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I 

Abstract 

Cellulose Nano Crystal (CNC) are naturally derived nanoparticles with a slender shape that own a 

remarkably high aspect ratio. Due to its mechanical properties with Young modulus in the range of 

120-160 GPa and proven biocompatibility, CNC is an attractive nanoparticle for many applications. 

In the acid-based method of CNC production, the particles develop naturally negative charges, 

inducing an electrostatic repulsion between CNC particles and, consequently, when suspended in the 

water, a stable suspension. Upon introducing a coagulant, such as NaCl above a threshold value in 

the CNC suspension, phase separation happens where the system evolves toward gelation. The 

individual CNC particles, through aggregation, contribute to building a 3D gel fractal structure. 

Where a porous self-similar 3D structure spans in space, the design and synthesis of CNC-based gels 

are tunable and flexible. Mechanical properties of the hydrogels can also be tuned when CNC is 

coupled with polymers such as Polyvinyl alcohol (PVA). 

Herein, the CNC-based gelation process is monitored, and the formed gels are characterized. The 

zeta potential and Dynamic Light Scattering are employed to measure the hydrodynamic radii and 

the surface charges of particles in different CNC-coagulant loadings. The gel morphology and CNC 

cluster fractal dimensions are recorded using Scanning Election Microscopy (SEM) and 

Transmission Electron Microscopy (TEM). The CNC-based gel behavior under large amplitude 

strains is also characterized by non-linear rheology. The gel collapse behavior and the self-healing 

dynamics of CNC-based gels are also quantified using fluorescence recovery after photobleaching 

(FRAP) analysis. 

It is shown that CNCs can coagulate upon increasing the ionic strength of the medium, where the 

mechanical stability of the CNC-based gels (i.e., storage modulus), is an increasing function of NaCl 

and CNC concentration. Non-linearity of the gel was shown to be more influenced by NaCl 

concentration. The addition of PVA makes the CNC hydrogels mechanically robust, where two 

jumps in values of storage modulus as a function of frequency is observed. The jumps are attributed 

to the network formation between CNCs and CNC-polymer. Finally, the FRAP analysis using 

Confocal Laser Scanning Microscopy reveals that the CNC mobility in gel media is influenced by 

both CNC and NaCl concentration. The result of this study can be used in controlling CNC hydrogels 

properties, such as the gel self-healing and mechanical properties, and in assembling a 3-D hydrogel 

structure with CNC. In practice, the developed CNC-based hydrogels can be used in tissue 

engineering.   
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CHAPTER 1: Introduction  

Nanomaterials have great utility  in many applications, including medicine tablet production, boards 

in electronics, scaffolds in biomaterials, and aerogels in energy storage/production. A key constituent 

of nanomaterials with the option of being renewable is cellulose, produced in the shape of cellulose 

nanocrystals (CNCs), nano-fibrillated cellulose, and cellulose with bacteria origin [1-3]. These 

nanoparticles can be obtained from various natural sourced cellulose; cellulose is most generated 

plant material in nature. These nanoparticles are advantageous over inorganic materials, such as 

biocompatibility, biodegradability, and good mechanical properties. Nanocellulose in either of these 

three shapes has potential usage in many areas, including but not limited to: scaffolds, surface 

coatings, hydrogels, polymer composites, and as an emulsifier.  

Programs running worldwide are focusing on the extensive development of nanocellulose products 

such as Suomen Nanoselluloosakeskus [4]; Technical Association of the Pulp and Paper Industry 

(TAPPI) [5] and joint companies of FPInnovations and CelluForce [5]. From these organizations, 

CNCs are commercially available at large quantities with uniform properties and high purity. 

The main goal for research on CNCs is to fully exploit the incredible physical and chemical 

properties of CNCs in various applications. Distinct properties of CNCs, has led them to be used 

vastly in different polymers as reinforcing agents. There are, however, challenges faced, such as 

tuning the interactions between CNCs and polymer matrices and achieving uniform distribution and 

dispersion of CNCs in matrices. Moreover, CNC on its own can be assembled into films and gels. 

The very shape of CNCs enables them to behave like liquid crystals or fibers. The rod shape of CNCs 

can enable them to generate different morphologies as a nanostructure, this potential caused them to 

have various final properties and functions.  

Addressing multiple health-related problems using engineered and biocompatible materials is a 

common practice in the industrial world. Development of scaffolds can be put forth as an example 

for tissue engineering application. Tissue engineering as a growing interdisciplinary realm of science 

involves usage and development of bio-related materials, cell biology, and cell-matter exchanges. 

Mainly regeneration tissue and promotion of tissue functions are targeted in this field.  It also targets 

to replace defective or damaged organs inside the body or tissues that have been heavily damaged. 

Many requirements are envisioned for scaffolds such as mechanical properties, biocompatibility, 



2 

degradability, cell adhesion, to name a few. Mechanical properties are among key parameters for 

fabrication of scaffolds. Mechanical strength is characterized by the impact resistance of products 

with the aim of maintaining the scaffold mechanically during implantation [6, 7] and after 

implantation. The most common mechanical tests to evaluate scaffold include tensile and 

compressive tests. This thesis focuses on the development of engineered hydrogels out of cellulose 

nanocrystals (CNC) suitable for performing as a scaffold.  

 

1-1 Cellulose  

Cellulose, with the molecular structure depicted in Figure 1.1, is abundant in nature. 

 

Figure 1.1 Molecular structure of Cellulose. The picture was reprinted from Wikipedia 

 

According to the depicted structure of cellulose (Figure 1.1), three hydroxyl groups on the side of 

chains could promote hydrogen bonding between chains, which yield a highly concentrated crystal 

system [8]. Theoretically, the crystalline part of CNC could get to one hundred percent. However, if 

the external extraction of amorphous regions is not sufficient, the normal attainable crystallinity 

range is between 55 to 90% based on different cellulosic sources and reaction conditions [9]. 

Generally, this water-insoluble biomacromolecule is an important part of plant cells where it grants 

the plant high tensile strength. Figure 1.2 depicts the wood structure at different length scales. Meters 

(the whole tree), centimeters (the cross-section), millimeters (size of growth rings), tens of 

micrometers (cellular level), micrometers (a layered structure within plant cell walls), tens of 

nanometers (cellulose fibrils) and nanometer (hemicellulose and lignin)[10]. Cellulose is not only 

found in plants, as it also has sources in several animals such as tunicates, and to a lesser degree in 

microorganisms such as bacteria (A. xylinum, A. hansenii), algae (Chaetomorpha and Cladophora), 

fungi (mycelium or yeast cell), invertebrates, and amoebae (protozoa)[3]. 
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Figure 1.2 Cellulose structures in trees from logs size to molecules scale. Figure reproduced from reference[10] 

 

Due to cellulose being rooted in nature and hydrophilicity, it has been widely researched and studied 

for more than 150 years. Currently, applications for cellulose range from construction, the food 

industry, paper industry, biomaterials, and pharmaceuticals [11]. Moreover, properties of CNCs such 

as biodegradability, renewability, eco-friendliness is also a major driving force behind further 

developments of these products.  

1-1-1 Cellulose at the nanoscale  

Nanocellulose, in the form of CNCs, is a promising nanomaterial that can be produced at a low cost. 

