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Lay Abstract  

Nanocellulose is a sustainable nanomaterial most commonly extracted from plants 

and trees. In recent research, nanocellulose has been shown to have potential as a 

reinforcing agent for materials such as plastics, foams, paints and adhesives. In this study, 

the potential of nanocellulose was investigated using atomic force microscopy (AFM). As 

predicted, AFM measurements indicated that nanocellulose has a high stiffness, 

supporting the substitution of this biobased material in the place of metals and synthetic 

fibres. AFM was also used to examine particle interactions in salt and soap-like 

(surfactant) solutions; changes in nanocellulose size and charge were used to support the 

findings. Negatively charged nanocellulose interacted more with positively charged 

surfactants and vice versa. Low salt and high surfactant concentrations led to high 

adhesion and better material compatibility, which is preferred. This understanding can 

help us design better nanocellulose materials for future applications. 
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Abstract 
 

In this study, the potential of nanocellulose as a reinforcing agent in composite 

materials was investigated using atomic force microscopy (AFM). AFM was used to 

probe the mechanical properties of nanocelluloses and to investigate their interactions 

and adhesion in liquid media. Amplitude modulated-frequency modulated AFM was used 

to map the mechanical properties of cellulose nanocrystals (CNCs) and cellulose 

nanofibrils (CNFs). Results showed Young’s moduli of 90 GPa and 120 GPa for CNCs 

and CNFs, respectively, which are comparable to literature values determined using other 

methods.  

Additionally, colloid probe AFM was implemented to observe the interactions 

(attractive, repulsive, steric, adhesive) between cellulose and silica colloid probes with 

anionic CNCs (containing either a Na+ or H+ counterion) and cationic CNCs. Colloid 

probe AFM measurements were carried out in five different liquid media: two salt 

solutions (NaCl and CaCl2) and three surfactant solutions (cationic 

cetyltrimethylammonium bromide, CTAB; anionic sodium dodecyl sulfate, SDS; and 

nonionic Triton X100). It was found that low salt concentrations resulted in electrostatic 

repulsion and high adhesion, whereas the reverse was observed at high salt 

concentrations. On the contrary, an increased surfactant concentration and increased 

number of surfactant aggregates (micelles, bilayers, etc.) resulted in increased adhesion. 

Surprisingly, the interactions were strongly dependent on the CNC counterion as 

surfactant adsorption seemed to be primarily driven by electrostatic interactions; CTAB 

adsorbed more to anionic CNCs, SDS adsorbed more to cationic CNCs and Triton X100 

adsorbed minimally to all CNCs. Electrophoretic mobility and particle size data showed 
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complementary results to colloid probe AFM, indicating that interactions between 

surfactants and CNC films and CNCs in suspension are closely related. This research 

suggests that CNCs have potential as reinforcing agents due to their high strength and the 

tunability of their interactions through the simple addition of salts or surfactants. This 

understanding can be directly applied in future formulation design to use nanocellulose in 

polymer nanocomposites, foams, emulsions, latexes, gels and biomedical materials. 
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1. Introduction 
1.1 Nanocellulose as a Mechanical Reinforcing Agent in Composite Systems  
 

Fibers have been used throughout history as reinforcing agents. Lately, the focus of 

reinforcing agents has turned towards nanotechnology which takes advantage of unique 

properties such as high strength-to-weight ratio, large specific surface area, quantum 

effects, and self-assembly which can only be realized by particles with nanoscale 

dimensions. Nanocellulose, a class of bio-based nanofibers derived mainly from wood, 

plants, and bacteria, has become the focus of much research due to its favourable 

mechanical properties, biodegradability, and non-toxic nature [1]. Cellulose nanocrystals 

(CNCs) are one type of nanocellulose that exhibit a very high degree of crystallinity, 

which is often associated with stiff and strong materials. Moreover, with the recent 

initiative to “go green”, nanocellulose has quickly gained popularity as a potential 

reinforcing agent for various polymers and cement systems.  

Like many bio-based materials, the two main challenges associated with 

nanocellulose are its strong sensitivity to water and its poor compatibility with 

hydrophobic matrices [2]. Despite this, researchers have incorporated CNCs into many 

composite systems and have demonstrated improved mechanical properties [3–6]. Yet 

incorporating CNCs into hydrophobic polymers remains challenging largely due to 

unknown particle-matrix interactions. Thus to improve the development of composite 

materials we seek to establish a fundamental understanding of these interactions.  

In this work, the interactions in nanocellulose–silica and nanocellulose–cellulose 

model systems (in air, salt solutions and surfactants) are probed to develop an 

understanding that will help optimize the formulation of nanocellulose composites. 
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Ideally, the knowledge gained will aid in the development of a large number of material 

systems that take full advantage of green bio-based nanofibers through enhanced 

compatibility and uniform distribution of reinforcing agents.  

1.2 Atomic Force Microscopy as a Mechanical Measurement Technique 

Atomic force microscopy (AFM) is a scanning probe microscopy technique that 

was first developed as a topographical technique to extend the capabilities of scanning 

tunneling microscopy to nonconductive surfaces. AFM employs a cantilever with a sharp 

tip that causes the cantilever to deflect when rastered across a surface. The deflection of 

this cantilever is recorded and translated into a topographical map.  

Since its development, AFM functionality has been extended beyond just 

topographic measurements to include measurements of conductivity, indentation, 

mechanical properties, magnetic fields and numerous spectroscopy techniques [7]. The 

AFM has also permitted the development of techniques that do not rely on topographical 

information such as lithography, friction and interaction force measurements [8]. Recent 

advances have further allowed for the detection of nanomechanical characteristics by 

amplifying what are normally subtle changes in the cantilever deflection [9].  

Additionally, the replacement of the sharp tip with a colloidal particle (ca. 1- 50 µm) 

allows researchers to probe a wide range of materials, detect smaller forces, and compare 

measurements to established theories. Of these techniques, force measurements, in which 

the cantilever is moved vertically to and from the surface, is of great interest as it can 

provide insight into fundamental surface interactions such as DLVO, steric, electrosteric, 

hydrophobic, and solvation interactions. 
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1.3 Research Objectives 

This work strives to resolve the issues surrounding the development of novel 

nanocellulose composites first by comparing mechanical properties of two nanocellulose 

types using amplitude modulated-frequency modulated AFM imaging (AM-FM AFM) 

and secondly by elucidating the links between cellulose nanocrystal surface chemistry 

and adhesion using AFM force measurements. 

 

Mechanical Measurements by AM-FM AFM: 

This work presents the first AM-FM AFM measurements of nanocelluloses. This 

technique accurately measures the elastic modulus using a small sample set and greatly 

improves upon other measurement methods, which require large sample volumes and 

offer non-trivial preparation and analysis procedures.  

 

Surface Force Measurements by Colloid Probe AFM: 

The goal of this work is to learn what properties influence cellulose nanocrystal 

interactions using colloid probe AFM force measurements in salt and surfactant solutions. 

The findings in this project may guide predictions of cellulose nanocrystal behaviour in 

emulsions, gels, foams, latexes, composites and biological systems.  

1.4 Thesis Outline 
 
The content of this thesis is divided into seven chapters, including the Introduction. 

Chapter 2 presents a literature review discussing the preparation and characterization of 

nanocellulose materials along with an overview of AM-FM AFM and direct surface force 

measurement using colloid probe AFM. Chapter 3 summarizes the experimental 
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procedures and characterization techniques used in this research. Chapter 4 presents the 

results and discussion of AFM imaging using AM-FM AFM mode where an elastic 

modulus for cellulose nanofibrils (CNFs) and cellulose nanocrystals (CNCs) is 

determined. Chapter 5 presents results and discussion of direct surface force 

measurements of CNC surfaces using colloid probe AFM – focusing on approach curves 

only. Experiments were done in salt and surfactant solutions for which the electrostatic 

interactions and the presence/absence of surfactant aggregates at the surface are also 

discussed. The results gathered are compared to changes in CNC surface charge and 

apparent size in the presence of surfactants, as measured by electrophoretic mobility and 

NanoSight particle tracking analysis, respectively. Chapter 6 presents results and 

discussion for the direct surface force measurements of CNC surfaces using colloid probe 

AFM – this time focusing on retraction curves only, to elucidate adhesive behavior in the 

presence of salt and surfactant solutions. The occurrence of adhesion, or lack thereof, is 

discussed with respect to the approach force measurements presented in Chapter 5. 

Concluding remarks and suggestions for future work are presented at the end of chapters 

4, 5 and 6 and a general conclusion for the entire thesis is given in Chapter 7.  
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2. Literature Review 
2.1 Cellulose  

Cellulose, the most abundant polysaccharide on earth, is the main structural 

framework of higher order plants, such as trees, making it a renewable, sustainable and 

carbon neutral material. Other than trees, cellulose serves as a key structural component 

of plants as well as some fungi, algae and sea life (ie. tunicate) [10]. It is also produced 

by some bacteria, where it is excreted to form an external network or as a mode of 

propulsion [11]. This abundance and adaptability has led cellulose to be used in a wide 

variety of applications ranging from traditional paper and board products to fillers in 

pharmaceuticals and even biomedical devices. The ability of cellulose to impart structural 

support has sparked the interest of many researchers looking for a renewable resource to 

enhance strength either as a support material or as a functional filler in composites. 

Cellulose is a linear polymer made up of glucose rings (anhydro-D-glucose) 

linked together covalently. This is done via an oxygen at the C1 position of one glucose 

ring and the C4 position of the other glucose ring resulting in a β-1,4-glycosidic bond. 

This in turn forms the repeat unit of cellulose: cellobiose, as seen in Figure 2.1 [1]. 

 

Figure 2.1: Cellulose repeat unit cellobiose, where n is the number of repeat units in the cellulose chain and the 
numbers indicate the carbon position on the anhydro-D-glucose rings. 

The number of cellobiose units per cellulose chain, or degree of polymerization 

(n), is a property-inherited from the cellulose source. Some sources and their respective 

degree of polymerization are listed in Table 2.1.  
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Table 2.1: Cellulose sources and corresponding degree of polymerization, where n is the number of cellobiose 
units. Adapted from [12]. 

Cellulose Degree of Polymerization (n) 

Wood of various species 6,000-10,000 

Pulp 500-2,000 

Sulfate pulp 950-1,300 

Cotton 10,000-15,000 

Cotton linters bleached 1,000-5,000 

Bacterial cellulose 4,000-6,000 

Textile flax 9,000 

Rayon 300-500 

Cellophane 300 

Cellulose acetate 200-350 
 

Figure 2.2 shows the hierarchical structure of cellulose within a tree. Plants 

produce the cellulose “building blocks” by using carbon dioxide and water, whereas 

bacteria, algae and fungi build cellulose by using sugars.  Hydrogen bonding and van der 

Waals (VDW) forces between adjacent cellulose chains during biosynthesis promote 

stacking of the chains into elementary fibrils which then further aggregate into 

macrofibrils, this goes on to become key components in the plant structure as seen in 

Figure 2.2.   
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Figure 2.2: Hierarchical structure within a tree. Reproduced from [13]. 

 
During the industrial revolution, cellulose and its derivatives were investigated 

intensely for their important properties and potential applications [14]; the same trend is 

true today for nanocellulose. 

2.2 Nanocellulose  

Nanocellulose is a sub class of cellulosic materials and generally includes cellulose 

nanofibrils (CNFs), cellulose nanocrystals (CNCs) and bacterial cellulose (BC). CNFs are 

always plant-derived and produced through mechanical disintegration processes. CNCs 

can be extracted from plants, bacteria, algae and animals but always by chemical 

methods. BCs refers to the nano-scale ribbons synthesized directly by Gluconacetobacter 
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xylinus [13]. The classification of nano comes from the materials having a width (or both 

length and width) in the nanometer range as shown in Table 2.2.  

Table 2.2: Typical length, width and aspect ratio for cellulose nanofibers, cellulose nanocrystals from cotton and 
wood, and bacterial cellulose. 

Nanocellulose type Length  
(nm) 

Width  
(nm) 

Aspect ratio  
(L/d) Reference 

Cellulose nanofibrils 500-2000 4-20 25-500 [13] 

Cellulose 
nanocrystals  

from cotton 100-210 5-10 10-42 

[15] 

from wood 100-300 3-5 20-100 

Bacterial cellulose many microns 20-100 >1000 µm [16] 
 

Recently nanocellulose has attracted considerable attention, which is attributed to 

its availability, renewability, high strength-to-weight ratio and biocompatibility [3,17]. 

Nanocellulose has been shown to be adaptable to many applications however currently 

very few commercial products exist. Applied research with nanocellulose generally 

focuses on nanocomposites and hybrid materials, and more specifically packaging, gels 

and foams with CNFs, coatings and rheological modifiers with CNCs, and biomedical 

and wound healing applications with BC. Table 2.3 provides a list of some potential 

applications for the three major types of nanocellulose.  
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Table 2.3: Potential applications of nanocellulose by nanocellulose type ranging from fillers to standalone 
devices. 

Nanocellulose type Application Reference 

Cellulose nanofibrils 

Hydrogels [13] 

Packaging and barrier 
coating [18] 

Composites [1,19] 

Cellulose nanocrystals 

Hydrogels and aerogels [20–23] 

Coatings [13,24] 

Chiral nematic films/ 
templates [25] 

Emulsions [26] 

Drug delivery [27,28] 

Tissue engineering [28,29] 

Energy storage [30,31] 

Water treatment [32] 

Composite materials [1,33,34] 

Bacterial cellulose 

Hydrogels (and wound 
healing) [1,35,36] 

Films [37] 

Thickeners for foods [1] 

Food (Nata de coco) [1,38] 

 

2.2.1 Cellulose Nanofibrils  

Cellulose nanofibrils, also known as nanofibrillated cellulose (NFC) or 

microfibrillated cellulose (MFC), are plant-based cellulose fibers broken down to the 

micron and nanoscale. Nanocellulose research and industrial production in Europe and 
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Japan has primarily focused on CNFs whereas the North American attention has been on 

CNCs [39]. CNFs, which consist of both amorphous and crystalline cellulose regions, are 

made through mechanical processes with high shear, sometimes combined with chemical 

or enzymatic pretreatments [40] and non-harsh chemical processes which lead to the 

degradation of cellulose. There are a variety of mechanical disintegration methods to 

produce CNFs including: high-pressure homogenization, grinding, cryocrushing, and 

high-intensity ultrasonication [1,5,16].  

CNFs can be thought of as a “spaghetti-like” form of nanocellulose where the 

fibrils have significant flexibility and can easily entangle. They are stable as colloidal 

suspensions in water due to surface charged groups which either stem from residual 

hemicelluloses, or carboxyl or carboxymethyl groups introduced onto the surface during 

chemical pretreatment [41–43]. CNFs can be further broken down to CNCs with acid 

hydrolysis or oxidation, but this is an energy/cost intensive method and therefore an 

uncommon route to CNC production. Current industrial efforts are focused on reducing 

the energy of production for CNFs through chemical pretreatment, improved mechanical 

equipment and the addition of mineral grinding agents that may aid in the intended 

applications [44,45]. 

2.2.2 Cellulose Nanocrystals 

Canada is currently the world-leader in the industrial production of CNCs with ton-

per-day capabilities, soon to be even larger [46,47]. CNCs are rigid rod-shaped 

nanoparticles, or more “rice-like” compared to CNFs, and are highly crystalline cellulose 

in the native cellulose I crystal form. While there are different methods to produce CNCs, 

such as enzymatic hydrolysis, oxidation with ammonium persulfate, ionic liquid 
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treatment, sub and super-critical water treatment, and hydrolysis with gaseous acid, liquid 

acid hydrolysis is the most common process [1]. Acids such as sulfuric, hydrochloric, 

acetic, hydrobromic [3], citric or phosphoric acid [3,13,48] can be used to hydrolyze 

cellulose, where the amorphous regions are preferentially degraded and the crystalline 

regions are isolated into nanocrystals as shown schematically in Figure 2.3.  

 
Figure 2.3: The use of acid hydrolysis to separate the crystalline regions of cellulose leaving isolated 

nanocrystals. Reproduced from [49]. 

The hydrolysis reaction mechanism where the proton from the acid attacks the ester bond 

between glucose units is shown in Figure 2.4. 
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Figure 2.4: General mechanism for the acid hydrolysis of accessible (i.e. amorphous) cellulose to produce CNCs. 
Reproduced from [50]. 

 
Sulfuric and hydrochloric acid are the most commonly used acids and lead to 

cellulose nanocrystal surfaces with sulfate half esters in the case of sulfuric acid, or no 

grafted surface groups in the case of HCl; in some cases HCl hydrolyzed CNCs can have 

carboxyl groups introduced using (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) 

oxidation, as shown in Figure 2.5 [51]. These surface groups dictate how the nanocrystals 

behave in suspension, in chemical reactions and for drying/redispersing purposes. 
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Figure 2.5: Surface functionality of acid hydrolyzed cellulose by either hydrochloric acid followed by TEMPO 
oxidation or by sulfuric acid. Reproduced from [51] . 

 
Sulfuric acid hydrolyzed CNCs are the most studied due to their high yield and the 

colloidal stability above pH 2.5, whereby sulfate half esters are dissociated giving CNCs a 

negative surface charge.  Industrially produced CNCs currently use sulfuric acid, which is 

low cost and can be recycled. While microcrystalline cellulose (MCC or Avicel used as 

pharmaceutical excipients) is produced industrially using hydrochloric acid, it is only a 

partial hydrolysis leaving aggregated crystalline cellulose particles of undefined size and 

shape. Harsher hydrochloric acid conditions are needed to produce rod-shaped particles 

but the product yield is generally low and due to the lack of surface charged groups, the 

CNCs are unstable in suspension and tend to aggregate irreversibly.  

To enhance the shelf life of sulfuric acid hydrolyzed CNCs in suspension, acid form 

CNCs (H-CNCs, i.e. where the sulfate half ester group has a proton as the counterion, –

OSO3
-H+, shown in yellow in Figure 2.5) are often neutralized from their acid form to a 

salt form through the addition of a base. Most commonly NaOH is added which displaces 

hydrogen on the sulfate half ester converting H-CNCs to sodium-form CNCs (Na-CNCs). 

This neutralization process has been found to reduce the degradation of CNCs over time, 

decrease the auto-catalyzed desulfation of CNCs (which leads to loss of colloidal 

stability), and also reduces the hydrogen bonding between CNCs when dried, which 
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means that the Na-CNCs can much more easily be redispersed into stable aqueous 

suspensions after drying compared to H-CNCs [52].   

The type of acid used to extract CNCs imparts a unique surface chemistry that 

contributes to the CNCs' physical and chemical properties. Although, due to their low 

surface charge, CNCs produced using phosphoric acid (P-CNCs) and hydrochloric acid 

(HCl-CNCs) are less colloidally stable in suspension than CNCs produced using sulfuric 

acid. It has been seen that both P-CNCs and HCl-CNCs have a higher thermal stability 

than sulfuric acid-extracted CNCs, with P-CNCs being the most thermally stable [53]. 

