene (PP), 

NaOH-treated AS modified with polypropylene-grafted-maleic anhydride improved the Young’s 

modulus of the nanocomposite by 14 % to 1500 MPa compared with PP15, and torrefied AS 

increased distortion temperatures by 8 °C to 24 °C13.  AS with less than 180 m granule size in 

PMMA composites improved flexural strength, modulus, and impact energy by up to 20 %, 5.6 

%, and 56.7 %, respectively, for Duralight®PMMA14. Unmodified AS has also been widely 

investigated as a low-cost absorbent for removal of violet B cationic dye (96 mg dye/g AS at pH 

11)16, lead, and cadmium ions (9 mg/g NaOH-treated AS)19, and pentachlorophenol (PCP) 
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pollutant (removal efficiency: 93 ±14% in 24 h)17. These are direct utilizations of bulk AS without 

isolating individual components.  

AS is composed of mainly cellulose, hemicellulose, and lignin with an average 

composition of 28.9 ± 3.2, 32.1 ± 4.0, and 29.3 ± 2.2 %20–27 (Table 5-1), respectively, by the 

standard ASTM20,25–27, TAPPI21,25, or Van Soest22,23 analytical separation methods. AS is used 

directly for energy production22,26, gasification27, purification of xylo-oligosaccharides for the food 

and pharmaceutical industry20, animal feed23, particle board production, and is studied for chemical 

and composition characterization23,24,25 to explore new applications. The Van Soest method led to 

a higher variation (32.6 ± 2.1%) of percent cellulose than ASTM or TAPPT methods (23.8 ~ 29.1 

%), which may be attributed to a single 3~4 % H2SO4 treatment instead of two. While AS is named 

as a woody biomass, the cellulose content of AS (35 %) is about two thirds of that of hard and soft 

wood (45-50 %), but comparable to rice straw (36 %), providing a fair quantity of cellulose out of 

agricultural residue. 

 

Table 5-1. Composition (wt %) of almond shells reported in the references. 

AS variety 
Organic 

extract  
Lignin  Hemicellulose  Cellulose  Method 

Abies alba & 

Pinus insignis26  
 3.7 ± 1.1a 27.2 ± 2.0 34.0 ± 4.9 29.3 ± 7.9 

ASTM: D-1111a; D-1107b; D-1106c, 

HPLC for carbohydrates 

Prunus 

amygdalus L.21 
N/A 32.7 35.2 29.1 

TAPPI: T222-omd for lignin removal, 

Chloride method 

Mallorca 

proprietor22,23 
3.9 27.8 ± 0.1 33.6 ± 6.3 32.6 ± 2.1 Van Soest methode  

Prunus dulcis24 5.7 28.8 32.4 23.8 
Dichloromethane/Ethanol/Water/Acid 

hydrolysis (72 % and 3-4% H2SO4)  

Tunisian25  11.8 30.1 25.1 29.9 
ASTM: D-1107b TAPPI: T222-omd; 

T19m-54f  
a Also 7.4 % hot water extractive prior to organic extraction.26  
b Ethanol-toluene extraction to remove catechol, tannins, resin, fats, wax, and oil.27  
c, d Lignin removal in 72% H2SO4 at 20 °C for 2h, then 3 % H2SO4 at boil for 4 h.20  
e Hemicellulose content was the weight difference between Neutral Detergent Fiber (cellulose, hemicellulose, lignin 

are insoluble) and acid detergent fiber (cellulose, lignin are insoluble). Cellulose content was from removal of lignin 

by KMNO4 oxidation, and lignin content was by solubilization of cellulose in 72 % H2S04.23 
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f  Holocellulose content was measured after removing lignin by sodium hypochlorite at 70 °C. Cellulose content was 

measured after removing hemicellulose from the holocellulose fraction by 10 w/v % NaOH extraction. 

Hemicellulose content was measured by subtracting cellulose content from holocellulose content.28  

 

Nanocelluloses are one-dimensional cellulose nanocrystals (CNCs) or nanofibrils (CNFs) 

typically isolated from plant cellulose. CNCs and CNFs have been studied extensively because of 

their outstanding strength29-31 and high aspect ratios (50-500)32.  

High surface area and high modulus are attractive qualities for sorbents and nanopapers. 

Efficient absorbents were created from TEMPO-oxidized cellulose nanocrystals (TOCNs) 

hydrolyzed from AS to remove Cu (II).18 Between pH 4-5, freeze-dried TOCN demonstrated the 

highest Cu (II) absorption of 50-55 % at 30 °C, which is 16-33 % higher than those by bleached 

AS or lyophilized bleached AS. This is attributed to the higher surface area (1.82 m2/g), the larger 

mesopores (0.201 cm3/g), and the negatively charged surface carboxylate groups (0.424 mmol 

COO-/g) of the TOCN that provided the increased binding sites for Cu (II) ions. CNC nanopapers, 

generated from acetylation and hydrolysis of AS cellulose, exhibited enhanced tensile strength 

(65.1 MPa) and Young’s modulus (5.3 GPa)33, seven- and three- fold higher than nanopaper made 

of microcellulose from canola straw34. While these are beneficial uses of AS nanocelluloses, the 

potential value of films, or membrane sorbents, derived from AS-TOCNFs has not been evaluated 

to date. 

This study delves into three major subjects: 1) maximizing the efficiency of cellulose 

extraction, 2) identifying characteristics of TEMPO-oxidized CNFs unique to an AS source, and 

3) identifying applications best suited for their characteristics. While direct utilization of AS has 

its own value, developing a facile and environmentally-benign extraction process will increase the 

value of AS-derived cellulose. Thus, the importance of organic extraction that removes fats, wax, 

oils and catechol27 in AS, and the effectiveness of alkaline treatment in place of the 
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environmentally-concerning chlorinated reagent NaClO2, were evaluated. This involved a 

comparative study of a 3-step process (toluene/ethanol, acidified NaClO2, KOH)32,35, a 2-step 

process (acidified NaClO2, KOH), and the reversed-order process of toluene/ethanol, KOH or 

NaOH, acidified NaClO2
36.  The study involved analyzing the yields, the surface structure by FTIR, 

and the thermal properties by TGA. The characteristics of CNFs unique to an AS source after 

TEMPO oxidation of cellulose were investigated for their assembling disposition through their 

morphology using AFM, TEM, conductometric titration for charge density, and surface chemical 

structure by 1H NMR. Finally, the study investigated assembling and disassembling characteristics 

of solid structures fabricated from aqueous CNF dispersions in three different solidification 

environments: 1) rapid (-196 °C, 10 min), 2) slow (-20 °C, 10 h) freezing followed by freeze-

drying at -56 °C, and 3) air-drying at room temperature, to understand the major interfacial 

interaction forces among CNFs and assess the most appropriate applications.  

 

5.3 Experimental 
 

5.3.1 Materials 

 

Almond fruit (Carmel variety) was harvested and AS was collected in northern California.  