It also has special properties such as high strength, lightweight, liquid crystalline behavior, 

biodegradability, and general biocompatibility [2, 3]. CNCs also have been named as cellulose 

nanowhiskers or nanocrystalline cellulose (NCC) and nanofibrillated cellulose, also as is micro 

fibrillated cellulose (MFC) or cellulose nanofibrils (CNF) [11-13]. 

Cellulose nanocrystals and nano fibrillated cellulose are the most widely manufactured fibers. With 

more new manufacturing facilities and technologies, it is expected that the cost will be controlled in 
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an acceptable range (below $10/kg) in the future to further promote the use of nanocellulose in a 

variety of applications [14, 15]. Cellulose being a economical and environmentally friendly material 

is estimated to vastly contribute to technology in the 21st century [5]. 

1-1-2 Cellulose nanocrystals  

Cellulose nanocrystals are rod-shaped particles with a few nanometer diameters, and lengths that 

spans ranges from hundreds of nanometers to microns. CNCs, in comparison to cellulosic fibers, 

have advantages such as higher length, higher surface area, and additional mechanical properties. 

Studies have shown that CNCs display low cytotoxicity with a range of animal and human cell types 

[16-20]. Moreover, it has been corroborated that CNCs pose low ecotoxicological risk and toxicity, 

whether oral or dermal, is minimal [16, 20]. Therefore, in 2013, CNCs have been validated as the 

very first safe nanomaterial on Environment Canadaôs domestic substance list[21, 22]. 

Sulfuric acid is commonly used for the manufacturing of cellulose nanocrystals through eliminating 

amorphous regions inside the native cellulose and then fabricating the quasi-stable suspensions with 

negative charges on the surface. As a result of treating with the acid (i.e., esterification reaction with 

hydroxyl groups), the -SO42- groups are generated and installed on the surface of nanocrystalline 

cellulose. Through reaction time, one can tune the extent of conversion of hydroxyl groups on the 

crystalline regions into sulfate groups [23]. As will be covered in subsequent sections for biomedical 

applications, cellulose fibrils are able to provide mechanical support to the cells that they host [24]. 

Since cellulose is of a natural origin, biocompatibility [25] and bio-degradability are other traits that 

make it an attractive biocompatible material. The reported average length of CNCs changes between 

200-600 nm, while the width varies substantially between 3 nm to 50 nm. In rare cases, the cross-

sectional area will get to higher values due to the tiny aggregations of nanoparticles [26].  

The ordered crystalline portions of nanocrystalline cellulose could also highly influence the 

penetration of organic solvents and take in of water. Consequently, the ordered crystalline portions 

decrease the number of bounded waters and fabricate a very difficult path for transmittance of gas 

and water [27]. Thus, CNCs with qualities such as high stiffness and good barrier ability properties 

can be a good reinforcement agent in biopolymers.  
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CNC owns a high inherent elastic modulus, which is the most important mechanical parameters for 

fabrication of nanocomposites materials [28]. Some reports predict that Youngôs modulus of CNCs 

is approximately a few folds higher than steel or magnesium metal mixtures [29]. Theoretically, the 

elastic modulus of CNCs could reach 145 GPa [30], and Youngôs modulus has a wide range from 

100 GPa to 200 GPa depending on the cellulose sources [31]. In the following section, suspension, 

and gels of CNCs will be discussed. 

1-2 CNC in colloidal suspensions and gels 

To employ colloid as a term for a suspension, the mixture constituent must not settle at all, or it 

should, at minimum, take a long time to settle. Moreover, the size of the particles suspended inside 

the continuous phase should vary, between approximately 1 nm to 1000 nm. CNCs, due to their 

diameters being in nanometric size, fulfill the requirement to be considered colloid in water. 

Colloidal stability is governed by V, the interaction potential between particle and specifically by the 

amount of the energy barrier æV. If the energy barrier well surpasses the thermal energy, then 

aggregation is prevented. On the contrary, if the energy barrier drops below kT (k is the Boltzmann 

constant and T represents temperature), then aggregation gets initiated, if the other neighboring 

particles get in proximity. In the presence of enough salt, the condition of having energy barrier 

dipping below kT occurs. Under this condition, CNC particles adhere, and depending on CNC 

concentration, collapse, or a 3-D gel can be readily obtained [32]. For instance, in a study carried out 

by Cherhal et al. [33], due to the slender shape of their CNCs upon the gradual addition of salt, the 

system changed into a space-fi lling gel at low concentration of CNC.  

A stabilized colloid consists of particles that are disallowed to aggregate due to repulsive forces. 

However, when the existing repulsive interactive forces become weaker or get screened through the 

incorporation of a coagulant, particles start to aggregate. Accordingly, when the interaction potential 

acting between particles becomes positive, the aggregation process is limited by solely Brownian 

diffusion of the particles, a regime also known as diffusion-limited aggregation (DLA). Upon 

reaching to intermediate values, the aggregation gets slower since a higher number of collisions are 

needed for successful aggregation, a regime also known as limited reaction aggregation (RLA). 

Placement in either of these zones occurs depending on the salt concentration in a CNC-salt system.  
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Diffusion-limited aggregation (DLA) is a regime where, because of Brownian motions, nanoparticles 

go through random walk fashion movement and eventually assemble to form aggregates. The clusters 

fabricated in the aforesaid process are called Brownian trees. Herein, we have briefly performed 

monte Carlo simulations in a lattice for 2-D and 3-D diffusion and found fractal dimensions of 

clusters. The DLA attachment models of colloids were first introduced by Witten and Sander [34]. 

In their models, a nucleus particle was fixed at a certain point, and then particles were set loose into 

the system one after another to migrate onto the clusters. Each particle migrates to a neighboring 

particle in the cluster until it becomes part of it. It is accepted that a cluster formed this way has a 

self-similarity property in all considered length scales. The fractal dimension associated with the 

formed clusters  1.68±0.05 [35] in 2D and 2.5 ±0.05 [34] in 3D. In DLA simulations, when a particle 

joins an existing cluster, it becomes stuck. However, if one defines a probability of sticking then the 

particles would stick to the cluster at a probability between 0 and 1 which in the present work, we 

refer to it as sticking probability and found the fractal dimension as a function of sticking probability 

for 2-D and 3-D (see Figure 1.3 and Figure 1.4). The simulations have been conducted with kill 

zone boundary conditions, and the initial particles number was set at 500000. If the cluster size were 

to exceed the simulation box, the simulation would become terminated. Fractal dimensions were 

estimated using image J and its box counting module. For each point on the graph, simulations have 

been run 20 times, and results show the average values with the standard deviation. 

 

Figure 1.3 Fractal dimension as a function of sticking probability in 2-D and 3-D. 
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Figure 1.4 Depiction of simulated fractal structures with a sticking probability of 1 and 0.1 is shown. 

 

1-2-1 Parameters affecting aggregation and gelation of CNCs 

One of the goals of rod suspension preparation is its applicability in a networked state. Rod 

suspension is preferable to be in the state of jammed or gelled to produce required mechanical 

properties. Jamming is a reference to arrested state of the particle kinetically, while, gelled state is a 

reference to the structure formed with particles at the gelled state. Therefore, knowing mechanism 

that leads to either of these two states is important. The forces between colloidal particles normally 

involves, electrostatic, depletion forces or the nature of the force is frictional. These forces cause the 

particles to form networks of rods without interaction or fractal clusters.  