However, CNCs produced by all methods share a few fundamental physical properties: 

they are rod-shaped anisotropic particles which have a large dipole moment, piezoelectric 

properties [54], and align in electric and magnetic fields [55]. Importantly, CNCs are 

chemically inert, and do not dissolve easily, such that to interrupt H-bonding, 

hydrophobic interactions and the crystalline structure of CNCs requires unconventional 

solvents (such as ionic liquids) or mixed solvent systems (like LiCl/N,N-

dimethylacetamide) [13,56]. The most discussed property of CNCs is probably the 

Young’s modulus (~70 GPa) which has been shown to be similar to that of Kevlar (60-

125 GPa) and accounting for material density, as a ratio between the Young’s modulus 

and density, CNCs (65 GPa cm3/g) are often said to be stronger than steel (25 GPa cm3/g) 

[57,58]. These properties offer diverse application potential and ways to process CNCs 

into structured and functional materials [59,60]. 

2.2.3 Limitations of Nanocellulose in Nanocomposites 

Although nanocellulose is seen as a material with great potential, particularly as a 

reinforcing agent in nanocomposites, it has some drawbacks in terms of compatibility. 
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Cellulose is hydrophilic due to the high density of surface hydroxyl groups (three per 

anhydroglucose unit) and does not interact well with most hydrophobic polymers and 

non-polar solvents. Furthermore, for some applications/processing, such as melt-

compounding, the heat tolerance of cellulose is insufficient. These drawbacks of 

nanocellulose have led to significant research focused on increasing the dispersabilty and 

stability of nanocellulose in solvents and polymer matrices which are typically used 

during the production of nanocomposites [1]. Fortunately, CNCs can be easily modified 

based on their surface “chemical handles” which facilitate chemical reactions and 

physisorption of molecules that can help compatibilize cellulose with other materials. 

2.2.4 Surface Modification of Nanocellulose 

Literature demonstrates a variety of physical and chemical modification routes for 

nanocellulose with the goal to increase compatibility with solvents and polymers; this is 

summarized in a comprehensive review by Habibi [61]. Physical adsorption with 

polysaccharides, hydrophilic polymers, polyelectrolytes and surfactants (or bulky 

amphiphilic salts) presents a straightforward and water-based functionalization strategy 

which is likely more industrially feasible than the chemical modification routes discussed 

below. For example, our group has recently shown that the coupling of cationic surfactant 

cetyl trimethlyammonium chloride (CTAB) to CNCs through ionic interactions can be 

controlled through solution parameters and the modified CNCs can be dispersed in 

increasingly non-polar solvents [62]. Similar studies with surfactants have been done by 

others showing the compatibilizing nature of surfactant adsorption [63–68]. From a 

compounding perspective, it has been demonstrated that modification of CNCs with 
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surfactants can lead to better thermal stability and dispersability of modified CNCs in, for 

example, polylactic acid [69] polystyrene [6] and polypropylene matrices [70]. 

Chemical modification of the surface of nanocellulose by small molecules 

(esterification, silylation, cationization) or polymers can be done by following well-

known carbohydrate chemistry; some of the routes are illustrated in Figure 2.6. Grafting 

polymers either from the surface [33,71–74] or to the surface [75] are possible but are 

often limited by the need to work in solvents where nanocellulose is colloidally unstable, 

are multistep/multi-purification processes or result in low grafting yields. While both 

physical and chemical modification methods share the same compatibilization end goal, 

polymer grafting or chemical modification can also have the benefit of adding 

functionality such as responsive behavior, fluorescence, conductivity, etc.  
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Figure 2.6: Cellulose nanocrystal surface modification routes where red arrows indicate surface modification, 
blue arrows graft to and yellow graft from polymerization. [PEG: poly(ethylene glycol); PEO: poly(ethylene 
oxide); PLA: poly(lactic acid); PAA: poly(acrylic acid); PNiPAAm: poly(N-isopropylacrylamide);and 
PDMAEMA: poly(N,N-dimethylaminoethyl methacrylate)]. Reproduced from [48] and similar modification 
routes are available for CNFs [5]. 

2.2.5 Nanocellulose Properties and Characterization Techniques 

Characterization of nanocellulose often includes many sophisticated instruments 

such as dynamic light scattering (DLS), NanoSight single particle tracking analysis 

(NTA), atomic force microscopy (AFM), polarized optical microscopy, electron 

microscopy, electrophoretic mobility (EM), conductometric titrations, x-ray diffraction 
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(XRD), elemental analysis, neutron/x-ray scattering and x-ray photoelectron spectroscopy 

(XPS). Before one starts working with a material it is important to characterize it and 

understand what it is that they are working with. The information obtained from these 

techniques, their theory, limitations, and average values for CNCs are listed Table 2.4. 
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2.3 Surfactants 

The term “surfactant” is an abbreviation for surface-active agent, meaning that 

surfactants are molecules that are active at interfaces, which results in a lowering of 

interfacial tension. An interface is the boundary between two immiscible phases, be it 

solid/vapour, solid/liquid, solid/solid, liquid/vapour or liquid/liquid. The preference of 

surfactants for the interface is due to their amphiphilic nature, having one 

hydrophilic/polar end (typically the head) and a hydrophobic/non-polar end (typically the 

tail/tails) as shown in  Figure 2.7. 

   

  Figure 2.7: A typical surfactant structure with a hydrophilic head and hydrophobic tail. 

 
Due to their preference for interfaces and chemical asymmetry, increasing the 

amount of surfactant in a liquid decreases the surface tension of that liquid, while 

increasing osmotic pressure until a plateau is reached and further surfactant addition does 

not lead to changes in surface tension or osmotic pressure [88]. The surface at this point 

is, in a sense, saturated with surfactant. Surfactant molecules added beyond this point 

start to aggregate and form various structures, the most common are spherical micelles 

[88]. The concentration where this transition occurs is called the critical micelle 

concentration, CMC (or critical aggregation concentration for non-micelle forming 

surfactants), and depends on the surfactant structure and chemical make-up.  

 Surfactants can be classified by their head groups which fall into four different 

categories: cationic, anionic, zwitterionic and nonionic, where the cationic and anionic 

surfactants are accompanied by counter ions as seen in Figure 2.8 [88]. The difference in 
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both the head and tail group, for example the number, length and structure, plays a big 

role in how the surfactant behave in solution, structures at the interface and the 

morphology of the aggregates [89].  

  

Figure 2.8: A schematic showing the four classes of surfactants: cationic, anionic, zwitterionic, and non-ionic. 

2.3.1 Morphology  

In aqueous solutions, at concentrations below the CMC, surfactant molecules quickly 

migrate and adsorb at the air/water or solid (container)/water interface where they orient 

to minimize the contact between the hydrophobic parts (tails) of the surfactant and the 

hydrophilic solvent (water) [89]. This adsorption of surfactant at the interface helps to 

keep the surfactant from being completely expelled from the surface and changes the 

properties of the interface. The surfactant molecules tend to form a film of single 

molecules at the air/liquid interface or micelles that pack closer and closer together at the 

liquid/solid surface until the CMC is reached [88]. At the CMC, the formation of 

micelles, where the hydrophobic groups face the inside of the aggregate and the 

hydrophilic groups face the outside, starts. The formation of micelles is an entropy driven 

process governed mainly by hydrophobic interactions [90]. Depending on the 

hydrophobic interactions of the non-polar ends, molecular packing (due to steric 

hindrance) of the tails, and the electrostatic repulsion between the polar ends, the shape of 

the surfactant aggregates ranges from lamellar, Figure 2.9 A, to spherical, Figure 2.9 B, 

to cylindrical, Figure 2.9 C [88,91]. Reverse micelles, Figure 2.9 D, occur in hydrophobic 
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solvents or when the tail group of the surfactant is more hydrophilic that the head group. 

At concentrations significantly higher than the CMC, micelles are forced to pack into 

larger structures, known as mesostructures, such as bicontinuous structures, Figure 2.9 E, 

or hexagonal arrays, Figure 2.9 F [91].  

 

Figure 2.9: Typical surfactant structures and mesostructuers where (A) is lamellar, (B) spherical micelle, (C) 
cylindrical micelle, (D) reverse micelle, (E) bicontinuous mesostructure and (F) a hexagonal array. Adapted 
from [91]. 

In the literature, three surfactants: CTAB, sodium dodecyl sulfate (SDS), and Triton 

X-100 (TX100) have been studied extensively and are often studied together to offer a 

complete picture of surfactant interactions [90,92–94]. CTAB (Figure 2.10) is a cationic 

surfactant with a CMC of 1 mM in water at room temperature and a micelle diameter of 3 

nm [90]. Typical uses of CTAB are in cosmetics, such as hair conditioners [95,96], and 

as templates, i.e.. for gold nanoparticle synthesis [97].  

 

Figure 2.10: The chemical structure of cetyltrimethylammonium bromide. 

SDS (Figure 2.11) is an anionic surfactant with a CMC of 8.2 mM in water at room 

temperature and a micelle diameter of 1.5 nm [98]. Typical uses of SDS are shampoos, 

biological cell lysis/gel electrophoresis, and detergents [99]. 
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Figure 2.11: The chemical structure of sodium dodecyl sulfate.  

TX100 (Figure 2.12) is a nonionic surfactant with a CMC of 0.24 mM in water at 

room temperature and a micelle diameter of 5.4 nm [100–102]. Triton X-100 has a 

hydrophobic head and a hydrophilic tail and no charged groups, in contrast to CTAB and 

SDS. Typical uses of TX100 are pharmaceuticals, cleaning solutions, and dispersant for 

biological cells [100].  

 

Figure 2.12: The chemical structure of Triton X where n for Triton X-100 is an average of 9.5 ethylene glycol 
units. 

2.3.2 Surfactants as Additives 

Amphiphilic properties make surfactants ideal for compatibilizing and linking 

boundaries between hydrophilic and hydrophobic substances leading to a wide variety of 

uses. Applications range from detergents and coating products such as paints, to 

pharmaceuticals and food as depicted in Figure 2.13 [103]. Among the many applications 

of surfactants is their application with cellulose and paper products.  
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Figure 2.13: A general list of surfactant applications. Reproduced from [103]. 

 

2.3.3 Surfactants and Cellulose 

The interactions between cellulose and surfactants have been long studied, for 

example, various surfactants are used in the recycling of paper products in the deinking 

processes [104,105], and in the production of tissue and antistatic paper [106–108]. 

Cellulose-surfactant interactions are greatly influenced by surface charge, surfactant tail 

length, ionic strength and the concentration of components in solution [109–111]. On a 

smaller scale, surfactants with micro or nanocellulose have been studied for the 

production of gels [64,94,112], emulsions [113], functional materials such as adsorbents 
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for organic molecules and antiseptic coatings  [62,114–116], and to improve the 

compatibility of cellulose in composites [68,70,117,118].  

CNCs were the first nanocelluloses to be modified with surfactants, as presented 

by Heux and coworkers. Their study aimed to improve CNC dispersion in hydrophobic 

materials by using an ethoxylated phosphoric ester of nonylphenol surfactant, 

commercially known as Beycostat NA (BNA) [63,65]. Continuing this work, CNCs 

modified with BNA or a variant Beycostat A B09, shown in Figure 2.14, were used to 

produce CNC-polymer composites with polypropylene and polylactic acid [69,117–120]. 

While the adsorbed surfactant increased the CNC dispersion, the surfactant had adverse 

effects to the polymer matrix itself. Similar surfactant-modified CNCs were also 

dispersed in organic solvents and their self-assembly and alignment in an electric field 

were studied [116,121,122].  

 

Figure 2.14: Chemical structure of the Beycostat series of commercial surfactants. Chemical structure 
reproduced from [116]. 

 
Following those works, Salajkova et al. and Abitbol et al. modified CNCs with 

bulky amphiphilic cations, i.e. quaternary ammonium salts with increasing alkyl chain 

lengths on COOH-CNCs and CTAB on sulfuric acid-extracted CNCs, respectively 

[62,66]. In both reports, the adsorption of cationic surfactant to the surface of CNCs 

allowed for re-suspension in non-polar solvents and furthermore, preserved the CNC 

liquid crystalline properties [16]. In another example, Hu et al. showed that the addition 

of cationic CTAB or didecyldimethyl ammonium bromide increased the stability and 
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tailorability of CNC-stabilized Pickering emulsions by increasing the hydrophobicity and 

surface activity of CNCs [113]. Nagalakshmaiah et al. demonstrated that CNCs modified 

using hexadecyl trimethylammonium bromide could be incorporated into a 

polypropylene matrix at high loadings (10 wt % CNCs) without discoloration upon 

thermal treatment, whereas, it was shown that a 3 wt % CNC-polypropylene composite 

without surfactant discolored after heating (Figure 2.15) [70].  

 

Figure 2.15: Blends of CNCs modified with hexadecyl trimethylammonium bromide and neat CNCs with 
polypropylene (PP) and neat PP processed by compounding at 190 °C in a double screw set-up. Image 
reproduced from [70]. 

Non-ionic surfactants have also been shown to help in the dispersion of CNCs in a 

polymer matrix. Through the addition of sorbitan monostearate (span-60), a nonionic 

surfactant, Kim et al., created CNC-polystyrene suspensions in THF [6]. The suspensions 

showed decreasing turbidity with increasing surfactant content, likewise the solvent cast 

films from these suspensions showed a macroscopic increase in CNC dispersion with 

increasing surfactant content [6]. Extending this study further, Rojas et al. electrospun 

CNC-polystyrene nanocomposite fibers form a THF suspension with the help of span-60. 

A control without surfactant showed that the HCl-hydrolyzed CNCs aggregated into 
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clusters that appeared along the spun fiber but upon addition of surfactant, smooth fibers 

were produced as shown in Figure 2.16 [4].  

 

Figure 2.16: SEM micrographs of electrospun fibers of polystyrene and 6 wt % CNCs, (A) without surfactant 
(B) with surfactant, from a THF suspension. Figure reproduced from [4]. 

Other than improving CNC dispersibility in polymers, understanding surfactant-

cellulose interactions can lead to functional materials, such as cellulose and surfactant 

complexes. Aloulou et al. showed that the adsorption of cationic surfactants (like CTAB) 

to the surface of cellulose fibers (~200 µm in length) facilitated the adsorption of 

hydrophobic materials to the fiber surface [114,123]. For example, 2-naphthol, benzene 

and quinolone were effectively removed from aqueous media by surfactant-modified 

fibers, extending potential applications of cellulose fibers to water treatment [114]. It was 

also shown that increasing the chain length of the surfactant increased the affinity of the 

surfactant to move to the surface, such that the local surfactant concentration on the 

surface could surpass the CMC and increase the amount of organic compounds removed 

from the aqueous environment [114]. In a similar study using CNCs, CTAB modification 

was used to couple anti-cancer drugs to CNCs for controlled release applications [124]. 

Interestingly, it has been demonstrated that the interaction of surfactants with 

CNCs versus CNFs is not always the same; in a study by Quennouz et al. neutral 
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surfactants such as Triton X-100 and Pluronic F68 were shown to have no effect on 

CNFs’ natural tendency to gel, whereas ionic surfactants such as cationic 

dodecyltrimethyl ammonium bromide (DTAB) and SDS destabilized the gel [94]. 

However, through rheology it was seen that anionic sodium lauryl ether sulfate (SLES, 

Figure 2.17) enhanced the stability of the CNF gels, a property that is attributed to the 

ethylene chain between the head and tail group, as this was the only chemical difference 

from other surfactants tested and the main difference between SDS and SLES. This is in 

contrast to Hu et al. that showed that strong polysaccharide-CNC gels could be 

destabilized by the addition of SDS or TX100 (because the surfactant removed the 

polysaccharides adsorbed to the CNC surface), however, cationic CTAB bound to and 

improved the gels overall [92]. While the adsorption of surfactants to cellulosic materials 

can extend the possible applications, these studies highlight the delicate balance of 

cellulose and surfactant type and that other components such as salts, polymers, etc. will 

also play a significant role in controlling suspension properties and compatibilization. 

 

Figure 2.17: Chemical structure of sodium lauryl ether sulfate where n = 3. Figure reproduced from [94]. 

2.4 Atomic Force Microscopy (AFM) 

2.4.1 Introduction 

AFM is a scanning probe microscopy (SPM) technique which was first developed 

by Binnig et al. to extend the imaging resolution of scanning tunneling microscopy 

(STM) to nonmetallic or insulating materials [125]. Since then, the AFM has evolved to 

become a technique that is regularly used to measure not only topography but also 
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mechanical, surface and chemical properties of all types of molecules, nanoparticles, and 

materials. In addition, AFM has been used as a tool for lithography, etching and 

deposition to create micron to nanoscale patterns [126,127]. AFM has been a key 

enabling technique in the development of nanoscience and nanotechnology [128]. 

2.4.2 AFM Mechanics 

The AFM instrument consists of a spring like cantilever with a sharp tip, which is 

used to probe the surface of a moving sample, a laser and photodiode detector to track the 

movement of the cantilever, and a stage embedded with piezoelectric positioners, which 

rasters the sample of interest under the tip. The typical AFM set-up is shown in Figure 

2.18.  

  

Figure 2.18: A simplified AFM setup. Adapted from Wikipedia Commons. 

The sample is placed on top of a stage, which moves it back and forth. The 

movement of the tip, deflection of the spring like cantilever with respect to surface 

features, is measured using a laser beam reflected off the back of the AFM cantilever into 

a 4-quadrant photodiode [8]. These measurements are mapped pixel by pixel into lines as 
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the sample moves under the AFM tip consecutively building line upon line in order to 

produce an image of the sample surface. 

AFM is widely used and capable of providing a range of surface properties. 

Topographical data can be collected in either contact mode, where the AFM tip drags 

across the surface (often used for hard surfaces) or tapping mode, where the AFM tip 

makes intermittent contact with the surface (useful for all types of surfaces, even very 

delicate samples such as DNA). In tapping mode, also called amplitude modulated (AM) 

or alternating current (AC) mode, the cantilever is oscillated at its resonant frequency and 

the drive frequency and amplitude are held constant by adjusting the distance between the 

AFM tip and the sample surface through a feedback loop. The contact time between the 

tip and surface and how hard the tip is tapping can be adjusted to minimize tip dulling 

and sample damage.  

Typical data collected in tapping mode are height, amplitude, phase and z-sensor 

position. The height data is the height change of the piezoelectric scanner in the vertical 

(z) direction needed to keep the cantilever oscillation amplitude constant as it move 

across the sample. The amplitude channel records the change in amplitude with position 

as the AFM tip tracks the sample surface. Since the amplitude is a set parameter, this data 

is essentially an error measurement. Due to the high sensitivity to the changes in the x 

and y plane, amplitude data can be used to show fine features and can often give a visual 

representation of sample morphology, but should not be used for any quantitative 

measurements. Phase data, which corresponds to the phase shift in, or stability of the 

cantilever oscillation, can be used to monitor changes in the sample material properties. 

This data can be related to various properties such as sample modulus, adhesion, 
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toughness etc. however, definitive and quantitative interpretation of this data is not 

currently possible. The z-sensor data records the same information as the height data 

when the feedback loop is working perfectly. 