Toluene (certified), ethanol (EtOH, anhydrous, denatured, Millipore Sigma), sodium chlorite 

(NaClO2, 80% Fluka), acetic acid glacial (CH3COOH, 99.7% ACS GR, EMD), potassium 

hydroxide (KOH, 85%, EM Science), and sodium hydroxide (NaOH, pellets, 97 %, Millipore 

Sigma) for separation of lignin, hemicellulose and cellulose from AS, and acetone (certified), 

decane (certified), DMAc (certified), deuterium oxide (99.9 atom % D, Millipore Sigma) were all 

used as received without further purification. Water was purified by the Milli-Q Advantage A-10 

water purification system (Millipore Corporate, Billerica, MA). 
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5.3.2 Isolation of AS cellulose  

 

AS was milled (Thomas-Wiley Laboratory Mill model 4, Thomas Scientific, USA) to pass 

through a 60-mesh sieve (250 m), then the cellulose was extracted by the different combinations 

of the following treatments. For the organic extraction, ground and sieved AS (30 g) was refluxed 

with 2:1(v/v) toluene-ethanol in a Soxhlet apparatus for 20 h and dried under a hood for two days, 

then in the oven at 55 C for an additional two days. For de-lignification, sodium chlorite (1.4 % 

NaClO2, 1000 mL) acidified with glacial acetic acid (pH 3.5) was added to AS and the mixture 

was stirred at 70 C for 5 h, then rinsed with water until the pH of the filtrate reached neutral. For 

alkaline treatment, AS was immersed in 600 mL 5 % KOH or 4% NaOH and stirred at room 

temperature for 24 h then at 90 C for 2 h, cooled and vacuum-filtered then rinsed with copious 

amounts of water until the filtrate became pH neutral. The wet solid from the alkaline extraction 

step was dispersed in water, then the aqueous suspension of cellulose was frozen in liquid nitrogen 

(-196 °C) and freeze-dried (FreeZone 1.0L Benchtop Freeze Dry System, Labconco, Kansas City, 

MO) and weighed to calculate the yield based on the original mass of AS. Cellulose from Route 

1: the organic extraction/de-lignification/KOH treatment was designated as Cell 1. Cellulose from 

Route 2: the de-lignification/KOH extraction was designated as Cell 2. Cellulose from Route 3: 

the organic extraction/KOH and NaOH treatment/de-lignification was designated as Cell 3. Herein, 

all concentrations in wt % are listed simply as %, unless specified otherwise, and TOCNFs derived 

via Route 1, 2 or 3 are listed as TOCNF1, 2 or 3. 

5.3.3 TEMPO-oxidized cellulose nanofibrils (TOCNFs) 

 

AS-TOCNFs (1.0 g) were magnetically stirred in 100 mL water in an Erlenmeyer flask, 

then combined with 2 mL aqueous mixture of a catalytic amount of TEMPO (16.0 mg) and NaBr 

(100 mg) to which 5 mmol NaClO was added dropwise with the pH adjusted to 10~10.5 with 0.5 
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N NaOH. Once the pH ceased to decrease (i.e., stabilized at pH 10 at least for 15 min), the reaction 

time was recorded. The reaction mixture was neutralized to pH 7 by adding 0.5 N HCl, then 

centrifuged (5 k rpm, 15 min) to collect the white precipitate to be dialyzed against water to remove 

free ions over several days. The dialyzed suspension was diluted to 250 mL to be mechanically 

blended (Vitamix 5200) at 30 k rpm for 30 min (15 min x 2), then centrifuged (5 k rpm, 15 min) 

to collect the supernatant. The TOCNF yields were calculated gravimetrically, and triplicate results 

were averaged. All aqueous CNF suspensions were stored at 4 ◦C before characterization and use. 

 

5.3.4 Characterization of TOCNFs 

 

For conductometric titration, 50 L of 1 N HCl was added to 50 mL of 0.1 % CNF 

suspension to protonate all the carboxyl groups, then carboxylic acid was titrated with 0.01 M 

NaOH solution. The conductivity values were recorded using an OAKTON pH/Con 510 series 

conductivity meter. The surface charge (𝜎, in mmol /g of cellulose) was determined,  

                        𝜎 = 
𝑐𝑣

𝑚
=  

𝑐(𝑣2−𝑣1)

𝑚
                                           Eqn. 1 

where c is the NaOH concentration (in M), m is the CNF mass (g) in the suspension, and v1 and 

v2 are NaOH volumes (in mL) used in neutralizing the added HCl and carboxylic acid groups on 

the CNFs, respectively. The surface chemical structure of TEMPO-CNFs was examined by 

solution state 1H NMR was analyzed in D2O using a Bruker AVIII 800 MHz 1H NMR spectrometer 

following a previously reported method for RS CNF37. The CNF dispersions (5 mL at 0.3 %) were 

precipitated by adding 10 mL acetone then centrifuged (5000 rpm, 15 min) to decant the 

supernatant. This was repeated three times. Then, 1 mL D2O was added to a fraction of CNF 

acetone gel and homogenized by sonication (3 min, Branson 2510) followed by heating at 60 °C 
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under vacuum for 1 h to remove the acetone. This sonication and evaporation process was repeated 

several times to remove acetone residues and the additional D2O was replenished to replace the 

evaporated acetone. The final nanocellulose concentration was ca. 0.2 %. 

 

5.3.5 Drying of Aqueous TOCNFs 

 

Aqueous TOCNFs were dried into fibers, aerogels, and films by three different processes. 

Aqueous TOCNFs (0.01, 0.05, 0.1, 0.3 w/v %) were frozen in liquid nitrogen (-196 C, 15 min) 

and lyophilized (-50 °C, 0.05 mbar, 2days) in a freeze-drier (FreeZone 1.0L Benchtop Freeze Dry 

System, Labconco, Kansas City, MO) into fibers.  Aerogels were fabricated by freezing aqueous 

TOCNFs (0.05, 0.1, 0.3, 0.6 w/v %) in PP tubes at -20 °C for 12 h (ThermoFisher, IsoTemp, Model 

HF-5017), followed by lyophilization for 2 days. Films were cast from aqueous TOCNFs (30 g, 

0.3 %) after mechanically stirring for 1 h and drying at r.t. (24 h) in a hydrophobic polystyrene 

(PS) hexagonal weighing tray (51.4 cm2). 

 

5.3.6 Characterization of TOCNF2 fibers, aerogels and films 

 

Surface functional groups of freeze-dried Cell 2 and fibers were analyzed using a Thermo 

Nicolet 6700 spectrometer (Thermo Fisher Scientific, USA) at ambient conditions in the form of 

KBr (1:50, w/w) disks. The spectra were collected in the transmittance mode from an accumulation 

of 128 scans at a 4 cm-1 resolution over a 4000–400 cm-1 range. XRD spectra of freeze-dried Cell 

2 and TOCNF2 were collected to determine crystallinity on a Scintag XDS 2000 powder 

diffractometer using a Ni-filtered Cu Ka radiation ( = 1.5406 Å) at an anode voltage of 45 kV 

and a current of 40 mA. The samples were compressed between two glass slides into flat sheets 

with around 1 mm thickness. Diffractograms were recorded from 5° to 40° at a scan rate of 2° per 
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minute. Crystallinity Index (CrI) was calculated by using the intensity of the 200 peak (I200, 2 = 

22.6) and the intensity minimum between the peaks at 200 and 110 (Iam, 2 =18.7) by using the 

empirical equation38 as follows. 