Forces acting between particles dictate whether the system is at the jammed or gelled state. Forces 

acting between rod particles are either attractive Van der Waals forces and hydrogen bonding or 

repulsive such as electrostatic forces. Van der Waals forces and hydrogen bonding interactions 

between CNC happens naturally when two CNC particles get in proximity to one another. For the 

case of CNCs, due to the acid involved in the method of production, there is an inherently negative 

charge on CNCs. Electrostatic forces are due to the negative charge on the CNC surface that keeps 

two CNC particles separated, and they act at long distances. 

Now that the nature of forces has been reviewed, questions about the magnitude of such forces and 

their impact must be considered. For the case of CNC suspension, quantification of the strength of 

forces can happen using quantity Ucontact/kBT (non-dimensional), where Ucontact is potential pair 

s
Sticking probablity 1 Sticking probablity 0.1
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interactions of two cylindrical particles at the time of contact and kBT is the thermal energy attributed 

to Brownian forces. Ucontact/kBT <<1 is for non-interacting regime while Ucontact/kBT >>1 is related to 

interacting regime in which particles have high affinity towards each other. In such cases collision 

between particles leads to irreversible aggregation. Values situated in between is related to slow 

aggregation or phase separation that happens slowly.  

In combination to the parameters mentioned here number density will complement the set of 

parameters responsible for controlling the microstructure. ɟ is proportional to the volume fraction ű; 

ű=ɟVp where Vp is the volume of the particle. If we assume the system is non-interacting (particles 

have no affinity towards one another), there zone of interest can be defined. In the following, consider 

L, length of particles, b their diameter, and r their aspect ratio.  When ɟ << (1/L3) or equivalently (ű 

<< (1/r2)), the suspension is dilute, and rods do not make any contact both structurally and 

dynamically. When (1/L3) <<ɟ<<(1/bL2) or equivalently (1/r2<<ű<<(1/r)), rods make few structural 

contacts with the particles in their vicinity. Finally, when the concentration is high, i.e.  ɟ >> (1/bL2) 

or equivalently (ű>>(1/r)), rod rotation is hindered by neighboring particles, both spatial and 

dynamically. Putting a suspension into this concentration regime also yields the order-disorder 

transition of liquid crystals[36-39].  

Electrostatic forces between CNCs are under the influence of ionic strength of medium and external 

parameters such as the pH of the media. For instance, at various pH values (2 < pH < 14) CNC 

colloidal suspension stability is different. Generally, increasing pH values in CNC suspension will 

drive zeta potential toward higher negative values. Experimentally, the effect of pH on gelation can 

be studied via zeta potential. For instance, in Figure 1.5, the change in the zeta potential of CNC 

with 0.5 g/L and ten mM as a function of pH has been displayed. For this system, zeta potential 

values surge to higher absolute values with an increase in pH.  
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Figure 1.5 variation in zeta potential values as a function of pH of the system. The line has been drawn just as a guide 

to the eye. 

The anisotropicity of the excluded volume of cylindrical particles also shapes their packing geometry 

and changes their stability. Both Brownian motions, i.e. translational and rotation are under influence 

of rods length [40]. The aspect ratio (length over diameter) of particles can influences the points the 

system morphs into a liquid crystalline phases [36, 37], as also can polydispersity [41].  

1-2-2 Gelation mechanisms of CNC 

Due to the addition of a coagulant CNCs in this thesis, coagulate in the form of gelled structure; 

however, there are other methods of coagulation in the literature. Freeze-thaw cycles [42], annealing 

at high temperature [43], flocculation with polymers [44], and coagulation through depletion 

mechanism [45] are other methods currently used for gelation. However, this thesis primarily focuses 

on using a coagulant, such as NaCl or MgCl2, on promoting gelation. Using this method of gelation, 

for instance, in the case of CNCs, drawing from examples in the literature, depicts that CNCs above 

10 wt % will transition into an aggregated gel-like phase [46].  Alternatively, gelation can also 

happen with usage of chemical bonds or physical bonds using other multivalent ions [47, 48]. 

Gelation in the presence of coagulant is also an adjustable process. Pragmatically, the gel point 

signifies a threshold upon which CNC as a function of concentration reaches a critical state due to 

solution conditions, modifications of surface of CNCs, and/or addition of adsorbing or nonadsorbing 
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polymers into the mix [47, 49-51]. Studies showed, in the report of Chau et al. [48] that upon 

increasing ionic strength of medium around suspended CNCs via salt addition, electrostatic repulsion 

will be screened, and attractive forces will become more dominant (e.g., van der Waals and hydrogen 

bonding). Specifically, reports show increasing the charge number, and the radii of the ions both led 

to increases in gel stiffness. Regardless of the cation type added (Na+, Mg2+, Al3+, Ca2+, Sr2+), the 

solīgel transition was determined to occur around 1.5 wt %, roughly one order of magnitude lower 

than the threshold of aggregation for pure CNC suspensions investigated by Ure¶ a-Benavides et al. 

[46].  

Alternatively, physical stimuli can be used to drive gelation. Way et al. [47] used the 

functionalization of CNCs using placing carboxyl or amine groups on top of CNCs to make them 

pH-responsive. Considering amine functional groups, at high pH, the amine functional groups had a 

neutral charge that allowed the attractive forces to become dominant; however, at low pH, 

protonation of amine groups caused electrostatic repulsions. For carboxylic acid, the opposite trend 

was observed as the storage modulus of a suspension of 2.7wt% CNCs surged by three orders of 

magnitude when pH decreased from 11 to 1.41. Way et al. [47]. also showed CNC films made with 

the PVA matrix could become mechanically adaptive through changes in pH.  

Adsorption of polymeric chains onto the surface of CNC can also induce gel formation, although the 

yielding gels are not CNC purely made gels. Hu et al. specially reported that 3wt% of CNCs could 

be pushed to make a nematic gel via adsorption of polymers, with 0.2 wt% nonionic polysaccharides 

(hydroxyethylcellulose polymer, locust gum, or hydroxypropyl guar polymer). Mechanism 

adsorption onto CNC can make the particles artificially bigger, and this will shift the liquid 

crystalline phase diagram to lower concentrations [49].  

It is worth mentioning, as stated earlier, that gelation could also be thermally initiated although the 

thermal treatment at elevated temperatures. This mode of gelation was related primarily to 

desulfation at high temperatures. Lewis et al. [43] showed that heating suspension of CNCs above 

80 °C resulted in gel formation. Dorris and Gray [52] also showed in a similar manner that CNC 

desulfation could induce gel formation in dilute CNC suspension floating in glycerol/water matrix.  

To verify whether CNC can gel through annealing at high temperatures, we performed a simple, 

short experiment. To promote gelation, CNCs in an autoclave chamber were annealed at high 
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temperatures. Figure 1.6 shows the aggregation of 10 g/L CNC suspension happened in autoclave 

format via thermal annealing at 120 C° during the period of 10 hours. This method of gelation is 

equally important, as there is no additive involved. However, the focus of this thesis is not gelation 

of CNCs, which means other gelation mechanisms will not be followed further. In short, CNC can 

gel using methods mentioned earlier, and depending on the final application, one or multiple 

strategies should be followed. Moreover, it should be noted that throughout the thesis same CNC has 

been used therefore surface chemistry between different sections of this thesis does not change.  

 

Figure 1.6 Aggregation of 10 g/L CNC concentration under 120 C° annealing condition and during the period of 10 

hrs. 

