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Abstract 

The process of TEMPO-mediated oxidation has gained broad usage towards the 

preparation of highly charged, carboxyl-functionalized polysaccharides.  TEMPO-oxidized 

nanocelluloses (TONc) of high surface charge and measuring 3 to 5 nm in width have been 

recently prepared from TEMPO-oxidized pulp.  This study examines as-produced and 

surface-hydrophobized TONc as reinforcing additives in cellulosic polymer matrices.  In the 

first part of the work, covalent (amidation) and non-covalent (ionic complexation) coupling 

were compared as treatment techniques for the hydrophobization of TONc surfaces with 

octadecylamine (ODA).  Subsequently, TONc and its covalently coupled derivative were 

evaluated as nanofiber reinforcements in a cellulose acetate butyrate (CAB) matrix.  The 

properties of the resulting nanocomposites were compared with those of similarly prepared 

ones reinforced with conventional microfibrillated cellulose (MFC). 

It was found that both ionic complexation and amidation resulted in complete conversion 

of carboxylate groups on TONc surfaces.  As a result of surface modification, the net 

crystallinity of TONc was lowered by 15 to 25% but its thermal decomposition properties 

were not significantly altered.  With respect to nanocomposite performance, the maximum 

TONc reinforcement of 5 vol % produced negligible changes to the optical transmittance 
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behavior and a 22-fold increase in tensile storage modulus in the glass transition region of 

CAB.  In contrast, hydrophobized TONc and MFC deteriorated the optical transmittance of 

CAB by ca 20% and increased its tensile storage modulus in the glass transition region by 

only 3.5 and 7 times respectively.  These differences in nanocomposite properties were 

attributed to homogeneous dispersion of TONc compared to aggregation of both the 

hydrophobized derivative and the MFC reference in CAB matrix.  A related study comparing 

TONc with MFC and cellulose nanocrystals (CNC) as reinforcements in 

hydroxypropylcellulose (HPC), showed TONc reinforcements as producing the most 

significant changes to HPC properties.  The results of dynamic mechanical analysis and creep 

compliance measurements could be interpreted based on similar arguments as those made for 

the CAB-based nanocomposites. 

Overall, this work revealed that the use of TONc (without the need for surface 

hydrophobization) as additives in cellulosic polymer matrices leads to superior reinforcing 

capacity and preservation of matrix transparency compared to the use of conventional 

nanocelluloses. 
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Chapter 1. Introduction 

Nanoscale celluloses (nanocelluloses) are cellulosic elements having unit sizes of less than 

100 nm in at least one dimension.  A survey of recent and current literature reveals that 

nanoscale celluloses are being studied intensively for potential utilization in a range of 

applications such as biomedicine,1-2 biomaterials engineering,3-7 membranes,8-12 and polymer 

nanocomposites. 13-23  A polymer nanocomposite was defined by Schadler et al.24 as a polymer 

matrix composite in which the fillers are less than 100 nm in at least one dimension.  When the 

fillers or reinforcements are nanocelluloses, the resulting nanocomposites are referred to as 

cellulose nanocomposites or nanocellulose composites.  Extensive studies13-23 have been 

conducted on utilization of bacterial cellulose,25-26 nanocrystalline celluloses from acid 

hydrolysis,27-29 and micro or nanofibrillated celluloses from mechanical disintegration20,30-31 as 

reinforcements in polymer nanocomposites.  Efficiency of nanofiller dispersion in the matrix and 

adequacy of nanofiller-matrix interfacial interactions are widely known to critically affect 

nanocomposite physical and mechanical properties.  For example, fibril entanglements lead to 

self-aggregation of carbon nanotubes in polymer matrices, which results in adverse effects on 

nanocomposite performance.32-33  To prevent self-aggregation and promote efficient nanotube 

dispersion and nanotube-matrix interaction, researchers modify the surfaces of carbon nanotubes 

with hydrophobic compounds using covalent33-35 and non-covalent36-38 coupling techniques.  

With respect to cellulose nanocomposites, it is difficult to achieve dispersion of nanocellulose 

reinforcements in water-insoluble or non-water dispersible polymer matrices.  This limitation 

stems primarily from the high affinity of nanocelluloses for water and their inability to disperse 

readily in organic solvents.  To promote nanocellulose dispersion in non-aqueous media, a wide 

variety of chemical modification techniques including coupling hydrophobic small molecules,39-

41 grafting polymers and oligomers,42-43 and adsorbing hydrophobic compounds44-45 to surface 

hydroxyl groups of nanocelluloses are employed.  Besides the problem of incompatibility with 

matrix polymers, most conventional nanocelluloses are characterized by hydrogen bonding-

induced aggregation of their nanosized rod-like and fibrillar structures.  Cellulose nanocrystals 

(CNCs) from acid hydrolysis do naturally occur as bundles of rod-like crystallites although 

intense mechanical agitation46 and further surface derivatization47 promote some nanocrystal 

individualization.  Microfibrillated celluloses (MFCs) on the other hand, continue to exist as 
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interconnected nanofibrillar structures even after intense attrition from multiple passes through 

high intensity homogenizers19 and grinders.48  

In recently published articles by Saito et al.,49-50 it was reported that 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO, structure 1.I)-mediated oxidation of cellulose fibers, 

allowed for low energy mechanical disintegration of the oxidized fibers in aqueous suspensions.  

TEMPO is a highly stable nitroxyl radical which is used extensively in the selective oxidation of 

primary alcohols to corresponding aldehydes and carboxylic acids.  In aqueous environments, 

TEMPO catalyzes the conversion of carbohydrate primary alcohols to carboxylate (COO-) 

functionalities in the presence of a primary oxidizing agent e.g. sodium hypochlorite (NaOCl).51  

When applied to polysaccharides, the carboxylate-functionalized (oxidized) products are sodium 

salts of the corresponding polyglucuronic acids.  In the studies by Saito et al.,49-50 three to four 

nanometer-wide and several hundred nanometers to a few microns-long nanofibrils were 

obtained without any loss to the nanocellulose degree of crystallinity.  The oxidized 

nanocellulose suspensions were also observed to be transparent, which was attributed to aqueous 

medium repulsion and individualization of nanofibrils due to their high surface charge densities.  

In contrast to conventional CNCs and MFCs, these TEMPO-oxidized nanocelluloses (TONc) 

represent a different form of highly individualized and multi-functionalized nanocelluloses, for 

which proposed and demonstrated potential applications include additives for paper wet strength 
52 additives in food,53 substitutes for cellulose ethers,51 and coatings for oxygen barrier 

properties.54 

So far, application of TONc as additives in nanocomposite applications has yet to be 

explored.  Given that TONc possess multiple surface functionalities, preserve the structural 

integrity of cellulose, and form transparent aqueous suspensions, we perceived potential 

advantages in the utilization of TONc as nanocomposite reinforcements.  In this work, we first 

prepared hydrophobic derivatives of TONc, and evaluated TONc and its hydrophobized forms as 

reinforcements in polymer nanocomposites. 
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1.1. Research Goals 

The first goal of this research was to convert the carboxyl groups on TONc surfaces into 

hydrophobic groups for the promotion of TONc dispersion in organic media.  TONc surfaces 

were derivatized with octadecylamine (ODA) as a model hydrophobic compound.  Two main 

pathways to attach ODA to TONc surfaces were evaluated: (1) Ionic complexation of TONc and 

ODA through physical blending in a water-DMF co-solvent system, and (2) covalent coupling 

through amidation reactions.  Our second goal was to utilize TONc and their surface-modified 

derivatives as reinforcements in cellulosic polymer nanocomposites. 

The following specific objectives were set to accomplish the research goals: 

1. Evaluate the efficiency of (1) ionic complexation and (2) carbodiimide-mediated 

amidation as treatment methods for the coupling of ODA molecules to TONc surfaces. 

2. Evaluate the effects of ionic complexation and amidation on the surface polarity, 

crystallinity, and thermal degradation behavior of TONc. 

3. Evaluate and compare the dynamic mechanical, optical, and thermal decomposition 

properties of nanocomposites reinforced with TONc (as-prepared and surface-modified) 

and conventional microfibrillated cellulose (MFC). 

1.2. Outline of Dissertation 

A literature review, in which we address multiple aspects of nanocelluloses and their 

nanocomposite applications, TEMPO-mediated oxidation and its use in the oxidation of 

cellulose, and derivation of nanocelluloses from the TEMPO-oxidized celluloses, is presented in 

Chapter 2. 

In Chapter 3, ionic complexation and amidation are compared as techniques for the coupling 

of ODA to TONc surface carboxyl groups.  The degrees of carboxyl substitution by ODA 

molecules are determined and used as the metric for efficiency of the treatment technique.  

Effects of surface modification on selected physical characteristics of TONc are also evaluated 

and discussed. 

Preparation and characterization of native and surface hydrophobized TONc-reinforced 

nanocomposites based on a cellulose acetate butyrate (CAB) matrix are the subjects of Chapter 

4.  Optical, dynamic mechanical, and thermal decomposition properties of the nanocomposites 

are characterized and compared with one another, and with unfilled CAB. 
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In Chapter 5, nanocomposites based on hydroxypropylcellulose (HPC) matrix reinforced 

with TONc are described.  Ultrasonication time was used as the factor to control degree of 

fibrillation of the oxidized pulp.  Effects of fibrillation degree on the morphological and thermal 

decomposition properties of the nanocelluloses are reported.  Dynamic mechanical properties of 

the TONc-reinforced nanocomposites are examined and compared with those of conventional 

CNC and MFC reinforced counterparts.  Overall conclusions regarding TONc surface 

modification and performance as nanocomposite reinforcements are given in Chapter 6. 
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Chapter 2. Literature Review 

2.1. Nanocelluloses 

2.1.1. Origins 

Nanoscale rod-like or fibrillar elements composed primarily of cellulose and measuring 100 

nm or less in one dimension are referred to as nanocelluloses.  Due to the diversity of cellulose, 

nanocelluloses can, in principle, be derived from a wide variety of sources.  However, with 

respect to their research and development towards practical applications, the most significant 

sources have been wood, cotton, bacteria (Acetobacter strains), 1-2 and tunicin (cellulose 

extracted from the mantle of the sea animal, tunicate).3 

2.1.2. Nanocelluloses from the Disintegration of Wood Pulp 

Wood-based nanocellulose is extracted from wood pulp, which is produced in much larger 

quantities around the globe than the other sources of nanocellulose.  From a utilization 

perspective, cellulose disintegration refers to reduction of fibrous celluloses from the micron 

scale into widths on the order of ≤ 100 nm and lengths on the order of > 100 nm to a few 

microns.  The term “fibrillation” is sometimes used interchangeably with disintegration. 

However, fibrillation is also used to describe a partial form of mechanical degradation in which 

the fibrillated strands remain attached to the parent fiber.  The goal is to create additional surface 

area for fiber-fiber or fiber-resin bonding.  An example is the beating4 of pulp to improve 

interfiber bonding during papermaking.  Fiber disintegration can be achieved chemically and or 

mechanically.  Mechanical disintegration in its strictest sense would refer to the breakdown of 

cellulose fibers into micro- and or nanofibrillar entities without chemical or enzymatic 

pretreatment.  However, significant energy inputs are needed to disintegrate the pulped wood 

cells into cellulose microfibrils because the latter are bound together by interfibrillar hydrogen 

bonds into both crystalline and amorphous domains.  Extraction of nanocellulose from the direct 

mechanical disintegration of wood pulp was first demonstrated by Herrick et al.5 and Turbak et 

al.6 in the early 1980s.  Their approach which involved refining of the pulp followed by several 

passes of the refined pulp through a high pressure homogenizer, resulted in gel-like suspensions 

of highly fibrillated cellulose named microfibrillated cellulose (MFC).  This approach also 
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involved high energy usage and the MFCs, imaged under the electron microscope, existed as 

highly networked fibrils 25 to 100 nm in diameter.5-6 

Mechanical disintegration can also be performed on chemically or enzymatically pretreated 

fibers whereby the pretreatment serves to lower cohesive interactions between microfibrils.  In a 

recent report by Paakko et al.,7 the MFC disintegration process was preceded by enzymatic 

treatment of cellulose, resulting in improved product homogeneity and reduced energy 

consumption.  A chemical pretreatment approach involving chlorite bleaching (delignification) 

and potassium hydroxide treatment (hemicelluloses removal) of wood powder generated uniform 

(15 nm-wide) fibrils after a single pass through a grinder.8  SEM images revealed that the 

chemical treatments extracted encrusted material from the surfaces of and the spaces between 

cell wall microfibrils thereby easing the disintegration process.  Other chemical pretreatment 

methods that need mentioning are carboxymethylation9 and TEMPO-mediated oxidation.10-12  

TEMPO-mediated oxidation is the pretreatment used in preparing nanocellulose for the current 

study, and is described comprehensively in section 2.2 of this chapter. 

Chemical pretreatment, mainly sulfuric acid hydrolysis, converts wood pulp into nanoscale 

rod-like crystallites or whiskers commonly referred to as cellulose nanocrystals (CNCs) or 

nanocrystalline cellulose.13-15  Acid hydrolysis products occur as short rod-like whiskers that 

naturally aggregate into bundles.  The common practice employed for mechanical disintegration 

of these whisker bundles is ultrasonic agitation from a few to several minutes.  Ranby, obtained 

well dispersed nanocrystals (down to a few whiskers per bundle) after subjecting sulfuric acid 

hydrolyzed cellulose to ~90 min. of ultrasonication.14  Sulfuric acid CNC suspensions are well 

known for their formation of anisotropic liquid crystalline (chiral nematic) structures at relatively 

low solids concentrations (~4 wt %).16 

2.2. TEMPO-mediated Oxidation of Primary Alcohols 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) belongs to the highly stable nitroxyl or nitroxide 

radical class of compounds.  The use of TEMPO for the selective oxidation of primary alcohols 

in the presence of secondary ones was first demonstrated by Semmelhack et al.17-18  Primary 

alcohols of several organic compounds were electrochemically oxidized in organic media to 

aldehydes without further oxidation to carboxylic acids.  A significant finding from their work 

was the in situ regeneration of the TEMPO radical, which excluded the need to use 

stoichiometric amounts, instead requiring the use of catalytic amounts.  Several papers on the 
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application of TEMPO-mediated oxidation to carbohydrates (including cellulose) have since 

appeared19-23 including an extensive review by Bragd et al.18  Carbohydrate based studies have 

largely been performed under mildly alkaline conditions with the oxidation products being 

predominantly uronic acids.  A primary oxidant is required in amounts commensurate with the 

desired degree of oxidation.  The proposed mechanism of TEMPO-mediated oxidation (Figure 

2.1) assumes that the actual oxidation of the substrate is effected by a nitrosonium ion, which is 

derived from the TEMPO radical by the primary oxidant.18  During the reaction, the nitrosonium 

ion is reduced to a hydroxylamine molecule, which subsequently reacts with one molecule of 

nitrosonium ion (in alkaline medium) to regenerate 2 molecules of TEMPO radical and water.21  

TEMPO-mediated oxidation in alkaline media is commonly performed with NaOCl and sodium 

bromide (NaBr) as primary oxidant and co-oxidant, respectively.  The addition of NaBr 

generates the more reactive hypobromite (OBr-) molecule, which has been shown to accelerate 

the reaction.20  Under the TEMPO/NaOCl/NaBr system, de Nooy et al.22 found a linear 

relationship between NaBr concentration and the oxidation rate of a methyl α-glucopyranoside 

substrate.  When NaBr was eliminated from the reaction system, the reaction rate decreased 

significantly. 

2.2.1. TEMPO-mediated Oxidation of Cellulose Primary Alcohols 

2.2.1.1. Reaction Process and Proposed Mechanisms 

Most TEMPO-mediated oxidation of cellulose is carried out in aqueous media at alkaline pH 

(9 – 11).  A TEMPO/NaOCl/NaBr system is often used whereby the degree of cellulose 

oxidation is determined by the amount of NaOCl added.  The proposed reaction mechanism24 

(Figure 2.2) shows that two molar equivalents of hypochlorite, the primary oxidant, are required 

to transform a single anhydroglucose primary alcohol to its carboxylate derivative.  Because 

TEMPO and NaBr are regenerated in the course of the reaction, only catalytic amounts are 

sufficient for the reaction to go to completion.  It is necessary to maintain pH by adding dilute 

alkali solution, which is continuously being consumed by the protons released during the 

reaction.  The effects of three reaction parameters, namely temperature, amount of TEMPO, and 

amount of NaBr, were studied by Suh et al.25  Yields of 6-carboxycellulose decreased with 

increasing temperature and increased with increasing NaBr concentration.  Primary alcohol 

selectivity was favored by increasing temperature but was significantly reduced with increasing 

amounts of TEMPO and NaBr.  All three parameters were found to increase the reaction rate. 



11 
 

 
Figure 2.1 Schematic of TEMPO-mediated oxidation mechanism of primary alcohols in a mildly 

alkaline environment. A primary oxidant generates nitrosonium ion from TEMPO, 

which is regenerated cyclically by a reaction between nitrosonium ion and 

hydroxylamine. (Adapted from ref. 18; fair use; Copyright 2004 Springer) 

 

2.2.1.2. Characteristics of TEMPO-oxidized Celluloses 

The unique molecular and supramolecular architecture of cellulose allows significant 

flexibility in its chemical and morphological derivatization.  This has been found to apply in the 

TEMPO-mediated oxidation of cellulose as well.  Not surprisingly, the crystalline morphology of 

cellulose was reported to significantly influence its degree of oxidation by TEMPO.18  Native 

cellulose resists high levels of conversion because of its high crystallinity index compared to 

mercerized/regenerated celluloses.23, 26  The partial oxidation of native celluloses was reported to 

produce only superficial modification of microfibril surfaces without altering their core 
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Figure 2.2 Proposed mechanism for the oxidation of anhydroglucose to 6-carboxycellulose 

moieties via TEMPO/NaOCl/NaBr system in alkaline media.  Numbers represent two 

levels of oxidation: (1) -CH2OH→-CHO and (2) -CHO→-CO2H. (Adapted from ref. 

24; fair use; Copyright 2003 Springer) 

 

crystalline characteristics.23, 26-29  In contrast, mercerized/regenerated celluloses underwent 

quantitative oxidation of available primary hydroxyl groups to form the water soluble 6-

carboxycellulose derivative.23, 30  Reports on a wide range of TEMPO-oxidized cellulose 

properties (molecular weight,23-24, 30-31 moisture retention,26, 32 ion exchange,33 biodegradation,34 

thermal degradation,35 mechanical degradation,11-12, 36 microscopic,28 rheological,37 
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topochemical,29, 36 optical,38 etc.) have also appeared in the literature.  A number of these 

characteristics have been explored, as discussed in the next section, towards developing potential 

applications for TEMPO-oxidized celluloses. 

2.2.1.3. Potential Applications of TEMPO-oxidized Celluloses 

It is suggested that fully functionalized, water-soluble 6-carboxycelluloses have the potential 

to perform similar functions as cellulose ethers.18  So far however, it is the presence of multiple 

chemical functionalities and the capacity for heterogeneous derivatization of the fiber surfaces 

that has attracted novel applications for TEMPO-oxidized celluloses.  Saito and Isogai39-41 

investigated TEMPO-mediated oxidation as pretreatment for improvement of paper wet strength.  

Wet strength is an important performance parameter for certain paper products e.g. tissue paper, 

paper towel, paperboard (for packaging), printing and writing papers that are designed for 

interaction with wet environments.41  Using bleached hardwood kraft pulps as starting materials, 

they reported that aldehyde, and not carboxylic groups formed at the fiber surfaces, contributed 

to wet strength improvement (Figure 2.3).40  The authors cited inter-fiber cross-linking, 

specifically hemiacetal linkages between the formed aldehydes and hydroxyl groups of cellulose 

as the main source of the improved wet strength. 

Araki et al.42 employed TEMPO-mediated oxidation to prepare carboxyl functionalized 

microcrystalline celluloses for subsequent conversion to sterically stabilized colloidal 

suspensions.  Steric stabilization was readily accomplished by grafting amine-terminated 

polyethylene glycol chains (PEG) onto carboxylic sites of the TEMPO-oxidized microcrystals.  

The grafted samples produced stable suspensions in the presence of high concentration 

electrolyte (2M NaCl) compared to a maximum 0.5 M NaCl concentration for ungrafted 

microcrystals.  Additional benefits included ability of the grafted microcrystals to form (1) stable 

birefringent suspensions and (2) liquid crystalline chiral nematic structures in organic solvents.  