2.4.3 Advanced Mode: Amplitude Modulated-Frequency Modulated AFM 
 

Amplitude modulated–frequency modulated AFM mode  (AM-FM AFM) is a 

bimodal AFM technique that can be used to quantitatively measure the mechanical 

properties of a sample, most commonly the Young’s modulus. The technique is an add-

on to AM (tapping) mode where it combines the signal of the first resonance frequency, 

AM mode, and a higher resonance frequency, FM mode, of a cantilever to extract 

additional information during AFM imaging. Resonating at a higher frequency, typically 

the second resonance frequency, gives a better indication of tip surface interactions by 

amplifying the information received at higher frequencies, such information is otherwise 

undetectable or difficult to interpret [128–130].  

The set-up for AM-FM mode is the same as tapping mode except that it requires a 

high frequency specific cantilever holder, and that the signal that is used to drive the 

cantilever is a combination of both the fundamental (first harmonic, F1) and a higher  

(usually the second or third harmonic, F2) frequency. As a result of the combined signal 

input, the output signal, collected as cantilever deflection, is also a combined signal that 

is deconvoluted and displayed as maps of the scanned surface (Figure 2.19) [128].  
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Figure 2.19: Schematic of bimodal AFM measurement where the subscript 1 refers to information gathered 
using the first resonance or AM mode and 2 refers to information gathered using the second resonance or FM 
mode. Reproduced from [128]. 

AM-FM collects changes in the sample through the AFM cantilever dissipation, 

frequency and indentation from the higher frequency in addition to height, amplitude, 

phase and z-sensor trace and retrace data from the first frequency. A stiffer sample will 

shift the F2 signal to a value larger than the frequency setpoint (second or third harmonic, 

f0,2) whereas a softer sample shifts it lower. This shift in frequency (Δf2) can be used to 

calculate the corresponding material elasticity expressed as the Young’s modulus using 

Equation 2.1 derived from Hertz contact mechanics, 

 !!"" = −Δ!2 !2
!0,2!!

   Equation 2.1  

Where Eeff is the local Young’s modulus of the tip-surface interface, k2 is the stiffness of 

the second mode, and rc is the contact area between the surfaces [9]. 
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 In one of the first AM-FM AFM studies published, the technique was shown to 

quantitatively identify the location of polymers in a blend based on their Young’s moduli 

as shown in Figure 2.20 [9]. 

      

Figure 2.20: AM-FM images (15 µm scans) of polymer surfaces; (a) polypropylene (PP), polyethylene (PE), 
polystyrene (PS) blend, (b) ultra-high molecular weight polyethylene (UHMWPE), used as a reference for the 
Young’s modulus, (c) a histogram of the frequency shifts taken from a section of the AFM image and (d). the 
calculated Young’s modulus based on the change in frequency. Reproduced from [9]. 

 Lamour et al. used AM-FM AFM to determine the axial and radial Young’s 

moduli of mouse prion nanofibrils (Figure 2.21). In this study, it was demonstrated that 

the Young’s modulus of a very soft structure such as prions can be measured using AM-

FM with good agreement to literature [131]. 
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Figure 2.21: Selected AFM images of phase, dissipation and elasticity for mouse prion nanofibrils on a polymer 
blend of polystyrene (PS) and low-density polyethylene (LDPE), used as a reference and a histogram of the 
measured Young’s moduli. Reproduced from [131]. 

 

2.5 Surface Forces and Colloid Probe Microscopy  

2.5.1 Surface Forces  

Surface and intermolecular forces govern the fundamentals of matter. By studying 

these fundamental aspects we strive to understand and gain new knowledge on how 

particles and molecules interact in contact and in close proximity. There are various 

surface forces and techniques used to measure them. This work focuses on measuring 

DLVO and adhesion forces using colloid probe AFM. 

2.5.2 DLVO  

DLVO theory is named after Derjaguin, Landau, Verwey and Overbeek – four 

scientists who simultaneously worked to understand fundamental particle interactions in 

1945. The theory describes the interactions between charged particles in liquid media and 

is generally used to predict colloidal stability [132,133]. DLVO interactions include 

attractive VDW and repulsive electrostatic double layer forces between particles of the 

same composition (i.e., symmetric systems). The theory also applies to asymmetric 

systems where repulsive VDW and attractive double layer forces can also exist. VDW 

forces are always present short range interactions (attractive or repulsive) between 
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electrically neutral species, i.e. interactions that are not due to covalent bonds or 

electrostatic interaction between ions; there are three contributions to VDW forces: 

interactions due to two permanent dipoles known as Keesom (permanent-permanent 

dipole) interactions, interaction between a permanent dipole and dipole induced by the 

proximity of the permanent dipole known as the Debye (permanent-induced dipole) 

force, and the interaction between a fluctuation dipole and its induced dipole know as the 

London dispersion (dipole-induced dipole) force. VDW forces can be calculated using 

Hamaker theory, Equation 2.2, which accounts for the pairwise interactions of particles.  

 !!"# = − !
12!!2

   Equation 2.2  

Here WVDW is the VDW interaction energy, A is the Hamaker constant of the materials, 

and D is the distance between two planar surfaces. The Derjaguin approximation, 

Equation 2.3, can be used to derive the VDW interaction energy for non-planar surfaces, 

including spheres and crossed cylinders with radius R [134,135]. 

!!"# ! = ! ! !"!!"!!!"#$%
!!" = ! ! !"!!"!!!"!!"!

!! !!!!
!!!!!

= !(!)!"#$$%& !"#$%&'()
!! !!!!

     Equation 2.3  

Electrostatic double layer forces result from the osmotic pressure that arises when 

two surfaces approach each other due to counter ions at charged surfaces in aqueous 

media. The balance between Coulombic forces attracting ions to the surface and the 

entropic drive to spread them away creates a diffuse shell of ions called the double layer 

[136]. The double layer thickness (also called the Debye length or decay length) is large 

at low ion concentrations leading to longer range and stronger repulsion between 

surfaces. When salt is added, the double layer is thinner and more effectively shields the 

charged surfaces leading to less repulsion. The thickness of the double layer can be 
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calculated as 1/κ, where κ, a function of the ion concentration, is described by Equation 

2.4. 

 ! = !!!!!
!!!!!"

!!!!!!    Equation 2.4  

Where e0 is electronic charge, NA is Avogadro’s number, ci is the ion concentration in 

mol/m3 of the ion denoted by i, zi is the valance of the ion, ε0 is the permittivity of free 

space εr is the solvent permittivity, k is the Boltzmann constant, and T is the temperature 

in K [135,137]. The double layer thickness can be used to calculate the pressure between 

two approaching surfaces. The force of the pressure between symmetric surfaces can be 

integrated to give the work of electrostatic repulsion (WER), Equation 2.5 is an 

approximation of the Poisson-Bolzmann equation for two flat plains and Equation 2.6  for 

two spheres. 

 !!" = (64!"!!!!/!)!!!"   Equation 2.5  

 

 !!" = (64!"#$!!!!/!!)!!!"    Equation 2.6  

Where ρ∞ is the ion concentration, γ is the surface charge, D is the distance between the 

particles, R is the radius of the two spheres [135,138]. Figure 2.22 is a schematic of 

interaction energy versus inter plane distance, D, for similarly charged surfaces. The net 

DLVO interaction can be calculated using Equation 2.7. 

 !!"#$ =!!"# +!!"  Equation 2.7  

Figure 2.22 is shown taking into account the double layer repulsion and VDW attraction 

with respect to a change in surface charge density, σ [135].  
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Figure 2.22: Energy versus distance profile of DLVO interactions, where interaction energy, W is proportional 
to the interaction area between two planar surfaces, σ  is surface charge density.  Reproduced from [135]. 

2.5.3 Adhesion 

Adhesion is a complicated set of inter-connected phenomena and a fundamental 

property of nature that has been the subject of scientific exploration for centuries [139]. 

In simple terms, adhesion is the tendency of one material to cling to another, whereas the 

tendency of similar molecules to stick together is termed cohesion [140]. Adhesion can 

be caused by a variety of phenomena, ranging from chemical to structural, which are 

often grouped into five categories: mechanical theory, electrostatic theory, diffusion 

theory, adsorption theory, and weak-boundary layer theory [139,141]. Figure 2.23 

schematically represents these categories; Figure 2.23a shows mechanical theory, which 

accounts for lock and key mechanisms also known as mechanical interlocking adhesion, 

which is dependent on the porosity or roughness of the surface and penetration of the 
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adhesive. Figure 2.23b shows electrostatic theory, which accounts for adhesion due to 

physisorption by surface charges and VDW forces of attraction. Figure 2.23c shows 

diffusion theory which accounts for adhesion due to diffusion of chain segments from 

one material to another bridging them together, or entanglement of surface chains and 

Figure 2.23d shows adsorption theory which accounts for adhesion due to the wetting of 

the surface and is extended to include chemical reactions (chemisorption) at interacting 

surfaces. Finally, weak-boundary layer theory, not shown in Figure 2.23, but similar to 

Figure 2.23c with smaller chains, accounts for interphase adhesion where low molecular 

weight species migrate to the interface which often leads to poor adhesion or adhesion 

failure [139].  

 

Figure 2.23: Graphical representation of adhesion theories, (a) mechanical theory, (b) electrostatic theory, (c) 
diffusion theory, and (d) adsorption theory. Image reproduced from [141]. 

 

2.5.4 General Measurement Techniques 

The first measurements of surface forces were done by Derjaguin and coworkers 

in the mid 1950’s where the attractive VDW forces were measured between two glass 

surfaces. Although limited by surface roughness, these measurements where within 30% 

of theoretical values [142,143]. Today, there are ten common methods for surface force 

measurements: AFM, micro cantilever (MC), optical tweezers or optical tapping (OT), 

micro pipette aspiration (MPA) or bio force probe (BFP), total internal reflection 

microscopy (TIRM), reflectance interference contrast microscopy (RICM), surface forces 
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apparatus (SFA), osmotic pressure (OP) or osmotic stress (OS) and shear flow 

detachment (SFD). AFM, MC, OT, MPA/BFP, TIRM, and SFD, have an accurate 

measurement resolution for particle interactions at the micron scale, with AFM, SFA, 

MC, OT and MPA/BFP giving accuracy at the nanoscopic and atomic scale, whereas 

RICM, OP/OS are accurate only on the macroscopic scale [135]. Even though the 

measurement accuracy and setup of these instruments is different they follow the same 

underling principles where the results can be summarized using a force-distance diagram, 

which can be used to generate an interaction energy versus distance (or surface 

separation) profile as shown in Figure 2.24. Due to its precision, versatility and ability to 

work in most media, AFM has become a common technique for surface force 

measurements. 

2.5.5 Colloid Probe AFM 

Colloid probe atomic force microscopy (CP-AFM), a technique first developed by 

Ducker et al., uses a colloidal particle attached to the end of an AFM cantilever instead of 

a traditional pointed tip [135,144]. Using a colloid probe presents a well-defined tip 

geometry allowing the Derjaguin approximation (Equation 2.3) to be used to relate the 

interactions between the colloidal probe sphere and the flat substrate to the interaction 

energy between planes [135]. This allows for the normalization of forces with contact 

area and makes measurements comparable between systems/probes, experiments, and 

with theory. The larger size of the colloid probe in comparison to the traditional sharp tip 

allows for a more accurate measure of interaction forces as it averages over a larger area 

and can thus detect weaker forces. In addition, the effect of wear on the sample and probe 
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during CP-AFM measurements are considered negligible compared to the dulling of a tip 

with a nm-range radius, which indefinitely occurs.  

In the first CP-AFM report, Ducker et al. used a 3.5 µm silica colloid probe to 

measure forces as it approached a flat silica surface in aqueous NaCl solution. The data 

agreed with theoretical calculations of DLVO forces at the respective salt concentrations, 

as shown in Figure 2.25 [144]. 

 
Figure 2.24: Normalized force versus distance curve for a silica sphere approaching a flat silica surface in NaCl 
concentrations ranging from 0.1 mM to 100 mM, where data points show measured data and solid lines show 
calculated DLVO forces for the respective salt concentrations. Image reproduced from [144]. 

All AFM force measurements, including CP-AFM, rely on the AFM cantilever 

being ramped perpendicular (z axis) to the surface whereby positive (attractive) and 

negative (repulsive) cantilever deflection is recorded; this is in contrast to imaging modes 

where the cantilever rasters over the surface in the xy plane. The axial deflection of the 

cantilever is recorded with respect to the distance moved, as depicted in Figure 2.25. 

Upon approach, the distance between the AFM probe and the surface is decreased; the 

probe eventually comes into contact with the surface and upon further extension the 

cantilever bends. DLVO-type forces, steric forces, hydrophobic interactions, and 

solvation forces can be seen in the approach curve between points 2 and 3 as shown in 
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Figure 2.25. Upon retraction, the probe releases from the surface when the force on the 

cantilever is sufficient to overcome any adhesive forces between the probe and surface 

and the cantilever returns to its original position. The dip in the retraction curve at point 5 

in Figure 2.25 indicates an adhesive force causing the cantilever to bend in the opposite 

direction. The deflection of the cantilever can be related to the force applied using 

Hook’s law and assuming the cantilever is a spring with a known normal spring constant.   

 

 

Figure 2.25: Cantilever deflection versus distance AFM force curve where the cantilever location and interaction 
is shown with respect to the data, 1. Probe is fully retracted from the surface, 2. The probe approaches the 
surface, 3. The probe is in contact with the surface and is pushed past the contact point causing the cantilever to 
bend, 4. The probe is beginning to retract from the surface, 5. Adhesive forces resist the retraction of the probe 
from surface resulting in a jump from the surface do to bending of the cantilever, 6. The probe is brought back 
to the original position in the fully retracted position. Figure adapted from [145]. 

As mentioned, in addition to DLVO forces, CP-AFM can be used to observe 

structuring of molecules, particles and solvents at surfaces by measuring steric 

interactions. A steric interaction generally manifests as a discontinuity, or jumps, in the 

force-distance curve. The force necessary to break or move a surface structure can be 

measured on the force (y) axis and the size of the feature can be estimated from the 
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distance (x) axis. If the feature cannot be moved or penetrated by the probe then the 

cantilever will bend and a “pseudo” contact point will be reached.  

In one example in the literature, the influence of CTAB on the approach curves 

for a silica colloid and a flat silica surface was investigated by Vakarelski et al.; 

resistance on approach was observed which upon the application of additional force 

resulted in a jump to the surface. The jump distance was found to be equivalent to the 

diameter of two CTAB micelles, as shown in Figure 2.26 [146]. 

 

Figure 2.26: CP-AFM force versus separation approach curve for a silica colloid approaching a silica surface in 
CTAB solution above its CMC with a diagram showing the presence of micelles at both surfaces to explain the 
resistance upon approach. Image reproduced from [146].  

While approach curves show pre-contact surface forces, retraction curves provide 

information on adhesion, often seen as one or a series of pull off forces. A study by 

Troncoso et al. on the interactions between a silica probe and a flat silica surface in the 

presence of salt solutions showed that the addition of salt increased long range adhesion 

resulting in a large jump-from-contact force profile rather than the multiple pull off steps 

sometimes seen in the unfolding of proteins, DNA or untangling of polymer chains 

(Figure 2.27) [147]. 
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Figure 2.27: Retraction curves for CP-AFM force measurements between a silica colloid probe and a flat silica 
surface in the presence of (a) 0.1 mM, (b) 1 mM and (c) 10 mM NaCl. Figure adapted from [147]. 

By understanding the interactions between materials at the micro and nano scale 

AFM force measurements can be used to help design new materials such as 

nanocomposites. For example, a study by Nordgren et al. used a cellulose colloid glued to 

an AFM cantilever to measure the adhesion of cellulose to cellulose and cellulose to 

poly(ε-caprolactone) (PCL) grafted cellulose; the results are shown in Figure 2.28. Due to 

the clean separation of the probe from the surface it is concluded that there is no intrinsic 

affinity or “chain adhesion” for PCL-grafted cellulose to cellulose [148].  

In cases such as the examples described, CP-AFM measurements supply information 

that can be used as a screening process for material development with the advantage of 

using very little material and negligible damage to the test surface, which allows for 

multiple tests with varying conditions to be done on the same surface [148]. In addition, 

AFM force measurements can provide information on material interactions relevant to 

adhesion theories [144,148–150].  
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Figure 2.28: Normalized force versus separation CP-AFM curves showing pull off forces for cellulose to cellulose 
(in black) and cellulose to poly(ε-caprolactone) grafted cellulose (in grey). Reproduced from [148]. 
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3. Experimental 
3.1 Chemicals and Materials 
 

All solutions were made using purified water (Nano Pure, Thermo Fisher,ON) with 

a resistivity of 18.2 MΩ cm. Sodium chloride (NaCl), calcium chloride (CaCl2), 

potassium hydroxide (KOH), sodium dodecyl sulfate (SDS), cetyltrimethylammonium 

bromide (CTAB), and triton X100 (TX100) were purchased from Sigma Aldrich 

(Oakville, ON). Sodium hydroxide (NaOH), and hydrochloric acid (HCl) were purchased 

form Caledon Laboratories Ltd. (Georgetown, ON).  

Silicon wafers (<100>, boron doped, MEMC Elect. Materials, Malaysia), cut into 

pieces of 1 cm x 1 cm, cleaned using acidic piranha, 3:1 ratio of 95 wt. % sulfuric acid 

(Sigma Aldrich) to 30 wt. % hydrogen peroxide (Sigma Aldrich), copiously rinsed with 

purified water and dried using compressed nitrogen, were used as substrates for all AFM 

experiments. 

3.2 Cellulose Nanocrystal (CNC) Production 

3.2.1 Acid-form CNCs, Na-form CNCs and Cat-CNCs  
 

Acid-form CNCs were made by acid hydrolysis of cellulose. Typically, 40 g of 

the cellulose source was hydrolyzed per batch with a 50-60% yield of CNCs. The starting 

cellulose material was cotton filter aid (Whatman ashless clippings, GE Healthcare, ON). 

To increase the surfaces area of the cellulose for the hydrolysis reaction, the filter aid, 

available as paper like sheets, was ground up using a kitchen blender to form smaller less 

dense packets. To accurately measure the mass of the cellulose, it was dried in an oven at 

105 °C for 30 minutes and weighed immediately. The cellulose (40 g) was then 

hydrolyzed with 700 mL of 64% (w/w) sulfuric acid (prepared from 95% sulfuric acid by 
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dilution) at 45 °C for 45 minutes under constant mechanical stirring. This hydrolysis 

process grafts sulfate half esters to the surface of CNCs. Immediately following the 

reaction the solution was quenched by 10-fold with cooled purified water and left to 

settle. The solution was then decanted to remove excess water and centrifuged at 6000 

rpm for 10 minutes to remove the excess acid; the formed pellet was rinsed using purified 

water until the supernatant was no longer transparent. Any formed clumps or pellet were 

re-suspended into the supernatant and put into dialysis tubes (Sigma Aldrich) with a 

typical molecular weight cut off (MWCO) of 12-14 000 Da. Dialysis tubes were soaked 

in purified water for at least 2 hours and rinsed before use. Dialysis against purified water 

was carried out, against 15 times more water than cellulose suspension, until the dialysis 

water pH remained constant, typically after 14 water changes. The resulting suspension 

was sonicated, using a probe sonicator (Sonifier 450, Branson Ultrasonics, Danbury, CT) 

at 20% output (with cooling in a ice bath), for 45 minutes in 15 minute intervals, to break 

up any loosely bound aggregates. The sonicated suspension was filtered, using a glass 

microfiber filter (Whatman grade GF/B circles, Sigma Aldrich), to remove dust and metal 

particles from the sonication probe tip. The concentration of the CNC suspension was 

then determined as a weight percent. In an aluminum weighing dish, 200 µL of the 

suspension by weight was dried in an oven, at a temperature of 105 °C, for 15 minutes. 