1-2-3 CNC-composite hydrogels: review 

The ability of CNC to form hydrogels, alone or in combination with polymers, has been extensively 

investigated. Polymers inclusion can significantly enhance the mechanical properties of CNC-based 

hydrogels. Herein, a review of the CNC-based hydrogels with and without polymers is presented 

(see Table 1.1 for the highlights of existing work). As we target biocompatible and biodegradable 

hydrogels, the emphasis is on the CNC-based hydrogels coupled with polymers such as polyvinyl 

alcohol (PVA) that meets the bio-related requirements (see Table 1.2). This is a brief review 

summarizing the reports on improving the properties of CNC-composite hydrogels. One may refer 

to the thesis chapters for a detailed review. 

Table 1.1 Highlights of studies on CNC-PVA hydrogels with the reference number and main contents.  

Reference-Hydrogel composite developed  Highlights of the study 
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Chen et al. [53]- CNC-PVA-TPS An increase of ~20% and 33% in the composite of starch 

and ~40% and ~50% increase in PVA composite tensile 

modulus was reported for CNC nanocomposites with 1 

and 2% CNC loadings. 

 

Abitbol et al. [54]- CNC-PVA The water sorption capacity of the gels was augmented with 

an increased amount of CNC due to CNC being hydrophilic 

and reduction in PVA crystallinity. In the compression and 

tensile test, the elastic modulus of PVA-CNC showed 

improvement compared to PVA pure hydrogel. 

 

Tanpichai and Oksman [55]- CNC-PVA The compressive strength of hydrogels at 60% strain for 

the hydrogels with only 1 wt% CNCs surged from 17.5 

kPa to 53 kPa. Creep elasticity decreased in presence of 

CNCs as molecular chain mobilities were restricted. The 

strain recovery of about 97% was observed for samples 

containing CNCs, while it was 92% for the PVA-

crosslinked system. 

 

Song et al. [56]. PVA-CNC With samples having 1.5 wt% CNCs, the compressive 

strength of PVA foams was augmented from 7 to 58 kPa 

for a period of 10s initial reaction time. These values 

changed to 65 to 115 kPa if the initial reaction time were 

adjusted to 120s.  

 

Song et al. [57]. PVA-CNC Due to hydrogel bonding and intermolecular 

interactions, the interactions between PVA and CNCs 

caused the hydrogels to gain better mechanical 

properties. 

 

Butylina et al. [58]. PVA-CNC The loading of PVA had the largest influence on the 

morphology of hydrogels. In comparison to the hydrogel 

made with PVA only, the presence of CNCs decreased 

the crystallinity of PVA/CNC. In the case of 5% PVA 

hydrogel, addition of CNC was reported to increase the 

degree of swelling and water content. 
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Zhou et al. [59]. PVA-CNC Due to orientation in the direction of shear at low 

concentrations, the system showed shear thinning 

behavior. Upon changes in concentrations, the 

possibility of collision in the nanoparticleôs population 

disallowed the decrease in viscosity, which 

subsequently lead to stability after the shear-thinning 

region. 

  

Gonzalez [60]. PVA-CNC It was found that the addition of cellulose nanoparticles 

to the gel allowed authors to control the pore 

morphology of the samples. It was also found that the 

presence of CNCs maintained the hydrogel composite 

transparency, while thermal stability and mechanical 

properties were increased. 

 

Li et al. [61]. PVA/carboxylated CNCs  At swelling condition, it was found that hydrogel films 

could get stretched 3 to approximately 3.4 times their 

initial length. The tensile strength was also found to be 

in the range of 7.9 to approximately 11.6 MPa. 

 

Mihranyan [62], Chemical crosslinked CNC-PVA The viscoelastic characteristic of the fabricated 

hydrogels was improved by cross-linking, which pushed 

the values of Gǋ and Gǌ on the order of 10 kPa, which is 

noticeable for biomedical applications. 

 

Ben shalom et al. [63]. CNC-PVA The presence of CNC improved tensile strain at break 

and toughness to 570% and 202 MJ m-3 values, 

respectively. Using the crosslinker helped with 

improvement in tensile strength, toughness and modulus 

as compared to CNC purely made sheets. Upon an 

increase in density, cross-linking increased while 

transparency improved, while water absorption level of 

cross-linked CNC and CNC-PVA sheets decreased. 
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Anirudhan and Rejeena [64], Poly(acrylic acid-co-

acrylamide-co22-acrylamide-2-methyl-1-propane 

sulfonic acid)-grafted nanocellulose/poly(vinyl alcohol)  

The hydrogel showed good swelling behavior, and it 

was found the drug delivery curve is promising.   

 

 

Table 1.2 Highlights of studies on CNC only and CNC composites hydrogels with the reference number and main 

contents.  

Reference-Hydrogel composite developed  Highlights of the study 

 

Ooi et al. [65]. Gelatin-CNC The overall crystallinity level and properties of gelatin-

CNC hydrogel showed increase. In the case of addition 

of 25% CNC, the impact of crystallinity on storage 

modulus caused the modulus to modify from 122 Pa to 

468 Pa. pH sensitivity was shown through inspection of 

swelling tests of CNC-gelatin hydrogels. 

 

You et al. [59]. Polysaccharide-CNC Authors showed that fabrication of an injectable 

polysaccharide hydrogels is beneficial to biomedical 

applications. However, they found that poor mechanical 

properties inhibit such hydrogels from being used 

efficiently. 
 

Ghavimi et al. [66]. Gelatin-CNC Desirability of hydrogel in terms of mechanical 

properties was dependent on ionic and covalent ratios.  

The significance of osteoinductivity (bone forming 

ability) of these hydrogels showed their capability to be 

employed as an injectable ensemble for spinal fracture 

cases. 

 

Bertch et al. [67]. CNC only hydrogel Authors verified injectability of hydrogels were using 

combination of shear and oscillatory rheology. This 

aspect showed that in capillaries, flow is mostly plug 

flow and the structure of the hydrogel will remain intact 

after injection.  
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Nigmatullin et al. [68]. CNC only hydrogels 

(functionalized CNC) 

Authors showed the possibility of making of cellulose 

nanocrystals that glue to each other due to their 

associative hydrophobic interactions by modifying 

sulfated CNCs (sCNCs) with octyl-CNCs. It was found 

that functionalized CNCs gellify at a significantly lower 

concentration than un-modified CNCs, and they can 

make strong hydrogels.  

 

Liu et al. [69]. Cellulose acetoacetate (CAA), 

hydroxypropyl chitosan (HPCS), and amino-modified 

cellulose nanocrystals (CNC-NH2) 

Authors reported the impact of amine functionalized 

CNC loading on mechanical properties, the interior 

morphology, and gelation time. Elastic modulus for the 

loading of CNC equal to 0.80 wt% showed a maximum. 

The resulting hydrogel depicted pH-responsive 

properties and excellent overall stability under 

conditions like the human body. The hydrogel also 

showed extremely well self-repairing behavior under 

acidic conditions. 

  

Lenfant et al. [32]. CNC only hydrogels In the case of the addition of only 4 wt% CNC, for 

duration of 2hrs, the storage modulus rose to 1390 Pa in 

the case of CaCl2, but for NaCl, this value only increased 

to 443 Pa. At 6 wt%, these values were 3156 Pa for 

CaCl2, in comparison to 1453 Pa for NaCl. 