Successful grafting of non-polar groups onto TEMPO-oxidized celluloses has also been reported 

by Lasseuguette43 and Follain et al.44 

Alila et al.45 used carboxyl functionalized celluloses (synthesized via TEMPO-mediated 

oxidation) as substrates in the co-adsorption of cationic surfactants and some organic 

hydrophobic compounds.45-46  Surfactant aggregation onto charged solid substrates finds 

applications in a variety of fields including soil remediation,47 chemical sensors,48 synthetic 

membranes,49 cosmetic formulation,50 and immobilization of organic pollutants.51-54  Results 
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Figure 2.3 Wet tensile strength as a function of fiber surface functionality.  Reduced (NaBH4 

treated) and fully oxidized (NaClO2 treated) versions of TEMPO-oxidized fibers are 

devoid of aldehyde groups. (Adapted from ref. 40; fair use; Copyright 2006 Elsevier 

B. V.) 

 

from their studies showed that the adsorbed amounts of both surfactants and organic solutes 

strongly depended on the degree of TEMPO-oxidation i.e. the concentration of carboxylate 

groups on the oxidized fiber surfaces.  Concentrations of adsorbed cationic surfactants varied 

linearly with surface carboxylate concentration of TEMPO-oxidized cellulose fibers.  For most 

organic solutes, adsorbed amounts increased 4 to 6 fold when cellulose fibers were pre-oxidized 

with TEMPO. 

2.3. Mechanical Disintegration of TEMPO-oxidized Cellulose 
Saito et al.12 recently reported successful disintegration of celluloses from various sources 

following TEMPO-mediated oxidation.  A mild TEMPO/NaOCl/NaBr system was used at room 

temperature with NaOCl concentrations ranging from 2.5 to 3.8 mmol/g AGUa

                                                 
a Anhydroglucose unit. 

.  These 
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conditions allowed for disintegration of more than 90% of the oxidized pulp in an ordinary lab 

blender.  The TEMPO-oxidized nanofibrils ranged from 3 – 5 nm in width and several hundred 

nanometers to a few microns in length as measured from TEM images.  The researchers 

attributed the ease of disintegration to interfibrillar repulsive forces generated by carboxylate 

groups formed on microfibril surfaces.  TEM micrographs of the oxidized nanofibrils also 

revealed the absence of interfibrillar networking and fibril aggregation typically observed in 

conventional MFCs 5-6 and CNCs.13-15, 55  Figure 2.4 is a sample TEM micrograph of TEMPO-

oxidized nanocelluloses which was prepared in the course of the current research by 

ultrasonication of TEMPO-oxidized pulp.  Saito et al.12 also reported preservation of 

nanocellulose crystallinity based on the appearance of birefringence when the nanofibril 

suspensions were examined between crossed polarizers.  A later study11 was performed with the 

goal of testing the limits of possibilities for low energy mechanical disintegration.  In this second 

study, magnetic stirrers, instead of a lab blender, were used to agitate wood pulp suspensions 

(0.1% w/v) treated to various degrees of TEMPO-oxidation.  It was discovered that when the 

degree of oxidation reached 1.5 mmol carboxylate content per gram AGU, 97% of the fibers 

disintegrated into nanofibrils by the tenth day of stirring. 

2.4. Cellulose Nanocomposites  
A composite is defined by the International Union of Pure and Applied Chemistry (IUPAC) 

as a multicomponent material comprising multiple different (non-gaseous) phase domains in 

which at least one type of phase domain is a continuous phase; it is a nanocomposite if at least 

one of the phases has at least one dimension on the order of nanometers.56  Schadler et al.57 

define polymer nanocomposites as polymer matrix composite in which the fillers are less than 

100 nm in at least one dimension.  When the fillers or reinforcements are nanocelluloses, the 

resulting nanocomposites are referred to as cellulose nanocomposites or nanocellulose 

composites58  Thus far, nanocelluloses from a range of sources such as wood,59-60 cotton,61 

bacterial cellulose,62 tunicin,63 sugar beet,64 and wheat straw65 have been prepared and used in 

nanocomposite applications.  Their use in a range of bio-based and petroleum-based matrix 

materials including cellulose derivatives,60, 62, 66 polyvinyl alcohol,67-68 polylactic acid,69 

thermoplastic starch,70-71 polyhydroxyalkanoates,72-73 polyolefins,74-75 synthetic polyesters,63, 76 

epoxy,77-78 and regenerated cellulose79 have been reported.  In general, justification for polymer 

nanocomposites research is founded on the dramatic improvements of important polymer 
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Figure 2.4 TEM image of TEMPO-oxidized cellulose nanofibrils (shown with arrows) after 

ultrasonic treatment. Sample was extracted from supernatant after centrifugation of the 

sonicated suspension. 

 

properties afforded by the presence of the nanofillers.80  These typically include mechanical, 

thermal, electrical, optical, barrier, flame retardant, and biodegradable properties.80  For the 

remainder of this section, a number of notable publications in the literature on cellulosic 

nanocomposites research are reviewed. 

Favier et al.63 reported dynamic mechanical thermal properties for tunicin whisker reinforced 

poly(styrene-co-butylacrylate) nanocomposites solvent-cast into 2 mm films.  Dramatic 

differences, both in magnitude and shape, of shear storage moduli (G´) versus temperature plots 

were observed between the pristine polymer and the nanocomposites.  Whisker reinforcements 

of 6 wt % and above were noted to generate the most significant transformations, undergoing 

only a single order of magnitude drop in G´ (1.0 to 0.1 GPa) during the glass to rubber transition.  

In contrast, the unfilled polymer underwent three orders of magnitude decline (1.0 to 0.001 GPa) 

in G´ over the same temperature range.  No further decrease in G´ of the nanocomposite was 

observed up to about 500K, beyond which the nanowhiskers began to thermally degrade.  By 

comparison, the unfilled polymer temperature-to-failure was only 350K.  On account of 

micromechanical analyses, the authors attributed the extraordinary performance of the 
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nanocomposites to mechanical percolation of whiskers promoted by the strong inter-fibrillar 

hydrogen bonding capacity of the cellulose whiskers. 

Advancing cellulosic nanocomposite performance through surface modification was the goal 

of Grunert and Winter.62  Nanocomposites based on sulfuric acid hydrolyzed bacterial cellulose 

reinforcements in cellulose acetate butyrate (CAB) were studied.  A post hydrolysis 

trimethylsilylation of bacterial cellulose was used as a surface modification approach against an 

unmodified control.  With the aid of thermal analysis techniques, the authors concluded that at 

higher temperatures (post glass transition) trimethylsilylation induced stronger filler-matrix 

interaction than did conventional hydrolysis.  Contrary to expectations in support of the above 

conclusion, the storage moduli of silylated crystal nanocomposites were lower than those of 

unmodified nanocrystals at equal filler loadings.  A possible explanation for the observation 

given by the authors was that 18 wt % of the silylated nanocrystals belonged to silyl groups.  

Thus the effective filler content in these samples was less than that in the unsilylated crystal 

nanocomposites. 

Researchers at Kyoto University in Japan reported on the mechanical, optical, and thermal 

expansion properties of nanocellulose reinforced polymer composites.59, 81-83  Both MFC and 

bacterial cellulose were used as reinforcements in phenol formaldehyde (PF) and acrylic based 

resins.  Degree of MFC fibrillation was examined as a factor in PF-based nanocomposite 

mechanical properties.59  MFC fibrillation was controlled by varying the number of passes 

through (1) a refiner only and (2) a refiner followed by a homogenizer.  A significant increase in 

bending strength of nanocomposites was found when MFCs underwent 30 passes through the 

refiner and subsequent passes through the homogenizer.  Young’s modulus on the other hand 

was only marginally influenced.  Morphological studies on the MFCs revealed that fibrillation of 

the starting pulp fibers was only superficial when the number of refiner passes was fewer than 

16. By 30 passes, the bulk of the pulp fibers had fibrillated into fine nanofibril networks, which 

provided the needed surface area for the observed strength enhancement.  In another report,82 a 

three-step (refiner-high pressure homogenizer-grinder) disintegration process was applied to 

wood pulp fibers to yield a highly disintegrated nanocellulose network.  The nanocelluloses were 

formed into thin films (by filtration) and formulated into nanocomposites (of 70 wt % nanofibril 

loading) by impregnation with an acrylic resin.  Reported film properties included a 70% light 

transmittance (about 20% short of that of unfilled acrylic resin at 600 nm), 7 GPa Young’s 
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modulus, and 1.7 × 10-5 K-1 coefficient of thermal expansion (CTE) compared to a 8.6 × 10-5 K-1 

CTE of unfilled resin.  Comparable materials prepared with bacterial cellulose resulted in light 

transmittance, Young’s modulus, and CTE of 80%, 21 GPa, and 0.6 × 10-5 K-1 respectively.82, 84 

An interesting approach to cellulosic nanocomposites development has involved 

heterogeneous derivatization of native cellulose fibers in non-swelling media.  The technique 

tends to derivatize the easily accessible regions in the native cellulose fibers leaving the highly 

crystalline domains intact.  Subsequently, a moldable composite material whereby the 

derivatized component serves as a matrix and the non-derivatized crystalline domain as 

reinforcement is created.60, 79  This kind of approach was originally reported by Matsumura et al. 

who partially derivatized dissolving grade hardwood pulps into cellulose hexanoates.60  

Thermally deformable products whose properties depended on the degree of substitution (DS) of 

hexanoate were obtained.  Modulus and strength properties of compression molded sheets 

peaked at intermediate DS (0.5 – 1.0) but declined beyond these levels.  Pronounced fiber-matrix 

delamination was evident in SEM images of the high DS samples, which affirmed the observed 

mechanical properties.  Enzymatic degradation studies, using cellulases, also resulted in higher 

biodegradability (~50 %) of these partially derivatized materials (DS 0.5) compared to 20 % in 

homogeneously synthesized cellulose hexanoates of similar DS.  XRD spectra revealed 

decreasing cellulose I crystal size with increasing DS, from which the authors concluded that 

hexanoylation proceeded at the microfibril surfaces rather than the bulk fiber surfaces (i.e. skin-

core morphology).  A subsequent AFM study revealed distinctive phase dimensions on the order 

of tens of nanometers in the compression molded sheets.85  Findings from the XRD and AFM 

data supported the characterization of the pressed products as having nanoscale reinforcements in 

a thermoplastic matrix.  Gindl and Keckes used a similar concept to later produce 

nanocomposites of native cellulose crystallites embedded in a regenerated cellulose matrix.79 

2.5. Techniques for Modification of Nanocellulose Surfaces Towards 

Nanocomposite Applications 
Cellulose fibers can be classified as hydrophilic because of the high hydroxyl content of 

cellulose (3 per anhydroglucose unit, AGU).  Therefore when used as reinforcing fibers in non-

polar polymer matrices, the durability and mechanical performance of the resulting composites 

are limited by poor fiber-matrix adhesion.  Scientists devote substantial time and resources 
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towards solving these compatibility problems because among other factors, cellulosic fibers are 

abundant, biodegradable, and are characterized by favorable mechanical properties.  A major 

part of the scientific work involves chemical reactions that modify cellulose fiber surfaces with 

appropriate functional groups leading to intermolecular and/or covalent bonding with polymer 

matrix molecules.  Owing to their identical chemical compositions, practically the same surface 

modification techniques used on native cellulose fibers are also applicable to nanocelluloses.  As 

is the case for essentially all cellulose derivatizations, hydroxyl groups are the primary reactive 

sites for cellulose surface modification.  A significant fraction of the literature involves coupling 

with isocyanates and organosilanes, grafting of oligomeric and polymeric groups, acetylation, 

and mercerization.  A comprehensive review of these major techniques with numerous 

references was published in 1999 by Bledzki and Gassan.86  Gandini, Belgacem and co-

workers87-93 have also published a series of papers on reactions of isocyanates, organosilanes, 

and organometallic compounds with cellulose fiber surfaces.  Coupling with organosilanes 

involves hydrolysis and condensation mechanisms, some of which are analogous to those 

encountered in glass fiber surface modifications.87-88  Graft copolymerization entails the 

preformation (on cellulose fiber surfaces) of polymer chains compatible with the matrix polymer.  

Different approaches to graft copolymerization have been reported. For example, grafting of 

cellulosic fiber surfaces with maleic anhydride functionalized polypropylene (MA-PP) for 

subsequent reinforcement in polypropylene (PP) matrices has been extensively studied.  In other 

grafting processes, the cellulose surface is first coupled to one end of a bifunctional compound 

making available the unreacted active end for copolymerization with suitable monomers.89  

Physical methods such as plasma and corona discharge treatments have also been effective for 

surface modification of cellulosic fibers.94-98 

2.5.1. Amidation Reactions Involving Polysaccharides 

Chemical modification of amine or carboxyl functionalized polysaccharides has been 

accomplished, respectively, through amidation reactions with carboxylic acids and amines.  

These reactions have been performed both homogeneously and heterogeneously on 

polysaccharides such as hyaluronic acid,99 chitosan,100-106 and carboxyl functionalized celluloses 

including fully and partially derivatized products from TEMPO-mediated oxidation.43-44, 107  

Proposed applications include drug delivery,107 biocompatible hydrogels,99 cross-linked 

biodegradable coatings/materials,100-106 and stabilization of colloidal suspensions.42 
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Most of the published work involves the use of carbodiimides as coupling agents.  Bulpitt 

and Aeschlimann99 used this approach to functionalize hyaluronic acid with several 

homobifunctional amines towards development of cross-linked biocompatible hydrogels.  A 

significant feature of their work was their use of N-hydroxysulfosuccinimide (sulfo-NHS) to 

obtain stable (active ester) intermediates in the amidation reaction.  Addition of sulfo-NHS led to 

improved conversion efficiencies through the avoidance of hydrolysis sensitive O-acylisourea 

intermediates.  The method has subsequently been adapted for the successful coupling of 

carboxycelluloses (homogeneous phase reactions)44, 107 and carboxyl functionalized 

nanocelluloses (heterogeneous phase reactions).42-43 

Using physical interventions (mixing and heating) only, Glasser and co-workers regenerated 

chitin from solutions of chitosan in dilute acetic acid.100-106  Dissolving chitosan with acetic acid 

(1 – 10 % solutions) led to the formation of chitosonium acetate complexes which could be 

subsequently converted into chitin via heat-induced amidation.  Water removal at temperatures 

ranging from 100 to 130 °C led to chitosonium salt condensation into chitin.  In ensuing 

patents,101-104 the authors suggested that the method could be extended to include a variety of 

mono-, di-, and tribasic (C1-30) organic acids.  The resultant products would be N-

acylglucosamines derived from the process of polyanionic condensation.  It was also suggested 

that the chitosonium salt solutions could be preformed into films, fibers, filaments, and injection 

molded materials (by adequate control of viscosity) prior to their heat-induced amidation into N-

acylglucosamines. 
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Chapter 3. Surface Modification and Characterization of TEMPO-oxidized 

Nanocelluloses (TONc) Towards Nanocomposite Applications 

3.1. Abstract 

TONc surface carboxyls were derivatized into hydrophobic groups using octadecylamine 

(ODA), a hydrophobic aliphatic amine.  Two approaches were proposed to evaluate their 

effectiveness in coupling ODA to TONc surfaces.  These were physical mixing of TONc and 

ODA to yield ODA-TONc ionic complexes and carbodiimide-mediated amidation using a water-

soluble carbodiimide.  Both treatment methods were successful in generating ODA-TONc ionic 

complexes and amides, and both methods resulted in the total consumption of available TONc 

carboxyl groups.  Effects of the two surface modification methods on the properties of TONc 

were investigated through a variety of techniques including x-ray diffraction (XRD), contact 

angle (CA), and thermogravimetric analysis (TGA) studies.  Based on results of XRD 

experiments, it was found that the crystallinity index of TONc decreased, respectively, by ca. 

25% and 15% in response to ionic complexation and amidation treatments.  The modified 

nanocelluloses from both treatments formed birefringent dispersions in organic solvents of 

varying polarities and exhibited water contact angles significantly higher than that of TONc 

control.  However, the formed suspensions were unstable over time and their flocculation was 

complete in a matter of hours.  It was determined from TGA investigations that the main 

decomposition reactions of TONc and its surface-modified derivatives occurred at lower 

temperatures and were associated with lower activation energies than that of natural cellulose.  

Furthermore, activation energies associated with thermal decomposition revealed that thermal 

stabilities of the amidation and ionic complexation products increased and decreased, 

respectively, relative to that of TONc control. 

3.2. Introduction 

Saito et al.1, 2 recently discovered TEMPO-oxidized nanocelluloses (TONc) from the low 

energy mechanical disintegration of TEMPO-oxidized pulp.  Proposed and demonstrated 

applications for TONc, which rely on their predominantly hydrophilic character, include 

additives in paper and food,3, 4 substitutes for cellulose ethers,5 and coatings for oxygen barrier 
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properties.6  To date, TONc have also been employed as components in a variety of patented 

applications namely oxygen barrier,7 gel,8 thickener,9 papermaking,10 composite11 and cosmetic12 

preparations.  As yet unexplored applications of TONc are their use in non-aqueous medium 

processes, such as reinforcing additives in water-insoluble polymer matrices.  TONc possess 

favorable attributes for nanocomposite reinforcement such as multiple surface functionalities (-

COOH and –OH), high fibril individualization, small (3 – 5 nm) fibril widths (large surface area 

to volume ratio), and degree of crystallinity similar to that of native cellulose fibers.13-16  The 

hydrophilic character of TONc (reported in terms of water retention values as 400% for the salt 

form and 200% for the acid form1), is the most likely deterrent to its use in organic medium 

processes. 

The goal of this study was to surface-modify TONc for dispersion in organic media and to 

further compare characteristics of unmodified TONc control and the surface-modified 

derivatives.  TEMPO-oxidized celluloses have been shown to be amenable to aqueous medium 

modification through carbodiimide-mediated coupling of the oxidized cellulose carboxylate 

groups to primary amines.17-20  A prime example is the work of Araki et al.,17 which involved the 

coupling of amine-terminated polyethylene glycol (PEG) chains onto the surfaces of TEMPO-

oxidized cellulose whiskers.  Their use of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) in combination with N-hydroxysuccinimide (NHS)17, 21-23 (Figure 3.1 A 

and B) as coupling agents led to successful amide bonding of PEG chains to the whisker 

surfaces.  The grafted nanocelluloses were reported to not flocculate in as high as a 2M sodium 

chloride solution and to form chiral nematic structures in chloroform.  In related studies, EDC-

mediated amidation was employed to couple fully and partially water-soluble amines to wood 

pulp TONc20 and water-soluble TEMPO-oxidized cellulose (6-carboxy cellulose).18  Surface 

modification of TONc has not only been limited to covalent coupling reactions but has also been 

accomplished by non-covalent adsorption of hydrophobic molecules onto TONc carboxyl sites.  

Fukuzumi et al. demonstrated this approach through the electrostatic adsorption of alkylketene 

dimer (AKD) onto the carboxylate sites of TONc films.6  Exposure of the TONc films to an 

AKD solution (0.05%) for 10 s increased the water contact angle on the film surfaces from 47° to 

94°. 

To achieve the stated goals for this study, we employed octadecylamine (ODA, Figure 3.1 

C), a hydrophobic aliphatic amine for the surface modification of TONc.  Two treatment  
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Figure 3.1 Chemical structures of (A) EDC, (B) NHS, and (C) octadecylamine 

 

methods to ODA coupling, namely physical mixing of ODA solutions with TONc suspensions to 

form ODA-TONc ionic complexes and EDC/NHS-mediated amidation between ODA and TONc  

surface carboxyl groups, were considered.  The effectiveness of the treatment methods in 

achieving the desired coupling were evaluated by Fourier transform infrared (FTIR) 

spectroscopy and elemental analysis (EA).  Dispersibilities of the treated samples in organic 

solvents were tested using flow birefringence examinations between crossed polarizers.  In 

addition, treatment effects on the crystallinity, surface polarity, and thermal decomposition 

properties of the treated nanocelluloses were evaluated and compared with those of unmodified 

TONc control and conventional microfibrillated celluloses (MFC). 

3.3. Experimental Section 

3.3.1. Materials 

Never-dried kraft pulp (Douglas fir) was kindly donated by Weyerhaeuser Company, 

Longview, WA and stored frozen until used.  Microfibrillated cellulose (MFC) was a 

commercial product (Celish KY) supplied by Daicel Chemical Industries, Tokyo, Japan.  