The weight percent was calculated by dividing the dry mass of the solution by the wet 

mass of the solution, accounting for the mass of the weighing dish, as shown in Equation 

3.1. 

 !".% = !!"# − !!"#ℎ
!!"#− !!"#ℎ

 × 100 %   Equation 3.1  
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Where Mdish is the mass of the weighing dish with out the CNC solution, Mwet is the mass 

of the weighing dish with the CNC solution and Mdry is the mass of the weighing dish 

with CNC solution after drying. The final concentration of acid-form CNCs (H-CNCs) 

was 1 wt. %, with a pH of ~ 3, a length of 100 nm, cross section of 5 nm size, particle 

surface charge of -2.5×108 m2V-1s-1, and a sulfur content of 0.67 S% determined by 

conductometric titration.  

Sodium-form CNCs (Na-CNCs) were prepared by neutralizing the H-CNC 

suspension, using the molar equivalent of NaOH to CNC sulfate half esters, to a point 

where all the sulfate ester group counter ions, i.e., protons, were replaced by sodium ions. 

The amount of NaOH needed was determined through conductometric titrations 

discussed later. The final concentration of Na-CNCs was 1 wt. % with a pH of ~7, all 

other aspects of the CNCs remained unchanged.  

Cationic CNCs (cat-CNCs) were produced by a reaction of partially desulfated 

CNCs with epoxypropyltrimethylammonium chloride (EPTMAC). Anionic Na-CNCs 

were partially desulfated by NaOH treatment [84,151] with equal parts of 3 M NaOH to 

10 wt. % CNC solution at 65 °C, in an oil bath, for 5 hours with constant stirring.  The 

resulting product was cooled and dialyzed against purified water for at least 5 rinses to 

remove excess NaOH, resulting in a 2 wt. % suspension of partially desulfated CNCs (0.4 

% S). The suspension was then adjusted to a pH of 13.2 using NaOH and heated to 65 °C, 

in an oil bath, with constant stirring while EPTMAC was added drop wise at a 1:16 ratio 

by mass of EPTMAC to partially desulfated CNCs. The mixture was sealed and left 

stirring for 5 hours. The resulting suspension of hydroxyproplytrimethylammonium 

chloride-modified CNCs was then diluted 5× with purified water and dialyzed to remove 
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NaOH and unreacted EPTMAC [152]. The final concentration of cat-CNCs was 1 wt. %, 

at a pH of 10 with 0.55 %N from the grafted EPTMAC, 0.4 %S residual sulfur 

determined by elemental analysis. The particle surface charge was 2×108 m2V-1s-1 and 

particle size did not show a measureable change. 

3.2.2 CNC Characterization  

3.2.2.1 Dynamic Light Scattering  
 

Dynamic light scattering (DLS) measurements of 0.01 wt. % CNC suspensions 

with 5 mM NaCl added were made using a Zetasizer Nano-S instrument (Malvern, 

Worcestershire, UK) at 25 °C. The “apparent” particle diameter was recorded and the 

average was used as an estimate of particle size. The term “apparent” is used in 

recognition of the fact that DLS measures a hydrodynamic radius based on the diffusion 

coefficient of spherical particles and CNCs are rod-shaped particles which do not fulfill 

the method assumptions. DLS is used only as an internal check for batch-to-batch and 

CNC surface modification reproducibility. 

 

3.2.2.2 NanoSight 
 

Single particle tracking was done via NanoSight (Malvern) on suspensions 

prepared as follows: to a 0.1 wt. % CNC suspension with 10 mM added NaCl, CTAB, 

SDS and TX100 surfactants were added at concentrations of 0, 0.2, 0.5, 1, 2, and 4 times 

the critical micelle concentration (CMC), and then diluted 1000× to be suitable for 

NanoSight analysis (18 samples). The average particle size is reported from this method, 

again assuming spherical particles, similar to DLS. 
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3.2.2.3 AFM Imaging 
 

Piranha-cleaned silicon wafers were spin coated (4000 rpm for 30 seconds) with a 

0.001 wt. % CNC suspension and dried over night in an oven at 80°C. All samples were 

imaged in tapping mode using an MFP-3D atomic force microscope (Asylum Research 

an Oxford Instrument Company, Santa Barbara, USA). The surfaces were probed under 

ambient conditions using FMR cantilevers (NanoWorld Technologies, Neuchatel, 

Switzerland) having nominal spring constants and resonance frequencies of 2.8 N/m and 

75 kHz, respectively. A “soft engage” technique, which involves alternating between 

manual and electronic lowing of the AFM cantilever to avoid dulling of the tip, was used 

to approach the sample surface. AFM data were collected and processed using the 

Asylum Research AFM software (version 13.15, MFP3D XOP version 20122, Argyle 

XOP version 20121) built on Igor Pro version 6.3 (Wavemetrics, Portland, OR, USA). 

AFM height images were flattened using a first order-flattening algorithm. Where 

applicable, ImageJ (Wayne Rasband, National Institutes of Health, USA) was used to 

measure feature sizes in the obtained height images. Image scale bars were used to 

calibrate the pixel to unit ratio for each image. 

3.2.2.4  Electrophoretic Mobility/Zeta Potential  
 

Electrophoretic mobility of CNC suspensions with surfactant concentrations of 0, 

0.2, 0.5, 1, 2, and 4 times the CMC of CTAB, SDS and TX100 was measured using a 

Zeta Potential ZetaPlus Analyzer (Brookhaven, Holtsvile, NY). Suspensions for 

electrophoretic mobility measurements were prepared keeping the CNC (0.1 wt. %) and 

salt  (10 mM NaCl) concentrations constant. CNC suspensions void of surfactant, i.e., at 

0× the CMC, were used to characterize the CNCs themselves and used as a control. All 



M.A.Sc. Thesis – H. S. Marway;  McMaster University – Chemical Engineering 

51 
 

measurements were done in aqueous suspensions at 25 °C. Although the Smoluchowski 

model can be used to calculate the zeta potential, !, from electrophoretic mobility values, 

µ, Equation 3.2. 

 µ = !!! ! 
4!"#     Equation 3.2  

Where !! is the dielectric constant of the solution, V is the voltage applied to the probes, 

! is the viscosity of the solution and D is the electrode separation, it is only valid for 

spherical particles with a uniform charge density and can thus overstate the !-potential 

[153]. The ! -potential however still used as an internal check for batch-to-batch 

reproducibility and both the electrophoretic mobility and ! -potential are stated for 

reference. 

3.2.2.5 Conductometric Titration  
 

Acid-form CNCs were titrated with NaOH to determine the sulfate half ester 

content on the surface of the CNCs. Conductometric titration was used to monitor the 

change in conductivity as CNC proton counterions are exchanged for sodium ions; 

conductivity leads to a more precise measure of the equivalence point than pH titrations. 

Typically, 0.05 g of CNC suspension (0.01 wt. %) with 75 g of NaCl (1 mM) is titrated 

with NaOH (2 mM) standardized with 0.01 mM HCl. The equivalence point, indicating 

the sulfur content as a percent, was calculated using Equation 3.3. 

 %! = !!"#$!!"#$!!(!)
!!"!!!"!

  Equation 3.3  

Where VNaOH is the volume of NaOH at the equivalence point, CNaOH is the concentration 

of NaOH, MW(S) is the molecular weight of sulfur, mCNC is the mass of the CNC 

suspension and CCNC is the concentration of  the CNC suspension [85,86,154].  
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3.2.2.6 Polarized Optical Microscopy 
 

Aqueous samples of CNCs (2 wt. %), on ethanol-cleaned glass slides with cover 

slips, were viewed under a polarized optical microscope (Nikon Eclipse LV100N POL). 

Digital color micrographs were obtained using an Infinity 1 color camera (Lumenera, 

Ottawa, ON) and Infinity Capture software (Lumenera). 

3.3 Cellulose Nanofibril (CNF) Preparation 
 

A dispersion of industrially supplied carboxymethylated cellulose micro/nano-

fibrils from wood pulp (Generation 2, EG 130829, Innventia AB, Stockholm, Sweden – 

generously provided by Dr. Tom Lindström) described by Wågberg et al. [42], was 

diluted to 1 g/L with purified water using a mechanical stirrer and sonicated using a 

probe sonicater at 20% output, in an ice bath, for 10 minutes. The suspension was 

centrifuged at 6000 rpm for 60 minutes to size fractionate micro and nano fibrils. The 

supernatant, consisting mainly of cellulose nanofibrils, was retained. CNF films for AFM 

imaging were prepared by spin coating 0.001 wt. % CNF onto a Si wafer to measure 

particle size and dispersity. 

3.4 Viscoelastic Mapping by AM-FM Atomic Force Microscopy  

3.4.1 Sample Preparation and Calibration 
 

Silicon wafers cleaned in piranha solution were spin coated (4000 rpm for 30 

seconds) with 0.1 wt. % cellulose nanofibril or 0.1 wt. % cellulose nanocrystal 

suspensions or a 10:1 CNF:CNC mixture for  amplitude modulation-frequency 

modulation (AM-FM) AFM imaging which provides viscoelastic and mechanical 

information about the sample.    
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3.4.2 AFM Probe Calibration and Measurement  
 
 An AM-FM/3D high frequency cantilever holder was used for AM-FM 

mechanical mapping experiments in the MFP-3D AFM (Asylum Research, an Oxford 

Instruments Company). AFM cantilevers, AC 160TS (Olympus) were tuned to their first 

and second resonance frequency, the “Get Real” calibration function which is built into 

the AFM software was used to calibrate the cantilever spring constant using the built in 

parameters (length 240 µm and width 30 µm). Following the calibration an autotune at 

the 1st resonance frequency was done and the phase was centered on the first resonance 

frequency and an autotune on the 2nd resonance frequency (~5.6 times the first frequency) 

was performed.  

A “soft engage” approach, typically with a ~2 V deflection set point, was used to 

avoid damage to the AFM tip. Images were taken at relatively fast scan rates (1 Hz or 5 

nm/s) as this AM-FM technique is extremely sensitive to tip dulling which naturally 

occurs with time. As usual, integral gains were adjusted to optimize for the best height 

and amplitude image. Specific to AM-FM, amplitude modulated (AM) drive integral gain 

was adjusted to optimize, to ~ 400 Hz, the dissipation retrace image and force modulated 

(FM) frequency drive integral gain was adjusted to optimize, to ~ 450 Hz, frequency 

retrace and the real-time calculation of Young’s modulus retrace images. Height image 

integral gain was adjusted to fine tune height and amplitude images once AM and FM 

frequency drive integral gains were set.  

Real time elasticity calculation inputs for tip geometry and radius were adjusted to 

calibrate the calculated Young’s modulus values. SiO2 (the substrate) was used as an 

internal standard during imaging whereby we assume a typical literature modulus value 
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for SiO2 of ~160 GPa [155]. Images were collected at a resolution of 256 measurements 

per line with an image size of 5 µm. 

3.4.3 Image Processing  
 

As noted, silicon wafers were used as a reference to determine real time elastic 

moduli of the samples during AFM viscoelastic mapping. For quantitative analysis, the 

images which map the sample’s Young’s modulus were not flattened or processed in any 

way. However, other images, such as height and amplitude were flattened using a 2nd 

order-flattening algorithm.  

3.5 Force Measurements – Colloid Probe Atomic Force Microscopy 
 

Colloid probe AFM (CP-AFM) was used to measure normal (perpendicular) 

forces between a micron-sized probe glued to an AFM cantilever and the CNC films, in 

aqueous environments. An “open fluid cell” was used to perform these experiments by 

adding aqueous solution dropwise to the sample surface until a drop was formed, as 

shown in Figure 3.1. 

 
Figure 3.1: Open fluid cell setup for AFM measurements in liquid. Adapted from the MFP-3D users 
manual [156]. 

 
Si substrates coated with CNC films were adhered to a glass slide using First 

Contact polymer optics cleaning solution (Photonic Cleaning Technologies) to prevent 

substrate lifting. An MFP-3D AFM (Asylum Research an Oxford Instrument Company) 
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was used to conduct the force-distance measurements in contact mode using the Asylum 

Research AFM software (Igor Pro). The “hard engage” method was used to approach the 

surface with a 1 V deflection set point. For normal force measurements, the tip was 

withdrawn from the surface and “force pulls” were collected by ramping the probe 

perpendicular to the substrate at a scan rate of 0.5 Hz (500 nm/s), using a trigger point of 

0.8 V and an approach (pull) distance of 500 nm. All data were collected and exported 

using the Asylum Research AFM software. 

Data for cantilever deflection (z-z0), a measure of cantilever bending, in volts (V) 

were collected as a function of distance (z0) in µm, a typical z-z0 versus z0 plot is shown 

in Figure 3.2a. The z-z0 versus z0 data were converted to force per unit area (Force/2πR) 

in mN/m versus separation (z), the distance between the surface and the AFM probe in 

nm, a typical Force/2πR versus z is shown in Figure 3.2b.  

 

      

Figure 3.2: A typical force curve, (a) raw data, deflection (z-z0) versus distance (z0), showing the region of 
constant compliance, region of zero deflection, contact point and inverse optical laser sensitivity, (b) normalized 
and processed data, energy per unit area (Force/2πR) versus separation (z).  

The contact point is the intercept of the linear fit of the region of constant 

compliance and region of zero deflection (identified in Figure 2a) and is used to shift the 

data horizontally such that the minimum separation value on the x-axis is 0. The inverse 

optical laser sensitivity (α in V/µm), which is the slope of the region of constant 

(a) (b) 
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compliance, was used to convert deflection in units of V to µm. Separation, in µm, was 

calculated as the sum of deflection, in µm, and distance (z-z0+z0). The normal force (F) 

between the probe and the surface was calculated using Hooke’s law, Equation 3.4. 

 ! = −!!(z− z!)  Equation 3.4  

Where kn is the normal spring constant of the cantilever and (z-z0) is deflection in µm.  

The Derjaguin approximation, for a sphere of know radius R, and a flat plane 

[135], Equation 3.5, was used to normalized the force data by the probe area. 

 ! = 2!"#  Equation 3.5  

Where W, expressed as Force/2πR, is the interaction energy per unit area between a two 

flat surfaces. Force data were normalized by the probe diameter determined by scanning 

electron microscopy (SEM) and optical microscopy. SEM imaging of the cellulose 

colloids and cantilevers with cellulose colloids attached were taken using a JEOL 7000F 

SEM (JEOL Ltd., Japan) in the Canadian Center for Electron Microscopy (CCEM). 

Samples were sputter coated with a 5 nm gold layer prior to imaging. 

3.5.1 Probe Preparation and Calibration 

3.5.1.1 Silica Probes  
 

Silica colloid probes consisted of a 2.5 µm diameter particle on a Si cantilever, 

with an approximate length of 280 µm and width of 20 µm and a nominal spring constant 

of 0.09 N/m (Novascan Technologies Inc., Ames, IA, USA). Silica probes were used as 

received and rinsed with water, ethanol and dried with pressurized air between 

measurements. 
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3.5.1.2 Cellulose Probes 
 

Cellulose colloid probes were prepared in-house. Regenerated cellulose spheres 

(approximately 10 µm in diameter) produced by the viscose process (Kanebo, Japan) 

were glued to tipless triangular AFM cantilevers (PNP-TR-TL, NANO World), with a 

cantilever length of 100 µm, width of 13.5 µm per connecting beam and a nominal spring 

constant of 0.32 nN/m, using a very small amount of a two part epoxy resin (Araldite 

Rapid, Casco). Tungsten wires to pick up and move glue and particles were sharpened 

under a microscope by electro polishing in a 10 M KOH solution using a custom 

potentiometer setup set to 6 V. Two sharpened tungsten wires were controlled by a 

micromanipulator (Eppendorf Micromanipulator 5171, Hamburg, Germany) under a 

microscope (Olympus BX51), to maneuver glue and a cellulose sphere onto the AFM 

cantilever.  The glue was allowed to set minimally overnight before probes were used. 

3.5.1.3 Probe Calibration 
 

Rectangular silica AFM probes were calibrated following the Sader method [157] 

in which the length, width, normal resonance frequency (f0) and quality factor (Q) of the 

cantilever are used to calculate spring constant (kn). Using a internet-based software [158] 

maintained by Dr. John Sader (Department of Mathematics and Statistics, University of 

Melbourne, Australia) spring constants ranged from 0.13 to 0.17 N/m (Table 3.1: S1, S2, 

S3), which are in reasonable agreement with the nominal value of 0.09 N/m reported by 

the manufacturer. 

Triangular cantilevers used for cellulose probe experiments were calibrated 

following the thermal noise method [159] using Equation 3.6. 

! = !!T/P  Equation 3.6  
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Where kB is the Boltzmann’s constant, T is the temperature in Kelvin, and P is the area of 

the fitted resonance power spectrum. Following this procedure, P is determined by fitting 

resonance power spectrum (obtained by a thermal tune) and the measured amplitude 

inverse optical lever sensitivity (Amp InvOLS) obtained by a single force curve. Spring 

constants were calculated using built in software and ranged from 0.18 to 0.3 N/m (Table 

3.1: C1, C2, C3), again in good agreement with the nominal value of 0.32 N/M. 

 
Table 3.1: Cantilever length, width, and effective height (heff), normal frequencies and quality factors. 

Probe 
Name Probe Type Cantilever 

length (µm) 
Cantilever 
width (µm) 

Particle 
diameter (µm) f0 (kHz) Q Spring  

N/m 
S1 SiO2

 280 20 2.5 26.96 47.3 0.13 
S2 SiO2 280 20 2.5 29.44 53.3 0.17 
S3 SiO2 280 20 2.5 24.78 110.4 0.15 
C1 Cellulose 100 13.5 x2 19 26.90 55.7 0.30 
C2 Cellulose 100 13.5 x2 18 28.89 63.6 0.18 
C3 Cellulose 100 13.5 x2 15 29.08 67.9 0.27 

 

3.5.2 Sample and Solution Preparation for Force Measurements 
 

3.5.2.1 CNC Films 
 

Piranha-cleaned silicon wafers were spin coated at 4000 rpm for 30 seconds with 

1 wt. % H-CNCs, Na-CNCs, and Cat-CNCs to form full-coverage films. The surface 

coverage of the films was confirmed prior to and after CP-AFM experiments. CNC film 

thickness is approximately 40 nm as determined previously [160]. 