 

Khabilulin et al. [70]. CNC hydrogel decorated with 

graphene quantum dots 

Authors showed that the formation of physically cross-

linked gel that can have varying levels of mechanical 

properties. As samples showed shear thinning, they 

were a good candidate for 3-D printing as well. 

 

Tang et al. [71]. Cellulose nanocrystal (CNC) and 

sodium alginate (SA) 

Authors witnessed that CNCs through performing as 

macro-cross linkers, improved structural robustness and 

of the matrix SA. In their work, the hydrogels displayed 

uniform chemical macroscopic structures and could 

efficiently self-heal at room temperature within the span 

of several hours.  
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Wu et al. [72]. CNC only hydrogels Authors chose two ensembles of CNCs with different 

aspect ratios were investigated. CNC, with a higher 

aspect ratio, morphed into a biphasic (containing two 

phases) state and formed a hydrogel at lower CNC 

concentration compared to shorter CNCs. Complex 

viscosity trend did not superimpose on shear viscosity 

values of both CNCs, which the resulting observation 

can reveal the formation of liquid crystal domains. 

 

Zhou et al. [73]. CNC- PAM (polyacrylamide) hydrogel Authors observed a good dispersion of CNCs that 

causes an improvement in the storage modulus, 

compression strength, and elastic modulus of 

nanocomposite. Among the CNC loadings employed, a 

loading of 6.7 wt% led to maximum mechanical 

properties for hydrogels. 

 

Mckee et al. [74]. CNC only hydrogels Variation of CNC concentration cause changes in 

viscoelastic storage modulus to vary between 1.0 to 75 

Pa when CNC concentration varied between 0 to 3.5 

wt% in vicinity of 1.0 wt% MC (methylcellulose). At 

higher temperatures (60 °C), a gel was fabricated that 

had higher storage modulus values (i.e., 110 vs 900 Pa) 

with identical loadings of CNC and MC. For the current 

set of constituents, cross links were the reason behind 

higher mechanical properties of the gels.  

 

Lewis et al. [42] CNC hydrogels Reports showed CNC in water and other polar solvents 

can gel due to repeated freeze-thaw cycles. 

Characterization wad done with Rheological 

measurements to show gelation process. Gel strength 

was looked at using rheology as a function of freeze-

thaw cycles. 

 

Oechsle et al. [75]. CNC hydrogels It was conjectured that CO2-responsive CNC hydrogels 

can potentially be used in applications that requires 

change in suspension properties as a response to 
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external factors. CO2 acted as an ingredient that 

switched its charges with modifications in pH.  

 

Talantikite et al. [76]. CNC-xyloglucan (XG) The influence of molar mass of XG on mechanical 

properties of solutions having 10 g/L CNC was 

inspected. At lower molar mass of XG, the solution still 

behaved viscoelastically. At higher molar mass, system 

experienced an increase in magnitude of both 

viscoelastic storage modulus and loss modulus. System 

in these cases showed ability to reach gel point.  

 

Zhou et al. [73]. PAM (polyacrylamide) -CNC The result showed that CNCs that own lower aspect 

ratios can facilitate the formation of PAM-CNC 

nanocomposite hydrogel. The onset of gelation of CNC-

free and CNC-embedded system calculated was 4.1±0.4 

and 2.5±0.3 min, respectively. The authors observed 

that sol-gel transition due to presence of CNCs was 

expedited.  

 

Hou et al. [77]. CNC/poly (ethylene glycol) diacrylate 

hydrogel 

The initial gel rheology assessment that gel showed 

shear-thinning and viscoelastic behavior. The 

mechanical properties showed a surging trend in the 

vicinity of CNCs. 

 

Shafiei-Sabet et al. [78]. CNC only hydrogels When the concentration was diminished to 0.5 wt%, the 

Gô and Gôô curve shifted to higher values as the angular 

frequency increased, showing that the behavior started 

to morph from solid-like to gel-like. In the case of 0.25 

wt% S-CNC suspension, a behavior similar to gel 

materials was observed, where Gô and Gôô were strongly 

reliant on frequency of oscillation. For all CNC 

suspensions, both storage modulus and loss modulus 

depicted a strong reliance on the frequency of tests, and 

Gô was slightly higher than Gôô. 
 

Wang et al. [79]. surface-modified CNCs-bis(acyl) 

phosphane oxide derivative 

Hydrogels printed using a 3-D printer showed good 

swelling behavior and improved mechanical properties.  
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Huang et al. [80]. Carboxymethyl chitosan (CMC) and 

dialdehyde cellulose nanocrystals (DACNC) network. 

It was also shown that hydrogel could repeatedly be 

extended longitudinally to 4 times its original length and 

had a tensile strength of 244 kPa. The composite also 

had complete healing when compressed by 90% and 

showed compressive strength up to 8 MPa. Moreover, 

the stretched hydrogel could recover 81.3 % of the 

dissipated energy without any external changes. 

 

Rao et al. [81]. CNC-Xanthan-Chitosan  Using hydrogen bond interactions and electrostatic 

forces hydrogels were made. A surge in mechanical 

properties was observed when CNC loading changed 

from 2 to 10 wt%.   

 

Ghorbani et al. [82]. CNC-collagen hydrogel  

 

Concentration ratio of CNC to collagen and its effect on 

pore shape, swelling index and mechanical properties 

was inspected.  

Han et al. [83]. CNC-PVA The compression and dynamic oscillation measurement 

showed that the incorporation of CNCs significantly 

improved the mechanical properties. The compression 

stress of CNP-PB-PVA hydrogel was 21 times higher 

than pure PVA hydrogel. CNC acted as crosslinkers that 

could weave interiors of the 3-D network of hydrogels 

both physically and chemically. 

   

Hu et al. [49]. Hydroxyethylcellulose (HEC)- 

hydroxypropyl guar (HPG)-locust bean gum (LBG)-

CNC  

By adding 3 wt% CNC and 0.2 wt% polysaccharide in 

their experiment, storage modulus at the plateau level 

changed from 32 to 100 Pa.  In the same manner for 

CNC-COOH, range of storage modulus variations were 

the same. 

García-Astrain et al. [84]. Gelatin-CNC  Swelling index and rheological characterization were 

employed to depict effect of functionalization and 

formation of the network in the hydrogel.  
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The above review indicates that CNC-polymer hydrogels have tunable properties where swelling, 

rheological properties, enhancement in mechanical properties, functionalization, injectability have 

been extensively analyzed. The existing studies demonstrate the improvement in the mechanical 

properties of the CNC-composite hydrogels. However, there are other characteristics, such as 

stability under gravity, and the self-healing ability of these hydrogels that have received less 

attention. Analyzing such parameters, which are critical in many applications, including 3-D printing 

[85], forms the basis of the present thesis.  

1-3 Methodology 

In this thesis, confocal laser scanning microscopy (CLSM), which has been successfully employed 

in medical, geological, and biological areas, would be put forth as an alternative investigative tool 

for CNC hydrogel structure analysis [86]. Moreover, we use rheometry to monitor the mechanical 

behavior of gels. 

1-3-1 CNCs confocal laser scanning microscopy 

CLSM has good capability towards the visualization of hydrogels due to its non-invasive 

characteristics in monitoring the evolving structure of gels. As hydrogels have water, a major 

advantage of CLSM is monitoring the bulk structure of the hydrogel without interfering with it prior 

to any investigation. Dehydration that usually comes into play when observing the structure using 

SEM unavoidably alters the morphology and structure of the hydrogel. Pictographs of the hydrogel 

bulk structure, using CLSM, can be taken at pre-defined time steps, without altering the structure 

such as freeze-fracturing. 