Chemicals for TEMPO-mediated oxidation: TEMPO (99.8%), sodium hypochlorite (NaOCl) 

(reagent grade, 13.4% available chlorine) solution, sodium bromide (NaBr) (99.0%), NaOH (0.5 

N) standard solution, HCl (0.1 and 1.0 N) standard solution, and ethanol (200 proof) were 

purchased from Sigma-Aldrich.  Reagents and solvents for surface modification treatments were 

octadecylamine (ODA) (99.0%) and dimethylformamide (DMF), ACS reagent grade (99.8%) 
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purchased from Sigma-Aldrich, and EDC and NHS (both > 98.0% purity), purchased from 

Pierce Protein Research Products, Rockford, IL. 

3.3.1.1. TEMPO-Oxidized Pulp 

The general procedure and reagent ratios used by Saito et al.1 were followed for TEMPO-

mediated oxidation of never-dried pulp.  A typical oxidation reaction started with never-dried 

pulp (20 g dry weight, 123 mmol AGU) suspended in 800 mL ultrapure water (18 MΩ·cm at 25 

°C) in a three-neck round bottom flask.  The pulp suspension was stirred continuously at 400 – 

500 rpm with an overhead stirrer.  NaBr (2.5 g, 24.3 mmol) and TEMPO (0.25 g, 1.60 mmol pre-

dissolved in 10 mL of ultrapure water) were added to the pulp suspension, and pH was adjusted 

to 10.0 ± 0.1 with NaOH (0.5 N).  A pH probe (Mettler Toledo InLab® Expert Pro) attached to a 

pH/conductivity meter (Mettler Toledo Seven Multi™) was used for monitoring pH of the 

reaction.  Next, NaOCl (46.1 mL, 5.0 mmol) was added drop-wise from a plastic syringe 

mounted on a syringe pump (Harvard Apparatus model 44), while maintaining the pH of the 

reaction system at 10.0 ± 0.1.  The end of the reaction was reached when no further change in pH 

was observed and then the reaction was fully quenched with the addition of ethanol (30 mL).  

The oxidized pulp was recovered by vacuum filtration, washed several times with ultrapure 

water to neutral pH, and stored wet at 5 – 8 °C until used.  The carboxyl content (1.62 ± 0.01 

mmol / g AGU) was determined by conductometric titration as described in section 3.3.3.2. 

3.3.1.2. TONc 

Fibrillation of TEMPO-oxidized pulp into TONc was accomplished by ultrasonication of 

oxidized pulp suspensions.  TEMPO-oxidized pulp was suspended in ultrapure water at a solids 

concentration of 0.5 wt %. The suspensions were sonicated in batches of 150 mL with an 

ultrasonic processor (Sonics model GE 505) fitted with a half-inch probe.  Sonication was 

performed in a specially designed double-walled beaker connected to a cooling bath to minimize 

overheating of suspensions.  Twenty minutes of sonication was found sufficient to generate 

visually transparent suspensions similar to earlier reported examples.2, 24  An average 

ultrasonication energy of 124 ± 0.72 kJ g-1 solids was calculated using sonicator readings from 

individual batches.  Generally, after ultrasonication, a small residue of unfibrillated fibers were 

observed floating in the sonicated suspensions that were removed by centrifugation (4500 rpm, 5 
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min) using an Eppendorf 5804 centrifuge.  The resulting TONc suspensions were stored in a 

refrigerator at 5 – 8 °C until used. 

3.3.1.3. MFC Suspensions 

The manufacturer-supplied MFC suspensions were further homogenized by blending 

(Waring Blender) for 12 min and subsequently by ultrasonication for 2 h.  Blending was 

performed on 400 mL batches of 0.75 wt % while ultrasonication was performed on 150 mL 

batches at the same concentration as blending, using a similar setup as described under section 

3.3.1.2. 

3.3.2. Surface Modification of TONc 

For both ionic complexation and amidation treatments, a carboxyl : amine mole ratio of 1 : 4 

was used.  Miscibility of ODA with aqueous TONc suspensions was achieved by dissolving 

ODA in DMF (at 4% w/v) prior to mixing with the TONc suspension.  Control (Ctrl) samples 

were prepared by repeating the ionic complexation and amidation procedures (sections 3.3.2.1 

and 3.3.2.2) on TONc without the use of ODA or coupling agent.  Details of the individual 

surface modification procedures are presented next with their proposed reaction schemes 

displayed in Figure 3.2. 

3.3.2.1. Physical Mixing (Ionic Complexation) 

TONc suspension (1000 mL of 0.5 wt %, 8.1 mmol COOH content) was transferred into a 

three-neck round bottom flask with overhead stirring (400-500 rpm) and the flask was 

equilibrated at 50 °C in an oil bath.  The solution of ODA (8.7 g, 32.4 mmol) in DMF (250 mL) 

was added to the TONc suspension, which instantly changed in appearance from transparent to 

white.  The pH of the mixture was subsequently adjusted to and maintained at 7.5 – 8.0 using 

HCl (1 N) and NaOH (0.5 N).  Stirring was continued for 4 h, during which the suspension 

turned slightly yellow.  The product (ICmplx) was then recovered as later described in section 

3.3.2.3. 

3.3.2.1.a. Heat Treatment of ICmplx 

ICmplx was subjected to heat treatment with the purpose of generating amide bonds via 

condensation of the formed ionic bonds.  This approach was motivated by the work of Toffey et 

al.,25-27 in which chitin was generated from the controlled heating of the acetate salt of chitosan  
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Figure 3.2 Proposed simplified reaction schemes for modification of TONc surfaces. 

 

(chitosonium acetate).  Specifically, a concentrated suspension (ca. 2 wt %) of dialyzed ionic 

complex (see section 3.3.2.3 for description of the dialysis procedure) was placed in the platinum  

pan of a thermogravimetric analyzer (referenced in section 3.3.3.5) and heated rapidly (40 

°C/min) to the desired condensation temperature (120 or 150 °C).  The sample was held at this 

temperature for 4 h, cooled to room temperature and then recovered for FTIR analysis. 

3.3.2.2. Carbodiimide-Mediated Amidation 

Our procedure for EDC/NHS-mediated amidation was similar to that of Araki et al.,17 except 

for minor differences in the concentrations of coupling agents used and the order in which 

reagents were added.  Adjustments in process conditions were found necessary to achieve 

satisfactory surface modification.  A typical treatment process started with the same amount and 

preconditions of TONc suspension described for ionic complexation (section 3.3.2.1).  Next 

EDC (7.76 g, 40.5 mmol) and NHS (5.59 g, 48.6 mmol) were dissolved in 20 mL of ultrapure 

water and added to the TONc suspension.  The pH of the reaction mixture was adjusted to 5.5 – 

6.0 and maintained for 30 min to complete the activation of TONc surface carboxyl groups.  

Finally, the ODA solution (identical to that described in the previous section) was added and the 

reaction was continued for an additional 12 h at pH 7.5 – 8.0.  The amidation product (Amd) 

followed similar color changes and was similarly recovered as the ionic complexation product. 
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3.3.2.3. Sample Recovery 

Both Ctrl and ODA-treated TONc were recovered by centrifugation, dialysis, and freeze-

drying.  First, the suspensions were centrifuged to separate the nanocelluloses (residue) from the 

mixture of solvents and dissolved reagents (supernatant).  The residues were twice dispersed and 

centrifuged in ultrapure water to remove traces of reagents remaining. Additional washes were 

performed with HCl (0.1 N) and ethanol respectively, to regenerate any residual carboxyl 

remaining after the treatments and to extract any remaining traces of unbound ODA.  These steps 

were followed by multiple water washes until pH was neutral.  The washed residues were re-

suspended in ultrapure water and dialyzed using Spectra/Por (Spectrum Laboratories) 

regenerated cellulose membranes (cut-off molecular weight 12 – 14 kD).  Dialysis was ended 

when the conductivity of the surrounding water remained constant. 

3.3.2.4. Storage 

To obtain suitable specimens for the various characterization techniques, Ctrl, Amd, and 

ICmplx suspensions were processed and stored in different forms as follows:  (1) Fractions of the 

dialyzed suspensions were stored at 5 – 8 °C for use in conductometric titration.  (2) Fractions of 

dialyzed suspensions were freeze-dried, further dried in vacuo (1.33 mbar, 50 °C, 2 h), and kept 

dry by continuous storage in a desiccator under phosphorus pentoxide (P2O5).  (3) The remaining 

dialyzed suspensions were dispersed by sonication in ethanol solution (80% v / v), transferred 

into polytetrafluoroethylene (PTFE) dishes, and solvent-cast into 200 ± 40 µm thick films by 

evaporation in a fume hood.  The air-dried films were further vacuum-dried (1.33 mbar, 50 °C, 1 

h) and transferred into desiccators under P2O5.  To minimize surface contamination, the films 

were stored in sealable polyethylene bags inside the desiccator. 

With the exception of centrifugation washing and dialysis, similar drying and storage steps as 

described above for TONc-based samples were used to obtain MFC samples. 

3.3.3. Characterization 

For certain characterization techniques, MFC was used as unoxidized nanocellulose 

reference for comparison with TONc-based samples. 
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3.3.3.1. Surface Chemical Properties - FTIR 

Effects of modification treatments on surface chemistry of TONc were examined by FTIR.  

Transmission FTIR was performed on freeze-dried samples (~2.5 mg) mounted in ca. 200 mg 

KBr (Spectrograde Powder, International Crystal Labs, Garfield, NJ).  Spectra were obtained at 

room temperature on a Thermo Scientific Nicolet 8700 spectrometer under continuous purging 

with dry air.  Each spectrum was acquired from 32 scans at a resolution of 4 cm-1.  A separate 

background spectrum was collected and automatically subtracted from the raw spectrum for each 

specimen. 

3.3.3.2. Degree of Surface Modification – Conductometric Titration (CT) and 

Elemental Analysis (EA) 

Carboxyl concentrations in both the original and treated nanocelluloses were evaluated by 

conductometric titration (CT).  CTs were carried out on freshly dialyzed suspensions using a 

conductivity probe (Mettler Toledo InLab® 730) attached to a pH/conductivity meter (Mettler 

Toledo Seven Multi™).  NaOH (0.1 N standard solution) was dispensed from a microburette 

(Brinkmann Bottletop Buret 50) against 100 mL of sample suspension (0.5 wt % solids) under 

continuous nitrogen flow and stirring with a magnetic bar.  The initial strong acid dissociation 

region28 of the CT curve was obtained by addition of HCl (5mL of 0.1 N standard solution) to 

the sample suspension prior to addition of NaOH.  Carboxyl concentration was expressed as 

degree of oxidation (DO) according to equation 3.1.29 

COOH

COOH

14nw
162nDO
−

=     3.1 

where (162) refers to the molar mass of AGU, nCOOH is the moles of carboxylic acid in the 

sample (calculated directly from CT data), w is the initial dry weight of the sample, and (14) 

represents the molecular weight difference between TONc (acid form) and unoxidized cellulose. 

ODA content was quantified directly from nitrogen content data obtained through the 

Kjeldahl elemental analysis technique.  Kjeldahl tests were conducted on freeze-dried samples 

(ca. 0.5 g) at Galbraith Laboratories Inc (GLI), Knoxville, TN using the GLI test protocol E7-1 

(Appendix A).  ODA content was expressed as degree of substitution (DS), which was 
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determined in accordance with the method developed by Vaca-Garcia et al.30  Details of DS 

calculations are given in Appendix B. 

3.3.3.3. Film Surface Roughness and Surface Polarity – AFM and Contact 

Angle (CA) Measurements 

The solvent-cast films were first examined by AFM to quantify their surface roughnesses 

prior to CA measurements.  MFC films were included as an unoxidized nanocellulose reference.  

AFM images were acquired with an Asylum Research MFP-3D Bio AFM on vacuum dried films 

mounted on glass slides with the aid of double-sided tape.  Measurements were performed in 

tapping mode using standard Si probes (Olympus AC-240TS, force constant (2 N m-1), tip length 

and radius (240 µm and 9 ± 2 nm), resonance frequency (~70 kHz)). 

Advancing contact angles of water sessile drops were used to represent changes in surface 

polarity as a result of TONc surface modification.  The contact angle (CA) setup (First Ten 

Angstroms, FTA) consisted of a CCDa

3.3.3.4. Crystallinity Properties – X-ray Diffraction (XRD) Analysis  

 camera-microscope lens assembly and a movable 

samplestage.  Water sessile drops (~20 µL) were deposited on film samples attached to glass 

slides by means of double-sided tape.  MFC films were included as an unoxidized nanocellulose 

reference.  Four hundred advancing contact angle images were acquired at a rate of 33 images 

per second, beginning at the instant the drop contacted the surface (0 s).  Following image 

acquisition, contact angles were measured automatically with the instrument software (FTA 32) 

and subsequently plotted as a function of time. 

Film samples were examined by XRD to evaluate treatment effects on the crystalline 

characteristics  of TONc.  MFC films were included as an unoxidized nanocellulose reference.  

Discs (7.5 mm diameter) were punched out of vacuum-dried films and stacked to ~800 µm 

thickness (4 layers).  Film stacks were examined in a Bruker ASX D8 Discover wide angle x-ray 

diffractometer using Ni-filtered CuKα radiation (λ = 0.154 nm) operated at 40 kv and 40 mA.  X-

ray diffractograms were acquired at 0.01° sec-1 over a 2θ (Bragg angle) scan range of 10–40°.  

Crystallinity index (C.I.) values for cellulose Iβ, the main form of cellulose in wood pulp, were 

calculated as  

                                                 
a Charged couple device 
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AM200 ×






 −
=     3.2 

where I200 is the intensity of the 200 reflection (2θ = ~22.5°) and IAM is the minimum value at 2θ 

= ~18°, which represents the reflection intensity of the amorphous content. 

3.3.3.5. Thermal Decomposition Properties – Thermogravimetric Analysis 

(TGA) - 

TGA experiments were carried out on a TA Instruments Q500 thermogravimetric analyzer.  

Thermal decomposition behavior and the kinetics of thermal decomposition were both studied.  

Freeze-dried samples (10 – 12 mg) were scanned from room temperature to 600 °C in dry air 

(flow rate 60 mL min-1) at 10 °C min-1.  MFC was included as an unoxidized nanocellulose 

reference.  To gain superior control over sample decomposition kinetics, TGA experiments were 

performed using the high-resolution (Hi-Res™) dynamic heating rate option31 at resolution and 

sensitivity settings of 4 and 1.  In high-resolution (Hi-Res™) dynamic rate experiments, the 

instrument heating rate responds to the rate of the thermal decomposition reaction by decreasing 

towards a fixed minimuma

Additional scans were performed at resolutions 2, 3, 5, and 6 to obtain data for analysis of 

decomposition kinetics using the method developed by Salin and Seferis.32  Their method, 

developed to specifically address the nonlinear and nonisothermal conditions associated with 

dynamic rate experiments is given by 

31 as reaction rate increases and increasing towards the maximum 

(operator-set) ramp rate when there is no thermal event taking place.  This method generates data 

in significantly less time than constant heating rate or isothermal experiments of comparable 

resolution.  Use of high-resolution dynamic rate experiments are noted to be particularly useful 

for the characterization of multicomponent materials.  
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where q is the heating rate observed at the maximum rate of weight loss (WL) (peak of 

derivative of weight loss (DWL) curve in a dynamic rate scan), T is the absolute temperature, Ea 

                                                 
a This non-zero minimum is determined automatically by resolution, sensitivity, and initial temperature ramp 
settings 
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is the activation energy, R is the molar gas constant, A is the pre-exponential (or frequency) 

factor, n is the order of the reaction, and α is the sample conversion given by 

fo

to

MM
MM

−
−

=α      3.4 

where Mo, Mt, and Mf represent original sample mass, sample mass at any time t, and final 

sample mass, respectively.  From a plot of ln (q/T2) vs. (1/T), Ea and A were calculated from the 

slope and intercept, respectively.  Salin and Seferis derived the following equation for 

calculating n from experimental data: 
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   3.5 

where B is the exponential of the intercept, I, from the ln (q/T2) vs. (1/T) plots and all other 

symbols retain their previously defined meanings. 

To generate useful data for kinetic analysis, resolution rather than heating rate (as is normally 

done for constant heating rate experiments) was varied as recommended by Salin and Seferis.32  

Through preliminary investigations, a heating rate of 30 °C min-1 was selected for generation of 

all kinetic analysis data because thermograms produced at 30 °C min-1 showed the least 

disturbances at all resolutions compared to those produced at 10 or 20 °C min-1. 

 

3.4. Results and Discussion 

3.4.1. Effects of Coupling Methods on Surface Chemical Properties of TONc 

Previous studies have shown that during aqueous medium TEMPO-oxidation of cellulose 

nanofibrils and nanocrystals, only the surface hydroxyl groups of the cellulosic elements are 

oxidized leaving the inner crystalline domains intact.1, 16  By using similar reactant 

concentrations as those used on kraft pulp by Saito et al.1, we presumed that TONc in the present 

study were primarily surface-oxidized.  In the FTIR spectrum originating from Ctrl (Figure 3.3 A 

and Figure 3.4 A), characteristic cellulose peaks are present in addition to a strong 1729 cm-1 –

carbonyl (C=O) stretching peak due to –COOH groups formed.2, 16-18  Neat ODA (Figure 3.3 D  
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Figure 3.3 FTIR absorbance spectra of (A) Ctrl, (B) ICmplx, (C) and (D) ICmplx 

heat-treated at 120 and 150 °C respectively, and (E) ODA.  Absence of 

1729 cm-1 peak in spectrum B (guided by dotted line) indicates complete 

consumption of available –COOH groups.  Peak at 1607 cm-1 is believed to 

originate from combination of asymmetric COO- and NH3
+ stretching 

vibrations of formed octadecylammonium carboxylate complex.  Also 

present, symmetric and asymmetric –CH stretching (2954-2849 cm-1) and 

deformation (1468 and 721 cm-1) vibrations from ODA tails.  Spectra C and 

D retain features of spectrum B and show no evidence of amidation in 

response to heat treatment. 
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Figure 3.4 FTIR absorbance spectra of (A) Ctrl, (B) Amd, and (C) ODA.  

Amidation evident (spectrum B) from presence of amide I (1645 cm-

1) and amide II (1549 cm-1) bands. Also, disappearance of 1729 cm-1 

peak (guided by dotted line) indicates complete consumption of 

available –COOH groups during amidation.  Peak at 3299 cm-1 

represents N-H stretching vibration of secondary amides.33  Also 

present, peaks originating from native cellulose and ODA, identified 

in Figure 3.3 and in text. 

 

and Figure 3.4 C) is characterized by –NH stretching (3332 and 3252 cm-1) and deformation 

(1607 cm-1) vibrations as well as –CH methyl and methylene stretching (2849 – 2954 cm-1) and 

deformation (1463 cm-1 / 720 cm-1) bands of the octadecyl tail.  Spectra from ICmplx (Figure 

3.3) and Amd (Figure 3.4) reveal that both surface modification treatments succeeded in 

coupling ODA molecules with TONc carboxyl groups.  Several of the bands originating from 

Ctrl and ODA spectra are shared by spectra of both ICmplx (Figure 3.3 B) and Amd (Figure 3.4 
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B) and indicates co-existence of the two starting materials in the modified products.  However, 

the C=O peak (1729 cm-1) from Ctrl (Figure 3.3 A and Figure 3.4 A) is clearly absent from both 

the ICmplx and Amd spectra, signifying complete conversion of available TONc carboxyl 

groups. 

New bands present in the spectra of ICmplx and Amd provide evidence in support of the 

types of bonding expected from their respective treatment reactions.  The appearance of a broad 

1607 cm-1 peak in ICmplx spectrum is attributed to the formed octadecylammonium carboxylate 

groups (see structure in reaction scheme, Figure 3.2).  This peak appears very broad and its 

origin may be a combination of asymmetric –COO- stretching (1550 – 1610 cm-1) from TONc 

carboxylates and asymmetric NH3
+ deformation (1560 – 1625 cm-1) from octadecylammonium 

groups.33-35  A survey of the literature revealed that electrostatic adsorption of water-soluble 

amines and amine-functionalized polyelectrolytes, such as polyethyleneimine, onto charged 

cellulose surfaces has been fairly well studied.3, 36-38 However, no references were found for 

electrostatic adsorption onto charged celluloses by distinctly hydrophobic amines such as the 

higher aliphatic amine used in this study. 