 

CrI = 
𝐼200−𝐼𝑎𝑚

𝐼200
 x 100            Eqn. 2 

The crystallite dimensions of these samples were calculated using the Scherrer equation44.  

 

Dhkl = 
0.9 𝜆

𝛽1/2 𝑐𝑜𝑠 𝜃
                    Eqn. 3 

Where Dhkl is the crystallite dimension in the direction normal to the h k l lattice planes,  is the 

X-Ray radiation wavelength (1.5406 Å), 1/2 is the full width at half-maximum of the diffraction 

peak, and  is the corresponding Bragg angle.  

 

The Bragg angle 1/2 was determined by multiple peak fitting using Origin software. Fiber 

morphology was studied using a field emission scanning electron microscope (FE-SEM) (XL 30-

SFEG, FEI/Philips, USA) at 5 kV accelerating voltage by sputter-coating fibers from different 

concentrations with gold under vacuum at 20 mA for 2 min (Bio-Rad SEM coating system) on 

aluminum stubs covered with conductive carbon tape. The widths were measured from more than 

100 individual fibers by using ImageJ software. The effect of concentration on the aerogel 

construction was studied by SEM, while the physical properties were analyzed using the aerogel 

0.3 w/v % TOCNF2. The density (a) of aerogels was calculated from the weighed mass and 

volume of 1 cm sections of cylindrical samples, and the porosity () of the aerogel was calculated 

as: 
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Eqn. 4 

where c is the specific gravity of cellulose (1.6 g/cm3) (Polymer Data Handbook).  

 

Liquid absorption (LRA, mL/g) was calculated as 

Eqn. 5 

where ws and w0 are the weight of fully solvated and dry aerogel, respectively, and l is the density 

of the liquid (g/mL).  

 

The ability to reabsorb water and CHCl3 by 0.05, 0.1, 0.3, and 0.6 % CNF aerogel was 

measured by repeatedly absorbing then squeezing out the liquids (using a tweezers against the 

beaker wall) for five cycles. The densities () of films were calculated from the weighed mass and 

volume of dried films with a thickness of 14 m. The film was examined using a Leica DM2500 

optical microscope equipped with a cross-polarizer. Water contact angles were measured by 

depositing 5 mL of pure water on the top and bottom sides of film surfaces, and triplicate 

measurements were averaged. In AFM height images, the surface roughness (represented by RMS) 

was measured using Gwyddion software over an area of 100 m2, and values from 3 images were 

averaged. Water and decane absorption of aerogels and films were measured by immersing them 

in the liquid for three seconds and lifting out and squeezing (with a tweezer) to determine the 

amount of liquid absorbed. Absorption was repeated for five cycles after lightly blotting excess 

surface liquid.  

ra

rc
1 -Porosity (f) = x 100 % (4)

wo
LRA =

ws-wo

rl

(5)
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5.3.7 Re-dispersibility and thermal degradation of TOCNF2- fibers, aerogels and films 

 

TOCNF2 fibers in the amounts 10, 20, 60 and 120 mg (0.05, 0.1, 0.3 w/v % and 0.6 w/v %), 

were immersed in 20 mL water, and 30 mg cylindrical shaped aerogels (diameter = 1 cm) (0.3 

w/v %) were immersed in 10 mL water. Separately, a 30 mg film (3 x 3 x 0.0014 cm square, 0.3 

w/v %) was immersed in 10 mL water, ethanol, and DMAc and sonicated (40 kHz, 130 W max, 

Branson ultrasonic processor model 2510) for 1 min to study the extent of re-dispersibility, and 

thus disassembling behaviors. The disassembled CNFs were observed by AFM at 0.0005 w/v % 

for height measurement. To measure thermal properties of Cell 2, fibers, aerogels, and films, 5 mg 

samples were heated at 10 °C min-1 from 25 °C to 500 °C under purging N2 (50 mL min-1),  then 

measured using a TGA-50 (Shimadzu, Japan). This process was repeated three times for each of 

the four materials, and the average of the three runs was reported. 

 

5.4 Results and Discussion  
 

5.4.1 Cellulose Isolation from AS  

 

Cellulose isolation was performed by three different routes (Figure 5-1). In Route 1, 

chestnut brown ground AS lost 2 % organic extractives after 2:1 v/v toluene-ethanol extraction, 

18 % lignin by acidified NaClO2 oxidation, and 44.7 % lignin/hemicellulose by 5 % KOH 

treatment, yielding pure white 35.3 % Cell 1. In Route 2, 17.2 % and 47.6 % was lost after 

respective the NaClO2 and KOH steps, yielding 35.2 w/v % of equally white Cell 2, with virtually 

the same yield as Cell 1, indicating that an organic extraction may not be a crucial step for AS 

cellulose isolation. The effectiveness of KOH and NaOH was compared in two consecutive 

alkaline treatments in Route 3. While potassium is a slightly less electronegative alkali metal than 

sodium, the solubility of NaOH on a molar basis is slightly higher than that of KOH. The results 

showed that they can be used interchangeably for hemicellulose extraction by exhibiting the 
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identical yields after two consecutive treatments. Also, both treatments produced brown-colored 

products signifying significant presence of lignin, requiring the subsequent NaClO2 oxidation.  

This route resulted in the lowest yield (26.6 %), with pure white product (Cell 3). 

 

              

Figure 5-1. Extraction flow chart for almond shell cellulose: Routes 1, 2 and 3 for the three-step, 

the two-step, and the reversed-order methods. 

 

FTIR analyses of Cell 1 and Cell 2 are virtually identical showing disappearance of lignin 

peaks at 1507 cm−1 for aromatic skeletal vibrations and 818 cm−1 for aromatic C=C-H bending 

after NaClO2 treatment. Disappearance of a peak at 1729 cm−1 for carbonyl stretching after KOH 

treatment (Figure 5-2a, b) indicates removal of pectin, xylan, or some phenolic acids. On the other 

hand, the Route 3 (Figure 5-2c) showed persistent lignin peaks at 1507 cm−1 after two consecutive 

alkaline treatments, suggesting that the use of oxidant is essential for removal of lignin. A small 

shoulder peak for carbonyl stretching at 1740 cm−1 in Cell 3 may indicate possible oxidation of 
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glucopyranose rings, implying that the treatment with a series of two alkaline treatments followed 

by NaClO2 oxidation was too harsh and caused a change in cellulose surface chemistry. Therefore, 

Cell 1 and Cell 2 not only had comparable yields but equivalent surface chemistry, indicating that 

an organic extraction is inessential to producing pure cellulose (Figure 5-2d). 

      

Figure 5-2. Characteristics of cellulose 1-3: FTIR of extraction products from (a) Route 1; (b) 

Route 2; (c) Route 3; (d) pure cellulose from Route 1, 2, and 3; (e) TGA of pure celluloses. 