For instance, in work by Fergg et al. [87] on PVA hydrogels, CLSM imaging of PVA bulk hydrogel 

structure showed continuous, 3-D intertwining structure that stemmed from prior phase separation 

during the freezing period. In the sample, no porosity gradient or any preferred orientation was 

observed, so the sample was isotropic. Considering volume fractions of 18.33, 15.04, and 9.20 %, 

the hydrogels displayed a uniform pore size of 2-3, 4-5, and 6-7 µm, respectively. Moreover, it was 

observed that raising the PVA concentration caused to an augmentation in hydrogel tortuosity and 

finally inhibited the mobility of the tracer material. After inspection of morphology of the surface of 
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the PVA structure, it was found that PVA macromolecules consisted of randomly distributed 

domains.   

In a separate study by Savina et al. [88], CLSM was employed to gain knowledge of the whereabouts 

of polymer grafting inside the hydrogel. In this case, CLSM had an advantage over SEM, as it could 

observe the structure internally, as opposed to SEM. The CLSM pictographs showed an uneven 

distribution of grafted polymer inside the porous gel as the initiator of the chemical reaction between 

grafting polymer, and the gel was insoluble. The insolubility of the initiator pushed the chemical to 

mainly deposit locally on the surface.  

In the study by Koyano et al. [89], using CLSM, the surface of PVA/chitosan was examined, and the 

result showed that chitosan had an island type structure, while being blended on top of the hydrogel. 

Recently, CLSM has also found applicability in nano-ink technology and 3-D printing of hydrogels 

as well. For instance, in a study by Highly et al. [90], the hydrogel injectability and the state of the 

hydrogel after processing was monitored by CLSM. For instance, in Figure 1.7, injected hydrogel 

does not mix with the supporting material. In Figure 1.7C, ink filament has been labeled Rhodamine-

B, while the supporting material has been labeled by Fluorescein. 
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Figure 1.7 A) attachment of adamantane and ɓcyclodextrin to hyaluronic acid. B) illustration of the extrusion process 

for ink (red) into the support gel (designated as green) C). The capability of CLSM in showing the results (reprinted from 

reference [90]) 

In Figure 1.8 and Figure 1.9, the capability of CLSM towards monitoring proteins and fat droplets 

phase separation. The system shows phase separation towards the adjustment of the pH of the system. 

There are many more examples in the literature that demonstrate the capability of CLSM for 

monitoring hydrogels in their native state [91-94], but here, due to the scope of the research, they 

will not be mentioned.  
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Figure 1.8 Utility of confocal scanning laser microscopy (CSLM) images in capturing gelation of full-fat milk 

containing Nile blue. Numbers signify minutes after dye addition. Scale bar = 25 µm (reprinted from reference [95]) 

 

Figure 1.9 Capturing phase separation of glucono-ŭ-lactone (GDL)-induced gelation of skim milk using CLSM. Bright 

areas are protein. Numbers signify minutes after the introduction of the rennet (phase separation trigger). Scale bar = 25 

µm. (reprinted from reference [95]) 

1-3-2 Gel healing monitoring using rheometry and CLSM 
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The transient trait of entanglements makes the physical hydrogels in a position to tolerate the 

externally imposed stress, through the mechanism of displacement, rearrangements, and re-

orientation of the junctions. This specific trait of physical gels cannot be found in chemical gels [96]. 

After physical or chemical damage, self-healing goes through mechanisms that get triggered, either 

autonomously or by other factors such as light, sound, and pH. Self-healing specifically becomes 

important, if maintaining a certain strength estimated before processing for the hydrogel is to be met 

after the processing is complete. For instance, hydrogels can go through several cycles of shearing 

before reaching the final stage, and returning to original strength is important. Also, hydrogels might 

go through a few cycles of extensional, compressional or shear cycles, maintaining certain 

mechanical properties during or between each cycle becomes important. Moreover, knowledge of 

the recovery rate at the molecular and macro-level is also equally important for designing purposes.   

In the report by Yu et al. [97], a ring structure with pore sizes ranging from nanoscale to microscale 

was obtained first through an organogel system. The gelation and breakage could take place by a 

simple shaking and resting intervals. Therefore, the system under study had a self-healing property 

that could be triggered through shear or any other deformation. In another study by Yuan et al. [98], 

Metallo-supramolecular gels were fabricated using transition metal ions and/or lanthanide ions. Due 

to unique structure of the hydrogel, the gel depicted a self-healing ability in a facile manner. In 

another study by Herbst et al. [99], rheological characterization for unearthing healing ability of 

supramolecular poly(isobutylene)s (PIBs) materials and fluorescence recovery after photobleaching 

(FRAP) to examine the samples at rest were employed.   

 

Figure 1.10 visual self-healing experiment (a) cut segmented parts, (b) segmented parts were just brought into contact, 

(c) crack partially healed after passage of 24 h and (d) thoroughly healed crack after passage of 48 h (reprinted from 

reference [99]) 

Both technique displayed that the materials shows self-healing properties (see Figure 1.10). 

However, contrary to rheology experiments, FRAP could probe the samples at rest, without altering 

the structure via deformations.  The results of this study showed the ability of both techniques that 
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probe microstructure of hydrogel, i.e. rheology and FRAP, in comprehending the healing of 

hydrogels and mechanisms. Readers are encouraged to read reference [85] for through information 

on gel self healing and mechanism that can improve it. Aligned with the mentioned studies, in this 

thesis, both rheology and FRAP will be employed to study the dynamics of CNC suspension and 

gels.  

1-3-3 Fiber orientation models 

Distribution of filler orientation dictates the final properties of the finished product. One of the 

processing routes for employing CNC or CNC composite hydrogels is through injection or going 

through a 3-D printing apparatus. Therefore, it seems imperative to assess the level of CNC 

orientation during such flow, due to the impact it might wield on the finished productsô overall 

mechanical properties. In order to predict the state of fiber distribution inside a matrix (usually a 

polymer), model equations are developed to use theories restricted to dilute and semi-dilute regimes 

[100] [101]. The models used are based on the protocol that originally developed and is known as 

Jefferyôs equation [102] for an isolated freely rotating ýber in a Newtonian þuid. The models are 

usually geared towards taking into consideration hydrodynamic interactions amongst fibers. The 

succession of these interactions causes very tiny alterations in fiber orientation states. The tiny 

changes to an orientation state of one fiber caused by its neighboring particle through hydrodynamic 

interactions being accounted for with a rotary diffusion process in the developed models [100, 103-

105]. This rotary diffusion can neither dislocate a fiber horizontally, nor it can affect its length. The 

most commonly used rotational diffusion model is the standard Folgar-Tucker model [100]. The 

model builds on Jefferyôs rotation rate of fibers, with the anisotropic diffusive process that is 

dependent on the state of orientation. When there is isotropic diffusion occurring in the system, the 

orientation state of fibers evolves over time, and the possibility of alterations is equal in all directions, 

and it assumes a scalar value. However, it has been shown that this diffusivity can decrease fiber 

alignment unjustly, through compensating for factors that are also responsible for fiber dispersions. 