Carbodiimide-mediation clearly resulted in the generation of ODA-TONc amide bonds as 

shown by the presence of amide I (C=O stretching at 1645 cm-1), amide II (combination of N-H 

deformation and C-N stretching at 1549 cm-1)17-19, 21, 33, and the solid state N-H stretching (3299 

cm-1)33 bands of Amd (Figure 3.4 B).  Previous EDC/NHS-mediated amidation reactions 

between carboxylated celluloses and primary amines were characterized by only a partial 

conversion of the available –COOH groups.  A fraction of the starting –COOH groups often 

remained unconverted or perhaps regenerated during acid washing of the reaction product.17-20  

In these studies, water was used as the only medium, and the coupling reactions involved 

primary amines of varying water solubilities.  In the present work, the complete conversion of 

available –COOH groups clearly indicates adequate amine solubility in the water-DMF co-

solvent medium even with the use of a strongly water-repelling amine like ODA.  The co-solvent 

medium is evidently responsible for the feasibility of ionic complexation and demonstrates a 

simple and direct route to the surface modification of TONc.  Clearly, the presence and the 

abundance of charged surface functionalities are advantages that can be further exploited towards 

utilization of TONc. 
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Another interesting observation is the resistance of ICmplx to regeneration of –COOH 

groups following exposure to acidic media.  The nanocellulose recovery process following 

modification reactions included HCl washing at pH 1.3 – 1.4, which was expected to regenerate 

–COOH groups from the octadecylammonium carboxylate complexes.  As FTIR results have 

shown, regeneration of –COOH did not occur.  Saito and Isogai reported the metal ion-dependent 

stability of metal ion carboxylate salts prepared by ion exchange between the sodium salt of 

TEMPO-oxidized cellulose and a variety of metal ions (Pb2+, La3+, Al3+, Ca2+, Ba2+, Ni2+, Co2+, 

Cd2+, Sr2+, Mn2+, Ca2+, and Mg2+).39  Resistance of the various metal carboxylate salts to 

dissociation was examined by exposing the ion-exchanged oxidized fibers to nitric acid (HNO3) 

solution (pH 1.7) and sodium nitrate (NaNO3) solution (pH 7.0).  Approximately 20% of Pb2+ 

and La3+ ions remained in their respective HNO3–treated fibers compared to a near complete 

generation of free carboxylic acids in the fibers exchanged to the other metal ions.  Also, 

substantially higher residual Pb2+ and La3+ concentrations remained in the NaNO3–treated fibers 

relative to the HNO3–treated samples.  In the present study, a hydrophobic shielding effect is 

hypothesized.  It is speculated that the alkyl tails of the attached octadecylammonium groups 

create a strongly hydrophobic environment in the immediate vicinity of modified nanofibrils, 

which resists dissociation in the low pH environment. 

3.4.2. Effects of Heat-Treatment on ICmplx 

The approach used by Toffey et al.25-27 to convert chitosan-alkanoic acid complexes into 

amidized derivatives was adapted with the goal of converting octadecylammonium carboxylate 

groups into amide bonds.  After heat-treating a concentrated ICmplx suspension at 120 and 150 

°C for 4 h, the resulting dry pelletized samples were recovered and examined under FTIR.  The 

recorded spectra (Figure 3.3 C and D) were essentially identical to that of ICmplx (Figure 3.3 B) 

and showed no evidence of amide bonding.  In the experiments of Toffey et al., ionic complexes 

of chitosan with C1 to C4 homologs of alkanoic acids underwent variable degrees of conversion, 

under heat, to N-acyl derivatives.  The authors explained that volatility of alkanoic acid 

homologs and the differences in equilibrium constants of the amine-alkanoic acid-N-acylate 

mixtures contributed to lower than expected degrees of substitution (ranging from 0.1 for formyl 

to 0.6 for acetyl).  With respect to ICmplx (current study), plausible explanations for the lack of 

conversion are the heterogeneity of the reaction system compared to a homogeneous phase in the 
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chitosan–alkanoic acid studies and the relatively short treatment time (4 h versus 24 h in the 

chitosan-based study).  In this study, heat treatment was limited to reduce the potential for heat-

induced degradation of the nanocelluloses.  It is, however, possible that the heat treatment time 

for the current study was insufficient to effect condensation of the ionic complex into amide 

bonds. 

3.4.3. Quantitation of Degree of Surface Modification 

Conductometric titration and nitrogen analysis were the two measurement methods chosen to 

quantify the ODA content of surface-modified TONc. 

Conductometric titration was used to directly quantify the amount of residual –COOH in the 

untreated and ODA-modified samples.  The amounts of –COOH consumed during surface 

modification were calculated as the differences between the experimentally determined moles of 

–COOH in the control and ODA-modified samples.  Under the assumption that all converted –

COOH moieties were substituted with ODA molecules, ODA content (in moles) of the modified 

samples was equated with the calculated moles of –COOH.  Representative conductometric 

titration plots for the untreated and ODA-modified TONc are shown in Figure 3.5 for Ctrl, 

ICmplx, and Amd.  Residual –COOH content for the two ODA-modified samples was 

determined to be zero (Table 3.1), which is consistent with the qualitative observations from 

FTIR.  These results indicate that all available –COOH groups on TONc surfaces were 

consumed in the course of ODA coupling, without regard to the treatment method (Table 3.1). 

Direct quantification of ODA content from N content data  (Table 3.1) show a slightly higher 

DS in ICmplx than Amd.  The origin of such a difference was not directly traceable although its 

effects are observed in the XRD, CA, and TGA results (discussed later).  Table 3.1 also reveals 

that ODA contents from elemental analysis are nearly identical to the –COOH content of Ctrl, 

and independently supports the assertion that all available –COOH groups in the original TONc 

were substituted with ODA molecules. 

3.4.4. Crystallinity 

X-ray diffractogram profiles typical of cellulose Iβ40, 41 were obtained for both Ctrl and MFC 

(Figure 3.6).  The 110 and 011  peaks (2θ angles ~15° and 16.5° respectively) are better resolved 

in MFC than TONc and indicate greater crystalline order in the former.  It has been reported  
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Figure 3.5 Sample conductometric titration curves for (A) Ctrl, (B) ICmplx, and (C) Amd.  

The flat region of curve (A) (between two dotted lines) represents –COOH 

neutralization by NaOH, from which carboxyl content of Ctrl is determined.  The 

absence of a flat region in curves (B) and (C) indicates complete consumption of 

available –COOH groups during the surface modification processes. 

 

that TEMPO-mediated oxidation affects only the hydroxyl groups in the amorphous domains and 

at the surfaces of crystalline domains of cellulose I fibers.14, 42-44 As a consequence, the 

crystallinity of native cellulose is not altered by TEMPO-mediated oxidation. 

With respect to the ODA-modified TONc, the ICmplx diffractogram appears similar in shape 

to that of Ctrl but the profile of Amd around the 110 and 011  reflections is fairly broad and 

slightly distorted.  Furthermore peak intensities of ICmplx and Amd are significantly reduced for 

the three (110, 011 , and 200) main equatorial reflections displayed (Figure 3.6) but the intensity 

of the meridional 040 reflection (inset in Figure 3.6) is practically unaffected by the surface 

modification treatment.  A similar pattern of intensity responses was observed when tunicate 

fibers were subjected to acetylation and the effect of acetylation time on crystallinity of tunicin 

microcrystals was monitored.45  The authors observed decreasing intensities of the equatorial 

peaks but no change in intensity of the 040 reflection with increasing acetylation time.  They 
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Table 3.1 Carboxyl and ODA contents derived from conductometric titration and N content 

analysis. (Degree of oxidation (DO) computed from equation 3.1; degree of 

substitution (DS) computed from method of Vaca Garcia et al.,30 Appendix B). 

Sample ID N content, 

wt %a 

Carboxyl ODA 

DOb (mmol/g AGU) DS (mmol/g AGU) 

Ctrl 0.017 0.262 (0.001) 1.62 (0.01) - - 

Amd 1.62 (0.02) 0 0 0.267 (0.004) 1.65 (0.02) 

ICmplx 1.67 (0.03) 0 0 0.289 (0.007) 1.78 (0.04) 
a Sample weight basis from Kjeldahl method 
b Calculated on basis of total amount of AGU present in sample mass.  Previous studies have 

determined that oxidation is confined to nanofibril surfaces.  Therefore, values will be higher if 

only surface AGUs are considered. 

Standard deviations are shown in parentheses for three replications 

 

attributed the intensity decreases of the equatorial peaks to a progressive loss of lateral order in 

the cellulose Iβ crystallite while the retention of the 040 intensity indicated preservation of 

crystal spacings in the axis direction of crystallites.  It was believed that acetylation of tunicin 

fibers proceeded, over time, in a skin-to-core fashion and was responsible for the progressive 

loss of lateral order.  XRD peak intensity reductions and also peak broadening effects have been 

observed in other cellulose surface modification studies40, 41, 45, 46 pertaining to aliphatic C6 to C22 

esterification of cellulose I micro and nanoscale fibers.  Reductions in peak intensities40, 41, 46 and 

peak broadening40, 41 were found to relate positively with lengths40, 41 and degrees of 

substitution40, 41, 46 of attached alkyl chains.  The former was generally attributed to a relative 

increase in amorphous component and was typically observed to be accompanied by an increase 

in the intensity of amorphous scattering (2θ ~18°).40, 41, 46  In this study, the lower intensities of 

ODA-modified TONc peaks imply a reduction in the fraction of crystalline cellulose as a result 

of ODA modification (Figure 3.6).  ODA content of Amd and ICmplx (derived from N content 

data) (Table 3.1) were 35 and 40 vol % respectively.  Crystallinity index values (Table 3.2) of 

Amd and ICmplx are 60.2 and 49.4 %, which represent reductions of 14.4 and 25.2 % 

respectively, from the C.I. of Ctrl.  The slightly higher degree of ODA substitution in ICmpx  
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Figure 3.6 XRD diffractograms of film samples (thicknesses ~800 µm) showing the main 

cellulose Iβ diffraction planes (labels at the top).  AM represents the location of the 

amorphous scattering taken as the minimum point between the 1 0 and 200 peaks. 

The inset is an expansion of the 040 meridional reflection (boxed region on main 

plot). Plots shown are the results of baseline correction and a smoothing function 

applied to the original diffractograms. 

 

than Amd may partially account for the lower crystallinity index of the former.  Difficulty in 

identifying the exact maxima of the amorphous scattering intensities (at 2θ ~18°) among the 

different samples could also contribute to the disparity. 

3.4.5. Dispersion and Stability in Organic Media 

Appearance of flow birefringence is commonly used as a metric for efficient nanocellulose 

dispersion in aqueous suspensions.47-49  More recently, observations of flow birefringence 
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Table 3.2 Crystallinity indices of film samples calculated (according to equation 3.2) from XRD 

data. 

Sample ID 2θ I200 2θ IAM C. I., % 

Ctrl 22.4 15.60 18.5 3.97 74.6 

MFC 22.6 10.92 18.4 1.68 84.6 

ICmplx 22.2 7.49 18.3 3.79 49.4 

Amd 22.3 5.75 17.8 2.29 60.2 

 

and chiral-nematic self ordering are routinely used as evidence for dispersion of surface-

modified nanocelluloses in organic media.17, 50-54  Dispersion behavior of Amd and ICmplx in 

organic solvents of varying polarities was assessed through flow birefringence observations of 

sample suspensions between crossed polarizers.  First, the strongly hydrophilic character of 

TONc is shown by the strong presence of birefringence in an aqueous suspension of Ctrl 

sonicated for 5 min (Figure 3.7 A).  Amd and ICmplx on the other hand, could not be re-

dispersed in water after freeze-drying from their aqueous dialyzed suspensions.  The freeze-dried 

samples merely floated on top of water or remained distinctly separated from water even after 

vigorous shaking.  They could, however, be readily dispersed and did display birefringence in 

organic solvents of varying polarities, namely toluene (ε = 2.38), THF (ε = 7.52), isopropyl 

alcohol (IPA, ε = 20.18), and a solution of cellulose acetate butyrate (CAB) in THF (Figure 3.7 

B to H).  These observations confirm that following ODA modification, TONc surfaces were 

transformed from hydrophilic to hydrophobic character irrespective of the surface modification 

approach.  They also confirm that both of the surface modification treatments drastically 

decreased the surface polarity of TONc leading to the appearance of birefringence in a 

substantially low-polarity solvent such as toluene.  These findings complement the FTIR and 

elemental analysis results, both of which pointed to a complete substitution of available –COOH 

groups on TONc surfaces by ODA molecules. 

Besides birefringence formation, the quality of nanocellulose dispersions is also judged by 

their stability or non-flocculation over time.  Based on the observed dispersion behavior of the 

ODA-modified TONc, including birefringence in low polarity solvents, the hydrophobized 

TONc suspensions were expected to maintain stability over the long term.  However, in contrast 

to this expectation, the nanofibrils began to settle within five minutes after agitation, and in 
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Figure 3.7 Birefringent dispersions of nanocellulose samples in various solvents.  Pictures 

were taken ~5 s after vigorous shaking of the vials.  (A) Ctrl in water, (B) Amd in 

toluene, (C) Amd in THF, (D) ICmplx in THF, (E) Amd in IPA, (F) ICmplx in 

IPA, (G) Amd in CAB, and (H) ICmplx in CAB.  CAB solutions were prepared 

in THF prior to nanocellulose dispersion.  Suspension concentrations of (A) = 

0.125 wt % and (B)-(H) = 0.5 wt %. 

 

matter of several hours, phase separation appeared complete.  Figure 3.8 shows side-by-side 

comparisons of three day-old suspensions of Amd-in-toluene and Ctrl-in-water.  A similar 

pattern of flocculation as a function of time was observed for all the other Amd and ICmplx 

suspensions shown in Figure 3.7.  Examples have been reported in the literature of surface-

grafted nanocelluloses that flocculated in organic solvents55-58 or formed aggregates when used 

as reinforcements in  
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Figure 3.8 Ctrl in water (left) and Amd in toluene (right) three days after dispersion. 

 

polymer matrices.57, 59  In the case of octadecylisocyanate-grafted sisal nanowhiskers and MFC, 

the use of conventional solvent exchange resulted in non-dispersion of sisal MFC but complete 

dispersion of sisal nanowhiskers in dichloromethane.58  However, when an in situ solvent 

exchange (boiling off acetone while simultaneously adding toluene to the reaction medium) 

approach was used, full dispersion was achieved for both modified nanowhiskers and MFC.  

According to the authors, accessibility to the hydroxyl sites on the highly networked MFC was 

poor when conventional solvent exchange was used.  Dispersion properties of tunicin whiskers 

surface-modified with isopropyldimethylchlorosilane were also reported to depend on the degree 

of surface silylation, sDS .56  sDS  values below 0.1 resulted in flocculation of silylated whiskers 

in THF at all whisker concentrations.  Between sDS  of 0.1 and 0.4, flocculation was observed 

only when whisker concentrations exceeded 1% w/v.  Additionally, the whiskers dispersed in 

low polarity solvents such as toluene and chloroform.  With respect to Amd and ICmplx 

suspensions, excellent dispersion is achieved, as evidenced by the appearance of birefringence, 

when sufficient energy is supplied through agitation.  However, at rest, fibril aggregation is 

favored that overwhelms fibril-solvent interactions and leads to flocculation.  The origin of 

aggregation was not ascertained. 

3.4.6. Film Surface Roughness and Water Contact Angles 

Quantitative assessment of surface polarities resulting from the two surface modification 

treatments was made from contact angle measurements on the nanocellulose films.  To account 

for the contribution of surface roughness to the measured contact angles, roughness 
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characteristics of the nanocellulose films were determined, first, through imagining of the film 

surfaces by AFM.  Representative height images, roughness profiles, and roughness statistics 

from AFM are presented in Figure 3.9 and Table 3.3.  A survey of the AFM height image cross-

sections shows nanoscale roughness features that appear to be smallest on Ctrl and largest on the 

ODA-modified samples.  Quantitative roughness parameters (Table 3.3) indicate that the root 

mean square (RMS) roughness, representative of overall surface roughness, and the mean 

maximum z-range values vary in the order: Ctrl < MFC < Amd < ICmplx.  Ctrl films are roughly 

three times and more than four times smoother than MFC and the ODA-modified samples 

respectively.  A close inspection of the AFM images of Amd and ICmplx shows no evidence of 

individual fibrils such as those clearly observed in the image of the Ctrl film.  This effect is 

believed to originate from aggregation of the ODA-modified nanocelluloses having low surface 

polarities and dispersed on a relatively hydrophilic mica substrate.  Another interesting film 

surface characteristic listed in Table 3.3 is the area percent (or area ratio), which represents the 

amount by which the surface area of the film sample exceeds a corresponding flat (featureless) x-

y surface of the same area.  Area percent of Amd and ICmplx, according to Table 3.3, are about 

twice that of Ctrl and nearly half that of MFC. 

The shapes formed by deposited sessile drops on the various film samples (Figure 3.10) show 

Amd and ICmplx surfaces as hydrophobic (CAs > 90°) compared to the hydrophilic surfaces of 

Ctrl and MFC (CAs < 90°).  A quantitative comparison of relative surface polarities is made in 

time-dependent advancing CA plots in which multiple images were acquired over approximately 

12 s (Figure 3.11).  From the 12s CA data, mean CAs of 36.3 ± 1.0, 29.8 ± 0.6, 108 ± 2.0, and 

118 ± 3.0 were computed for Ctrl, MFC, Amd, and ICmplx, respectively.  Due to the porous 

nature of nanocellulose films, water can be absorbed, over time, into the films by capillary 

action.  This phenomenon is manifested as slight but noticeable decreases over time, in CAs of 

Ctrl and MFC films (Figure 3.11).  With respect to Amd, an initial decline in CA is observed, 

which appears to level off over time.  The most stable CA is seen on ICmplx, which also happens 

to be characterized by the most water-repellent surface.  Fukuzumi et al.6 have previously 

reported an advancing water CA of 47° on nanocellulose films prepared from the Na form of 
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Figure 3.9 AFM height images of (A) Ctrl, (B) MFC, (C) Amd, and (D) ICmplx films.  Sections of 

film surface roughness profiles (along the diagonal lines) are shown below the images. 

 

TONc.  Their measurements were performed with 2 µL water droplets, which is an order of 

magnitude less in size than those used in the present study.  However, no surface roughness data 

was provided for their films.  In Figure 3.11, reasons for the 10° difference in CA between Amd 

 

A B 

C D 
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Table 3.3 Film surface roughness statistics computed from height images of (1 µm × 1 µm) 

AFM scans. 

Film ID RMSa roughness, nm Maximum z-range, nm Area percentb, % 

Ctrl 3.20 (0.115) 25.5 (2.61) 4.46 (0.40) 

MFC 10.9 (1.61) 84.8 (14.9) 16.5 (2.38) 

Amd 12.6 (2.94) 104 (36.7) 9.24 (1.71) 

ICmplx 14.3 (2.09) 123 (26.5) 7.87 (2.62) 

aRoot mean square = ( )∑ 2
iYN1  where N = number of data points and Yi = ith data point 

bSurface area in excess of the geometric XY plan area 

Standard deviations are shown in parentheses for three replications 

 

and ICmplx are not fully apparent but the slightly higher DS of ODA (Table 3.1) in ICmplx is a 

relevant factor to consider. 

3.4.6.1. Effect of Surface Roughness on CAs 

The effect of surface roughness on CAs was accounted for using Wenzel’s60 equation: 

YW cosθrcosθ =      3.6 

where θW is the apparent or Wenzel contact angle, which is the same as the measured CAs, r  is 

the average area ratio (previously defined) (Table 3.3), and θY is the Young’s contact angle or 

the contact angle on a flat, rigid, non-swelling, and chemically homogeneous surface.  Wenzel’s 

equation has been shown to produce correct estimates of θY when the sessile drop is 

axisymmetric, its size (base diameter) is significantly larger (≥ 3 orders of magnitude) than the 

roughness scale of the solid surface, and it fully penetrates the roughness grooves of the solid 

surface (homogeneous wetting).61-63  Our experimental drop size of 20 µL produced drop 

diameters ranging from 3.9 to 6.8 mm in comparison to the mean roughness scale of 3.2 to 14.3 

nm shown in Table 3.3.  Also based on the observed spherical shapes of sessile drops, 

axisymmetry was assumed, and complete penetration of the surface roughness grooves by water 

was a most likely occurrence considering the nanoscale roughness of the surfaces.   
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Figure 3.10 Profiles of advancing water CAs on nanocellulose films five seconds after drop 

depostion.  (A) Ctrl, (B) MFC, (C) Amd, and (D) ICmplx 

 

Application of equation 3.6 to the experimental data thus resulted in θY values of 39.5, 41.9, 107, 

and 116° for Ctrl, MFC, Amd, and ICmplx respectively.  These values represent the CAs of 

roughness-free nanocellulose films, which were deviated from by the experimental θW values of 

36.3 ± 1.0, 29.8 ± 0.6, 108 ± 2.0, and 118 ± 3.0 for Ctrl, MFC, Amd, and ICmplx respectively.  