3.5.2.2 Salt Solutions 

Solutions of NaCl and CaCl2 at ionic strengths of 0.1 mM, 10 mM and 100 mM 

were made using purified water.  
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3.5.2.3 Surfactant Solutions  

Solutions of CTAB, TX100, and SDS at 2 times and half the CMC of the respective 

surfactants where made using purified water. The CTAB solution was sonicated for 10 

minutes at 25 °C to completely dissolve the surfactant.  
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4. Amplitude Modulated - Frequency Modulated Atomic 
Force Microscopy Measurements of Nanocellulose 

 

4.1 Introduction 
 

The mechanical properties for two types of nanocellulose, namely cellulose 

nanocrystals (CNCs) and cellulose nanofibrils (CNFs), were measured using amplitude 

modulated-frequency modulated AFM (AM-FM AFM). AM-FM AFM, as presented in 

Chapter 1 and 2, is a bimodal AFM technique that uses the first resonance of an AFM 

cantilever through amplitude modulation to image a sample surface while simultaneously 

using a higher frequency, typically the second resonance, through frequency modulation 

to generate a map of the sample material properties [129,131]. In this case, a map of the 

Young’s modulus was generated on spin coated CNC and CNF films (on clean Si wafers) 

– this AFM imaging mode has not been used on nanocellulose materials before. 

Understanding the mechanical properties of reinforcing agents such as CNCs and CNFs 

is critical to the development of composites that take full advantage of nanomaterial 

properties. Thus this study is important as a primary step towards understand the potential 

of nanocellulose to impart strength to other materials through incorporation.  

4.2 Mechanical Measurements of Nanocellulose Materials 
 

AM-FM AFM was used to measure the transverse Young’s modulus of CNCs and 

CNFs. An example measurement for CNCs is shown in Figure 4.1. A zoomed in cross-

sectional analysis of the height, Figure 4.1a, and Young’s modulus, Figure 4.1b, 

demonstrating the analysis of one CNC particle, is shown in Figure 4.1c and Figure 4.1d, 

respectively. The square and circle markers in the section graphs show the location of the 
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measurements and are identical in both the height image and the modulus map. The 

Young’s modulus value is taken at the position that corresponds to the maximum height 

to reduce any measurement errors inherent to AFM imaging [58]. An average Young’s 

modulus of 90 ± 20 GPa was measured by this method from 30 individual CNCs on three 

separate samples. The measured values were normalized to a reference Young’s modulus 

of 160 GPa for Si [155] as is typically done for these types of measurements 

[9,129,131,161]. This is inline with values seen in the literature for CNCs which range 

from 50-130 GPa [48,78,162]. Part of the variability in values is because CNCs are 

derived from a variety of sources and measured using different techniques; in our case 

our CNCs are produced from cotton and are expected to have a modulus around 105 

GPa [3].  

 

Figure 4.1: AM-FM AFM images of CNCs and corresponding section graphs to show a sample measurement: 
(a) AFM height image, (b) mechanical map showing the Young’s modulus, (c) a section graph of the height 
image (d) a section graph of the Young’s modulus with an inset of the zoomed in measurement location. The 
square and circle markers in the section graphs show the location of the measurements and are identical in both 
the height image and the modulus map. The Young’s modulus was measured at the maximum particle height. 

(a) (b) 

(c) (d) 
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Figure 4.2 shows the distribution of Young’s moduli obtained. Through this chart 

it can be seen that the Young’s modulus is in the range of values reported in literature. 

Furthermore, outliers influence the data average but since the median, 88 GPa, is 

relatively close to the average we believe that the average is a good statistical 

representation of the measurements. These values correspond nicely with literature 

showing that AM-FM AFM is a relevant technique to accurately measure the modulus of 

CNCs. 

 
Figure 4.2: Histogram of CNC Young’s modulus distribution as measured from 30 individual CNCs using AM-
FM AFM. 

 
Next, a mixture of CNCs and CNFs were spin coated together; as expected, the 

width of CNFs is smaller but they are longer and more flexible than CNCs and can be 

seen intertwined with CNCs in the lower left quadrant of the AFM image (Figure 4.3). 

The Young’s modulus for CNFs was measured using the same method, where the height 

image in Figure 4.3a,c was used as a reference for the measurement of the Young’s 

modulus in Figure 4.3b,d. The Young’s modulus for the Si substrate and CNCs 

(determined from Figure 4.2) were used as reference to determine the Young’s modulus 
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of CNFs. The average Young’s modulus of 30 different CNFs from three separate 

samples was found to be 120 ± 30 GPa.  

This modulus for CNFs is in line with values reported in the literature of 100-150 

GPa for crystalline cellulose [162–164] but is a bit high considering that CNFs contain 

some amorphous cellulose alongside crystalline cellulose. Wagner et al. [165] used 

contact resonance atomic force microscopy (CR-AFM), a bimodal AFM technique 

similar to AM-FM AFM, and showed that applying the sphere cylinder contact model can 

give modulus values of 30 ± 10 GPa for CNCs and close to 80 ± 15 GPa for CNFs. 

Although these values are in the range of what was measured using AM-FM the averages 

are on lower end of values presented. A different AFM imaging mode that determines 

moduli, called Peak Force Quantitative Nanomechanical Property Imaging (QNM from 

Bruker), has also given lower moduli for CNCs than CNFs and in that work all values 

were in the 20-50 GPa range [166] which is fairly low and hence we believe AM-FM 

AFM is a more accurate method.  

Determining the modulus for both types of nanocellulose in one image reduces 

variability from different AFM cantilevers, imaging parameters, and environmental 

conditions and makes the two values comparable, which cannot be said for many other 

mechanical measurement techniques. Figure 4.4 shows that the distribution of the 

modulus values is again broad but since the median of the data, 121 GPa is close to the 

average, it can be used as an accurate representation of the data.  
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Figure 4.3: AM-FM AFM images of a mix of CNCs and CNFs and corresponding section graphs to show a 
sample measurement for CNFs: (a) AFM height image, (b) mechanical map showing the Young’s modulus, (c) a 
section graph of the height image used showing the relative height of a single CNF. (d) a section graph of the 
Young’s modulus with an inset of the zoomed measurement location. The square and circle markers in the 
section graphs show the location of the measurements and are identical in both the height image and modulus 
map showing that the Young’s modulus was measured at maximum height.  

 

 
Figure 4.4: Histogram of CNF Young’s modulus distribution as measured from 30 individual CNFs using AM-
FM AFM. 
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4.3 Conclusions 
 

These finding show that AM-FM AFM is an accurate and quick measurement tool 

for the determination of the Young’s modulus of CNCs and CNFs. These measurements 

agree with modulus values in the literature implying that CNCs (90 ± 20 GPa) and CNFs 

(120 ± 30 GPa) have high stiffness, which is ideal for mechanical reinforcement. The 

AM-FM AFM technique has the potential to replace more tedious mechanical 

measurement methods, such as nanoindentation and dynamic mechanical analysis, and is 

more accurate than other AFM mechanical mapping modes reported to date.  
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5. Effect of Salt and Surfactants on Surface Forces in 
Nanocellulose Systems 

 

5.1 Introduction 
 

AFM in the colloid probe configuration lends itself well to understanding forces 

between materials of interest with extremely high precision. In this technique, a micron-

sized particle probe is attached to an AFM cantilever, which is ramped perpendicular to a 

flat surface while cantilever deflection with respect to the distance traveled is monitored. 

As such, both attractive and repulsive forces in the piconewton range can be detected in 

air or liquid media. This chapter investigates the pre-contact interactions (i.e. approach 

force curves only) for silica-cellulose and cellulose-cellulose systems through AFM force 

experiments. This is done to focus on the forces between the probe and the surface as 

they come together without the influence of adhesion (which is measured upon retraction 

of the probe from the surface).  

To investigate the pre-contact forces, two types of colloid probes were used: a silica 

colloid, which is smooth and negatively charged, and an amorphous cellulose colloid, 

which is relatively rough and uncharged (made by the viscose process) [150]. CNCs are 

anionic with surface sulfate half-ester groups with counterions that are either sodium ions 

(Na-CNCs) or protons (i.e. acid-from CNCs, H-CNCs) and in one series of 

measurements, CNCs were rendered cationic with surface grafted trimethylammonium 

groups (Cat-CNCs) [152]. The interactions between probes and spin coated CNC films 

were probed in salt and surfactant solution environments (a silicon wafer substrate was 

used as a control when needed). Salt solutions with ionic strengths of 0.1 mM, 10 mM 

and 100 mM for both NaCl (monovalent) and CaCl2 (divalent) and surfactant solutions 
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with concentration of half (0.5×) and twice (2×) the critical micelle concentration (CMC) 

of CTAB (cationic), SDS (anionic) and TX100 (non-ionic) were used. The CMC of 

CTAB is 1 mM [90], SDS is 8.2 mM [98] and TX100 is 0.24 mM [100,101,103]. At least 

50 force-distance curves were collected from three different regions on the CNC and Si 

surfaces and a minimum of 150 curves were processed from which representative curves 

were selected to display trends. An overlay of 100 force-separation curves is presented in 

Figure 5.1a to show the reproducibility of the measurements. Once the curves are shifted 

to “zero separation”, (which is necessarily inferred in AFM measurements) these curves 

are indistinguishable, Figure 5.1b.  

  

Figure 5.1: A set of 100 AFM approach force curves for a silica probe against a Na-CNC film in 0.1 mM NaCl 
solution showing the reproducibility of the measurements (curve shape specifically); (a) shows force curves 
before shifting to zero separation and (b) shows the mostly indistinguishable normalized curves. 

 
While the AFM measurements were used to elucidate the interactions of salts and 

surfactants with CNC films, the same interactions were explored for CNCs in aqueous 

suspensions using NanoSight particle tracking analysis (NTA) and electrophoretic 

mobility (EM) to observe changes in CNC apparent diameter and surface potential, 
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respectively. These complimentary techniques suggest that what is observed by AFM can 

be extended to predict interactions in suspension.   

By investigating the interactions of CNCs with silica and cellulose probes in the 

presence of salt and surfactant solutions it is possible to establish an understanding that 

can be used to tune the properties of composite materials and predict interactions of 

CNCs in emulsions, latexes, foams, gels, composite and biomedical materials. 

Specifically, AFM force measurements are useful for determining material compatibility 

and potentially predicting dispersibility of CNCs in various media and polymers. This 

understanding of pre-contact interactions will ideally help to streamline the development 

of new CNC-based materials.  

5.2 Interactions between Silica Probes and Cellulose and Silica Surfaces 

5.2.1 Salts 

Using AFM force measurements, the pre-contact interactions between a silica 

probe and Na-form or H-form CNC films were measured in NaCl and CaCl2 solutions. To 

understand the effect of salt concentration on the interactions, measurements were 

collected as a function of increasing ionic strength (0.1 mM, 10 mM and 100 mM). NaCl 

is a monovalent salt such that the ionic strength is equal to the salt concentration 

however, for the divalent salt CaCl2, salt concentrations of 0.03 mM, 3 mM and 30 mM 

correspond to ionic strengths of 0.1 mM, 10 mM and 100 mM, respectively. The force 

curves collected in NaCl are displayed in Figure 5.2 (reminder: positive force = repulsion 

and negative force = attraction). In all cases, the force increases monotonically on 

approach; Na-CNC and H-CNC surfaces follow a similar trend whereby the onset of 

repulsion occurs at decreasing separations with increasing ionic strength. The CNC 
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counterion appears to have a small effect on pre-contact forces because the onset of 

repulsion and magnitude of forces are not identical for the two types of surfaces. Despite 

small difference, the force profiles indicate that electrostatic repulsive interactions 

between the anionic probe and anionic surface dominate under these conditions.  

 
Figure 5.2: Representative AFM approach curves for a silica probe in 0.1 mM, 10 mM and 100 mM NaCl 
solutions against (a) Na-CNC and (b) H-CNC surfaces. 

The divalent salt CaCl2 was used to investigate the effect of valency on silica-

CNC interactions. It is shown in Figure 5.3 that again electrostatic repulsion dominates 

for CNC surfaces. In some cases, the onset of repulsion decreases with increasing salt 

concentration (i.e. increased screening) as observed in NaCl, but not all data sets follow 

this trend.  This may indicate that partial or full charge reversal is occurring at both the 

probe and the film surfaces. Since Ca2+ is divalent, the salt concentration required for the 

onset of charge reversal is less than for NaCl. 

Charge reversal is a result of surface charge overcompensation by ions and 

generally occurs at higher salt concentrations (eg. <0.5 - 1 M for NaCl, 0.2 – 0.5 M for 

KCl, ~0.1 M for CsCl [167]  and 40 mM for MgCl2 [168]) but may occur here due to a 

(a) (b) 
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high local salt concentration near the film surface. Additionally, more acidic surfaces are 

expected to exhibit the onset of charge reversal at lower salt concentrations [167]. One 

explanation of Figure 5.3 is that H-CNC films exhibit charge reversal at lower salt 

concentrations (between 0.03 and 3 mM) but that the Na-CNC films exhibit charge 

reversal between 3 and 30 mM. 

The effect of CNC counterion on pre-contact surface forces is related to how 

easily the counterion is displaced. According to reactivity series, the H+ counterion is 

more easily displaced from the surface by other ions than the Na+ counterion on Na-

CNCs. As such, Ca2+ can displace H+ on H-CNCs and not Na+ on Na-CNCs, which may 

explain the difference in the force curves shown in Figure 5.3 (a) and (b) where charge 

reversal can be observed in H-CNCs before Na-CNCs.  
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Figure 5.3: Representative AFM approach curves for a silica probe in 0.03 mM, 3 mM and 30 mM CaCl2 
solutions against (a) Na-CNC (b) H-CNC and (c) Si surfaces.  

The Debye-Huckel approximation was used to estimate the Debye length in NaCl 

and CaCl2 solutions. A larger Debye length indicates a lower ion concentration and vice 

versa. The natural logarithm of the force (which represents the interactions energy per 

unit area) versus separation was plotted, as shown in Figure 5.4 for a silica probe 

approaching a Na-CNC surface in a 0.1 mM NaCl and a 0.03 mM CaCl2 environment. 

The curves were fit to a straight line between 10 nm and 30 nm of separation and the 

(a) (b) 

(c) 
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Debye lengths were calculated from the negative inverse of the slope (Table 5.1). Debye 

lengths were not determined for ionic strengths above 0.1 mM because under such 

conditions the electrostatic repulsion is heavily screened until very close separations (<10 

nm) making an accurate Debye length fitting difficult. In practice, the correlation 

coefficients (linear fit R2 values) were generally less than 0.85 for ionic strengths over 0.1 

mM and the fits are not shown here. 

  

Figure 5.4: Estimation of the Debye length for a silica probe approaching a Na-CNC surface in (a) 0.1 mM NaCl 
and (b) 0.03 mM CaCl2 environment using a linear fit applied to the curve between 10 nm and 30 nm of 
separation. Taking the negative inverse of the slope reveals a Debye length of 11 nm and 13.9 nm in NaCl and 
CaCl2 solutions, respectively. 
 

Table 5.1 shows that the Debye lengths varied minimally (9-15 nm) based on the 

salt type and CNC counterion. For example, the experimentally determined Debye 

lengths are 10.5 nm in 0.1 mM NaCl and 13.2 nm in 0.03 mM CaCl2 for Na-CNC films. 

Theoretically, for an ionic strength of 0.1 mM, the Debye length is predicted to be 30 nm 

[135,169]. The measured and calculated Debye lengths are the same order of magnitude 

and discrepancies are attributed to the roughness of the spin coated CNC films, small 

ionic strength contributions from the CNC films themselves, and uncertainty in data 

fitting; regardless, these measurements lend themselves well to a comparison of the 

interactions of CNCs in NaCl and CaCl2.  
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Table 5.1: A summary of measured Debye lengths for a silica probe approaching Na-CNC and H-CNC surfaces 
in 0.1 mM NaCl and 0.03 mM CaCl2. The theoretical Debye length is 30 nm. Estimation of the Debye length 
from log-linear force curves using a linear fit as shown in Figure 5.4 in NaCl and in the Appendix Figure 5.17, 
Figure 5.18 in CaCl2.  

Surface Type Salt and 
Concentration  

Measured Debye 
Length (nm) 

Na-CNC 
 

NaCl 
(0.1 mM) 

10.5  

H-CNC  
 

NaCl 
(0.1 mM) 

14.7  

Na-CNC  
 

CaCl2  
(0.03 mM) 

13.2  

H-CNC  
 

CaCl2  
(0.03 mM) 

9.2  

 
These force curves and Debye lengths are similar to those measured by Notley et 

al.[170] and Stiernstedt et al. [150] for model cellulose films, where increasing the ionic 

strength leads to screened electrostatic repulsion. Furthermore the addition of a divalent 

salt has been shown to increase interactions between CNCs [171] and can aid in the 

adsorption of proteins to CNC surfaces [172]. In our case it appears that in CaCl2, charge 

reversal occurs for both Na-CNC and H-CNC surfaces but at a different onset. Thus it 

would be relevant to further investigate the interactions between CNCs (with different 

counterions) in a divalent salt environment.  

5.2.2 Surfactants 
 

Next, the interaction of three different surfactants (CTAB, SDS, and TX100) with 

three types of cellulose nanocrystals (Na-CNC, H-CNC, and Cat-CNC) was investigated. 

(Cat-CNCs are CNCs with a net cationic surface charge produced by a reaction of 

partially desulfated CNCs with epoxypropyltrimethylammonium chloride leading to 

CNCs with residual anionic sulfate half esters and cationic surface 

hydroxypropyltrimethlyammonium groups.) As expected, oppositely charged CNCs and 

surfactants were found to have a high affinity for each other but the interactions are not 
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entirely driven by electrostatics, hydrophobic interactions play a role as well [173]. In 

fact, we observed that while similarly charged surfactants and CNCs repelled each other, 

the neutral surfactant, TX100, adsorbed to most CNCs (except for H-CNCs). Many of the 

results presented below highlight differences in surfactant interactions with CNCs 

depending on the CNC counterion or the surfactant concentration.  

EM and NTA were first used to test the effect of surfactant on CNCs in 

suspension and then AFM force measurements helped elucidate surfactant adsorption 

tendencies and surfactant structuring on CNC films. EM for CNCs in suspension (0.1 

wt.%) is plotted as a function of increasing surfactant concentration in Figure 5.5a to 

measure the change in CNC surface potential. The surface potential at 0 mM surfactant is 

negative for Na-CNCs and H-CNCs and positive for Cat-CNCs and is expected to 

increase or decrease, respectively, with surfactant adsorption. Similarly, apparent 

diameter for CNCs in suspension (0.0001 wt.%) is plotted as a function of surfactant 

concentration in Figure 5.5b to track the changes in particle size – increasing particle size 

most likely indicates surfactant adsorption or CNC agglomeration.  

For cationic CTAB, EM and NTA results show that electrostatics govern the 

majority of the interactions but the exact values vary considerably based on the type of 

CNC (Figure 5.5). Minimal change in surface potential and particle size was observed for 

Cat-CNCs with CTAB due to electrostatic repulsion. For anionic CNCs, the surface 

potential quickly increases to a plateau just above the CMC of CTAB for Na-CNCs but 

increases more linearly after an initial “lag” phase for H-CNCs (Figure 5.5a). From this 

we deduce that more CTAB adsorbs to Na-CNCs than H-CNCs and this is more apparent 
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at low surfactant concentrations. Similar interactions between Na-CNCs and CTAB have 

been observed using EM previously [113,173].  