Another drawback of isotropic diffusivity is that it cannot predict and tune all components of second-

order orientation moments at the same time [106, 107]. Therefore, many researchers [107, 108] have 

justly proposed the idea of diffusivity parameter in the Folgar-Tucker equation that is also dependent 

on orientation state and is not isotropic.  
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Based on theory of Jeffery, rheology of suspension of fibers can be modelled [102]. Considering the 

unit vector p, the main axis involved in the evolution of the state of the fibers can be expressed as 

follow:  

 

ὴ ὡὴ ‗Ὁὴ Ὁȡὴὴὴ 

 

1-1 

 

Where, ‗ ὶ ρȾ ὶ ρ is the shape factor of the fibers that is dependent on its aspect ratio, 

ὴ is the material derivative of p, and ὶ ὒ
Ὠ is aspect ratio assigned to the fiber. For very thin and 

long fibers,  ‗ goes to 1, ὡ is the vorticity tensor, and Ὁ is the strain rate tensor. 

As discussed earlier, the rotation motion of rod particles can be well described by p. p is a vector 

aligned in the direction of the main axis of particles. Second-order and fourth-order tensors 

introduced by Advani and Tucker[109] can be described as follow: 
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Where ὥ is a second-order tensor with trace equal to 1. For the 4th order tensor one needs to use an 

approximation.   

Derivative of ὥ can be obtained through rotation tensor introduced by Jeffery [102]. For dilute state 

of suspension of particles embedded in a Newtonian fluid under shear and in low Reynold number 

following equation can be used: 
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In this equation, ɱ is related to the aspect ratio as follows. Other parameters that need to be defined 

are: 
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In this equation ὑ  is the velocity gradient tensor. It is assumed that particle have no interaction with 

the particles in their vicinity, this model can only give accurate results for dilute suspension of 

axisymmetric particles.  

For suspensions that are not dilute, FT model (Folgar-Tucker) considers the interaction between rod 

particles using the following equation: 
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In this equation ‎Ӷ effective shear rate and ὅ is a semi-empirical constant and effective shear rate 

is ‎Ӷ ὉȡὉ .Bay et al. [110] suggested that the relationship between concentration and aspect 

ratio be considered for estimation of ὅ: 
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In this equation, ‰ and ὶ are volume fraction and aspect ratio of particles, respectively. There are 

many approximations for 4th order tensor, which the simplest one is a second-order estimation as 

follow: 
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For obtaining the transient stress after application of shear, Jeffery hand and Lipscomb suggested 

the following equation: 
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Where, –  is the viscosity of the matrix and ‘ and ‘ are rheological constants that act as fitting 

parameters in the model. Usually ‘ is assumed to be equal of 2.  

1-3-4 Monitoring the mechanical behavior of gels using rheometry 

In in-vivo tissue engineering applications, matching of mechanical properties of cells plus injected 

scaffold with the natural tissue at the location of implantation are important. Therefore, due to this 

complexity, studying the mechanical behavior of gels through rheometry deemed necessary. 

Previously, few works have studied the effect of salt on CNC suspension rheology and has been 

studied in the linear viscoelastic zone. For instance, Lenfant et al. [32] studied the linear viscoelastic 

response of CNC and electrically stabilized CNC in the presence of sodium and calcium ions. It was 

shown that at moderate ionic strength values, CNC suspension forms agglomerations. Among the 

tested salts calcium chloride (CaCl2) showed a greater effect than sodium chloride (NaCl) on both 

properties of flow-related shear (and viscoelasticity), due to the fabrication of a stronger network. 

Due to higher repulsion between individual particles, electrically stabilized CNC could tolerate 

increased amounts of salt before the aggregation occurrence. In another study, Shafiei-Sabet et al. 

[111] showed that for isotropic CNC suspensions, augmentation of ionic strength via the introduction 

of salt till 5mM of NaCl decreases the viscosity of the system, due to weakening of the electro-

viscous effects.  

Innately, mechanical traits of the hydrogel are crucial for providing mechanical support to the 

surrounding tissue, when load-bearing applications are involved such as bone and to provide an 

adapted environment for the cohabiting cells. It has been conjectured that the stiffness of the hydrogel 

and stresses originated from the cell surrounding environment impacts the cellôs fate, in particular 

for the aim of the differentiation of stem cells [112, 113]. In a recent study [114], it was shown that 

in addition to the mechanical properties such as stiffness, relaxation and retardation time scale of 

hydrogel also influences stem cells fate. Most tissue due to having cells, Extracellular matrices and 

high percentage of water easily operate under nonlinear regime. Hence, for tissue engineering 

studying viscoelastic behavior is key for successful hydrogel implantation as a scaffold inside the 

body. Even for rigid tissues, like bone [115], viscoelastic traits are impactful, especially strain rates 

that are low and in bound of frequency ranges suitable to a normal body. Therefore, to know how 
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flawlessly the beneath scaffold material mimics the targeted tissue viscoelastic nature such as their 

time and frequency behavior nonlinear and linear rheology should be assessed in details. 

Due to their rigid nature (spindle in shape), CNC acts as an effective filler in hydrogel 

nanocomposites. However, their inability to create physical anchors to one another (contrary to CNTs 

or other flexible nanofillers) causes CNC to produce gels with low mechanical properties. Few 

published papers that show the extent of CNC pure hydrogels mechanical properties limitation has 

been reflected in Figure 1.11. CNCs above 10 wt% (Corroborated by rheological measurements) 

can enter the gelled phase automatically. Alternatively, CNC in the presence of external electrolytes, 

changing pH, or getting cross-linked with multivalent ions or chemical bonds can enter the gelation 

phase as well. These methods of gelation by destabilization of the suspension cause the gelation to 

happen at much lower CNC concentrations. Reports in the literature shows that gelation points 

change if one changes solution condition, add polymers or alter the surface chemistry of the particles 

(the driving force behind gelation in the case of non-adsorbing polymers is depletion mechanism). 

Chau et al. [48] have shown that the method of gelation in the presence of external electrolytes is 

decreasing in double-layer thickness that is expected by DLVO theory. The addition of salts limits 

the electrostatic repulsion interactions and causes the van der Waals interaction to become more 

dominant, and this causes gelation. Through rheological measurement, it has been shown that gel 

strength can go through alteration depending on the ions added into the mix (i.e., changing charge 

values of cation and radii of physical ion bonds established between CNC can get stronger). In work 

by Ureña-Benavides et al. [46], a rheological study was reported on pure CNC gel. In their report, 

the independency of storage modulus towards CNC concentration happened around 14.5 and 17.3 

vol% of CNCs. The transition to a pure gel happened between 12.6 and 14.5 vol% of CNCs. Large 

amplitude shear tests were done on the 14.5 vol% sample at 20% strain, to shear the structure of 

suspension above their linear regime. The storage modulus measured during LAOS was almost 50% 

smaller than the one obtained under 1.5% strain. After resting for 40 mins, the measured modulus 

was only 5 percent lower and after 80 min the recovery was found to be complete.  

Alteration of pH similarly causes the gelation point to change. Way et al. [47]., though 

functionalization of CNC with either carboxyl or amine groups, showed that gelation could become 

pH-responsive. For instance, decorating the CNC surface with amine groups causes the gel to attain 

positive, neutral, or negative charge depending on the pH of the medium. Therefore, driving CNC 
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towards each other or repelling from one another is possible through this route. For the case of 

functionalization using carboxylic acid, storage modulus as a function of pH was reported to change 

three order magnitude depending on the pH.  