For a more rigorous interpretation of θY, it would be necessary to distinguish the effects of 

swelling and surface chemical inhomogeneities from the effects of surface roughness.  However, 

estimation of these quantities is not straightforward and they were therefore not considered in the 

present analysis. 

3.4.7. Thermal Decomposition Properties 

Weight loss and DWL plots for all samples are presented in Figure 3.12 A to C.  The thermal 

decomposition behavior of MFC (Figure 3.12 B) resembles those reported for cellulose in an air 

atmosphere.64-66  The first dominant transition (peak at 304 °C on Figure 3.12 B, see also Table 

3.4) represents oxidation of flammable and volatile degradation products generated from 
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Figure 3.11 Time dependence of advancing contact angles on film samples. Four 

hundred contact angle profiles were automatically acquired and analyzed 

over 12 s.  The number of data points has been significantly reduced to aid 

presentation.  Error bars represent ±1 standard deviations from three 

replications. 

 

dehydration and depolymerization of cellulose, while the second transition represents oxidation 

of charred residues.64, 65  The decomposition pattern of Ctrl (Figure 3.12 A) is consistent with 

previously reported thermal decomposition behavior of TEMPO-oxidized pulp and nanofibrils.6, 

67  A shift in the main decomposition event to lower temperatures is attributed to decarbonation 

of the anhydroglucuronic acid groups formed as a result of TEMPO-mediated oxidation.67  

Generally, lower thermal stabilities have been reported for chemically modified celluloses, 

including 2,3-dialdehydecellulose (DAC), 2,3-dicarboxycellulose (DCC), esterified (tosylated, 

tritylated, acetylated tosyl/trityl cellulose, benzoylated tosyl/trityl cellulose), and cyanoethylated 

cellulose.64-66, 68-70  Stated causes for the lowering in cellulose degradation temperature include 

molecular weight degradation of chemically treated cellulose resulting in lowered thermal 



58 
 

degradation energies66, 70 and increased surface reactivity of the cellulose by the attached, highly 

reactive functional groups.64  With respect to Ctrl, the main decomposition event is resolved into 

two overlapping peaks: 248 and 270 °C.  Char decomposition (peak at 433 °C in Figure 3.12 A) 

of Ctrl is larger and more intense than that of MFC (463 °C in Figure 3.12 B).  It is reported64 

that during char decomposition of celluloses, the char residue ignites and undergoes a self-

sustained exothermic process termed the region of glowing combustion.65  In Figure 3.12, it 

appears to be more intense for the modified celluloses because larger amount of char residues are 

involved.  For example, in Table 3.4, the fraction of sample remaining at the peak of Ctrl char 

decomposition (1.02 %) is more than twice that for MFC (0.37 %). 

Decomposition processes for ICmplx and Amd are characterized by multiple degradation 

events (Figure 3.12 C) with identical peak shapes and locations.  The behavior of ODA-modified 

TONc is clearly consistent with the patterns already described for modified celluloses.  A 

relatively weak transition, which is absent from Ctrl thermograms, is observed at 185 °C for both 

materials followed by a second, slightly stronger transition at 222 °C (ICmplx) and 224 °C 

(Amd).  The main decomposition processes attain a maximum temperature of 282 °C for Amd 

and occurs with greater intensity at 285 °C for ICmplx.  Differences in peak decomposition 

intensities may be related to the fact that ICmplx is characterized by relatively weak ionic bonds, 

which are less resistant to thermal decomposition than the covalently coupled system in Amd.  

The ultimate decomposition event shows the char residue from ICmplx to be more thermally 

stable and decomposes at a temperature 10 °C higher than that of Amd. 

Thermal decomposition studies on predominantly primary substituted cellulose (tosylate and 

tritylate) esters showed multiple peaks, including low temperature peaks at 144 °C (tosylate 

esters) and 140 °C (tritylate esters).65  These transitions were attributed, by the authors, to 

scission of the attached ester groups.  In this study, it was of interest to us to investigate which of 

the transitions in Figure 3.12 C were responsible for the loss of attached ODA groups.  Our 

working hypothesis was that the ODA groups debond and evolve at one of the transitions 

preceding the main event.  To investigate these effects, additional TGA runs were conducted to 

the upper temperature limit (determined to be 250 °C) of the second transition and the upper 

temperature limit (320 °C) of the main decomposition process.  The test samples were held 

constant at these temperatures for at least one hour to ensure completion of the thermal 

transition.  A similar run was performed to the upper temperature limit of the main 
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Figure 3.12 High resolution TGA plots of (A) Ctrl, (B) MFC, and (C) Amd and 

ICmplx performed on 10 – 15 mg film samples in air at 10 °C/min. 
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Table 3.4 TGA sample decomposition parameters at the peak of DWL (dW/dT). 

Sample ID Temperature, °C Residual weight,a % (dW/dT), %/°C 

Ctrl 248 

270 

433 

66.5 (0.65) 

51.6 (0.91) 

6.37 (2.42) 

0.662 

0.679 

1.02 

MFC 304 

463 

41.7 (4.78) 

3.13 (0.32) 

10.3 

0.368 

Amd 185 

224 

282 

478 

92.8 (0.39) 

81.9 (0.25) 

52.8 (0.13) 

8.71 (0.33) 

0.197 

0.414 

1.09 

0.347 

ICmplx 185 

222 

285 

488 

94.3 (0.26) 

84.9 (0.43) 

51.0 (0.74) 

7.80 (0.64) 

0.176 

0.398 

1.61 

0.227 
aFraction of original weight remaining 

Standard deviations are shown in parentheses for three replications 

 

decomposition of Ctrl, for comparison with the ODA-modified samples.  Sample residues from 

these experiments were ultimately recovered and examined with FTIR.  Spectra of the samples 

treated at 250 °C (Figure 3.13 A and B) differ significantly from the original spectra of the 

respective nanocelluloses (Figure 3.13 Cand D).  Interestingly, peaks attributable to ODA remain 

in the samples after treatment at 250 °C (Figure 3.13 A and B) whereas those originating from 

the C-O and ring vibrations (1000 – 1200 cm-1) of cellulose are significantly altered.  The 

severity of these distortions appears to be greater in the ICmplx spectrum, which may indicate a 

lower resistance of same to thermal degradation compared to Amd.  When heated to the upper 

limit (350 °C) of the main decomposition event, both ODA and the major fingerprint vibrations 

of cellulose disappear from all spectra (Figure 3.14).  In fact, the spectra from both control and 

ODA-modified samples are practically indistinguishable at this stage of the thermal 

decomposition process.  Jain et al.65 made similar observations from FTIR examination of TGA 

char residues recovered from cellulose and its esterified derivatives.  They attributed the 
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appearance of dominant 1720 and 1630 cm-1 peaks (analogous to ~1715–1730 and ~1600–1615 

cm-1 in Figure 3.14) to skeletal rearrangement of the cellulose backbone and the evolution of 

volatile products at these temperatures. 

3.4.7.1. Kinetics of Thermal Decomposition 

Kinetic constants: Ea, A, and n of the study samples were determined for both the main and char 

degradation events.  Thermal decomposition processes of the ODA-modified celluloses, MFC, 

and the main decomposition process of Ctrl were analyzed successfully and their data plotted 

(Figure 3.15).  However, for Ctrl, highly unstable decomposition behavior of the char 

decomposition event was encountered at higher resolutionsa

equation 3.3

, making it impossible to obtain data 

for q (the heating rate at maximum decomposition rate (section 3.3.3.5 and )).  

Presumably, the instrument was unable to rapidly adjust the dynamic heating rate to match the 

rather explosive nature of the char decomposition reaction (see Figure 3.12 A).  Figure 3.15 

shows the expected linear dependencies of peak decomposition reaction rates on temperature.  

Ea, A, and n values (Table 3.5) were derived from these plots according to the Salin and Seferis32 

approach.  According to Table 3.5, activation energies of all the derivatized nanocelluloses are 

lower than those of MFC, which here represents an unoxidized nanocellulose reference.  In their 

TGA studies of cellulose and esterified celluloses, Jain et al.65 reported significantly higher Ea 

values for cellulose due to the high energies associated with dehydration of cellulose compared 

to deacylation of the esterified products.  A similar reasoning is advanced to explain the 

differences observed between MFC and the modified celluloses in the current study.  Relative to 

Ctrl, Amd and ICmplx possess higher and lower Ea values respectively under the main 

decomposition process.  It can be reasoned that the presence of relatively stronger amide bonds 

in Amd compared to ionic bonds in ICmpx is reflected by their respective Ea values relative to 

that of Ctrl. 

 

 

                                                 
a Data unstable at resolutions 5 and 6. 
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Figure 3.13 FTIR spectra of (A) Amd and (B) ICmplx films heated in air at 250 °C for 1 

h.  (C) and (D) Spectra of ICmplx and Amd respectively for comparison with 

heat-treated samples.  ODA peaks (C-H stretching, 2924 and 2853 cm-1, and 

deformation, 720 cm-1) remain whereas peaks originating from cellulose C-O 

and ring vibrations (1000 – 1200 cm-1) are affected in the heat-treated samples. 
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Figure 3.14 FTIR spectra of (A) Ctrl, (B) Amd, and (C) ICmplx film samples heated 

in air at 320 °C for 1 h.  ODA peaks (present in Figure 3.13) are no longer 

seen in the Amd and ICmplx spectra.  Arrows indicate the expected 

positions of ODA peaks.  The identical nature of the spectra suggests 

complete loss of all attached groups leaving only char residues of similar 

identity. 

 

3.5. Conclusions 

Coupling of ODA to TONc surfaces is readily achieved with the use of both ionic 

complexation and carbodiimide-mediated amidation.  Available TONc carboxyl groups are 

shown to be completely substituted by ODA molecules leading to remarkably low surface 

polarities and excellent dispersions of the modified TONc in organic solvents.  Contrary to 

expectation, the organic solvent dispersions of ODA-modified TONc are unstable over time, 

resulting in flocculation in a matter of hours. 

Subjection of ICmplx to prolonged heating (up to 150 °C for 4 h) fails to generate amide 
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Figure 3.15 Plots of ln[q/T2] as a function of 1/T using the equation of Salin and 

Seferis.  Numbers in legend refer to main (1) and char (2) decomposition 

steps respectively. 

 

bonds via heat-induced condensation of ionic bonds.  The heterogeneous nature of the 

reaction system and the relatively short heat-treatment time are suspected to be responsible for 

the failure to achieve condensation. 

Coupling to ODA does not appear to alter, in any appreciable way, the cellulose I crystalline 

structure of TONc.  In the modified TONc, however, the high ODA volume fraction necessarily 

implies a decrease in cellulose volume fraction and results  in lower crystallinity indices 

compared to neat TONc. 

ODA groups present in both the ionic complexation and amidation products exhibit identical 

resistances to thermal decomposition as the substrate cellulose.  Between the two coupling 

methods, amidation induces a slightly higher thermal stability to TONc as evidenced by the 

magnitudes of experimentally derived activation energies. 
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Table 3.5 Kinetic parameters at maximum decomposition rate for study materials obtained from 

applying the Salin and Seferis32 approach (Eq. 3.3 – 3.5). 

Sample ID Resolution Main decomposition Char decomposition 

Ea, kJ mol-1 n log A Ea, kJ mol-1 n log A 

Ctrl 2 146.3 1.07 11.00  - - 

 3 1.12 10.99 - - 

 4 1.93 11.05 - - 

 5 1.66 10.99 - - 

 6 1.27 10.96 - - 

MFC 2 193.6 0.27 12.77 191.0 0.01 10.04 

 3 0.66 12.77 0.02 9.51 

 4   - - 

 5 0.49 12.77 0.01 10.32 

 6   - - 

Amd 2 163.9 1.45 12.58 177.0 1.16 9.77 

 3 1.79 12.57 1.50 10.00 

 4 1.88 12.56 1.59 10.06 

 5 1.94 12.57 1.53 10.01 

 6 1.72 12.56 1.21 9.80 

ICmplx 2 134.0 1.89 9.68 170.4 1.16 9.23 

 3 1.91 9.66 1.47 9.42 

 4 2.24 9.68 1.54 9.46 

 5 2.33 9.66 1.56 9.52 

 6 2.39 9.66 1.39 9.37 
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Chapter 4. Nanocomposites of TEMPO-oxidized Nanocelluloses in Cellulose 

Acetate Butyrate Matrix 

4.1. Abstract 

TEMPO-oxidized nanocelluloses (TONc) and their hydrophobized derivative were examined 

as reinforcements in a matrix of cellulose acetate butyrate (CAB).  The hydrophobized derivative 

was the product of amidation between TONc surface carboxyl groups and octadecylamine 

(ODA) via carbodiimide-mediated coupling.  Nanocomposites of the TONc control (Ctrl) and its 

amidation product (Amd) in CAB matrix were solvent-cast into films and characterized with 

respect to their optical, dynamic mechanical, and thermal decomposition properties.  The TONc-

based nanocomposites were compared with conventional microfibrillated cellulose (MFC)-

reinforced CAB nanocomposites prepared in a similar manner.  At 5 vol % loading, a 22 fold 

increase in CAB tensile storage modulus in the glass transition region was obtained for the Ctrl-

CAB nanocomposite.  Amd-CAB and MFC-CAB at similar volume fractions achieved increases 

of 3.5 and 7.0 fold respectively.  Optical transmittance of Ctrl-CAB nanocomposites was 

practically identical to that of unfilled CAB; Amd-CAB and MFC-CAB nanocomposites on the 

other hand, transmitted 15 – 25% less light than unfilled CAB.  Both light transmittance and 

dynamic mechanical results indicated uniform nanofibril dispersion in Ctrl-CAB.  In contrast, 

aggregated reinforcements were observed in the Amd and MFC-reinforced CAB 

nanocomposites.  With respect to thermal stability, all the nanocomposites at 5 vol % 

reinforcement exhibited a nearly identical thermal decomposition behavior as unfilled CAB.  

However, the magnitude of weight loss preceding the main decomposition event varied directly 

with the decomposition temperature of the respective nanocellulose reinforcemnts. 

4.2. Introduction 

Polymer nanocomposites are polymer matrix composites in which the fillers measure less 

than 100 nm in at least one dimension.1  When the reinforcing materials are nanoscale cellulose 

(nanocellulose) fibers or rods, the resulting products are cellulose nanocomposites or 

nanocellulose composites.  Research into the composition, preparation, characterization, and 

applications of cellulose nanocomposites has increased significantly following a 1995 report2 on 
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the extraordinary dynamic mechanical performance of tunicin whiskers-reinforced poly(styrene-

co-butylacrylate) latex.  Efficient dispersion of whiskers in the matrix, coupled with mechanical 

percolation of hydrogen-bonded whiskers, were reported as the main causes of the extraordinary 

performance.  In subsequent years, methods aimed at nanocellulose dispersion and adhesion to 

matrix such as high intensity mixing of nanocellulose-polymer melts3-4 and suspensions,5-6 

surfactant coating of nanocelluloses,7 impregnation of nanocellulose films with concentrated 

polymer solutions,8-14 and surface chemical modification of nanocelluloses6, 15-18 have been 

reported. 

Recently, Saito et al.19-20 reported their preparation of individualized cellulose nanofibrils 

through mechanical homogenization of TEMPO-oxidized pulp.  The resulting TEMPO-oxidized 

nanocelluloses (TONc) ranged from 3 – 5 nm in width and several hundred nanometers to a few 

microns in length.  Ease of fibril disintegration was attributed to interfibrillar repulsive forces 

generated by the surface carboxylate groups.  With the exceptionally small fibril widths, the 

oxidized nanocellulose suspensions appeared transparent.  Although TONc are relatively new 

materials, proposed and demonstrated potential applications include additives for paper wet 

strength improvement,21 ionic substrates in combination with surfactants for water purification,22 

additives in food,23 substitutes for cellulose ethers,24 and coatings for oxygen barrier 

applications.25  TONc have also been named as key components or additives in a variety of 

patented applications including oxygen barrier,26 gel,27 thickener,28 papermaking,29 inorganic 

nanoparticle composite,30 and cosmetic31 preparations.  So far, the potential of TONc as 

functional additives in cellulosic nanocomposite applications has not yet been explored.  Given 

the multiple surface functionalities,19-20 high crystallinity,32-33 and suspension transparency19-20 of 

TONc, potential advantages in the utilization of TONc as cellulosic nanocomposite 

reinforcements were perceived, and served as the motivation for this research. 

In this chapter, our goal was to evaluate neat TONc (Ctrl) and a previously described 

hydrophobized derivative (Amd) as reinforcements in a matrix of cellulose acetate butyrate 

(CAB).  Amd was the product of carbodiimide-mediated coupling of octadecylamine (ODA) to 

carboxylate groups on TONc surfaces (details of preparation and characterization in Chapter 3).  

To provide perspective for the performance of TONc-based nanocomposites as they relate to 

conventional cellulose nanocomposites, films of microfibrillated cellulose (MFC)-reinforced 

CAB were also prepared and examined for comparison with the primary research materials.  
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Optical transmittance, dynamic mechanical, and thermal decomposition properties of the 

nanocomposites were studied as a function of Ctrl volume fraction and reinforcement type (Ctrl, 

Amd, and MFC) at fixed volume fraction. 

4.3. Experimental Section 

4.3.1. Materials 

Cellulose acetate butyrate (CAB-381-20, Appendix II) was kindly provided by Eastman 

Chemical Company, Kingsport, TN. It  is a white free-flowing powder with number average 

molecular weight, nM  = 70,000 g mol-1; glass transition temperature, Tg =,141 °C, density = 1.2 

g mL-1, hydroxyl content = 1.8%, and viscosity = 7.6 Pa s (76 poise, ASTM D817 and D1343).34  

The reinforcing nanocelluloses were a TONc control (Ctrl), ODA-modified TONc via 

carbodiimide-mediated amidation (Amd), and microfibrillated cellulose (MFC).  Details of 

preparation and properties of the various nanocellulose are presented in Chapter 3.  

Tetrahydrofuran (THF, 99.9%) was purchased from Fisher Scientific and used as the solvent for 

nanocomposite film-casting. 

4.3.2. Preparation of Nanocomposite Films 

Nanocomposite films were solvent-cast from nanocellulose-CAB blends in THF.  Neat CAB 

samples were prepared the same way from CAB solutions for use as reference.  Details for the 

preparation processes are given next. 

4.3.2.1. CAB Solutions and Nanocellulose Suspensions 

First, CAB was added to THF in a single-neck flat-bottom flask to obtain a 10 w/v % CAB 

solution.  The flask with its contents was mounted on a rotavapor (BUCHI R-215) and rotated at 

100 – 150 rpm in a 60 °C water bath.  After the solution became clear, mixing was continued for 

~4 h to ensure complete dissolution of CAB.  The CAB solution was kept in a fume hood until 

used. 

All nanocellulose suspensions were prepared at a concentration of 1 w/v %.  Aqueous Ctrl 

and MFC suspensions were solvent exchanged into THF via ethanol.  The suspensions were first 

exchanged into ethanol by repeated centrifugation and decanting of the supernatant.  Ethanol 

suspensions were subsequently exchanged into THF in a similar manner.  Amd was dispersed  
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Figure 4.1 One week-old nanocellulose suspensions (1 vol %) in 

THF: (A) Ctrl, (B) Amd, and (C) MFC. 