Interestingly, the increase in surface potential for Na-CNCs with surfactant 

addition follows the increase in particle size, however for H-CNCs the surface potential 

increases slower (i.e. requires higher surfactant concentrations) but the change in particle 

size is negligible (Figure 5.5b). This is likely due to different adsorption mechanisms 

(and bound surfactant morphologies), which stem from differences in the ability of 

CTAB to displace H+ or Na+, or due to the electrostatic/hydrophobic drive in solution for 

surfactants to adsorb vs. aggregate.  
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Figure 5.5: (a) Electrophoretic mobility and (b) “apparent” particle diameter measured by NanoSight for 
suspensions of Na-CNC, H-CNC and Cat-CNC with CTAB concentrations of a 0.2×, half, 2×, 5× and 10× the 
CMC with neat CNC suspensions as controls. Suspensions were diluted to the working concentrations of 0.1 
wt.% CNC for EM and 0.0001 wt.% for NTA, the error bars are 95% confidence intervals. 

According to the Hofmeister series, Na+ promotes hydrophobic interactions more 

than H+ [174]. We propose two (likely oversimplified) possibilities: (1) individual CTAB 

molecules adsorb onto CNCs and then hydrophobic “tail” interactions lead to more 

surfactant binding with the cationic surfactant “heads” pointed outwards (accounting for 

the positive surface potential shown in Figure 5.5a). The mechanism in (1) would imply 

significant adsorption at low surfactant concentrations and more uniform surface 

coverage, which might be more detectable as a particle size increase by NTA. The second 

(b) 

(a) 
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option (2) is that cationic surfactant aggregates (micelles, hemimicelles, etc.) adsorb to 

anionic CNCs directly leading to charge overcompensation, this mechanism would only 

occur above surfactant aggregation concentrations and could imply less uniform surface 

coverage which might not be detectable by NTA. Na-CNCs appear to follow (1) closer 

and H-CNCs follow (2). We attribute this to the fact that Na+ counterions strengthen 

hydrophobic interactions such that surfactants adsorb to Na-CNC films due to 

electrostatics and hydrophobic interactions (potentially without displacing the Na+ 

counterions), whereas for H-CNCs, the H+ counterions are displaced by cationic CTAB 

molecules/aggregates [173,174].  

 
 The interactions of CTAB and CNCs were further investigated through AFM 

force measurements using a silica colloid probe. Spin coated CNC films were surrounded 

by a CTAB solution at 0.5× or 2× the CMC and pre-contact interactions were assessed 

from the AFM approach curves. Figure 5.6 shows that while the force increases 

monotonically as the probe approaches the surface (in all cases), the profiles are not 

typical of purely electrostatic interactions. In most cases the onset of repulsion occurs at 

smaller separations for higher surfactant concentrations implying that the charged 

surfactant contributes to the total ionic strength of species screening electrostatic 

interactions. However, there are additional features in some force curves, which imply 

soft surface contact of the probe with structures (i.e. surfactant aggregates) and steric 

interaction forces are detected near the surface. This “soft surface” is shown in the force 

curves as an initial limit to the decreasing separation (a bump in the curve), but upon the 

application of more force, a “jump” to contact with the hard surface is observed. An 

overlay of 20 consecutive force-separation curves is presented in Appendix Figure 5.21 
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to show the reproducibility of the measurements and the support existence of the steric 

features. 

 

 
Figure 5.6: Representative AFM approach force curves for a silica probe in CTAB solutions above and below 
the surfactant CMC approaching (a) Na-CNC, (b) H-CNC, (c) Cat-CNC and (d) Si surfaces. 

AFM force curves collected using a silica probe against the three types of CNC 

films and a Si wafer (control) show surfactant-cellulose affinities that support the EM and 

NTA results: bumps in the force curves near zero separation imply that there is 

adsorption of CTAB onto Na-CNCs, H-CNCs and the Si substrate (Figure 5.6a, b and d) 

(a) (b) 

(c) (d) 
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whereas the force profile indicates purely electrostatic repulsion for Cat-CNCs (Figure 

5.6c, similar to that shown in Figure 5.2). The lack of bumps in Figure 5.6c indicates that 

there is insignificant surfactant adsorption to Cat-CNCs but that a cationic layer of CTAB 

is adsorbed on the silica probe leading to a cationic probe-cationic film interaction. The 

Debye lengths calculated for Cat-CNCs in CTAB are 15 nm and 17.9 nm at 0.5× and 

2×CMC, respectively (Appendix Figure 5.21) which are close to theoretical values of 14 

nm and 6.8 nm and discrepancies are due to the fact that due to the formation of micelles, 

the ionic strength is not strictly the same as the concentration of CTAB.  

 Figure 5.7 takes a closer look at the force curve “soft surface” features by 

zooming in at small separation distances and is intended to provide insight into the 

structuring and adsorption behavior of surfactants at the surfaces. All “soft surfaces” 

require a different amount of force to push through which is attributed to the stability and 

uniformity of the surfactant morphology. The jump-in distance is also shown to vary 

indicating that the features have different sizes. For Na-CNC (Figure 5.7a) in the 

presence of CTAB at 0.5×CMC, the bump in the force curve is at approximately 10 nm 

which corresponds to three times the length of a fully extended CTAB molecule [175]. 

Considering that there is also surfactant adsorbed on the probe, the feature in the force 

curve may be due to a bilayer of surfactant adsorbed on each surface (where the tails 

interpenetrate and thus a bilayer is less than 2 times the surfactant molecule size). This 

feature is very easy to push through, requiring 0.2 mN/m of force. At higher surfactant 

concentration (2×CMC) there is a competition between surfactant micellization and 

adsorption and it appears that as the probe and surface move towards each other only a 
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monolayer of surfactant remains bound in between. This is inferred from the smaller 

jump at approximately 2 nm (but this layer is harder to push through, 0.5 mN/m).  

 

 
Figure 5.7: Enlarged images of the AFM approach curves for (a) Na-CNC, (b) H-CNC and (c) Si surfaces in 
CTAB solution above and below the surfactant CMC to highlight regions of surfactant structuring. Inset 
cartoons show suggested surfactant morphologies. 

 In Figure 5.7b for H-CNCs in CTAB at 0.5×CMC, the bump in the force curve is 

at approximately 6 nm which corresponds to the size of a CTAB micelle [176]. This 

highly ordered surfactant aggregate was found to require a significantly larger force (3.3 

mN/m) to push through compared to the soft features observed on Na-CNC films. The 

(a) (b) 

(c) 
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force is comparable to that measured by Vakarelski et al. [146] for a similar experiment 

with a silica probe against a silica surface in C12TAB (which has the same molecular 

structure as CTAB but with a 12 carbon alkyl tail instead of CTAB’s 16 carbon alkyl 

tail). The data from Vakarelski et al. is reproduced in Figure 5.8 for direct comparison to 

Figure 5.7c (Si surface) where the same results were obtained. The appearance of 

micelles below the CMC is not that surprising and has been reported previously in a 

review by Paria et al. [177] where similar ordering of micelles at the surface of cellulose 

and silica below the CMC have been observed by soft contact AFM imaging and 

adsorption studies. For H-CNC surfaces at 2× the CMC, no features in the force curves 

were observed indicating that micellization in solution overshadows adsorption and only 

weakly bound surfactant aggregates may be present. In general, the observations from 

AFM force curves support EM and NTA measurements and show that different surfactant 

morphologies are present depending on the surfactant concentration and the CNC 

counterion. 

 
Figure 5.8: Reproduced AFM force curve data from reference [146] showing a silica probe against a silica 
surface in the presence of C12TAB. To make the Force/R values comparable to our work the y-axis values should 
be divided by 2π to give Force/2πR (i.e. their value of 18 mN/m corresponds to what we report as 3 mN/m). 
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 Similar to CTAB, anionic SDS also interacts most with oppositely charged CNC 

films, in this case, the Cat-CNCs (Figure 5.9). It is shown in Figure 5.9a through the EM 

experiments that Cat-CNCs switch from having a positive surface potential to negative 

with increasing SDS concentration. The isoelectric point occurs at 4.1 mM SDS, which is 

half the CMC of SDS. A similar result was shown by Prathapan et al. for Na-CNCs and 

SDS where the addition of SDS has no effect on the nanoparticle surface potential and 

the trend was insensitive to the addition of 10 mM NaCl [173]. Figure 5.9b shows that the 

apparent diameter of Cat-CNCs increases upon the addition of SDS, implying surfactant 

adsorption to CNCs, whereas Na-CNC and H-CNC particle size remains fairly constant 

in the presence of SDS. The size increase for Cat-CNCs with SDS is larger than would be 

expected from surfactant adsorption alone, however, and may be more a result of CNC 

agglomeration due to the surfactant and charge groups facilitating particle bridging. 

Analogous to Na-CNCs with CTAB, for Cat-CNCs in the presence of SDS, the onset of 

both particle size increase and surface potential sign change, occurs before the CMC – it 

appears that full charge compensation of the cationic CNC groups by SDS is easily 

achievable.  
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Figure 5.9: (a) Electrophoretic mobility and (b) “apparent” particle diameter measured by NanoSight for 
suspensions of Na-CNC, H-CNC and Cat-CNC with SDS concentrations of a 0.2×, half, 2×, 5× and 10× the CMC 
with neat CNC suspensions as controls. Suspensions were diluted to the working concentrations of 0.1 wt.% 
CNC for EM and 0.0001 wt.% for NTA, the error bars are 95% confidence intervals. 

 
Like the EM and NTA results, the AFM force curves in Figure 5.10 imply that 

there is no strong interaction, adsorption or surfactant structuring near the surfaces of Na-

CNC, H-CNC or Si surfaces in SDS solution (Figure 5.10a, 5.10b, and 5.10d, 

respectively). All force curves (except for Cat-CNC) show electrostatic repulsive force 

profiles between the anionic silica probe and anionic surfaces in the presence of anionic 

SDS. Again, SDS behaves as a salt in these situations screening electrostatics. The 

calculated Debye length for Na-CNCs in SDS is 6.6 nm and for H-CNC is 7.7 nm, which 

(a) 

(b) 
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are close to theoretical values of 4.7 nm and 2.4 nm, the linear fits for the Debye length 

are shown in the Appendix Figure 5.22.  

 

 
Figure 5.10: Representative AFM approach force cures for a silica probe against (a) Na-CNC, (b) H-CNC, (c) 
Cat-CNC and (d) Si surfaces in the presence of SDS solutions above and below the surfactant CMC.   

On the other hand, Cat-CNC surfaces in SDS at 2× the CMC (Figure 5.10c) show 

the presence of soft surface features, which may be due to surfactant structuring. No 

surfactant structuring is observed below the CMC, which may be due to the small size of 

SDS molecules or complications arising from the Cat-CNC surface, which possesses both 

(a) (b) 

(c) (d) 
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anionic and cationic surface charge groups. The small jump near the zero of separation is 

highlighted in Figure 5.11 implying surfactant structuring of SDS on Cat-CNC films. 

This soft surface feature is approximately 1.5 nm wide, which is the size of a SDS 

micelle [178]. The small size of this steric feature is close to the resolution of the AFM 

force curves but did appear reproducibly in the data collected. The presence of adsorbed 

SDS micelles on Cat-CNC is consistent with EM and NTA experiments.  

 
Figure 5.11: Enlarged image of the AFM approach curves for Cat-CNC surfaces in SDS solution environments 
above and below the surfactant CMC to highlight regions of surfactant structuring. Inset cartoon shows 
suggested surfactant morphology. 

TX100 is a non-ionic surfactant and interacts differently with CNCs than the 

charged surfactants CTAB and SDS; the interactions are primarily hydrophobic in nature. 

Figure 5.12a shows that TX100 adsorbs to the surface of Na-CNCs and Cat-CNCs, which 

shields the surface charge and shifts the surface potential values towards zero. For H-

CNCs there is no significant change in the surface potential indicating very little or no 

adsorption of TX100 to H-CNCs. Both Na+ and Cl- (counterion to Cat-CNCs) are ions 

that strengthen hydrophobic interactions based on the Hofmeister series, which implies 

that TX100 should prefer to adsorb to Na-CNCs and Cat-CNCs. Figure 5.12b shows that 
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the adsorption of TX100 to CNCs does not significantly change the apparent particle size. 

This is likely due to minimal (and non-uniform) adsorption and a “flatter” adsorption 

morphology of TX100 compared to charged surfactants on charged surfaces. 

 

Figure 5.12: (a) Electrophoretic mobility and (b) “apparent” particle diameter measured by NanoSight for 
suspensions of Na-CNC, H-CNC and Cat-CNC with TX100 concentrations of a 0.2×, half, 2×, 5× and 10× the 
CMC with neat CNC suspensions as controls. Suspensions were diluted to the working concentrations of 0.1 
wt.% CNC for EM and 0.0001 wt.% for NTA, the error bars are 95% confidence intervals. 

AFM force measurements show similar affinities for TX100 to the surfaces as 

indicated by EM and NTA (Figure 5.13). No “soft contact” features are present on any 

CNC surfaces indicating that there are no surfactant aggregates and a flat sub-monolayer 

of TX100 would be difficult to detect by AFM. However, on silica surfaces, surfactant 

(a) 

(b) 
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structuring is present above and below the CMC, a zoomed in image of Figure 5.13d is 

shown in the Appendix Figure 5.23. The adsorption of surfactant aggregates, and the 

ability to detect them by AFM, may be enhanced on the molecularly smooth Si wafers 

(RMS surface roughness = 0.3 nm) compared with the rougher CNC surfaces (RMS 

surface roughness = 2.5 nm). 

 

 
Figure 5.13: Representative approach force cures for the approach of a silica probe to Na-CNC, H-CNC, CAT-
CNC and Si surfaces in the presence of TX100 solutions above and below the surfactant CMC.  

(a) (b) 

(c) (d) 
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Although TX100 is uncharged and does not contribute to the ionic strength of the 

media, it appears to screen some surface charge through adsorption. In Figure 5.13 this is 

manifested as less repulsion in the force curves at higher surfactant concentration. In fact, 

there is more surface charge screening (shown as a bigger shift between the gray and 

black curves) due to surfactant adsorption for Na-CNCs and Cat-CNCs when compared 

to the values for H-CNCs. This is consistent with the EM results that show a higher 

change in surface potential for Na-CNCs and Cat-CNCs than for H-CNCs. Furthermore 

these findings reinforce that the Na+ counterion on CNCs promote hydrophobic 

interactions. This agrees with work by Zeng et al. that demonstrates how a neutral Si 

surface facilitates more adsorption of TX100 than a charged Si surface (shown by 

adsorption experiments that compare the concentration of surfactant in a solution before 

and after passing through a membrane) [179]. The adsorption is attributed to hydrogen 

bonding between the poly ethylene glycol chain on TX100 and the neutral SiOH moieties 

on the Si surface [179]. Furthermore it was shown that the addition of DTAB, a cationic 

surfactant similar to CTAB, increased the adsorption of TX100 as it binds preferentially 

to point charges on the Si surface and creates a more neutral surface for the adsorption of 

TX100 [179]. Thus we conclude that the lack of Na+ at the surface of an H-CNC film 

leads to less TX100 adsorption both because it does not have a hydrophobic interaction 

“promoter” and presents itself as having more accessible surface charge groups in 

solution.  

5.3 Interactions between Cellulose Probes and Cellulose and Silica Surfaces 
 

All of the results above employ a silica probe because such probes are often 

favored in the literature due to low surface roughness, chemical inertness, lack of 
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dangling tails (which could lead to steric interactions), and known surface charge density 

[149]. However, as we aim to understand CNC-CNC interactions for composite 

applications a cellulose probe may offer more insight into the exact system of interest. 

Although our cellulose probes are regenerated cellulose spheres and not a crystalline rod-

shaped particle we aim to deduce general trends nonetheless.  

The force curves in Figure 5.14 and Figure 5.15 show that there is very little 

interaction of the cellulose probe with Na-CNCs, H-CNCs and Si surfaces in NaCl and 

CaCl2, repulsion dominates, and ionic strength has a small effect. Increasing the salt 

concentration decreases the Debye length, shown as a shift of the vertical part of the force 

curve closer to the y-axis; this is comparable to what was observed by Notely et al. in 

AFM experiments using a cellulose probe against a silica surface [170]. It was 

furthermore expected, based on work by Nordgren et al., with similar neutral charge 

cellulose probes, that electrostatic interactions observed would be on a smaller scale than 

results using an Si probe [148]. 

There is notably significant noise in the force data in Figure 5.14 and Figure 5.15 

induced by the roughness of the probe itself.  For NaCl, the calculated Debye lengths 

from Figure 5.14 (shown in Appendix Figure 5.25) are almost identical to those with a 

silica probe (Table 5.1): In 0.1 mM NaCl the Debye lengths are 13.6 nm and 17.5 nm for 

Na-CNCs and H-CNCs, respectively (which is smaller than the theoretically predicted 

value of 30 nm). The Debye lengths could not be calculated accurately in CaCl2. Again, 

the bumps in the force curves and the discrepancy in Debye length values are primarily 

attributed to the cellulose probe surface roughness.  
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Figure 5.14: Representative AFM approach curves for a cellulose probe in 0.1 mM, 10 mM and 100 mM NaCl 
solutions against (a) Na-CNC,  (b) H-CNC, and (c) Si surfaces. 

(a) (b) 

(c) 



M.A.Sc. Thesis – H. S. Marway;  McMaster University – Chemical Engineering 

91 
 

 
Figure 5.15: Representative AFM approach force curves for a cellulose probe in 0.03 mM, 3 mM and 30 mM 
CaCl2 solutions against (a) Na-CNC, (b) H-CNC, and (c) Si surfaces.  

 
Finally, cellulose probe-CNC force interactions in surfactant were collected to 

compare to silica probe data. As CTAB was shown in section 5.2.2 to have the greatest 

effect on anionic CNC interactions, we only investigated the interactions between the 

cellulose probe and CNCs in CTAB (SDS and TX100 experiments were omitted). Figure 

5.16 shows that there is CTAB structuring at the surface in all cases below the CMC. Due 

to the surface roughness and neutral charge of the cellulose probe, the force needed to 

push through the surfactant structures is significantly lower than previously observed 

(a) (b) 

(c) 
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with the silica probe (Figure 5.6 and Figure 5.7), and the morphology of the surfactant 

aggregates cannot be fully resolved. Nonetheless CTAB adsorption to Na-CNCs, H-

CNCs and Si is detectable using a cellulose colloid probe.  

 
Figure 5.16: Representative AFM approach force cures for a cellulose probe against (a) Na-CNC, (b) H-CNC 
and (c) Si surfaces in the presence of CTAB above and below the surfactant CMC. 

 
 
 
 
 
 
 

(a) (b) 

(c) 
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5.4 Conclusion 
 

Through this investigation of CNCs with salts and surfactants, we have found that 

the nature of the salt/surfactant and the CNC counterion have a large effect on molecular 

interactions. Despite being anionic and very similar in charge density, Na-CNC and H-

CNC surfaces behave differently from each other and from the Si substrate used as a 

control. The surface roughness of the probe and substrates affect the resolution and 

reproducibility of AFM force measurements as well as influence the morphology of 

adsorbed surfactants. 