 

 

TGA curves (Figure 5-2e) showed the virtually identical moisture loss of Cell 1 and 2 (3.3, 

3.5 %) while Cell 3 showed slightly higher moisture (4.5 %), which supports additional oxidation 

of glucopyranose rings by Route 3 leading Cell 3 to be more hygroscopic. Tmax was measured as 

355 C, 350 C and 352 C for Cell 1, 2 and 3, respectively, indicating that there is no significant 

difference in their purity based on their thermal behaviors. These results, combined with the overall 

composition of products generated from each step, are shown in Table 5-2. Therefore, the 2-step 
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extraction (Route 2) was the simplest and most effective in producing cellulose with negligible 

impurities. 

Table 5-2.  Overall composition of Route 1-3 products. 

 Organic 

Extractables  

(wt %) 

Lignin + 

Hemicellulose 

(wt %) 

Cellulose 

(wt%) 

Route 1 2.0 62.7 35.3 

Route 2 n/a 64.8 35.2 

Route 3 2.0 71.6 26.6 

Standard20-27 3.7 - 11.8 55.2 - 67.7 28.9 - 32.6 

 

5.4.2 TEMPO-mediated oxidation of cellulose and characteristics of TOCNF2 

 

Cellulose isolated from AS, Cell 2, was oxidized by TEMPO/NaBr/NaClO with primary 

oxidant NaClO (5 mmol per g of cellulose) to transform the C6 primary hydroxyls to carboxyls 

regioselectively at pH 10. From a mechanistic viewpoint, at pH 10, the oxidation of hydroxyls 

with TEMPO occurs by means of a five-membered transition state which accelerates the oxidation 

rate leading to a greater selectivity for primary alcohols over secondary ones (Figure 5-3a).39  

Defibrillation of cellulose was aided by high-speed blending, producing an opaque aqueous slurry 

(ca. 0.4 w/v %) of cellulose nanofibrils (TOCNF2). The charges associated with the sodium 

carboxylates of TEMPO-oxidized TOCNF2s were determined by conductometric titration which 

exhibited a parabolic function with added NaOH (Figure 5-3b). Before starting titration, all 

carboxylate groups were protonated by adding 0.5 M HCl (200 L), thus the initial steep decline 

in conductivity reflected the neutralization of excess HCl with NaOH, and the plateau region is a 

buffering zone where both carboxylic acids and carboxylates are present, followed by the final 

increasing trend that indicates accumulation of the excess NaOH. The yield and charge density of 

TOCNF2 increased exponentially as oxidation time increased, reaching a maximum of 90 % and 

1.30 mmol COO-/g-cell at 130 min, respectively (Figure 5-3c), with a lower yield than that of RS 
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cellulose but a comparable charge density to RS TOCNF (1.32 mmol COO-/g-cell)32. The duration 

of oxidation time is similar to that of hardwood cellulose (130 min)40 but longer than that of RS 

cellulose (65 min)32. The slower migration of TEMPO nitroxyl radicals to the reaction site of AS 

cellulose than RS is possibly due to the unique structural characteristics of AS cellulose. The light 

transmittance of the aqueous TOCNF2s increased to 90 % as concentration decreased to 0.025 % 

due to less entanglement or physical association among TOCNF2s (Figure 5-3d, e). Similar results 

were observed for TOCNF1 and TOCNF3. 

            

             

Figure 5-3. (a) Mechanism of TEMPO-mediated oxidation. (recreated referencing Tojo and 

Fernández39) Characteristics of TOCNF2: (b) conductometric titration with 0.1 M NaOH; (c) 

TOCNF2 yield and charge density as a function of oxidation time. (d) UV-vis transmittance (%). 

(e) the appearance of aqueous TOCNF2s at 0.025, 0.05, 0.1, 0.25, and 0.5 w/v %. 
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5.4.3 Morphology, crystal structure of TOCNFs 

 

Height (H) / width (W) / length (L) of TOCNFs were revealed by AFM and TEM images, 

respectively, to be 1.2 ± 0.5 nm / 5.2 ± 1.2 nm / 1.4 ± 0.7 m (Figure 5-4, a-e), showing a 

rectangular transverse cross-section with 4.3 W / H and 1,167 L / H aspect ratios, or a long, ribbon-

like morphology. In consideration of the standard deviations, the dimension of TOCNF1 and 

TOCNF3 were also identical to that of TOCNF2, H / W / L: 1.5 ± 0.8 nm / 4.1 ± 1.2 nm / 1.4 ± 

0.6 m and H / W / L: 1.0 ± 0.4 nm / 4.4 ± 1.2 nm / 1.2 ± 0.6 m, respectively, (Figure 5-4f~o) 

supporting the effectiveness of 2-step extraction. As a comparison, the TOCNFs from another 

agricultural residue, rice straw source (RSS) had the reported dimensions of 1.5 nm / 2.1 nm / 1 

m32, two thirds of the length of AS-TOCNFs, with an aspect ratio of 1.4 (one third of that for AS-

TOCNFs), implying their different fibrillar characteristics, and thus merits, in different 

applications.   
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Figure 5-4. Characteristics of TOCNF1s: (a) AFM height image; (b) TEM image on discharged 

carbon; distribution of (c) thicknesses; (d) widths; (e) lengths. Characteristics of TOCNF2s and 

TOCNF3s: (f, k) AFM height images; (g, l) TEM images on discharged carbon; distribution of 

(h, m) thicknesses; (i, n) widths; (j, o) lengths. Characteristics of TOCNFs: (p) model 

representation of TOCNF with the end of the cellulose chain on the plane. 

 

 

Functionalization of CNFs takes place on the accessible regions of crystalline surfaces and 

amorphous domains. To estimate the percent functionalization of the primary OHs on a fibril, a 

simplified nanofibril cross-sectional model was created using hydrophilic (110) and (110) planes 

and hydrophobic (200) planes as the respective width (W) and the height (H) direction (Figure. 5-

4p), based on AFM and TEM of CNFs on hydrophilic mica and discharged carbon.  D-spacings 
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between d(110), d(11̅0), d(200) lattice planes are 0.53 nm, 0.61 nm and 0.39 nm, respectively.   

In this model, the number of AGU chains in the width directions are presented by 
𝑊

𝑑(110)
+ 1, 

 which has to be multiplied by two since AGUs on the top and the bottom rows bear exposed OHs 

(Eqn. 7), and the total number of AGU chains in the cross section is given by Ns (Eqn. 8). The 

primary OHs are given by Ns divided by Nt multiplied by 
1

2
 since there are 1 primary OHs per 2 

AGUs (Eqn. 6). Finally, the percentage of surface primary hydroxyls oxidized is presented by 

dividing the charge (mmol/g) by the total AGU (mmol/g) multiplied by j as in Eqtn.9. The 

calculation led to 60.7 % conversion of the total surface primary OHs to carboxylate groups on 

CNF, suggesting that more than half of surface primary OHs has double-capacity of hydrogen 

bonding. The effect of surface hydrophilicity along (110) planes and hydrophobicity along d(200) 

of this model are consistent in the aerogels and the films which are described later in the section 

5.4.8.                     