 

directly into THF from the freeze-dried state as previously demonstrated in Chapter 3.  Each 

suspension was sonicated (Sonics model GE 505) for five minutes to fully disperse the 

nanocelluloses.  Figure 4.1 shows the sonicated THF-based suspensions after one week of 

storage.  Ctrl and MFC suspensions appear stable whereas Amd flocculates (as already discussed 

in Chapter 3, section 3.4.5).  Discussions of optical transmittance and dynamic mechanical 

properties (in later sections) make further references to Figure 4.1. 

4.3.2.2. Solvent–casting 

Suspensions containing various nanocellulose-to-CAB volume ratios (Table 4.1) were 

thoroughly mixed for ~10 min using the rotavapor setup described under the previous section.  

The nanocomposite suspensions were immediately transferred into polytetrafluoroethylene  
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Table 4.1 Nanocomposite Film Identities and Compositions 

Sample ID Fibril content, vol % CAB content, vol % 

CAB 0.0 100 

Ctrl-CAB 0.5 99.5 

1.0 99.0 

2.5 97.5 

5.0 95.0 

Amd-CABa 0.5 99.5 

5.0 95.0 

MFC-CAB 5.0 95.0 
aTo maintain a constant cellulose volume fraction for all samples, ODA was excluded 

from the calculation of solids content in Amd.  Therefore the listed fibril content for 

Amd-CAB represents only the cellulose portion of Amd. 

 

(PTFE) dishes and set in a fume hood until solvent evaporation was complete.  Initially, the 

solvent-cast films became severely distorted as a result of rapid solvent evaporation.  Covering 

the dishes with paper towels held in place with rubber bands slowed the rate of THF evaporation 

and overcame the film distortion problem.  The films (~0.5 mm thick) were further dried under 

vacuum (1.33 mbar, 50 °C, 2 h), allowed to cool in a desiccator over phosphorus pentoxide (P2 

O5), and then heat-treated as described next. 

4.3.2.3. Heat Treatment of Cast Films 

Due to drying stresses associated with solvent evaporation, inhomogeneities with respect to 

nanocellulose distribution in film samples were expected.  To minimize or eliminate this effect, 

heat-treatment was used to relax the matrix to a state of thermal equilibrium followed by rapid 

cooling to minimize loss of the equilibrium state.  Films were placed between aluminum sheets 

and hot-pressed (140 MPaa

                                                 
a Obtained from dividing the applied load by the cross-sectional area of punched out films of uniform diameter. 

, Carver Bench Top Press, 3 min) followed by cooling (~12 °C/min) 

to room temperature.  The treatment temperature (144 ± 2 °C) was selected to be slightly above 

the manufacturer-supplied Tg (141 °C) of the CAB matrix.  The originally opaque films could be 
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seen through after heat treatment and they ranged in thickness from 0.11 to 0.15 mm.  The heat-

treated films were vacuum-dried (1.3 mbar, 60 °C, 4 h) and stored in a desiccator over P2O5. 

4.3.3. Characterization of Nanocomposite Films 

4.3.3.1. Optical Properties: UV-visible Spectroscopy (UV-vis) and Polarized 

Light Microscopy (PLM) 

Optical transmittance was used as a measure of transparency for nanocomposites and CAB 

films.  Optical transmittances of film samples were measured with a Thermo Electron UV-vis 

Evolution 300 spectrophotometer equipped with a xenon lamp.  Transmittance spectra were 

acquired over the 200 to 1000 nm range using a spectral bandwidth of 2 nm.  Samples were 

prepared in the form of discs (7.5 mm diameter) from nanocomposites reinforced with 5 vol % 

fibrils.  A background spectrum was acquired from the empty sample holder, and was 

automatically subtracted from each sample spectrum. 

A polarized light microscope (Zeiss Axioscope) was used to detect nanocellulose aggregation 

(if present) in nanocomposite films.  Specimens similar to those used in UV-vis examinations 

were imaged in transmission (magnification 100×) with a Nikon digital camera (DS-Qi1Mc) and 

processed with a Nikon image processing software (NIS Elements BR). 

4.3.3.2. Differential Scanning Calorimetry (DSC) 

Heat-treated film samples were subjected to DSC scans in a TA Instrument DSC Q100.  The 

goal of DSC experiments was to detect and measure the amount of matrix crystallinity, if 

present.  Single heating and cooling scans were performed at 10 and 5 °C min-1 respectively from 

50 to 250 °C. 

4.3.3.3. Dynamic Mechanical Analysis (DMA) 

DMA experiments were performed in tension on neat CAB and nanocomposites using a TA 

Instrument DMA Q800.  To obtain sample sizes with the correct geometry factora

                                                 
a Ratio of specimen length to cross-sectional area.  Chosen specimen dimensions followed recommendations of TA 
Instruments DMA User Manual. 

, strips (5-6 

mm wide) were cut out from the heat-treated films and mounted in the DMA tension clamp to 

lengths of 15-18 mm.  Specimen widths and thicknesses were obtained by averaging 
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measurements taken at three points on each specimen.  Thermal scans were performed in air and 

consisted of a single temperature ramp (30 to 160 °C) at 3 °C min-1 and 10 Hz.  A static force of 

0.005 N was chosen to maintain specimen tension during oscillation.  A linear viscoelastic region 

(LVR), defined to be the limit of strain for which the specimen’s tensile storage modulus 

changes by up to 5% was determined for each film composition at both the lower and upper 

experimental temperatures.  Based on strain sweep results for the determination of LVR, a strain 

of 0.06 (10 µm amplitude) was used for all experiments. 

4.3.3.4. Thermogravimetric Analysis (TGA) 

TGA was performed under similar conditions as described in Chapter 3, section 3.3.3.5.  In 

summary, samples (10 – 12 mg) were scanned in dry air from room temperature to 600 °C at 10 

°C min-1 using a dynamic rate experiment (resolution = 4).  Only thermal decomposition studies 

on heat-treated nanocomposite and neat CAB films were performed. 

4.4. Results and Discussion 

4.4.1. Film Optical Transmittances and Nanocellulose Dispersion States 

Transparency is one of the material properties desired when nanoscale reinforcements are 

used with transparent matrices.  Due to the size scale of nanoscale reinforcements (much lower 

than the wavelength range of visible light), transmittance properties of nanocomposites that are 

identical to that of the unfilled matrix can be expected when the nanoreinforcements are well-

dispersed.  With homogeneous nanofibril dispersion, mechanical reinforcement can be expected 

with little to no impairment to matrix transparency.13  Percent transmittance (%T = I/I0 where I is 

intensity of emergent radiation and I0 is intensity of incident radiation) data derived from UV-vis 

measurements define the clarity or transparency of a measured sample.  In transmittance versus 

wavelength (λ) plots (Figure 4.2), transmittance increases sharply up to 400 nm, which is 

approximately the lower limit of the visible region.  Over the visible region (λ = 400 – 1000 nm), 

the slopes of transmittance curves decrease significantly.  On the effects of the different 

nanocelluloses on matrix transmittance properties, optical transmittance values are compared at 

590 nm (approximately the midpoint of the  
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Figure 4.2 Optical transmittance characteristics of CAB and nanocomposites 

reinforced with 5 vol % nanocelluloses. 

 

visible spectrum (Table 4.2).  At the nanocellulose loading of 5 vol %, Ctrl deteriorates the 

transparency of CAB by only 2%.  Amd and MFC on the other hand, deteriorate CAB 

transparency by approximately 20%.  Differences in dispersion quality were already apparent in 

the THF suspensions of the nanocelluloses as displayed in Figure 4.1.  Over time, both Ctrl and 

MFC suspensions remained stable (Figure 4.1 A and C) but the former appeared significantly 

more transparent.  This effect is due to both the sizes (3 – 5 nm in width) of Ctrl nanofibrils, 

which are too small to scatter light, and the likelihood of stronger interactions between Ctrl and 

THF.  The situation was much different with respect to the Amd suspension (Figure 4.1 B), in 

which the solids flocculate over time, as discussed in section 3.4.5 of Chapter 3.  It is assumed 

that these characteristics of the nanocellulose suspensions were carried over into their blends 

with the CAB solutions, and led to the observed differences in film transparencies. 

To evaluate the state of nanocellulose aggregation, nanocomposites films were examined in 

transmission under polarized light microscopy.  It was expected that the presence of any 
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Table 4.2 UV-vis transmittance values (T%) at λ = 590 nm and thicknesses (t) of CAB and 5 vol 

% nanocomposite films. 

Sample ID t, mm T% 

CAB 0.10 (0.01) 84.8 (1.2) 

Ctrl-CAB 0.10 (0.02) 82.8 (0.6) 

Amd-CAB 0.12 (0.01) 65.5 (0.8) 

MFC-CAB 0.12 (0.02) 67.1 (2.6) 

Standard deviations are shown in parentheses for three replications 

 

aggregates with sizes on the order of or in excess of the wavelength of visible light 

will be detected.  According to Figure 4.3, neat CAB and Ctrl-CAB nanocomposites are 

characterized by completely dark fields, which imply that the dispersion of Ctrl in CAB does not 

generate nanofibril aggregates of detectable sizes.  The small fibril widths (3-5 nm) of TONc that 

failed to scatter light when dispersed in an aqueous medium19-20 is likely a major contributing 

factor to the high transparency recorded for Ctrl-CAB nanocomposites.  On the other hand, 

bright regions with sizes on the order of microns are evident in the Amd and MFC-reinforced 

CAB films (Figure 4.3 C and D).  The size scale of aggregates appears significantly smaller in 

the Amd-based nanocomposites than the MFC-based ones, which is very likely related to the 

much smaller widths of the parent TONc.  These results clearly complement the observations 

made in the UV-vis studies and confirm the existence of a better-quality dispersion of Ctrl 

compared to Amd and MFC.  In a previous report by Ayuk et al.,35 the UV-vis transmittance of 

CAB at ~550 nm decreased by 22 and 48% respectively when reinforced with 5 and 10 wt % 

(3.3 and 6.7 vol %)a

                                                 
a Weight to volume fraction conversions assume a density of 1.5 g mL-1 for cellulose. 

 of wood-derived CNCs.  Their findings reflect a greater light scattering 

effect from CNCs compared to TONc (Ctrl), and is more consistent with the behavior of MFC-

reinforced CAB from this study.  With respect to Amd-CAB nanocomposites, it appears that the 

low polarity surfaces of Amd nanofibrils failed to achieve adequate fibril-matrix interaction and 

resulted in nanofibril aggregation. 
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Figure 4.3 Polarized light microscopy images of (A) unfilled CAB, (B) Ctrl-CAB, 

(C) Amd-CAB, and (D) MFC-CAB nanocomposite films reinforced with 5 

vol % nanocelluloses.  Micron scale nanofibril aggregates and bundles 

(arrowed) can be seen in (C) and (D) but not in (B). 

 

4.4.2. DSC 

DSC thermograms of heat-treated CAB and nanocomposites films in the range of 50 to 250 

°C are displayed in Figure 4.4.  Also shown, for reference, is a thermogram of the original CAB-

381-20 powder.  The first heating scan of the reference CAB is characterized by a strong melting 

endotherm with a peak located at 165.7 °C.  No melting endotherm in observed in the 

thermograms of film samples, which indicates that the heat treatment process excluded the 

crystallization of CAB.  Moreover, following the removal of sample thermal histories in the first 

heating scan, no CAB crystallization occurred in the subsequent cooling run, as evidenced by the 

absence of exothermic peaks during the cooling process (Figure 4.4 B).  Glass transition events 

associated with the heating and cooling scans are bordered with vertical lines in Figure 4.4. 
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Figure 4.4 DSC thermograms for (A) heating and (B) cooling scans of neat CAB and 

nanocomposites.  A sample of the original CAB powder is included as a 

reference.  Glass transition events are bordered with vertical lines. 
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4.4.3. Viscoelastic Properties of Nanocomposite Films 

Dynamic mechanical properties of the various nanocellulose-CAB nanocomposites were 

studied in tension.  Tensile storage moduli (E´) and tan δ data were chosen as representative 

viscoelastic properties for analyzing and discussing the effects of film composition and 

nanocellulose volume fraction on nanocomposite properties. 

4.4.3.1. Effect of Ctrl Volume Fraction 

Dynamic mechanical properties of Ctrl-CAB nanocomposites were studied at four levels of 

nanofibril loading (Figure 4.5).  In the glassy region (upper limits ranging from 108 to 115 °C for 

5 vol % and neat CAB respectively), E´ curves of nanocomposites are only slightly displaced, 

vertically, relative to neat CAB (Figure 4.5 A).  In the glassy region, matrix chains are 

immobilized and the nanofibril inclusions have practically no effect on nanocomposite stiffness, 

as has been reported in other studies.36-37  At the onset of glass transition, E´ of CAB undergoes a 

rapid decline because of cooperative relaxation of CAB chain segments.  A decline is also 

observed in the nanocomposite plots; however, data in this region are shifted to significantly 

higher values, which increase with increasing Ctrl volume fraction.  Tan δ is the ratio of loss to 

storage modulus and its magnitude relates directly with the capacity of a material to dampen or 

dissipate energy.  In Figure 4.5 B, heights of tan δ peaks decrease as the volume fraction of Ctrl 

increases.  In addition, the tan δ peaks appear to broaden with increasing Ctrl volume fraction.  

Dependencies of dynamic mechanical properties on Ctrl volume fraction at Tg (peaks of the tan δ 

transitions) are graphically depicted in Figure 4.6.  Figure 4.6 A shows that E´ increases almost 

linearly up to 2.5 vol % and then exponentially between 2.5 and 5 vol %.  Thus at 5 vol %, E´ of 

Ctrl-CAB nanocomposite is nearly 22 times that of neat CAB compared to a mere 3.4 times 

increase at 2.5 vol %.  A linear dependence of Tg, tan δ peak height, and tan δ peak width on 

volume fraction of Ctrl is also observed from, at least, 1 to 5 vol % reinforcement (Figure 4.6 B 

to D).  A slight depression in Tg (relative to neat CAB) is associated with an increase in Ctrl 

volume fraction (Figure 4.6 B).  Lower temperature shifts in Tg as a function of reinforcement 

volume fraction have been reported in a number of nanocomposite systems such as magnetite-

filled polyurethane38 and carbon nanotube-reinforced polypropylene.39  Kotsilkova et al.39 cited 

possible reasons for Tg suppression in nanocomposite systems as confinement of polymer 

molecules in nanoscale spaces in the immediate vicinities of nanoparticles, strong polymer- 
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Figure 4.5 DMA thermal scans of neat CAB and Ctrl-CAB nanocomposites 

performed at 3 °C/min. (A) tensile storage moduli and (B) tan δ plots.  

Numbers in legend represent volume fractions (%) of Ctrl. Error bars 

represent ±1 standard deviations from three replications. 
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Figure 4.6 Dependencies of dynamic mechanical properties of Ctrl-CAB nanocomposites 

on volume fraction of Ctrl at Tg (peaks of tan δ, (B)).  (A) É , (C) tan δ heights, h 

and (D) widths, w normalized with respect to CAB (0 vol. %). 

 

particle interactions leading to reduced molecular packing of polymer chains, and free volume 

increases.  Numerous studies have reported decreases in heights of tan δ peaks in dependence of 

filler or reinforcement volume fraction.17, 38, 40-41  Broadening of tan δ peaks with the inclusion of 

filler particles is also encountered frequently, and is generally attributed to changes in the matrix 

relaxation behavior induced by its interactions with the included particles.41-42  At 5 vol % 

reinforcement, Ctrl-CAB nanocomposites portray a nearly 80% reduction in height (Figure 4.6 

C) and a 16% increase in width (Figure 4.6 D) relative to CAB tan δ peak. 

Related studies on CAB-based nanocomposites reinforced with bacterial cellulose (BC)15 and 

microcrystalline cellulose (MCC)-derived nanocrystals35 (Figure 4.7) revealed similar trends as 

that shown in Figure 4.6 A.  The dispersion state of BC was not discussed while some level of 

aggregation was reported for the MCC-derived nanocrystals.  With respect to Ctrl-CAB  
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Figure 4.7 Normalized tensile storage moduli (at Tg) of CAB-based nanocomposites reinforced 

with bacterial cellulose (BC) and microcrystalline cellulose (MCC) nanocrystals as a 

function of nanofibril volume fraction.  Zero volume fraction corresponds to neat CAB 

 

nanocomposites, the combination of high optical transparency with a relatively high storage 

modulus in the post-glass transition region could have significant implications for the 

performance of CAB in its films, coatings, and adhesives applications. 

4.4.3.2. Comparison of Ctrl, Amd, and MFC Nanocomposites 

Comparison of viscoelastic characteristics was used as an additional criterion to evaluate the 

effects of modifying TONc surfaces with ODA.  E´ and tan δ properties of Amd and Ctrl-CAB 

nanocomposites at 0.5 vol % reinforcement are first presented (Figure 4.8).  Over the 

experimental temperature range, E´ of Amd-CAB is exactly superimposed on that of CAB 

(Figure 4.8 A).  Ctrl-CAB follows a similar path but deviates slightly to lower E´ values at the 

inflection zone of the glass transition.  Beyond the point of inflection (glass transition region),  
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Figure 4.8 Comparison of viscoelastic properties of Ctrl-CAB and Amd-CAB 

nanocomposites at 0.5 vol % reinforcement. 

 

however, E´ of Amd-CAB declines at a higher rate than that of Ctrl-CAB resulting in ultimate E´ 

values of the respective nanocomposites residing below and above that of CAB.  Tan δ peak 

heights (Figure 4.8 B) indicate that the energy damping behavior of CAB was unaffected by 

Amd but significantly reduced by reinforcement with Ctrl. 
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More significant differences are observed among the nanocomposites reinforced at 5 vol % 

(Figure 4.9).  At this loading, MFC-CAB is included as a conventional nanocellulose reference.  

In the glassy region (Figure 4.9 A), shifts in E´ with respect to neat CAB are negligible for both 

MFC-CAB and Ctrl-CAB.  Amd-CAB on the other hand, undergoes a significant shift to lower 

E´ values in the upper glassy region.  In the glass transition region, a distinct separation among 

E´ performances is observed.  Differences in viscoelastic properties at Tg were quantified and the 

results illustrated in Figure 4.10.  Compared to the dramatic 22-fold increase in E´ of CAB when 

reinforced with Ctrl, Amd and MFC reinforcements result in only 3.5 and 7-fold increases at the 

same volume fraction (Figure 4.10 A)  The magnitudes of E´ are complemented by their 

corresponding normalized tan δ peak heights , which decrease in the order Amd > MFC > Ctrl 

(Figure 4.10 C) 

The observed nanocomposite performances are clearly related to the dispersion quality of 

their respective reinforcements in suspension (Figure 4.1) and in film formulations (Figure 4.2 

and Figure 4.3).  With respect to Ctrl-CAB, the extraordinary E´ performance in the glass 

transition region is believed to originate, in addition to efficient nanofibril dispersion, from the 

existence of a fibril-fibril network.  Favier et al. demonstrated the existence of such a network in 

highly individualized tunicin whisker-reinforced poly(styrene-co-butylacrylate) latex.2, 43-44  

They concluded that a threshold of 1 vol % tunicin whiskers was sufficient to achieve an 

interfibrillar hydrogen bonding network in the matrix based on a mechanical percolation 

model.45  An interfibrillar hydrogen-bonded network of Ctrl nanofibrils, if present in Ctrl-CAB, 

will involve both –COOH and –OH groups on Ctrl surfaces compared to only –OH groups on the 

surfaces of conventional nanocelluloses.  The substitution of surface –COOH groups by ODA 

molecules during the synthesis of Amd resulted in nanofibril flocculation in THF and, 

subsequently, in CAB.  Grunert et al.15 reported that E´ improvement in the transition region was 

less when CAB was reinforced, at identical volume fractions, with trimethylsilylated BC than 

with plain BC nanocrystals.  They cited the reduced net cellulose content in trimethylsilylated 

nanocrystals as a possible source of E´ disparity.  Composites of plasticized CAB matrix 

reinforced with wood fibers resulted in fiber dispersion qualities that depended on fiber surface 

treatment.46  Among water-washed, alkaline-extracted, and acetylated fibers, the highest quality 

dispersion, and consequently composite strength and modulus performances, resulted from fiber 

acetylation.  The authors cited strong adhesion between acetylated fibers and CAB matrix 
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Figure 4.9 Comparison of viscoelastic properties of CAB and nanocomposites at 5 

vol % reinforcement. 
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Figure 4.10 Comparison of (A) normalized storage moduli, tan δ peak (C) heights and widths 

(D) at (B) Tg of 5 vol % reinforced nanocomposites.  Dashed lines mark the 

positions of the CAB reference. 