When comparing the interaction of Na-CNC and H-CNC with salts and 

surfactant, it is inferred that H+ is more easily displaced by other counterions and Na+ 

likely promotes hydrophobic interactions (in addition to electrostatic interactions). For 

example, we show that the exchange of H+ to Na+ leads to higher salt concentrations 

required for the onset of charge reversal. Electrostatic repulsion between anionic probes 

and anionic CNC surfaces in salt are measured, as expected, and the determined Debye 

lengths are on the right order of magnitude compared with theory.  

In surfactant solutions, the surfactant charge and concentration, and CNC type and 

counterion, led to a variety of proposed adsorption morphologies. According to NTA 

only (i) CTAB with Na-CNCs and (ii) SDS with Cat-CNCs led to significantly larger 

particles despite the fact that all oppositely charged surfactant-CNC combinations 

showed that surfactant adsorption modified the surface potential. TX100 adsorbed to 

most CNC surfaces due to hydrophobic interactions. Monolayer and bilayer surfactant 

morphologies are inferred from AFM force curves for Na-CNCs with CTAB and micelle 

adsorption is observed in H-CNCs with CTAB and Cat-CNCs with SDS systems, which 
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highlights the intricacies of surfactant interactions. These measurements just begin to 

elucidate the competing factors at play with surfactants and CNCs such as electrostatic, 

steric and hydrophobic interactions, ion reactivity and the drive for micellization. In 

conclusion, since the CNC surface charge and counterion has such a large effect on 

molecular interactions, it is important to consider (and report the starting material 

specifications in publications) when looking at the interaction of CNCs and potential 

composite materials. 
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5.5 Appendix  

5.5.1 Silica Probe Interaction in Salt Solutions 
 
 

 
 
Figure 5.17: Estimation of the Debye length for a silica probe approaching a H-CNC surface in 0.1 mM NaCl 
using a linear fit applied to the curve between 10 nm and 30 nm of separation. 

 
Figure 5.18: Estimation of the Debye length for a silica probe approaching a H-CNC surface in 0.03 mM CaCl2 
using a linear fit applied to the curve between 10 nm and 30 nm of separation. 

5.5.2 Silica Probe Interactions in Surfactant Solutions 

 
Figure 5.19: Estimation of the Debye length for a silica probe approaching a H-CNC surface in a 2× CMC 
CTAB environment using a linear fit applied to the curve between 10 nm and 30 nm of separation. 
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Figure 5.20: Estimation of the Debye length for a silica probe approaching a Cat-CNC surfaces in (a) 0.5× CMC 
and (b) 2× CMC CTAB environment using a linear fit applied to the curve between 10 nm and 30 nm of 
separation. 

 

 
 

Figure 5.21: A set of 20 approach force curves for Na-CNC surrounded by CTAB solution at 2× CMC. It is 
evident from these measurements that the jump from contact with a soft surface to a hard surface can be 
measured reproducibly by colloid probe AFM force measurements.   

 
Figure 5.22: Estimation of the Debye length for a silica probe approaching a Na-CNC surface in (a) 0.5× and (b) 
2× the CMC of SDS environment using a linear fit applied to the curve between 10 nm and 30 nm of separation. 
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Figure 5.23: Enlarged image of the approach curves for Si surfaces in TX100 above and below the surfactant 
CMC to show regions of surfactant structuring. 

 

5.5.3 Cellulose Probe Interactions with Salt 
 

 
Figure 5.24: Estimation of the Debye length for a cellulose probe approaching (a) Na-CNC and (b) H-CNC 
surfaces in 0.1 mM NaCl using a linear fit applied to the curve between 10 nm and 50 nm of separation. 
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6. Adhesion in Nanocellulose Systems Measured by Colloid 
Probe AFM 

 

6.1 Introduction 
 

In the previous chapter the pre-contact forces from an AFM probe moving towards 

a spin-coated CNC film (i.e., approach curves) were discussed. In this chapter the 

retraction of a probe from those same surfaces is shown. It will be discussed how the pre-

contact forces and surfactant morphologies inferred in Chapter 5 affect adhesion, or the 

lack there-of, upon the retraction of the probe away from the surface. 

AFM colloid probe force measurements were done where the probe and surface 

were immersed in either salt or surfactant solutions. The two salts used were monovalent 

NaCl at molar concentrations of 0.1 mM, 10 mM, and 100 mM and divalent CaCl2 at the 

equivalent ionic strength, which corresponds to molar concentrations of 0.03 mM, 3 mM 

and 30 mM. Surfactant solutions used were made at concentrations of half (0.5×) and 

double (2×) the CMC. Where the CMC of CTAB is 1 mM, SDS is 8.2 mM and TX100 is 

0.24 mM. Overall, CNC adhesion is affected by the liquid environment and surfactants 

have a strong ability to compatibilize surfaces and increase adhesion which is significant 

in CNC nanocomposite design. 

6.2 Interactions between Silica Probes and Cellulose and Silica Surfaces 

6.2.1 Salts 

The effect of salt on silica-cellulose adhesion was investigated by looking at the 

retraction portion of the same AFM force curves discussed in Chapter 5. Due to the 

charged nature of the CNCs and silica surfaces, salt will screen electrostatic repulsion, 

which may increase adhesive interactions. It was shown in Chapter 5 that the increase in 
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salt concentration increased the screening of electrostatic repulsion. It is thus expected 

that increasing salt concentration will increase the adhesion as it is widely accepted that 

the addition of salt can lead to destabilization of DLVO forces and the aggregation of 

particles in a suspension. Ideally, studying the interactions between a probe and a film 

offers insight into colloidal interactions in suspension but furthermore may be useful for 

understanding CNC coatings.  

In addition to salt altering pre-contact surface forces between silica/cellulose 

probes and CNC surfaces, Chapter 5 showed that the type of counterion on CNCs, either 

H+ or Na+ had a larger influence on surface interactions than expected. Similarly, the 

liquid environment around this system and counterions affected adhesion (i.e., post-

contact forces). An example of a retraction force curve is shown in Figure 6.1.  The 

adhesion is manifested as a dip below the zero-force line (y axis) followed by a “jump” in 

the curve back to zero force. The “jump” occurs at the separation (x axis position) where 

the force exerted by the retracting cantilever is sufficient to overcome the force of 

adhesion between the probe and surface. Multiple bumps in the force curve upon 

retraction are characteristic of various detachment events or conformational changes, and 

often such curves are used to look at protein/DNA unfolding, single molecule forces or 

adhesives with multiple contact points between the adhesive and the probe [180]. 
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Figure 6.1: Representative retraction force curves for a silica probe against a H-CNC surface in the presence of 
CaCl2 (0.03 mM, 3 mM and 30 mM) showing that adhesion in present in this system and manifests as a dip in 
the curve below zero force. 

For statistical relevance, approximately 150 retraction force curves, taken in three 

different locations on the substrate, were collected for each probe-film-solution 

combination. Figure 6.1 shows a representative AFM force curve and the distribution of 

data amongst 150 force curves is similar to that presented in Chapter 5 Figure 5.1. The 

average adhesion (area under the curve), normalized by the probe radius, was determined 

from all force curves and compiled into a bar graph, as shown in Figure 6.2. 

Figure 6.2 shows that with a silica probe, as the NaCl concentration increases, 

there is a decrease in adhesion for Na-CNC and H-CNC surfaces. For the silica surface, 

the opposite is seen whereby there is an increase in adhesion with increasing ionic 

strength (expected theoretically and from previous literature). This difference between 

the adhesion results for CNC surfaces and silica surfaces indicates that the interactions 

are not purely due to surface charge. Appendix Figure 6.7 shows the corresponding AFM 

force curves for CNC and silica surfaces in the presence of NaCl solution.  
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Figure 6.2: Average adhesion measured by AFM between a silica probe and CNC or silica surfaces in the 
presence of NaCl (0.1 mM, 10 mM and 100 mM) and CaCl2 (0.03 mM, 3 mM and 30 mM – equivalent ionic 
strengths to NaCl). It is shown that for CNC surfaces in the presence of NaCl there is a decrease in adhesion 
with the increase of salt, but the reverse is observed for Si surfaces. In the presence of CaCl2 it is shown that 
there may be ionic bridging for H-CNC and Si surfaces. Each bar is an average of at least 150 measurements; 
representative AFM force curves are shown in Appendix Figure 6.7 for NaCl and Figure 6.8 for CaCl2. The 
error bars are one standard deviation of the average values. 

A similar trend is observed in CaCl2 where the adhesion between the silica probe 

and CNC surfaces decreases with an increase in CaCl2 concentration. However, the 

adhesion for H-CNCs in the presence of CaCl2 is higher than Na-CNC, which is the 

reverse of what was observed in NaCl. The H-CNC surface follows a trend similar to a Si 

surface where in both, adhesion peaks at 3 mM and then drops at 30 mM. This increase in 

adhesion may be due to ionic bridging induced by Ca2+ between the Si probe with H-

CNC and Si surfaces. The AFM force curves on retraction for Na-CNC, H-CNC and Si 

surfaces are shown in the Appendix Figure 6.8, where the effects of bridging are shown 

in Appendix Figure 6.8b, a double dip in the curve indicates multiple adhesion events. 

The lack of adhesion in the case of the Na-CNC surface suggests that ionic bridging may 

be hindered, which as discussed in Chapter 5 may be due to ionic shielding by Na+. Thus 

the difference in adhesion for Na-CNC and H-CNC in the presence of either NaCl or 
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CaCl2 is not due to the surface charge but more the counterion associated with the 

surface.  

The silica-silica adhesion results shown in Figure 6.2 are consistent with previous 

literature and are used as an internal control measurement; in NaCl adhesion increases 

with ionic strength because there is less repulsion but the trend is more convoluted in 

CaCl2 because of the divalent nature of Ca2+ and bridging possibilities. Similarly this 

trend has been shown by Troncoso et al. [147] where increasing ionic strength increases 

the adhesion between silica probes and silica surfaces due to an increase in surface 

tension. On the contrary, it is shown by Dishon et al. that at high salt concentrations of 

0.5-1 M NaCl (note: much higher than tested here), there is repulsion between a silica 

AFM probe and a silica surface attributed to the charge reversal at the surfaces, which 

leads to decreasing adhesion values with increasing salt concentration. In the same study, 

it was also shown that the decrease in the pH of the salt solution, from 5.5 to 4 by the 

addition of HCl, also decreases adhesion and shifts the onset of the charge reversal to a 

lower salt concentration [167]. 

 For CNC surfaces it was observed that on retraction, the adhesion between the 

silica probe and Na-CNC or H-CNC decreased as the amount of NaCl increased, this is 

similar to the study by Dishon et al. mentioned above. Specifically, it is shown in Figure 

6.2 that upon an increase in the salt concentration, the adhesion decreases more for H-

CNC surfaces than Na-CNCs. The local acidity at the surface of CNCs where Na-CNC 

are neutralized and H-CNCs are not, may be a possible cause for the difference in 

adhesion.   
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Although the ionic strength of the NaCl and CaCl2 solutions is the same for both 

salts, CaCl2 solutions are shown to increase adhesion for silica-silica systems to a lesser 

degree than NaCl. For the silica probe with CNC and silica surfaces, it is observed that 

the addition of CaCl2 initially results in very similar adhesion in Na-CNCs  (11 ± 2 pJ/m), 

H-CNCs  (9 ± 2 pJ/m) and Si (9 ± 4 pJ/m), but upon the increase of the CaCl2 

concentration the Na-CNC adhesion drops to 0 pJ/m whereas H-CNC adhesion is shown 

to stay fairly consistent, 8 ± 1 pJ/m for a CaCl2 concentration of 3 mM and starts to drop 

thereafter reaching 4 ± 1 pJ/m by a CaCl2 concentration of 30 mM. The higher adhesion 

between silica and H-CNCs may be due to ionic bridging induced by divalent Ca2+ which 

has been shown previously to occur on CNC surfaces [172,181]. In the case of Na-CNCs, 

the presence of the Na+ ion hinders Ca2+ bridging as Na+ is preferred at the surface over 

Ca2+, as shown in studies pertaining to ion displacement [182]. Additionally, charge 

reversal as mentioned in Chapter 5, may be occurring at lower ionic strengths in the Na-

CNC sample due to the combination of both Na+ and Ca2+ present at the surface.  For the 

silica surface, the adhesion increases to 100 ± 40 pJ/m at a concentration of 3 mM and 

then drops to 10 ± 1 pJ/m by 30 mM, which indicates that there is a threshold for ion 

bridging between 3 and 30 mM CaCl2.   

It is observed through these AFM force measurements that the effect of salt and 

its behaviour is more complicated than expected particularly when considering 

differences due to CNC counterion and surfaces that may have local surface acidity, i.e., 

due to sulfate half esters. The counterion affects how the surface interacts with other 

molecules and how the surface presents itself to the environment. Overall, the Na+ 
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counterion at the surface leads to a larger decrease in adhesion with increasing salt 

concentration than the H+ counterion. 

6.2.2 Surfactants 
 

Interactions between a silica probe and different CNC surfaces (H-CNCs, Na-

CNCs and Cat-CNCs) in the presence of surfactants, CTAB, SDS and TX100, were 

studied to understand the effect of surfactant type and concentration on adhesion. Based 

on the findings of Vakarelski et al. for silica-silica systems, we hypothesize that the 

presence of micelles and other surfactant morphologies (inferred from approach curves) 

will increase the adhesion for cellulose systems as well [146].  

In Figure 6.3 it is shown that high adhesion values were measured for systems 

where surfactant structuring was observed in the Chapter 5 approach curves. For H-CNCs 

in the presence of cationic CTAB, the highest adhesion is measured at 0.5×CMC (110 ± 

10 pJ/m), which is where higher order surfactant structures, likely micelles, were 

proposed from the AFM force data (Chapter 5, Figure 5.7b). For H-CNCs at 2×CMC 

CTAB there is no surfactant structuring and less adhesion (4 ± 1 pJ/m). The CNC 

systems with the strongest indication of surfactant structuring in Chapter 5 were H-CNCs 

at 0.5×CMC CTAB, Na-CNC at 2×CMC CTAB, and Cat-CNCs at 2×CMC SDS, which 

have the highest adhesion values in Figure 6.3.  
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Figure 6.3: Average adhesion (pJ/m) measured by AFM between silica probes and H-CNC, Na-CNC, Cat CNCs 
and Si surfaces in the presence of surfactant solutions at half and twice the respective CMC of CTAB, SDS, and 
TX100. It is shown that maximum adhesion for CNCs can be achieved using H-CNCs in the presence of 
0.5×CMC CTAB. Each bar is an average of at least 150 adhesion measurements, representative curves shown in 
Appendix Figure 6.9 for CTAB, Figure 6.10 for SDS and Figure 6.11 for TX100. The error bars are the standard 
deviation of the average values.  

Looking at adhesion in CTAB in more detail, our results tend to agree with the 

literature. Lui et al. similarly showed through AFM force measurements that the presence 

of CTACl (CTAB with Cl- as the counterion instead of Br-) micelles at the surface of 

polymer films and Si increased adhesion [183]. For Na-CNCs in CTAB, it is shown that 

the adhesion values measured are higher where surfactant bi/multilayer formation was 

inferred, 2×CMC CTAB (50 ± 9 pJ/m), than where a thin surfactant layer is proposed, 

0.5×CMC (~ 0 pJ/m). This again links structured surfactant at the surface of CNCs to the 

promotion of adhesion. We can use the silica-silica system as an internal control where in 

the approach curves (Figure 5.7c) micelles are encountered in the presence of CTAB at 

both concentrations and this leads to very high adhesion in the retraction curves, i.e., 

2100 ± 400 and 600 ± 300 pJ/m (Figure 6.3). The higher adhesion generally observed for 

the silica surface is likely related to the smooth surface (root-mean-square roughness of 

0.3 nm over 1 µm) and that structure of surfactants on the surface is more uniform and 
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covers surface charge more effectively. For Cat-CNCs the lack of CTAB interactions as 

presented in Chapter 5 translates to no adhesion. In all cases that show a lack of higher 

order surfactant structuring, little adhesion is measured.  

In anionic SDS, H-CNCs and Na-CNCs were shown to have no surfactant 

adsorption and thus there is no adhesion (Figure 6.3).  Oppositely charged Cat-CNCs 

were shown to have some interaction with SDS with apparent micelle formation at 

2×CMC thus the surfactant is available to promote adhesion (6 ± 2 pJ/m). Higher 

adhesion (18 ± 3 pJ/m) is observed at 0.5×CMC, which, much like CTAB with H-CNCs, 

may be due to higher order surfactant structuring. In SDS 2×CMC, micelles lead to a 

high concentration of surfactant at the surface, which is repelled by both the anionic 

probe and the residual anionic charges at the Cat-CNC surface. Bremmell et al. saw a 

similar result where AFM adhesion measurements for a silica probe and an anionic 

polyelectrolyte surface in the presence of sodium dodecylbenzenesulfonate (SDbS, an 

anionic surfactant similar to SDS) was higher below the CMC [184]. The higher adhesion 

was attributed to partial surfactant micelles at the polyelectrolyte surface coming together 

and forming structured micelles, whereas the lower adhesion above the CMC was 

attributed to the repulsion of the probe and surface due to dense surfactant coating 

leading to the coming together of like charged surfaces as shown in Figure 6.4 [184].  
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Figure 6.4: Proposed interaction of SDbD micelles upon the approach of a silica probe towards a cationic 
polyelectrolyte surface in the presence of SDbS solutions below and above the CMC. It is suggested that at low 
surfactant concentrations partial micelles come together to form complete micelles leading to an adhesive force 
whereas at high surfactant concentrations surfactant micelles already present at the surface result in a lack of 
adhesion. Figure reproduced from [184]. 

 
Uncharged TX100 is shown to interact similarly with all the surfaces tested. While 

no surfactant structuring was observed in the approach curves, the surfactant seems to 

coat all surfaces effectively screening electrostatic repulsion. In 0.5×CMC TX100, 

consistent (and non zero) adhesion is shown in Figure 6.3 irrespective of the surface type: 

24 ± 4 pJ/m for Na-CNCs, 17 ± 3 pJ/m for H-CNCs, 21 ± 20 pJ/m for Cat-CNCs and 11 

± 9 pJ/m for Si. Above the CMC, it is shown that there is negligible adhesion for CNC 

surfaces, which may be due to the preference for formation of micelles in free solution 

rather than the surfactant adsorption at the surface.  

As expected, the presence of micelles at surfaces leads to higher adhesion when 

compared to less structured surfactant morphologies such as bi/multilayers and 

monolayers on the surface. (We note that micelles may actually be hemi-micelles and 

other similar aggregate structures, and are dynamic and constantly exchanging molecules 

with the surroundings, but the AFM measurements indicate a feature on the same size 
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scale as a micelle, hence the use of the term). In systems where we infer a lack of 

surfactant adsorption at the surface, very minimal to no adhesion was measured, as was 

the cases of Cat-CNC with CTAB, anionic CNCs with SDS, and all CNCs with TX100. 