               Surface 1° OH =  = 
1

2

Ns

Nt

  = 
 

𝑤

𝑑(110)
 +1

(
𝑇

𝑑(100)
 +1)(

𝑤

𝑑(110)
 +1)

                     Eqn. 6 

 

                               Where:       Ns = 2⋅{(
𝑊

𝑑(110)
+ 1)}                          Eqn. 7 

 

                                                  Nt = {
𝑇

𝑑(110)
 +1}⋅{

𝑊

𝑑(110)
 +1}               Eqn. 8 

 

                 % exposed 1° OH oxidized = 
𝐶𝑂𝑂−𝑐ℎ𝑎𝑟𝑔𝑒

𝑡𝑜𝑡𝑎𝑙 𝐴𝐺𝑈 ∙ 
                           Eqn. 9 

 

 

 

 

5.4.4 1H NMR surface chemistry elucidation of TOCNF2 

 

The surface protons on TOCNF2 were evaluated by solution state 1H NMR (Figure 5-5) 

using never-dried aq. TOCNF2, solvent-exchanged with acetone, then with D2O to prevent 
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agglomeration caused by drying. The furthest downfield peak at δ4.38 (H1) is assigned to the 

anomeric proton, which is consistent with the previously-reported chemical shift of H1 at δ4.41 in 

TOCNFs from rice straw37. H6 diastereotopic protons appeared apart from each other at δ4.00 and 

δ3.27, also agreeing with the previously-reported chemical shifts at δ4.18 and δ3.29 of similarly 

prepared TOCNF from rice straw37. H3, H5, and H4 protons at δ3.83, 3.83, and 3.45 appeared as 

undefined multiplets, while a triplet for H4 exhibited a merged doublet-doublet peak coupled with 

H3 and H5. These shifts were approximately consistent with the same protons at δ 3.75, 3.77, and 

3.52 of rice straw TOCNF37. The slightly downfield peaks of H1’, H4’, and H5’ (δ 4.42, 3.63, and 

3.78) that belong to glucuronic acid rings relative to H1, H4, and H5 on the unoxidized AGU are 

attributed to induction of the electron-withdrawing carboxylate group, causing H1, H4, and H5 to 

be more deshielded. The clear observance of these protons that belong to glucuronic acid rings is 

evidence of abundant COO- groups (1.3 mmol COO- /g-cell) on the wider hydrophilic-to-

hydrophobic planes or high aspect ratio of 4.3.  However, the average integration could not be 

calculated from the ratio of glucuronic acid rings/AGU due to the low signal-to-noise ratio and 

heavy overlapping of peaks including some impurities in the region of 3.4 - 3.8 ppm.   
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                        Figure 5-5. 1H NMR of TOCNF2 at ca.0.02 w/v % in D2O. 

 

 

5.4.5 Fibers 

 

Self-assembling of TOCNF2 was induced by rapid (-196 C, 15 min) freezing and freeze-

drying into a featherlight white fibrous mass (Figure 5-6, a-d). Those from lower concentrations 

(0.05 %-0.1 %) were particularly fragile and tended to deform or fall apart upon handling. The 

self-assembled fibrils from 0.01 % were 127  72 nm wide, and those from 0.05 % were ribbon-

like shaped and more heterogeneous in size at 278  174 nm wide (Figure 5e, f), transitioning into 

mostly thin films at 0.1 % then into lamellar structures at 0.3 %.  
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Figure 5-6. Fibers self-assembled from TOCNF2 by freezing at -196 ºC and freeze-drying: 

morphologies by SEM from initial concentration at (a) 0.01 %; (b) 0.05 %; (c) 0.1 %; (d) 0.3 %; 

width distributions of fibers from: (e) 0.01 % and (f) 0.05 %; (g) XRD. 

 

 

The XRD pattern of freeze-dried Cell 2 and freeze-dried TOCNF2 showed peaks 

characteristic for cellulose at 2 = 14.7◦, 16.8◦ and 22.7◦ (Figure 5-6g). These represent the 11̅0, 

110, and 200 crystallographic planes of the monoclinic cellulose I lattice, respectively. The higher 

CrI of TOCNF2 (66.4 %) than that of cellulose (58.6 %) by 13.3 % indicated removal of 

amorphous regions. The crystallite size of TOCNF2 calculated from the XRD pattern was 2.54 

nm, 18 % lower than AS cellulose (3.10 nm). Similarly, RS TOCNF had a 35 % smaller crystallite 

size compared to RS cellulose (2.27 nm and 3.51 nm, respectively). The significantly thinner AS-

TOCNF2 (1.2 nm thickness) suggests that oxidation reagents may have penetrated into crystalline 

structures during the reaction32.  

 

5.4.6 Aerogels 

 

Aerogels were produced by freezing at -20 C and freeze drying of the aqueous TOCNF2 

at 0.05, 0.1, 0.3 and 0.6 w/v % concentrations (Figure 5-7a, b). At 0.05 %, 2-D film structures 
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with highly irregular pores were interspersed with some thin fibers (red arrows). This transitioned 

to a predominantly film-like porous structure at 0.1 %. This further evoleved into a 3-D isotropic 

honeycomb structure with a cellular diameter of ca. 200-300 m at 0.3 and 0.6 %. These are typical 

aerogels (Figure 5-7d). The super low density (2.2 to 10.6 mg/mL) and the super high porosity 

(99.3 % to 99.9 %) of AS aerogels are directly and inversely correlated to increasing concentrations 

(Figure 5-7e), demonstrating an outstanding capability to hold liquids at higher 6.5 and 10.6 

mg/mL density, consistent with the more organized cell walls and smaller pore structures in higher 

density aerogels (Figure 5-7c, d).41,42 The calculated water absorption values based on constant 

volume are significantly higher than those of lower density aerogels (Figure 5-7f) due to the under-

developed pores and cell walls of lower density aerogels (Figure 5-7a, b). These aerogels are all 

amphiphilic, absorbing 74.8 to 121.0 mL/g and 47.6 to 127.3 mL/g liquids in organic (CHCl3) and 

aqueous media, respectively (Figure 5-7f). Figure 5-7g shows how cycles of liquid absorption 

and desorption of CHCl3 (89.0 - 127.3 mL/g) and water (83.9 - 121.0 mL/g) demonstrate the binary 

polar and non-polar nature and wet resiliency of the cell walls, characterized by both polar-polar 

and nonpolar-nonpolar TOCNF associations. Note that the highest absorption corresponded to the 

highest density (6.5 mg/cm3) aerogel. 
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Figure 5-7. Characteristics of aerogel frozen at -20 oC: SEM image of radial cross-section of 

aerogel formed from dispersion at (a) 0.05 w/v %; (b) 0.1 w/v %; (c) 0.3 w/v %; (d) 0.6 w/v %. 