 

to explain the observed dispersion quality and mechanical performance improvement.  The 

importance of both nanofibril sizes and individualization to nanocomposite viscoelastic 

properties can also be deduced from the observed differences between Ctrl and MFC reinforcing 

capacities.  Although stable suspensions are achieved for both Ctrl and MFC in THF (Figure 

4.1), significant light scattering is evident in the latter implying the existence of larger sizes of 

fibril units and/or networks. 

In Figure 4.10 B, the Tg of CAB decreases by a similar magnitude with the inclusion of both 

Amd and Ctrl.  However, due to the relatively weak reinforcement of CAB by Amd, the lower Tg 

of Amd-CAB is more likely due to plasticizing of CAB matrix by the ODA molecules present on 

Amd surfaces.  MFC, though it imparts moderately high reinforcement to CAB with a 

corresponding decrease in damping, appears to have negligible effect on the Tg and relaxation 
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behavior of CAB (Figure 4.10 B and D).  No shifts in Tg or broadening of tan δ peaks 

accompanied the glass transition of MFC-CAB nanocomposites, which indicates that inclusion 

of MFC does not significantly alter the relaxation behavior of CAB.  This observation contrasts 

significantly with the effect of Ctrl on CAB relaxation as observed from tan δ transition 

behavior.  A side-by-side comparison of viscoelastic properties at selected temperatures in the 

glassy and glass transition regions is made in Table 4.3 for all the evaluated nanocomposites. 

4.4.4. Thermal Decomposition Properties of Nanocomposite Films 

Decomposition thermograms – WL and DWL – of the nanocomposites reinforced with 5 vol 

% nanocelluloses are displayed, along with those of neat CAB and the respective nanocelluloses 

(Figure 4.11, Figure 4.12, and Figure 4.13).  The nanocellulose thermograms have previously 

been discussed in Chapter 3, and are only shown here for comparison with their corresponding 

nanocomposites. 

As a result of the low (5%) nanocellulose volume fraction, the thermal decomposition 

patterns of the nanocomposites are nearly identical to that of neat CAB.  However, the lower 

decomposition temperatures of the nanocellulose reinforcements, compared to CAB, lead to 

decreases in onset of thermal decomposition in the nanocomposites (insets in weight loss plots).  

Percentages of weight loss in the region preceding the main decomposition event are compared 

at an arbitrary reference temperature of 300 °C (points labeled on insets).  The data show that at 

300 °C, the magnitudes of weight loss in the nanocomposites increase in the order MFC-CAB < 

Amd-CAB < Ctrl-CAB.  This pattern of weight loss is consistent with the direction of increase 

(Ctrl < Amd < MFC) in intrinsic decomposition temperatures of the corresponding 

nanocelluloses (labeled peaks on DWL plots).  Retention or improvements in matrix thermal 

stability of cellulosic nanocomposites have been reported in several studies.35, 47-50  For example, 

Ayuk et al.35 reported shifts in the onset of thermal decomposition to higher temperatures when a 

CAB matrix was reinforced with 5 and 10 wt % cellulose whiskers.  The authors indicated delays 

in diffusion of degradation products from the nanocomposites due to the presence of cellulose 

whiskers.  Also in nanocomposites of cellulose whisker-grafted polyurethanes, Cao et al.50 

reported nanocomposite peak thermal decomposition temperatures that exceeded those of the 

reinforcement and unfilled polymer by 67 °C and above.  They attributed the superior 

nanocomposite thermal stability to complete coverage of the cellulose whiskers by the grafted 
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Table 4.3 Dynamic mechanical properties of CAB and all nanocomposites selected from glassy 

(40 °C) and relaxed (150 °C) regions of the spectra.  Tg is taken from the peak of tan δ 

plots.  ± 1 standard deviations are shown in parentheses. 

Sample 

ID 

Fibril content, 

vol % 

E´, MPa E´/ E´(CAB)
a Tg, °C 

40 °C 150 °C 40 °C 150 °C 

CAB 0.0 1600 (158) 3.80 (0.66) 1.00 1.00 146.4 (1.2) 

Ctrl 0.5 1492 (87.5) 5.74 (0.98) 0.93 1.51 146.1 (0.1) 

1.0 1658 (196) 8.37 (0.79) 1.04 2.20 146.0 (0.1) 

2.5 1742 (36.4) 14.4 (2.58) 1.09 3.77 144.0 (0.1) 

5.0 1911 (107) 89.3 (2.04) 1.19 23.5 139.8 (0.1) 

Amd 0.5 1517 (263) 2.96 (0.49) 0.95 0.78 144.4 (0.3) 

5.0 1904 (89.5) 9.85 (0.87) 1.19 2.59 140.5 (0.1) 

MFC 5.0 1877 (141) 40.5 (5.72) 1.17 10.6 147.0 (1.7) 
aNormalized storage modulus with respect to unfilled CAB 

 

polyurethane chains which resulted in confined structures in the nanocomposites.  In the present 

work, peak decomposition temperatures and corresponding maximum WL rates (Table 4.4) of 

the nanocomposites are clearly identical to those of neat CAB. 

4.5. Conclusions 

TONc (Ctrl) forms non-flocculating, stable, and transparent suspensions in THF, probably 

due to strong solvent-fibril interactions and individualization of the nanosized fibrils.  

Consequently, the transparency of CAB is preserved when reinforced with Ctrl.  

Hydrophobization of TONc surfaces (Amd), on the other hand, results in flocculated suspensions 

that ultimately leads to nanofibril aggregation in CAB matrix.  With respect to MFC 

(conventional nanocellulose reference), insufficient individualization of the nanocellulose results 

in formation of opaque THF suspensions and subsequent aggregation in CAB.  As a result of 

aggregation, both Amd and MFC reinforcements deteriorate the transparency of CAB matrix by 

20%.  The quality of nanocellulose dispersion also accounts for the differences in dynamic 

mechanical performances among the nanocomposites.  Tensile storage moduli in the glass 

transition region of Ctrl-CAB nanocomposites increases linearly between 0 and 2.5 vol %, and 
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Figure 4.11 (A) WL and (B) DWL as a function of temperature for Ctrl, CAB and 5 

vol % Ctrl-CAB.  Inset in (A) shows sample weights remaining at 300 °C 

of neat CAB and Ctrl-CAB nanocomposite.  Error bars in inset represent 

±1 standard deviation. 
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Figure 4.12 (A) WL and (B) DWL as a function of temperature for Amd, CAB and 

5 vol % Amd-CAB.  Inset in (A) shows sample weights remaining at 300 

°C of neat Amd and Amd-CAB nanocomposite.  Error bars in inset 

represent ±1 standard deviation. 
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Figure 4.13 (A) WL and (B) DWL as a function of temperature for MFC, CAB 

and 5 vol % MFC-CAB.  Inset in (A) shows sample weights remaining 

at 300 °C of neat CAB and MFC-CAB nanocomposite.  Error bars in 

inset represent ±1 standard deviation. 
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Table 4.4 TGA maximum decomposition rate temperatures and corresponding DWL of CAB 

and 5 vol % nanocomposites. 

Sample ID Temperature, °C DWL, %/°C 

CAB 323 6.57 

Ctrl-CAB 321 5.51 

Amd-CAB 326 7.68 

MFC-CAB 321 5.45 

 

then exponentially from 2.5 to 5 vol % Ctrl.  It is proposed, based on these observations that 

besides the existence of a high fibril-matrix interfacial region created by the homogeneous 

dispersion of Ctrl, a continuous nanofibril network may be present at the volume fraction 

associated with the non-linear modulus increase.  At 5 vol % reinforcement, the tensile storage 

modulus of CAB in the glass transition region increases by 22, 7.0, and 3.5 fold when reinforced 

with Ctrl, MFC, and Amd respectively.  The relative reinforcing capacities of the nanocelluloses 

result directly from the differences in dispersion quality.  The findings from this study indicate 

that without the need for surface modification, TONc represents a suitable reinforcement for the 

preparation of transparent CAB nanocomposites. 

The main decomposition temperature of CAB is unaltered by the presence of nanocelluloses.  

However, relative to neat CAB, nanocomposite thermal stabilities in the region preceding the 

main CAB decomposition are slightly decreased due to the presence of the less thermally stable 

nanocelluloses.  The fraction of nanocomposite weight loss in this region is observed to increase 

as the peak decomposition temperature of the corresponding nanocellulose decreases. 
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Chapter 5. A New Bio-based Nanocomposite: Fibrillated TEMPO-oxidized 

Celluloses in Hydroxypropylcellulose Matrix  

Paper originally published in Cellulose under the following reference information: A new bio-

based nanocomposite: fibrillated TEMPO-oxidized celluloses in hydroxypropylcellulose matrix, 

Cellulose 2009, 16, 227, Johnson, R. K.; Zink-Sharp, A.; Renneckar, S. H.; Glasser, W. G.;  

 

5.1. Abstract 

Utilization of TEMPO-oxidized nanocelluloses in bio-based nanocomposites is reported for 

the first time.  TEMPO-oxidized wood pulps (net carboxylate content 1.1 mmol/g cellulose) 

were fibrillated to varying degrees using a high intensity ultrasonic processor.  The degree of 

fibrillation was controlled by varying sonication time from 1 to 20 min.  The sonication products 

were then characterized independently and used as fillers (5 wt % loading) in 

hydroxypropylcellulose nanocomposite films.  Nanofibril yields ranging from 11 to 98 wt % (on 

fiber weight basis) were obtained over the range of sonication times used.  Suspension viscosities 

increased initially with sonication time, peaked with gel-like behavior at 10 min of sonication 

and then decreased with further sonication.  The thermal degradation temperature of unfibrillated 

oxidized pulps was only minimally affected (6°C decrease) by the fibrillation process.  Dynamic 

mechanical analysis of the nanocomposites revealed strong fibril-matrix interactions as 

evidenced by remarkable storage modulus retention at high temperatures and a suppression of 

matrix glass transition at “high” (~5 wt %) nanofibril loadings.  Creep properties likewise 

exhibited significant (order of magnitude) suppression of matrix flow at high temperatures.  It 

was also believed, based on morphologies of freeze-fracture surfaces that the nanocomposites 

may be characterized by high fracture toughness. 

5.2. Introduction 

When composite materials are fully derived from bio-based components, desirable benefits 

such as biodegradability and biocompatibility are emphasized.  Proceeding from such interests is 

the development of nanocomposites derived from nanoscale cellulosic elements in bio-based 

polymer matrices.1-4  So far, the most commonly used nanocelluloses are microfibrillated 
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celluloses (MFCs)5,6 and cellulose nanocrystals (CNCs).3,7,8  Microfibrillated celluloses are 

produced by a two-step process: mechanical refining of wood and natural fiber pulps followed by 

several passes through a high intensity homogenizer.9-11  The product is a dense network of 

highly fibrillated celluloses ranging from 10 to 100 nm in width.  CNCs on the other hand, are 

generated from acid hydrolysis of pulp fibers.  The hydrolysis process dissolves amorphous 

regions in the fiber leaving intact the crystalline fraction.12  The nanocrystalline suspensions are 

washed and further homogenized by ultrasonic treatment. 

Recently, Saito et al.13 reported their discovery of individualized cellulose nanofibrils 

following homogenization of oxidized cellulose fibers.  Cellulose fibers were oxidized via the 

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation process, which converts 

primary alcohols to aldehydes and carboxylate groups.  When polysaccharides such as cellulose 

are oxidized in an aqueous medium, a primary oxidant, commonly sodium hypochlorite (NaOCl) 

is needed for in situ activation of the TEMPO radical.14  NaOCl concentrations in the range of 

2.5 to 3.8 mmol / g cellulose allowed for nanofibrillation of more than 90 % of wood and cotton 

fibers.13  The nanofibrils from wood pulp ranged from 3 – 5 nm in width and several hundred 

nanometers to a few microns in length.  Ease of fibril disintegration was attributed to 

interfibrillar repulsive forces generated by surface carboxylate groups.  With the exceptionally 

small fibril widths, the homogenized oxidized cellulose suspensions appeared transparent.  It has 

also been reported that TEMPO-mediated oxidation produces no change in crystallinity of 

cellulose even at a high oxidation level of 10 mmol NaOCl / g cellulose.15  Unlike conventional 

microfibrillation and acid hydrolysis processes, which yield microfibril networks and short 

crystallite bundles respectively, fibrillated celluloses from TEMPO-mediated oxidation generate 

long individualized nanofibrils with diverse surface functionalities (carboxyl, aldehyde, and 

hydroxyl).  We perceive that the unique physical and chemical characteristics of these fibrillated 

oxidized celluloses could offer significant potential in the fields of coatings, composites 

reinforcement, packaging, and drug delivery. 

Utilization of TEMPO-oxidized celluloses as nanofillers in a bio-based polymer matrix was 

the subject of this study.  Properties of fiber-reinforced composites depend on a variety of factors 

which include fiber dimensions, fiber volume fraction, and fiber-matrix interfacial adhesion.  

Since TEMPO-mediated oxidation of pulp produces easily fibrillated products, regulating 

exposure time to a homogenizer can be used to control the nanofibril fraction within a fixed 
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volume of oxidized pulp.  This approach to controlling nanofibril volume fraction can be used 

for controlling properties of nanocellulose-filled biopolymer composites. (Nakagaito and Yano 

2004) have previously investigated the influence of fibrillation degree on cellulose 

nanocomposite properties using phenol formaldehyde-bonded MFC mats.  They controlled the 

degree of MFC fibrillation by varying the number of passes through (1) a refiner only and (2) a 

refiner followed by a homogenizer.  A significant increase in bending strength was found when 

MFCs underwent 30 passes through the refiner and subsequent passes through the homogenizer.  

Young’s modulus on the other hand was only marginally influenced.  Morphological studies on 

the MFCs revealed that fibrillation of the starting pulp fibers was only superficial when the 

number of refiner passes was fewer than 16.  By 30 passes, the bulk of the pulp fibers had 

fibrillated into fine nanofibril networks, which provided the needed surface area for the observed 

strength enhancement. In the present paper, ultrasonication was employed to fibrillate TEMPO-

oxidized cellulose fibers of a softwood pulp.  Nanofibril volume fraction was controlled by 

varying sonication time.  The fibrillated products were utilized as reinforcing fillers in solvent-

cast hydroxypropylcellulose (HPC) films, which were then evaluated by dynamic mechanical 

and creep compliance testing. 

5.3. Experimental 

5.3.1. Materials 

Never-dried kraft pulp (Douglas-fir) served as starting cellulose fiber.  The pulp of 85 % 

brightness was kindly provided by Weyerhaeuser Company, Washington, USA.  Further 

bleaching of the pulp was achieved in acidified sodium chlorite solution using the method of.16  

The samples were preserved in a refrigerator below 8 °C until used.  Sulfite pulp (Tembec Inc 

Temalfa 95A) was used for preparation of CNCs. HPC (average Mw = 100,000 g / mol, molar 

substitution 3.4 to 4.4 propylene oxide groups per anhydroglucose unit), TEMPO, NaOCl, NaBr, 

HCl, NaOH, and ethanol were purchased from Sigma-Aldrich and used as received. 

5.3.2. TEMPO-mediated Oxidation 

Never-dried pulp (20 g fiber weight, 123 mmol primary alcohol) was suspended in 800 mL 

of high purity water (resistivity at 25°C = 18.2 M Ω.cm) and agitated with an overhead stirrer 

operating at 500 rpm.  A 10 mL aqueous solution of TEMPO (0.25 g, 1.60 mmol) and NaBr (2.5 
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g, 24.3 mmol) was prepared, added to the pulp suspension, and the mixture was stirred 

continuously for about 5 minutes.  A 12.4 % NaOCl solution (39.8 mL, 4.00 mmol) was added 

drop-wise to the mixture while maintaining a pH of 10 ± 0.2 with addition of 0.5 M NaOH 

solution.  After about 50 min, no further change in pH was observed, indicating the end of the 

reaction.  Ethanol (30 ml) was then added to fully quench the reaction and the pH was adjusted 

to 7.0 with a 0.5 M HCl solution.  The suspension was vacuum-filtered, washed several times 

with deionized water and stored at <8 °C until used.  Appearance and morphology of oxidized 

product were similar to those of the starting pulp fibers. 

5.3.3. Fibrillation of Oxidized Fibers 

Oxidized fibers were first milled to 60 mesh (250 µm) sizes using a Wiley® mini-mill.  Fiber 

suspensions (0.3 wt % solids) were prepared by dispersing 0.5 g milled fibers in 150 mL of 

deionized water.  The suspensions were sonicated with a Sonics® ultrasonic processor (Model 

GE 505) for varying amounts of time (details in Table 5.1).  A double-walled glass beaker 

connected to a circulating ice water bath was used to prevent overheating of suspension during 

sonication (schematic of setup shown in Figure 5.1).  Sonicated suspensions were stored at <8 °C 

in plastic bottles until used. 

5.3.4. Preparation of CNCs and MFCs 

CNC preparation followed a previously reported method.17  MFCs were prepared from the 

original pulp stock used for TEMPO-mediated oxidation.  Pulp suspensions (0.25 wt %) were 

dispersed in deionized water and fibrillated by 20 passes through a high intensity homogenizer 

(Microfluidics M-110 EH) operated at 30,000 psi i.e. ~207 MPa. 

5.3.5. Characterization of Fibrillated Fibers 

5.3.5.1. Yield 

Sonicated suspensions were centrifuged at 4550g rcf for 20 min to separate the nanofibrils 

(in supernatant fraction) from unfibrillated and partially fibrillated fibers (referred to as UPFs 

henceforth) in the sediment fraction.  The separated fractions were dried at 50 °C in a forced air 

oven and yields (i.e. solids content after drying) were calculated according to equation 1. 
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Table 5.1 Yields from sonication and weight fractions in nanocomposites of nanofibrils and 

UPFs  

Sonication time, 

min 

Nanofibrils UPFsa 

Yield, %b Weight fraction, 

%c Yield, %b 
Weight fraction, 

%c 

1 10.5 (1.2) 0.52 88.8 (0.7) 4.44 

5 41.7 (3.2) 2.08 57.1 (3.3) 2.85 

10 86.5 (2.0) 4.33 12.9 (2.6) 0.64 

15 96.8 (0.7) 4.84 3.0 (0.7) 0.15 

20 97.5 (1.0) 4.88 2.5 (1.4) 0.12 
aUnfibrillated and partially fibrillated fibers 
b From sonicated suspensions (using equation 1) 
c In nanocomposites reinforced with 5 wt % fiber (determined independently for nanofibrils 

and UPFs). 

 

 

 

Yield results represent averages of three replications. 

5.3.5.2. Transparency 

Light transmittance through sonicated suspensions was measured in a UV-VIS 

spectrophotometer (Thermo Scientific Corporation Evolution 300).  The instrument was operated 

in transmission mode using a Xenon light source.  Data were collected in the visible region (400 

to 800 nm). 

5.3.5.3. Morphology 

Nanofibrils and UPFs were imaged by transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) respectively.  Ten microliter drops of supernatant suspensions 

)1(100
weightfiberinitial

solidsdriedofweight%Yield, ×=
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Figure 5.1 Schematic of ultrasonication setup for cellulose fibrillation. (1) power control; (2) 

piezoelectric converter; (3) ultrasonic probe; (4) cellulose suspension; (5) double-

walled glass beaker; (6) ice water inlet and (7) outlet 

 

(0.01 wt %) were placed on formvar-coated copper grids (300 mesh).  Prior to complete drying, 

the specimens were stained with uranyl acetate negative stain (2 %).  The samples were imaged 

in a Philips EM 420 transmission electron microscope operating at 100 kV.  Images were 

acquired electronically with an installed CCD camera.  SEM samples were prepared by dropping 

50 µL sediment suspensions (0.01 wt %) onto clean silicon wafers followed by air-drying for 24 

hours.  Samples were pre-coated with 3 nm gold-palladium sputter prior to imaging in a LEO 

Zeiss1550 field emission scanning electron microscope. 