Thus to tailor adhesion, it is proposed that surface charge as well as counterion type are 

as important as the amount of surfactant present. 

6.3 Interactions between Cellulose Probes and Cellulose and Silica Surfaces 
 

6.3.1 Salts 

The silica probe represents a smooth model surface with known/unchanging 

properties such as surface charge density. However, a cellulose probe is more 

representative of the interactions we are truly interested in. That is, in CNC or CNF 

nanocomposites what are the governing forces between cellulose particles? This work 

employs a regenerated cellulose sphere with a diameter of ~30 µm as the probe. This 

cellulose probe is uncharged and is primarily amorphous cellulose in contrast to anionic 

and highly crystalline cellulose I CNCs. As such, the probe is expected to be much less 

influenced by ionic strength. 

Figure 6.5 shows that all adhesion values are lower with the cellulose probe vs. 

the silica probe (Figure 6.3) with larger variations in data (represented by the larger error 

bars). Adhesion is shown to be generally higher in the presence of CaCl2 compared to 

NaCl, which may be due to ionic bridging between the AFM cellulose probe and the 

surface. In Chapter 5, Na-CNC results show that the Na+ counterion hinders the 

adsorption of Ca2+ to Na-CNC surfaces. Thus for Na-CNCs in 0.03 mM CaCl2 the 

adhesion measurements are of a similar magnitude to Na-CNCs in 0.1 mM NaCl - 

essentially no adhesion. For H-CNCs and Si it is shown that adhesion values are 
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consistent as CaCl2 concentration increases, the lack of Na+ at the surface allows Ca2+ to 

interact with the surfaces to facilitate ion bridging even at low salt concentrations.  

 
 

Figure 6.5: Average adhesion (pJ/m) measured by AFM between cellulose probes and H-CNCs surfaces, Na-
CNC surfaces, and Si wafer surfaces in the presence of NaCl solutions  at a concentration of 0.1 mM, 10 mM and 
100 mM and the ionic strength equivalent of CaCl2 of 0.03 mM, 3 mM and 30 mM. Each bar is an average of at 
least 150 adhesion measurements, representative curves shown in Appendix Figure 6.12 for NaCl and Figure 
6.13 for CaCl2. The error bars are the standard deviation of the average values. 

Upon the increase of salt concentration to 10 mM for NaCl and 3 mM CaCl2, 

there is a large increase in adhesion for Na-CNC, which may be due to the interactions of 

CaCl2 with the probe rather than the Na-CNC surface. Charge reversal due to high ion 

concentration at the surface may explain the dip in adhesion seen for H-CNCs and Si and 

the increase in adhesion for Na-CNCs at 3 mM CaCl2. As such at 30 mM CaCl2 the salt 

concentration may be high enough to screen all surface charges leading to adhesion 

values for Na-CNC similar to H-CNCs. Since Ca2+ can facilitate ion bridging and is more 

easily hydrated than Na+, according to reactivity series as discussed in Chapter 5, the 

adhesion in the presence of CaCl2 is stronger. H-CNC surfaces are again observed to 

behave similar to silica surfaces where a low ion concentration is needed to screen 

surface charges. Thus it can be concluded that the effects of salt depend on the CNC 
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counterion and that low concentrations of salt promote adhesion and high concentrations 

result in charge reversal on the CNC surfaces. 

A linear least squares model was used to compare the effect of probe type on the 

average adhesion for the different CNC surfaces in solutions with varying ionic strength. 

A three factor system, coded as – and + respectively for each parameter, comparing 

adhesion in terms of: salt concentration (SC) at –(0.1 mM) and +(100 mM); cellulose 

type (CT), either –(H-CNCs) or +(Na-CNCs); and probe type (PT), either –(cellulose) or 

+(silica), was used. The average adhesion values for each parameter were used as the 

input. The model results for measurements in NaCl are shown in Table 6.1. The model 

output is used to show what parameters have the most effect on adhesion. A positive 

coefficient value indicates an increase in the average adhesion when moving from a 

parameter coded as – and going to a +, i.e., going from a CT: –(H-CNC) to CT:+(Na-

CNC) increases adhesion on average by 1.47 units. 

The model coefficients in Table 6.1 show that the increase in ionic strength 

decreases adhesion (shown by the negative sign of the coefficient) whereas the use of a 

Na-CNC surface or a silica probe increases adhesion. Changing the salt concentration in 

conjunction with probe type (SC:PT) has the most effect on adhesion (largest coefficient) 

where decreasing the salt concentration and changing the probe to cellulose decreases 

adhesion by an average of 2.68 units for either CNC film type. From this analysis it is 

indicated that to maximize adhesion it is beneficial to have low salt concentration, Na-

CNCs and a silica probe.  
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Table 6.1: Least squares model coefficient results for force measurements done in NaCl solution concentration 
(SC) of 0.1 mM and 100 mM on cellulose surfaces (CT) H-CNCs and Na-CNCs with cellulose and silica probes 
(PT). The code was run in R using average adhesion values as inputs for a three factor system: salt 
concentration (SC): - [0.1 mM], + [100 mM], cellulose type (CT): - [H-CNCs], + [Na-CNCs], and probe type 
(PT): -[Cellulose], + [Silica]. 

Parameters (Intercept) SC CT PT 
Model 
output 
coefficients 

2.6875 -1.9975 1.4725 1.9975 
 

Interacting 
Parameters 

SC:CT SC:PT CT:PT SC:CT:PT 

Model 
output 
coefficients 

-0.9875 -2.6875 0.9875 -1.4725 

 

Similarly Table 6.2 shows the model results in CaCl2 solution and it is observed 

that changing the SC has the most effect. It is shown that for CaCl2 that a H-CNC surface 

is more beneficial to adhesion than having a Na-CNC surface as going from a CT: –(H-

CNC) to CT: +(Na-CNC) increases adhesion on average by -1.07 units which 

corresponds to a decrease in adhesion. 

Table 6.2: Least squares model coefficient results for force measurements done in CaCl2 salt solution 
concentration (SC) of 0.1 mM and 100 mM on cellulose surfaces (CT) H-CNCs and Na-CNCs with cellulose and 
silica probes (PT). The code was run in R using average adhesion values as inputs for a two factorial system: salt 
concentration (SC): - [0.1 mM], + [100 mM], cellulose type (CT): - [H-CNCs], + [Na-CNCs], and probe type 
(PT): - [Cellulose], + [Silica]. 

Parameters (Intercept) SC CT PT 
Model 
output 
coefficients 

3.9800 -2.0650 -1.0775 1.7875 

Interacting 
Parameters 

SC:CT SC:PT CT:PT SC:CT:PT 

Model 
output 
coefficients 

-0.2325 -1.8375 0.5100 -1.0650 

 
A direct comparison of Tables 6.1 and 6.2 shows that the highest adhesion in the 

systems studied is by the use of a silica probe and a Na-CNC surface in the presence of 

low NaCl concentration. These models can be used to give a good approximation of salt-

CNC interactions but they do not account for physical anomalies such as differences in 
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surface roughness, as shown in the cellulose probe data in Figure 6.5 for Na-CNC at 3 

mM CaCl2, which should be considered when using such models. This anomaly is 

attributed to the cellulose probe and not the Na-CNC surface.  

6.3.2 Interactions with CTAB 
 

Since cationic CTAB with anionic CNCs was found to have the most influence on 

adhesion, we chose to measure AFM retraction curves in these systems only to compare 

to the silica probe results. As with the salt experiments, it was expected that the cellulose 

probe–CNC film interactions in the presence of surfactants would be similar to what was 

presented using the silica probe. To the contrary, CTAB did not improve adhesion 

between a cellulose probe and CNC surfaces as shown in Figure 6.5 (which compares 

cellulose probe on the left to the silica probes on the right). In Chapter 5, Figure 5.16 it 

was also implied that structuring of surfactants near the surface was less apparent/regular 

and required less force to rupture with the cellulose probe compared to the silica probe 

which is consistent with the discussion above that concludes that more surfactant 

structuring near a surface leads to higher adhesion. There is no significant difference in 

the adhesion measured for Na-CNC compared to H-CNC with the cellulose probe, 

however, as discussed previously, the silica substrate displayed the highest adhesion. 

Again this supports that surface roughness, presented in Appendix Figure 6.14 as bumpy 

force curves, is one of the primary factors that controls both pre-contact and adhesive 

forces (and the precision to which they can be measured) in colloid probe AFM 

experiments. 
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Figure 6.6: A comparison of average adhesion (pJ/m) measuremed by AFM for cellulose probes (denoted by 
CPr) and silica probes (denoted by SPr) between surfaces of and H-CNCs, Na-CNC, and Si surfaces in the 
presence of CTAB solutions at half and twice the CMC. Each bar is an average of at least 150 adhesion 
measurements, representative curves shown in Appendix Figure 6.14 for cellulose probe and Figure 6.9 for Si 
probe. The error bars are the standard deviation of the average values. 

The addition of surfactants has been shown in literature to aid in the better 

incorporation of CNCs into polymer matrixes [10–12]. Ljungberg et al. [10,11] have 

shown that the use of BNA (an anionic surfactant) to encapsulate CNCs increased the 

dispersion of CNCs in polypropylene blends giving better mechanical properties than the 

incorporation of neat CNCs and polymer grafted CNCs. Additionally, a higher elongation 

at break was shown for a polypropylene blend with surfactant coated CNCs than neat 

polypropylene. Similarly the study was done by Bondeson et al. [12] linking the addition 

of BNA surfactant to increased dispersion of CNCs in polylactic acid. Although, the 

studies by Ljungberg et al. and Bondeson et al. use hydrophobic solvents (toluene and 

chloroform) to encourage the encapsulation of CNCs with surfactant, the increased 

dispersion of CNCs and increased mechanical strength reinforces the finding of higher 

adhesion in the presence of surfactant at CNCs surfaces as shown in Figure 6.3 and 

Figure 6.5. The results in chapters 5 and 6 suggest that cationic surfactants may offer 

better dispersion since they interact more with CNC surfaces and result in more adhesion 
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than anionic surfactants. The study by Nagalakshmaiah et al. [13] using CTAB to 

compatiblize CNCs with a polypropylene matrix shows that the addition of CTAB along 

with CNCs rather than neat CNCs results in an additional increase in the elongation at 

break of the polymer blend from 15.4 % with CNCs to 109 % for CNCs added with 

CTAB. A comparison of the work by Ljungberg et al. and Nagalakshmaiah et al. suggests 

that the elongation at break is higher when CTAB is used rather than BNA, but a 

conclusion cannot be made, as there are differences in CNC preparation and polymer 

blending methods. 

6.4 Conclusions 
 

It is shown that the interactions observed in Chapter 5 have a corresponding 

influence on the adhesion discussed in this chapter.  AFM force measurements indicate 

that the CNC counterion type has a significant effect on how the CNC surfaces interact 

with other molecules. Although adhesion in the presence of salt decreased for both Na-

CNCs and H-CNCs, the Na+ counterion on Na-CNCs results in a larger decrease in 

adhesion with increasing salt concentration. Maximum adhesion is observed by the use of 

a silica probe and a Na-CNC surface in the presence of low NaCl concentration. For 

surfactants, the presence of surfactant structuring inferred in Chapter 5 is shown to 

correlate well with high adhesion values.  Systems that exhibited no surfactant structuring 

at the CNC surface have negligible adhesion whereas systems that exhibited micelle 

morphology (H-CNC 0.5×CMC CTAB, Cat-CNCs 2×CMC SDS) have relatively high 

adhesion. Systems that exhibited bi/multilayer structures (Na-CNC at both CTAB 

concentrations) have intermediate adhesion, where more layers of surfactant correspond 

to less adhesion. CTAB (and likely other cationic surfactants) with H-CNCs at low 
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concentrations are the most effective at compatibilization or increasing adhesion. 

Measurements done using a cellulose probe showed a similar trend for both salt and 

surfactant interactions but due to the roughness of the probe and variability in data it is 

difficult to draw significant conclusions. 
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6.5 Appendix 
 

 
Figure 6.7: Retraction force curves for a silica probe retracting from (a) Na-CNC, (b) H-CNC, and (c) Si 
surfaces in the presence of 0.1 mM, 10 mM and 100 mM NaCl solutions. 

(a) (b) 

(c) 
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Figure 6.8: Retraction force curves for a silica probe retracting from (a) Na-CNC, (b) H-CNC, and (c) Si 
surfaces in the presence of 0.03 mM, 3 mM and 30 mM CaCl2 solutions. 

(a) (b) 

(c) 
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Figure 6.9: Retraction force curves for a silica probe retracting from (a) Na-CNC, (b) H-CNC, (c) Cat-CNC and 
(d) Si surfaces in the presence of 0.5x and 2x CMC CTAB solutions. 

(a) (b) 

(c) (d) 
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Figure 6.10: Retraction force curves for a silica probe retracting from (a) Na-CNC, (b) H-CNC, (c) Cat-CNC 
and (d) Si surfaces in the presence of 0.5x and 2x CMC SDS solutions. 

 

(a) (b) 

(c) (d) 
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Figure 6.11: Retraction force curves for a silica probe retracting from (a) Na-CNC, (b) H-CNC, (c) Cat-CNC 
and (c) Si surfaces in the presence of 0.5× and 2× CMC TX100 solutions. 

 

(a) (b) 

(c) (d) 
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Figure 6.12: Retraction force curves for a cellulose probe retracting from (a) Na-CNC, (b) H-CNC, and (c) Si 
surfaces in the presence of 0.1 mM, 10 mM and 100 mM NaCl solutions. 

 
 
 
 

 

(a) (b) 

(c) 
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Figure 6.13: Retraction force curves for a cellulose probe retracting from (a) Na-CNC, (b) H-CNC, and  (c) Si 
surfaces in the presence of 0.03 mM, 3 mM and 30 mM CaCl2 solutions. 

 
 

(a) (b) 

(c) 
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Figure 6.14: Retraction force curves for a cellulose probe retracting from (a) Na-CNC, (b) H-CNC, (c) Cat-CNC 
and Si surfaces in the presence of 0.5× and 2× CMC CTAB solutions. 

 
Code for DOE: 
The following code was run in R (version 3.3) using RStudio (version 0.99.902) to 
develop a least squares model where c is the resultant adhesion measurements for six 
factors tested. 
 
x <- c(-1, +1) 
design <- expand.grid(C=x, T=x, S=x) 
SC <- design$C 
CT <- design$T 
PT <- design$S 
y <- c(4.84, 2.72, 0, 1.21, 8.94, 3.73, 10.4, 0) 
mod.full <- lm( y ~ SC*CT*PT ) 
mod.full  

(a) (b) 

(c) 
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7. Conclusions and Recommendations 
7.1 Conclusions 

The Young’s modulus of nanocellulose (both CNCs and CNFs) was successfully 

measured using AM-FM AFM mechanical mapping. Next, the pre-contact surface force 

interactions for CNC films were measured using colloid probe AFM, showing that the 

CNC counterion type has a significant effect on the interactions in both salt and 

surfactant solutions. Particle sizing and electrophorectic mobility corroborated the 

surfactant interactions observed by colloid probe AFM force measurements on approach. 

On retraction of the probe from the CNC surface, low salt concentrations and surfactant 

structuring resulted in high adhesion. 

This is the first report of using AM-FM AFM to measure the Young’s modulus of 

CNCs and CNFs giving values of 90 ± 20 GPa and 120 ± 30 GPa, respectively. These 

values are in good agreement with the literature. This shows that the AM-FM AFM 

technique is relevant for the measurement of crystalline nanoparticles and that CNCs and 

CNFs have mechanical properties that should lend well to mechanical reinforcing 

applications.  

The counterion type on CNCs (Na+ versus H+) has a significant effect on how 

CNCs interact with an opposing surface (silica or cellulose probe) in the presence of salts 

and surfactants. Colloid probe AFM, particle size and electrophorectic mobility showed 

that there is more interaction of surfactants with oppositely charged CNC surfaces, but 

also that there is more interaction with Na-CNCs than with H-CNCs. The sodium 

counterion appears to promote hydrophobic interactions in addition to electrostatic 

interactions leading to loose/disordered surfactant aggregate structures at the CNC 
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surfaces. Conversely, for H-CNCs and Cat-CNCs with CTAB and SDS, respectively, 

electrostatically adsorbed micelles at the CNC surface are inferred and lead to high 

colloid probe-CNC adhesion. This indicates that since the counterion type has such a 

drastic effect on surface forces that it is imperative that it be taken into consideration 

during experiment and material design and at the very minimum, be reported in the 

literature as to whether Na+ or H+ form CNCs were used.  

The knowledge gained via these fundamental measurements can be used to guide 

future work with cellulose nanomaterials, specifically related to the compatibilization of 

CNCs and CNFs using salts and surfactants. Both CNCs and CNFs have a high potential 

as mechanical reinforcing agents due to their stiffness, as demonstrated here by AM-FM 

AFM. The understanding of the pre-contact interactions and adhesion based on the 

counterion type can be applied to future formulation design for the production of 

nanocomposites, foams, emulsion, latexes, gels and biomedical devices containing CNCs. 

7.2 Recommendations  

This work opens the door to many new studies that can now be envisioned using 

the findings from Chapters 4 to 6 as a basis: 

1. AM-FM AFM can be further used to measure the mechanical properties of 

composite materials made using nanocellulose. Mapping the modulus of 

composite materials can be used to show the distribution of nanocellulose fibres 

themselves and how they affect the mechanical properties of the composites. As 

this is a new AFM mode, very little work has been shown in the literature on 

reinforced polymer composites. 
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2. Colloid probe AFM can be used to further investigate the interactions of CNCs 

both Na-CNCs and H-CNCs with different salts, in particular KCl and MgCl2. 

The use of KCl and MgCl2 will give a better understanding of how the reactivity 

series and Hofmeister series can be used to predict salt CNC interaction. As K+ 

has a smaller atomic radius and is more reactive than Na+, it will show the effects 

of salt on CNCs further and may help explain the differences between Na-CNCs 

and H-CNCs. As Mg2+ is less reactive than Ca2+, MgCl2 may also support 

findings in Chapter 5 that show decreased interactions of CNCs with less reactive 

salts. Colloid probe AFM can also be used to measure the different interaction of 

CNCs based on the counterion type with counterions other than Na+ and H+ such 

as Ca2+.  

3. The interactions of CNCs in salt and surfactant solutions should also be 

investigated with CNCs made using acids other than sulfuric acid, such as 

phosphoric acid and hydrochloric acid, as this gives different CNC surface 

chemistries and pKa’s. These different pKa’s would allow a comparison of effect 

based mainly on particle acidity.   

4. Comparing mechanical properties of CNC nanocomposites made using H-CNC 

and Na-CNC with surfactants (and assessing the CNC dispersion) could be used 

to test the findings in Chapter 6. Currently the literature rarely differentiates 

between H-CNC and Na-CNC when reporting the formulation of composites. A 

thorough investigation based on the effects of salt/surfactant addition on adhesion 

will likely show that there is a need to report the CNC counterion and that 

counterions offer an additional way to tune CNC nanocomposite properties.  
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