Inset photos are the appearance of the corresponding aerogel with their densities. The red arrows 

indicate directionality of fibers; (e) aerogel density and porosity as a function of TOCNF2 

concentration; (f) water and CHCl3 absorption capacity as a function of aerogel density; (g) cyclic 

water and CHCl3 absorption of 0.05, 0.1, 0.3 and 0.6 w/v % aerogel with the density of 2.2, 3.2, 

6.5 and 10.6 mg/cm3. 
 

 

5.4.7 Films  

 

Cast films (CF) were created by air-drying 0.3 w/v % TOCNF2 dispersion in a polystyrene 

(PS) tray for 24 h.  The respective dry weight, volume-density, thickness, and area-density of CF 

were 90.6 mg, 1.25 g/cm3, 14 m, and 1.75 mg/cm2. The calculated CF density of 1.25 g/cm3 as a 

fraction of cellulose density of 1.55 g/cm3 (Figure 5-8a) is translated to 22.1 weight % of CF being 

pores (Figure 5-8f). CF appeared clear, transparent, and smooth with surface roughness 

(represented by RMS) of 30.2 ± 10.8 nm and 62.2 ± 25.0 nm for the top and bottom, respectively, 

over the large area of 100 mm2, with the higher RMS of the bottom surface reflecting the rough 

surface of the PS tray (Figure 5-8e). Microscopic images of the top and the bottom surface showed 

aligned microfibers parallel to the fibril axis (Figure 5-8b, c), that exhibited faint birefringence, 

with the micropores (diameter = 94.1 ± 33.1 m, n = 50) in the internal bulk structure (Figure 5-
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8d). The horizontal alignment is attributed to a capillary flow during the drying process that 

transported hydrophilic CNFs along with water on the hydrophobic hexagonal PS tray. The 

calculated water absorption values based on constant volume are significantly higher than films of 

all densities for both water and decane, suggesting disordered or undeveloped pores, especially for 

films with lower densities (Figure 5-8g). The initial water absorption was 1.96, 3.25, 3.70 and 

4.72 mL/g for films of the decreasing density of 1.36, 1.25, 1.14 and 0.99 g/cm3, while irrespective 

of the film density, increasing water up-take was observed in each cycle (i.e., 3.25, 4.38, 4.54, 5.11, 

and 5.57 mL/g absorption for film  = 1.25 g/cm3) (Figure 5-8h). On the other hand, non-polar 

decane exhibited far less absorption, only one third that of water (Figure 5-8h), indicative of a 

relatively hydrophilic film surface favoring the interaction with water molecules over hydrophobic 

decane. The water contact angle (WCA) of 34.0 ± 3.3° on the top film surface, which coincides 

with the literature value of 34° WCA on cast cellulose film43, revealed a hydrophilic surface. This 

implies nonpolar-nonpolar TOCNF associations at the air-film interface, whereas WCAs on the 

bottom film surface were slightly higher, 42.6 ± 5.8° due to the hydrophobic interaction between 

TOCNFs and the PS tray (Figure 5-8, b-c bottom).    
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Figure 5-8. Characteristics and properties of cast film (CF) from the 0.3 w/v % aqueous TOCNF2 

dispersion in a polystyrene (PS) tray: (a) appearance of film and its properties; optical microscopic 

images of CF focused on (b) the top; (c) the bottom; (d) inside the bulk, with respective surface 

roughness values (RMS) based on AFM measurement and the corresponding WCA (5mL). All 

scale bars are 500 m. (e) RMS of top and bottom CF facing air (top) or PS (bottom), and the PS 

surface based on AFM height images. Images shown are amplitude images; (f) density and porosity 

as a function of concentration; (g) calculated water absorption and the actual absorption of water 

and decane by CF films as functions of density; (h) water and decane absorption by CF films with 

density of 0.988, 1.14, 1.24, 1.36 and 1.09 g/cm3, respectively. 
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5.4.8 Disassembling behaviors   

 

The disassembling behaviors of fibers, aerogels, and cast films (CF) in water and organic 

solvents were observed following 1 min sonication. All fibers frozen and freeze-dried from 

TOCNF2s at varying concentrations (0.05, 0.1, 0.3 and 0.6 w/v %) were 100 % re-dispersible in 

water back to their original concentrations with statistically the same thickness of 1.2 ± 0.6 nm, 

1.2 ± 0.4 nm, 1.7 ± 0.7 nm, and 1.1 ± 0.4 nm, respectively (measured from AFM images) (Figure 

5-9a). Lengths appeared shorter than the original length (1.4 m) in all cases, indicating possible 

chain scissions caused by sonication.  100 % redispersion of TOCNF fibers was expected because 

freezing at −196 °C promotes instantaneous freezing of TOCNFs around ice crystals, not allowing 

enough time to arrange the strongest H-bonding. This implies that TOCNF associations are weak 

and breakable by water. The assembled TOCNF fibers from the 0.6 w/v % dispersion took a longer 

time (2-3 days) to fully redisperse in water, indicating that the increased local TOCNF 

concentration during freezing intensified the extent of TOCNF entanglements at higher 

concentration. Quick and full redispersibility of fibers from fast freezing is advantageous for 

transportation and re-processing while maintaining the characteristics of TOCNFs. 

The aerogel (30 mg, 6.5 mg/cm3) immersed in 10 mL water showed no change in 

appearance for three days, even after vortexing for 3 sec (3x) each day (Figure 5-9b Day 0-3). 

Then the aerogel gradually dissociated into smaller pieces, taking about 10 days to form relatively 

homogenously-dispersed TOCNF2s (Figure 5-9b Day 10). However, centrifugation at 5000 rpm 

for 15 min could not separate the gel and the supernatant completely (Figure 5-9b Centrifuge). 

Figure 5-9b AFM reveals that the top part of the centrifuged sample contains a mass of micro-gel 

structures interspersed with only a few TOCNF2s that are similar to the original TOCNF2 

thickness (T: 1.0-1.5 nm) by AFM images, but slightly shorter due to repetitive sonication. The 
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majority of the aerogel (ca.  90%) did not disintegrate back to the original TOCNF2 size in water 

for at least 10 days, corroborating super strong polar-polar interface adhesions most likely between 

wider hydrophilic-to-hydrophobic TOCNF planes. 

The CF from 0.3 % TOCNF dispersion in water disintegrated into smaller pieces in water 

in 2 days (Figure 5-9c). However, it took three months with periodic vortexing for 71.7 % of the 

film to be re-dispersible in water back to the original TOCNF size (T: 1.0 ± 0.3 nm, the original 

T: 1.2 ± 0.6 nm) (Figure 5-9c) while the rest (28.3 %) remained as a gel.  In the less polar ethanol 

( = ) and DMAc ( = 37.8), only 11.4 % and 7.5 % of the CF were re-dispersed, and both 

supernatants exhibited only aggregated nanoparticles (Figure 5-9d) without individual fibrils by 

AFMs. Re-dispersibility of the CF by 72 %, 11.4 % and 7.5 % in water, ethanol, and DMAc (with 

decreasing H-bonding ability), relates to dominant hydrophilic TOCNF interfacial associations in 

CF over hydrophobic interactions.  