5.3.5.4. Thermal Stability 

A thermogravimetric analyzer (TA Instruments Q 500) was used to monitor the thermal 

degradation behavior of the sonicated celluloses.  Freeze-dried samples ca. 10 – 12 mg from 

each treatment level were used.  Thermogravimetric analysis (TGA) tests were performed in air 

at a heating rate of 20 °C / min.  Accuracy of thermal degradation temperature was enhanced by 

selecting the high resolution-dynamic mode which automatically adjusts the heating rate when 

the instrument senses a weight loss. 
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5.3.5.5. Flow 

Flow properties of sonicated suspensions were measured with a Brookfield Viscometer 

(model DV-II + Pro).  The small sample adapter accessory was used to achieve rapid and precise 

temperature control and to improve accuracy of viscosity measurements.  The experiments were 

conducted on 10 mL samples at shear rates of 6.8 – 68 sec-1.  An external temperature control 

unit was used to maintain the experimental temperature of 25 ± 0.1 °C. 

5.3.6. Composite Film Preparation 

An HPC solution (7 wt %) was prepared by dissolving 70 g HPC in 1 L deionized water.  

The solution was stirred overnight to ensure complete dissolution of the polymer.  Fibrillated 

fiber suspensions were mixed with appropriate amounts of HPC solution to yield 5 wt % fiber 

loadings.  The blends were transferred into polystyrene dishes (150 cm diameter) and dried at 35 

°C in a forced air oven.  Dried films (~0.5 mm thick), were recovered after 6 to 7 days and 

further conditioned at 50 % relative humidity for 24 hours. 

5.3.7. Film Characterization 

5.3.7.1. Viscoelastic Properties 

Dynamic mechanical and creep properties were measured in tension using a TA Instruments 

2980 Dynamic Mechanical Analyzer.  Specimen widths and lengths of 5.0 ± 0.1 mm and 18 ± 

0.5 mm respectively were used.  Dynamic measurements were made from 0 to 150 °C at a 5 °C / 

min heating rate and 1 Hz.  Ten minute-creep data were collected at multiple temperatures under 

a 0.60 MPa stress. 

5.3.7.2. Morphological Properties 

Some of the creep and dynamic mechanical specimens were embrittled in liquid nitrogen and 

fractured in cross-section for SEM observations.  Samples were adhered onto silicon wafers and 

sputter coated as previously described. 

5.4. Results and Discussion 

Fibrillated celluloses from TEMPO-oxidized wood pulp were mechanically derived using 

ultrasonication.  By means of conductometric titration,18 the carboxylate concentration of the 
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oxidized pulp was calculated as 1.1 mmol / g cellulose.  This is well within the oxidation range 

(0.99 – 1.23 mmol / g) earlier reported for effective disintegration.13  Nanofibril fraction in the 

pulp suspensions were controlled by varying sonication time.  Biopolymer-based 

nanocomposites films using HPC as a matrix and the fibrillated oxidized celluloses as fillers 

were fabricated.  Characteristics of the ultrasonication products as well as dynamic mechanical 

and creep properties of the nanocomposite films are presented.  Oxidized cellulose 

nanocomposites are also compared with those containing CNCs and MFCs as fillers. 

5.4.1. Fibrillated Oxidized Cellulose Properties 

Nanofibril yields of 10.5 to 97.5 wt % were obtained compared with 88.8 to 2.5 wt % UPFs 

from the sonication process (Table 1).  Yield calculations from equation 1 reveal a linear 

dependence of yield on sonication time in the range of 1 to 10 min sonication (Figure 5.2).  

Increasing the sonication time beyond 10 min results in a nearly 100 % conversion to nanofibrils, 

as evidenced by the 96.7 and 97.5 wt % yields at 15 and 20 min sonication times respectively.  It 

appears ten minutes of sonication is sufficient to convert the bulk of the oxidized pulp fibers into 

nanofibrils.  It is important to note that changing probe size and volume of material to be 

processed may result in different yield responses to sonication time. 

Appearances of sonicated suspensions after standing for 24 hr are depicted in Figure 5.3 A.  

Corresponding light transmittance data collected in the visible range of a UV-VIS 

spectrophotometer are also displayed in Figure 5.3 B.  A substantial increase (ca. 65 %) in 

transparency is observed when sonication time is increased from 5 to 10 min.  This is equivalent 

to a >50 % increase in nanofibril content (Table 1).  In the previous report of 13, transparencies of 

TEMPO-oxidized suspensions were also found to increase with increasing degree of oxidation. 

Electron micrographs of nanofibrils and UPFs were acquired with TEM and SEM 

respectively.  Individualized nanofibrils with shapes and sizes similar to those from previous 

reports13,19 are observed (Figure 5.4 A).  Using an image processing software, nanofibril widths 

of between 2.5 and 4 nm were measured.  However no solitary nanofibrils suitable for length 

measurements could be identified.  UPFs on the other hand vary widely in morphology as would 

be expected of fibers undergoing fibrillation under intense mechanical stresses.  Partially 

fibrillated fibers having an appearance similar to the example shown in Figure 5.4 B were 

encountered frequently in the sediment fractions.  Similar broom-like structures were also 
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Figure 5.2 Yields of nanofibrils (circles) in supernatant fractions and of UPFs (squares) in 

sediment fractions as a function of sonication time (calculated from equation 1). using 

weight of starting material as basis. 

 

observed from light microscopy images (not shown).  This pattern of disintegration suggests that 

a simultaneous fibrillation-axial splitting of the fiber walls precedes a complete conversion of the 

fiber wall into nanofibrils. Images c, d, and e of Figure 5.4 depict sediment fractions of 1, 10, and 

20 min sonication times respectively.  Both unfibrillated and partially fibrillated fibers were seen 

at every level of sonication.  However, the proportion of unfibrillated fibers decreased drastically 

when sonication times reached 15 and 20 min.  A crude estimation of unfibrillated fiber 

dimensions from SEM imaging was made using the SEM image acquisition software.  Average 

lengths and widths of 262 ± 156 µm and 24.2 ± 7 µm respectively were determined for the ~80 

fibers measured.  These length averages are representative of the 60 mesh sizes of the starting 

fibers. 
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Figure 5.3 (A) Fibrillated cellulose suspensions (0.3 wt % solids) 24h after sonication. Labels 

represent sonication times in minutes. (B) Transmittance spectra for 5, 10, and 20 min 

sonicated suspensions in (A) recorded in the visible region with a UV-vis 

spectrophotometer. 
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Figure 5.4 Electron micrographs of fibrillated celluloses. (A) TEM of supernatant fractions 

showing nanofibrils of widths 2.5 – 4 nm (indicated with arrows); SEM of (B) single 

fiber from sediment fraction undergoing disintegration and C – E 0.01 wt % sediment 

fractions for 1, 10, and 20 min sonication times respectively. 
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TEMPO-oxidized celluloses undergo multiple degradation events as revealed by linear 

(Figure 5.5 A) and differential (Figure 5.5 B) weight loss versus temperature TGA plots.  

Reports describing similar degradation patterns have been made for oxidized celluloses prepared 

from other methods20-22 and for sulfuric acid-hydrolyzed CNCs.23  El-Sakhawy20 attributed these 

multiple degradation events to early dehydration, fragmentation, and ultimately to decomposition 

of carbohydrate residues.  The main degradation temperatures of TEMPO-oxidized celluloses 

occur in the range of 225 – 231 °C (Figure 5.5 B) and represent a drastic decline from the 

degradation temperature (318 °C) of the unoxidized wood pulp (plot not shown).  The narrow 

difference (6 °C) in peak degradation temperatures implies a rather weak dependence of thermal 

degradation temperature on nanofibril weight fraction.  On the other hand, the degradation rate 

(weight loss per unit rise in temperature, shown as peak heights in Figure 5.5 B) increases with 

increasing sonication time or nanofibril fraction.  This can be attributed to the high surface area 

accompanying the nanofibrillation process, which increases the effective mass of cellulose 

consumed per unit rise in temperature. 

Viscosity measurements revealed that suspension viscosities increased (to a maximum) with 

increasing sonication time and then started to decline with further sonication (Figure 5.6).  At the 

maximum viscosity (10 min sonication), the sonicated suspensions exhibited a gel-like character 

that could be readily distinguished (visually) from suspensions treated at other sonication times.  

The initial rise to a maximum viscosity can be attributed to the increasing proportion of high 

surface area nanofibrils that strongly interact with the aqueous medium.  Additional energy input 

from longer sonication times disperses the nanofibrils which may have existed in the suspension 

as networks (having gel-like behavior) at the peak viscosity.  In the earlier report of Saito et al.19, 

0.1 w/v % TEMPO-oxidized pulp suspensions were magnetically stirred over periods ranging 

from a few hours to several days.  Viscosity rose sharply from 0 – 12 hr, achieved a maximum in 

3 days, and declined steadily with continuous stirring to 10 days.  It was recently reported that 

the high viscosities of TEMPO-oxidized nanocellulose suspensions could be restored by storing 

the suspensions at a low temperature (5 °C) for an extended amount of time (5 weeks).24 

5.4.2. Composite Film Properties 

The tensile storage moduli (E') of nanocomposites increase with sonication time up to a limit 

(Figure 5.7).  No increases in E' are observed at sonication times greater than 10 min (notice 
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Figure 5.5 Thermal degradation behavior of freeze-dried TEMPO-oxidized pulp. (A) 

weight loss and (B) derivative of weight loss as a function of temperature. Scans 

performed at 20 °C / min in high resolution dynamic rate mode.  Legend shows 

sonication times (in minutes) of starting pulp suspensions. 
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Figure 5.6 High and low shear rate viscosity dependencies on sonication time of nanofibril 

suspensions.  No data could be obtained for the 1 min sonicated suspension because its 

viscosity was insufficient for the minimum operating torque of the viscometer. 

 

overlap of the 10 and 20 min E' curves in Figure 5.7).  These results indicate that a sonication 

time of 10 min, at which close to 90 wt % of the starting fibers have been converted to 

nanofibrils, is sufficient for maximum E' performance.  Over the experimental temperature range 

(0 – 150 °C), the relationship between E' and sonication time is found to be linear in the limits of 

1 to 10 min sonication (Figure 5.8).  This relationship implies a linear dependence of E' on 

nanofibril weight fraction by extension of the yield-sonication time relationship in Figure 5.2.  

The data in Figure 5.8 reveal more effective nanofibril reinforcements at higher temperatures 

(100 and 150 °C) as shown by the stronger dependence of E' (steeper slopes of regression lines) 

on sonication time.  This is a commonly observed effect in cellulose-based nanocomposite 

systems found in several cellulose-based nanocomposite reports.5,25-30 
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Figure 5.7 Storage modulus response to temperature of HPC and nanocomposites. Numbers in 

legend indicate sonication times (in minutes) of starting pulp suspensions. See Table 

5.1 for corresponding nanofibril and UPF contents. 

 

High temperature (150 °C) E' comparisons between oxidized cellulose nanocomposites and 

their CNCs and MFCs counterparts were also made.  As shown by the data in Table 1, the 

nanofibril fraction at all levels of sonication fall short of the maximum 5 wt % in the CNC and 

MFC-based films.  In the latter materials, all of the reinforcing elements are constituted of 

nanosized fillers whereas in the sonicated suspensions, only a fraction of the reinforcing fillers 

are of nano-scale dimensions.  However, significantly higher E's are obtained in the TEMPO-

oxidized systems sonicated for five or more minutes (Figure 5.9).  Corresponding tan δ plots 

(Figure 5.10) show portions of two broad thermal transitions (<25 °C and >100 °C).  The lower 

temperature transition is limited to neat HPC and the nanocomposites sonicated for 1 and 5 min.  

This event corresponds to the glass transition temperature (Tg) of HPC which has been reported 

as ranging from 10 to 20 °C depending on the characterization method used.31  Similar Tgs are 

observed for CNCs and MFCs nanocomposites (inset in Figure 5.10).  This transition is, 

however, clearly absent from the nanocomposites reinforced with 10 and 20 min sonicated 
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Figure 5.8 Dependence of storage moduli on sonication times at low (0 and 10 °C) and high 

(100 and 150 °C) temperature regimes. Solid regression lines show regions of linear 

dependencies and their corresponding R2 values. 

 

nanofibrils.  Tg suppression at high sonication times (i.e. higher nanofibril volume fraction) 

suggests that HPC interactions with TEMPO-oxidized cellulose nanofibrils may be influenced by 

the nanofibril volume fraction.  The superior performance of TEMPO-oxidized cellulose 

nanocomposites may be strongly dependent on the unique combination of oxidized cellulose 

nanofibril characteristics.  These include (1) the presence of diverse surface functional groups 

(OH, CHO, and COO-) resulting from TEMPO-mediated oxidation, (2) the exceptionally high 

surface area to volume ratio expected from nanofibril individualization, and (3) the high aspect 

(length / diameter) ratios evident from TEM imaging (see Figure 5.4 and Saito et al.19).  All of 

these conditions can significantly restrict HPC chain mobility at Tg leading to the observed 

effects on E' and tan δ.  Future work on TEMPO-oxidized cellulose nanocomposites will look 

into the role of surface chemical properties on nanocomposite properties. 

Time-dependent strain response under static stress conditions is the primary outcome of 

creep compliance experiments.  Tensile creep compliance D(t) is the ratio of the time dependent 
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Figure 5.9 Storage moduli comparisons at 150 °C for neat HPC and nanocomposites. 5 and 10 

min represent sonication times of oxidized pulp suspensions. CNC and MFC represent 

cellulose nanocrystals and microfibrillated celluloses respectively. 

 

tensile strain ε(t) to the applied tensile stress σE,0.  Ten minute-D(t) results of neat and reinforced 

HPCs at sub-Tg (0 °C) and above Tg (100 °C) regions are shown in Figure 5.11.  The inset shows 

a typical set of creep curves collected at 100 °C.  Low D(t) values with no uniform time-

dependence are recorded in the sub-Tg region where HPC chains are essentially frozen.  

However, at 100 °C, D(t) of neat HPC and the nanocomposites increase by approximately two 

and one order(s) of magnitude, respectively.  The nanofibril volume fraction effect is evident 

from the linear (R2 = 0.985) decrease in D(t) as a function of sonication time.  Again, compared 

to CNC and MFC counterparts, the oxidized cellulose nanocomposites exhibit lower D(t) at high 

temperatures (Figure 5.12).  These observations are consistent with the DMA results discussed 

previously. 

Freeze-fractured cross-sections of HPC and nanocomposite (5 and 20 min sonication) films 

are displayed in Figure 5.13.  Nanofibrils were not visible on the fracture surfaces even at very 

high magnifications.  The limits of the SEM resolution were probably reached taking into 

consideration the combination of exceptionally small nanofibril dimensions (3 – 4 nm) and the  
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Figure 5.10 Tan δ versus temperature of neat HPC and nanocomposites. Numbers in legend 

indicate sonication times (in minutes) of starting pulp suspensions. Inset shows 

corresponding plots for CNCs and MFCs. 

 

thin barrier created by sputter coating.  An interesting observation however, is the differences 

in grain sizes of the surface roughness.  Surface roughness grain sizes are significantly reduced 

on the nanocomposite fracture surfaces compared to neat HPC.  Except for the nanocomposites 

loaded with fibrillated oxidized celluloses sonicated for 1 min (image not shown) where 

roughness grain sizes were only slightly reduced, all remaining nanocomposite fracture surfaces 

showed grain sizes similar to those in Figure 5.13 B and C.  Observations similar to this were 

reported for fracture-toughened intercalated clay-epoxy nanocomposites.32  Crack propagation 

followed a torturous path arising from the very short interparticle distances between clay 

nanoparticles.  It is reported that such toughening mechanisms are not normally observed with 

fully exfoliated clay.33  However, with intercalated clay, the lateral micron-sized lengths of the 

clay nanoplatelets are believed to offer crack bridging mechanisms which are responsible for the 

tortuous crack propagation behavior.  In the present nanocomposites, the surface roughness is 

observed to be uniform across the sample surface.  This may imply, in addition to the 
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Figure 5.11 Dependence of tensile creep compliance on sonication time at sub-Tg (0 °C) and 

above Tg (100 °C) conditions.  Data represents 10 min creep under 0.6 MPa static 

stress. 0 min on sonication time axis corresponds to neat HPC. Inset shows typical 

creep curves at 100 °C. 

 

interfibrillar distance factor, strong nanofibril-matrix interfaces and uniform nanofibril 

dispersion.  These propositions however require verification with actual fracture toughness 

measurements. 

5.5. Conclusions 

Cellulosic nanofibrils from the mechanical disintegration of TEMPO-oxidized celluloses 

were recently discovered.  High intensity sonication was used in this study to control fibrillation 

of TEMPO-oxidized wood pulp by varying sonication time.  Nanocomposite films based on HPC 

matrix and fibrillated oxidized celluloses were synthesized, characterized, and compared with 

those from conventional CNCs and MFCs.  The conclusions reached are as follows:  

1. Based on our selected treatment conditions, 10 min is found sufficient to convert the bulk (ca 

90 wt %) of the pulp fibers into nanofibrils. 
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Figure 5.12 Comparison of creep compliance at 100 °C of HPC and nanocomposite films. 5 and 

10 min represent the sonication times of oxidized pulp suspensions. CNC and MFC 

represent cellulose nanocrystals and microfibrillated celluloses respectively. 

 

 

2. Storage modulus and creep compliance performances of oxidized cellulose nanocomposites 

exhibit a direct dependence on nanofibril weight fractions, particularly at elevated 

temperatures. 

3. Tan δ data indicate weight fraction-dependent interactions between oxidized cellulose 

nanofibrils and HPC matrix. 

4. Comparison of high temperature E' performances suggest stronger fibril-matrix interactions 

in the oxidized nanofibrils- than conventional (CNCs and MFCs)-filled nanocomposites. 

Roughness grain sizes of oxidized cellulose-HPC nanocomposite fracture surfaces suggest 

5. strong fibril-matrix interactions, good fibril dispersion, and probability of crack bridging 

mechanisms operating at the nanofibril length scales. 
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Figure 5.13 SEM fracture surfaces of (A) HPC and (B and C) nanocomposite films. (B) and (C) 

were fabricated from suspensions sonicated for 5 and (C) 20 min respectively. 
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Chapter 6. Conclusions 

With a water-DMF co-solvent system, conversion of TONc surface carboxyl groups to 

hydrophobic ODA groups is complete irrespective of treatment method.  However, contrary to 

desired expectations, organic solvent suspensions of hydrophobized TONc are unstable and their 

use as reinforcements in CAB matrix results in fibril aggregation.  In the preparation of solvent-

cast nanocomposites, surprisingly stable suspensions of as-prepared TONc are formed in THF 

and the nanocomposites fabricated thereof preserve the optical clarity and generate up to a 22-

fold increase in the rubbery-state tensile storage modulus of the CAB.  The extraordinary 

reinforcing effect is attributed to both homogenous nanocellulose dispersion and the possible 

existence of a nanofibril network above some threshold volume fraction.  The optical and 

dynamic mechanical performances of TONc are also not matched by those of similarly prepared 

CAB nanocomposites reinforced with microfibrillated cellulose (MFC), a conventional 

nanocellulose reference.  Thermal decomposition behavior of CAB is only minimally altered (in 

the region preceding the main CAB decomposition) by the inclusion of nanocellulose 

reinforcements.  The amount of weight loss in this region relates to the thermal decomposition 

temperatures of the corresponding nanocelluloses in a direct way. 

The explanations underlying the performance of CAB matrix nanocomposites can be 

extended to account for the superior dynamic mechanical and creep performance properties of 

TONc-reinforced HPC compared to their MFC and CNC-reinforced counterparts (Chapter 5). 

The collective evidence from this study indicates that TONc (without the need for surface 

hydrophobization) can be expected to outperform conventional nanocelluloses when both are 

used as reinforcements in cellulose-based matrices. Evidently, the advantages gained from the 

use of TONc can be attributed to their high surface area-to-volume ratio, their capacity for 

individualization in suspension, and their multiple surface functionality. 
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Appendix A 
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Appendix B 

Calculation of Degree of Substitution, DS, from Nitrogen Content Data 

Using the Method of Vaca-Garcia et al. 

Amd 

 

Structure of unit 

Molecular formula: C6 + 18 DS H10 + 37 DS O5 N0 + DS 

DS)(014.0067(5)15.999DS)37(101.008DS)18(612.011
DS)(014.0067N content,Nitrogen 

++++++
+

=  

N from Kjeldahl analysis (three replications) = 0.0158, 0.0168, 0.0161 

ICmplx 

 

Structure of unit 

Molecular formula: C6 + 18 DS H10 + 39 DS O5 + DS N0 + DS 

DS)(014.0067DS)(515.999DS)39(101.008DS)18(612.011
DS)(014.0067N content,Nitrogen 

+++++++
+

=
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