Fibers formed by instantaneous freezing in liquid N2, and freeze-drying showed 100 % re-

dispersibility to the original concentration in water, while the aerogels and the CF that were more 

slowly assembled into 3-D structures never re-dispersed completely into 100 % original TOCNF 

morphology in water. These assembling-disassembling behaviors demonstrated that the drying 

environment to assemble fibrils into 3-D structures influenced the quality of inter-TOCNF 

associations and the subsequent ability to absorb water and nonpolar liquids. The thermal 

degradation pattern (by TGA) exhibited comparable % moisture and Tmax among the fiber, the 

aerogel, and the CF (9.2, 8.8, 8.9 % and 266, 270, 266 °C for the respective moisture and Tmax) 

(Figure 5-9e), two-fold higher moisture and significantly lower Tmax than those of cellulose 

(4.7 %, 347 °C, respectively). The higher moisture content of the fibers, the aerogels and the films 

are due to higher quantity of carboxylate groups on the surface of TOCNFs than those on cellulose, 
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which renders the CNF surface more hygroscopic. The lower Tg’s of TOCNF materials are due to 

decarboxylation reactions of carboxylate groups followed by degradation of cellulose backbone at 

the elevated temperature. In TGA, the higher char residue of the CF (31 %) compared with those 

of the fiber (22 %) and the aerogel (24 %) may imply that solidification process under air caused 

the calcitrant characteristic of the CF.  

All data combined suggest that the slower solidification process create stronger interfacial 

associations among TOCNFs and rearrange them into more amphiphilic surfaces. However, the 

foundation of bottom-up material construction seems to be dependent on the polar-polar interfacial 

associations between wider hydrophilic-to-hydrophobic planes of TOCNF, which is the 

characteristic of TOCNF from an AS source.  
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Figure 5-9. Disassembling characteristics of fibers, aerogels and cast films in water: (a) AFM of 

100 % redispersed freeze-dried TOCNF2 fibers; 0.05, 0.1, 0.3, 0.6 %, and their respective 

thickness distribution, all at 0.0005 w/v % on mica; (b) re-dispersibility of 0.3 % aerogel ( = 6.5 

mg/cm3) at Day 0, Day 10, post centrifugation of Day 10 dispersion, and an AFM image of the top 

clear part at Day 10 at 0.0005 w/v % on mica. (c) re-dispersibility of CF at Day 0, Day 2, and 3 

months immediately after vortexing for 3 sec and an AFM image of supernatant (3 mo.) on mica 

after centrifugation at 30 k rpm for 15 min with height measurement. (d) re-dispersibility of the 

CF of ethanol and DMAc, with corresponding AFM image of supernatant. (e) TGA of cellulose, 

the fiber, the aerogel and the CF. 

 

 

5.5 Conclusions  
 

AS-CNFs, generated from the efficient and facile two-step extraction of cellulose followed 

by TEMPO-mediated oxidation and mechanical blending revealed a unique ribbon-shaped 
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morphology of TOCNFs with high aspect ratios of 1167/4.3/1 (L/W/T) characterized by wider 

hydrophilic-to-hydrophobic CNF planes. The charge density of 1.3 mmol COO-/g cell combined 

with the fibrillar cross-sectional model suggested 68.8 % of surface primary OHs being converted 

into carboxylate groups, supporting the dominantly hydrophilic CNF surfaces. CNF fibers, frozen 

at -196 °C and freeze-dried into fibrous mass, were most readily and completely disassembled 

back to CNFs with the original thickness (1.1-1.7 nm) in water, compared with aerogels and films, 

indicating weak polar-polar CNF most likely associations using the wider hydrophilic-to-

hydrophobic CNF planes represented in the cross-section of crystalline model. The aerogels frozen 

at -20 °C and freeze-dried, that developed 3D porous cellular structures at above 0.3 w/v %, were 

amphiphilic and resilient not only absorbing both water (127.3 mL/g) and chloroform (119.6 mL/g) 

but also holding the higher volume of chloroform than water at least five absorption-desorption 

cycles, and never fully disassembled into CNFs in water except 10 wt %. These indicated that 3D 

binary nonpolar-nonpolar and polar-polar CNF associations were developed during slow 

solidification process, which is supported by the parallelogram of the crystallite cross-sectional 

model. The 2D cast film (CF) formed by the slowest solidification process in air exhibited 

hydrophilic top and bottom surfaces with the respective WCA of 34.0 ± 3.3∘ and 42.6 ± 5.8∘, and 

absorbed more water (3.4 mL/g) than hydrophobic decane (1.3 mL/g). A partial and decreasing 

redispersibility of the CF in the order of water, ethanol and dimethylacetamide in the respective 

71.7, 11.4 and 7.4 w/v % suggested that CNF-CNF associations involved some binary but 

predominantly polar-polar interactions. In TGA, the CF showed the highest char residue of (31 %) 

compared with the fibers and the aerogels indicating the more calcitrant characteristic of the films.  

All the observations combined indicate that solidification speed and environments largely 

influence strength and surface hydrophobicity/hydrophilicity/amphiphilicity of TOCNF materials. 
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The most significant finding is that the wider hydrophilic-to-hydrophobic CNF planes, which is 

depicted in the cross-sectional crystalline model of CNFs, serve as a major interfacial association 

plane between CNFs as a foundation for a bottom-up material construction in fibers, aerogels and 

films derived from AS-CNFs. The data presented here demonstrated a huge application potential 

of AS-CNFs as amphiphilic absorbents and cast films. 
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This Ph.D. project has presented a new facile approach to generating hydrophobic 

nanocellulose directly from macro-size cellulose by utilizing the safer reagent BDS as a precursor 

of 1,3-BD for telomerization, combined with mechanical blending to generate ODE-nanocellulose.  

The project then explored ultra-sonication as a disintegration tool in organic solvents. The 

sonicated ODE-cellulose in organic solvents contains both micro and nanofibers that can be 

directly brought into processing without separation. Ultra-sonication not only enabled a continuous 

transition from cellulose disintegration to processing in a single organic solvent, but also expanded 

the choice of media, such as vegetable oils, beyond that possible for mechanical blending. 

In Chapter 2, one pot telomerization of 1,3-BD with cellulose (0.1 g scale) under optimal 

conditions, the optimal condition, followed by mechanical blending, successfully produced 

hydrophobic 2,7-octadienyl-ether (ODE) functionalized nanocellulose (ODE-NC) with DS = 0.74 

mmol ODE/g-cell. The reaction was carried out by using butadiene sulfone (BDS), which is a solid 

at room temperature, melts at 65 ºC, and generates gaseous 1,3-BD and sulfur dioxide above 90 

ºC. It is thus a safer alternative to using gaseous 1,3-BD in a cylinder. ODE-NC (NPs and CNFs) 

were dispersible in DMSO, THF, and CHCl3 at 27- 41 % of the aqueous precipitate (90 % of 

cellulose), and the dispersed CNFs’ average thickness was 3.7 - 4.4 nm, with the thinnest CNFs 

found in less polar CHCl3. The surface chemistry of ODE-CNFs was elucidated by FTIR and ATR-

FTIR, showing methylene groups at 2800-2980 cm-1, and C=C groups at 1640-1704 cm-1. The 

solution phase 1H NMR, and 13CNMR in d6-DMSO confirmed the cellulose structure and ODE-

groups, and a 30 % conversion of surface OH to ODE was estimated based on the integration value 

of the average ODE proton normalized to that of an anomeric proton in AGU. The hydrophobicity 

of ODE-NC was evidenced by a WCA of 102 ± 1° on coated mica with 1 % ODE-NC in CHCl3. 
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These organic solvent compatible, thermally stable, and high aspect ratio ODE-CNFs are the most 

hydrophobic reported to date.  

In Chapter 3, 2D NMR of heteronuclear single quantum coherence spectroscopy (HSQC) 

elucidated the correlation between the chemical shift of protons in ODE-CNFs to the 13C NMR 

chemical shift of their directly-attached carbons. Furthermore, homonuclear correlation 

spectroscopy (COSY) was used to identify spins of vicinal hydrogens in ODE-CNFs which are 

coupled to each other. 

In Chapter 4, sonication was proven to be effective in disintegrating ODE-cellulose into 

ODE-NC with T: 3.3-5.1 nm and L: 0.5-1.7 m (10 / 90 – 50 / 50 CNF / NPs) in CHCl3 for 5-10 

min (35 - 75 % A, 17-26 kJ) with ca. 15-18 % yield. More importantly, 20 min sonication (50 % 

A) produced the same quantity of ODE-NC in CHCl3 and toluene as 30 min blending of the aq. 

precipitate did. Scale-up (0.5 g) telomerization under the optimal condition from the 0.1 g scale 

(6ODE110) generated ODE-cell with DS 0.67 relatively in good agreement with 0.74 from the 0.1 

g scale within 10 % discrepancy, validating scale-up reaction. tert-Butanol (TB, 2 v/v%) treatment 

of ODE-cell prior to 20 min sonication improved the yield of ODE-NC by 23-68 % in THF, CHCl3, 

LO and toluene with respect to those without TB treatment. The DS were further optimized by 

incorporating 3 min pre-sonication of cellulose in DMF prior to telomerization. The DS improved 

to 1.2 (113 % yield) and 1.8 mmol ODE/g-cell (119 % yield), compared with DS (0.74 mmol 

ODE/g-cell) of ODE-cell generated without pre-sonication at the similar temperature range. 

 Sonication (50 % A, 20 min) of 1.2ODE-cell in toluene produced 1.2ODE-NC (40 / 60 NP 

/ CNF) with 45.5 % yield, while sonication of 1.8ODE-cell yielded 73.3 % 1.8ODE-NC in LO. 

Toward applications, 1.2ODE-MC/NC was evaluated as a reinforcing agent in polymer films while 

1.8ODE-NC in LO was probed as hydrophobic paper coating. The film cast from a stirred solution 
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of PBD in toluene combined with the previously sonicated 1.2ODE-MC/NC (2 % of PBD) 

preserved the elastomeric character, with modulus (2.23 ± 0.34 MPa) significantly improved by 

six-fold with respect to that of pristine PBD (0.35 ± 0.11 MPa). On the other hand, the film cast 

from the co-sonicated (50 A, 20min) solution of PBD and 1.2ODE-MC/NC exhibited plastic 

characteristics with an improved modulus (0.79 ± 0.49 MPa) with respect to that of pristine PBD. 

The reinforcing effect of cross-linking 2 % 1.2ODE-NC/MC with PSIS with only a small quantity 

of AIBN (1:1 FR/t-ene) has shown a remarkable increase in modulus (8.0 ± 1.6 MPa) by 67.7 % 

with respect to the 4.8 ± 0.6 MPa of pristine PSIS depending on the processing condition. Further 

improvements in modulus (7.8 ± 1.0 MPa), strength (17.3 ± 3.3 MPa), and strain (1780 ± 448 %) 

were accomplished without any additional reagent but only by 5 h thorough mixing of two 

components in toluene. This indicated that longer mixing time has likely separated and re-oriented  

the polymer chains forming the homogenized mixture with ODE-MC/NC, which created stronger 

surface adhesions among polymer chains and 1.2ODE-NC/MC.  

Coating of CP at the optimum condition of 0.07 % 1.8ODE-NC/LO, then heating at 70º for 

16 h has shown the reinforcing effect on CP, with a strength of 26.7 ± 0.8 MP that may be attributed 

to the grafting and cross-linking among CP, 1.8ODE-NC and LO. After ethanol and acetone rinses, 

the hydrophobicity of the coated CP surface was evidenced in WCAs of 91, 99, and 117º at 3 min 

for CP coated with LO r.t, LO / ODE 70 ºC 8h, LO / ODE 70 ºC 16h, respectively.  Water retention 

was at least 3 h.  

In Chapter 5, cellulose has been successfully isolated from almond shells (AS) in 35.2 % 

yield by a two-step extraction process (NaClO2/KOH) and subsequent TEMPO-mediated 

oxidation, generating ribbon-shaped cellulose nanofibrils (CNF, 90 % Y) with average thickness / 

width / length of 1.2 ± 0.5 nm / 5.2 ± 1.2 nm / 1.4 ± 0.7 m. A high aspect ratio (W / T) of 4.3 and 
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the wide hydrophilic planes of fibrils are unique to AS-TOCNFs.  Thus, the effect of this 

characteristics on 3-D material formation was studied by analyzing assembling and disassembling 

behaviors of fibers, aerogels and films formed under different solidification environments. The 

aerogels and the films solidified by the slower processes than the fiber never fully reverted back 

to TOCNFs of the original sizes in water. The aerogel particularly exhibited an amphiphilic 

characteristic by absorbing and holding both aqueous and organic media.  The higher char residue 

of the films observed in TGA may indicate the calcitrant characteristic of the films developed 

during drying in air. All data indicated that slow solidification process may induce stronger CNF-

CNF interfacial associations, and the rearrangement of fibrils to form amphiphilic surfaces. 

Concurrently, it was found that the wider hydrophilic-to-hydrophobic CNF planes, characteristic 

to AS-TOCNFs, serve as a major interfacial association plane between CNFs as a foundation for 

bottom-up material formation of TOCNFs. 

Future investigations are needed to deepen the understanding of ODE-CNFs and broaden 

their applications. NMR analysis of ODE-CNFs obtained from 0.5 g scale telomerization should 

be evaluated and compared with the DS calculated from the mass gain. The recommended future 

research areas for ODE-CNFs are: 1) co-polymerization of ODE-CNFs with alkene-containing 

monomers; 2) epoxidation of ODE alkene groups to form adhesives, and Grubb’s metathesis of 

ODE alkene groups with vegetable oils for solid film formation; and 3) formation of chemical-free 

emulsions by manual shaking of ODE-CNFs and vegetable oils for skin care products. 
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