Lewis et al. [43] showed that through temperature annealing of the CNC suspension at high 

temperature, one could drive CNC suspension state into gelation. They attributed the finding to CNC 

desulfation that happens because of keeping the suspension in an autoclave under heated conditions. 

Desulfation, in their case, means less electrostatic repulsion and, therefore, the higher affinity of 

CNC towards one another. Dorris and Gray [52] similarly found that CNC desulfation was the only 

way to drive gelation in a dilute suspension of CNC in the presence of glycerol and water.   

Polymer adsorption to the surface of CNCs is another route to gelify CNC suspension gel. Hu et 

al.[49] showed that in suspension, CNC with a 3 wt% adsorption of nonionic polysaccharides causes 

gel formation. In their case, gel formation happens through polymeric chains adsorption, which 

causes the effective volume fraction to increase and shift the gelation point to lower CNC 

concentrations.  

Figure 1.11 depicts storage modulus magnitudes of CNC hydrogel and CNC composite hydrogels 

on a double logarithmic scale for various references mentioned in the graph. Polymers so far 

mentioned in the literature as a matrix for CNC composite hydrogels are poly(vinyl alcohol) (PVA), 

polyacrylamide, poly(meth)acrylates, poly(ethylene glycol), polysaccharides, and nature sourced 

polymers such as alginate and gelatin. In these hydrogels, the CNC amount varied between 0.1-19.6 

wt% based on total gel weight. Gel storage modulus in these cases showed sharp increases with the 

addition of CNCs, with the maximum mechanical reinforcement enhancement reported in this thesis 

152 kPa.  
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Figure 1.11 Storage modulus reported from various references reflecting the effect of CNC on the reinforcement of 

different matrices, numbers associated with reference numbers [43, 46-49, 59, 72, 83, 116-123] sketched on double 

logarithmic axes. 

Figure 1.11 depicts power of rheology to gain information about the structure and strength of gels. 

In fact, an extensive range of materials, can be studied with rheology, and particularly rheology can 

be used to observe and control their viscoelastic properties. Small amplitude oscillatory shear tests 

(SAOS) are a useful tool to probe the linear viscoelastic properties; however, large amplitude 

oscillatory shear tests (LAOS) are as important to assess efficiently nonlinear viscoelastic properties 

[124]. When deformations are small, SAOSôs tests are generally applicable, and this way, the 

material rheological response stays in the linear regime. On the other hand, upon increasing the 

deformation, LAOSôs tests can be a helpful tool to characterize the nonlinear response. Figure 1.12 

shows two zones in which the strain is has an ascending trend. 
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Figure 1.12 Strain sweep test, strain changing g from small to large values [124]  

The following set of equation can be used to define applied deformation and shear rate in the dynamic 

oscillatory shear test [124]: 

‎ ‎ίὭὲ‫ὸ 

 

1-11 

 

‎ ‎‫ὸ 1-12 ὧέί ‫ 

 

Shear stress response can be: 

 

† Ὃ ‫‎ίὭὲ‫ὸ Ὃ ‫‎ὧέί‫ὸ 

 

1-13 

 

To have a better understanding of the meaning of these linear viscoelastic properties, it is useful to 

repeat that for a material with no viscous component Ὃ is in value equal to the constant shear 

modulus Ὃ and loss modulus is zero. In other words, storage modulus of the material in this scenario 

gives information about the elastic character of the fluid. Quite similarly, for a completely Newtonian 

fluid, – is identical to the viscosity ‘ and –  is zero. Ὃ –is known as loss modulus, and it (‫ 

depicts the viscous behavior of the fluid or the amount wasted energy in each cycle of deformation. 

In 1958, W. P. Cox and E. H. Merz [125] suggested the following relation, which empirically they 

found for a range of solutions and melts of many unlinked and unfilled polymers (–‎ ȿ–ᶻ.‫ȿ 

This relation applies if the values of both ‎ and are equal in size. It is also noteworthy to mention ‫ 

that  complex viscosity can also be obtained using ȿ–ȿz – – . 
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1-3-5 Large amplitude oscillatory shear test (LAOS) 

LAOS is a technique with expanding popularity among researchers [124, 126]. This approach is 

destined to mark the onset of nonlinearities in complex materials. The LAOS tests involve oscillation 

cycles at multiple strain amplitudes. 

In the LAOS region, the sinusoidal input strain waveform is translated to a non-sinusoidal stress 

response. There are various approaches to analyze the non-sinusoidal stress response, such as Fourier 

transform rheology (FT- rheology) [127] and stress decomposition [128] methods. The shear stress 

(„ can be inscribed as in-phase and out-of-phase components of a time-domain Fourier series of 

odd harmonics[129] being in steady-state condition for an oscillatory input strain (‎ὸ

‎ÓÉÎ :‫ὸ 

Ɑ◄ ♬В ╖▪ⱷȟ♬  Ἳἱἶ▪ⱷ◄╝
▪ ╖ᴂᴂ▪ⱷȟ♬  ἫἷἻ▪ⱷ◄                       1-14 

In the above equation, ‎ is strain amplitude, and Ὃ and Ὃ  are amplitudes of n harmonics with 

frequencies (nɤ). In the linear viscoelastic framework, the output stress waveform is the only 

function of the first harmonic coefficients, ὲ ρ. The emergence of higher harmonics in the 

resulting stress waveform depicts the appearance of nonlinear viscoelastic response, meaning that 

the stress signal cannot be displayed by a simple sinusoidal waveform any longer. Furthermore, 

Ὃᴂand Ὃͼ lose their physical meaning in the nonlinear region, meaning another technique should be 

implemented to explain the output stress signal. 

FT- rheology is developed based on a sophisticated mathematical framework that is a powerful 

technique to spot nonlinearities and higher-order harmonics in the stress waveform. However, it 

cannot give a clear physical interpretation of higher-order harmonics and the resulting nonlinear 

behaviors[130].  So, this method is insufficient to describe the material response. In 2008, Ewoldt et 

al.[130] proposed novel measures based on the stress decomposition method introduced by Cho et 

al.[128] in 2005 to give meaning to LAOS results.  

Based on symmetric arguments proposed by Cho et al.,[128], the generic nonlinear stress response 

(„ὸ) can be decomposed into superposition of elastic and viscous stresses as below:  

1) elastic stress component („ᴂ) as an odd function of normalized strain (ὼὸ   ),  
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2) viscous stress component („ᴂᴂ) as an odd function of the normalized strain rate (ώὸ

  ). Thus, the total resulting stress can be described as the following: 

„ὸ „ ὸ „ ὸ.          1-15 

 

Afterward, Ewoldt et al.[130] suggested a polynomial regression fit to the elastic „) and viscous 

(„  lines. In their work, they argued the limitation of different polynomial basis functions, such as 

Jacobi, Laguerre, Hermite, Chebyshev of the first and second kind, and Legendre. Considering the 

mathematical and physical limitations, e.g., elastic„) and viscous („  stresses are orthogonal over 

a finite domain, they proposed that the set of Chebyshev polynomials of the first kind is the best 

choice for fitting the output stress contributions. Then, the authors established a physical 

interpretation of nonlinear viscoelasticity using Chebyshev coefficients.  

Based on this method, a series of Chebyshev polynomials of the first kind in the orthogonal 

space made up of the input strain and strain-rate can be used to represent the elastic „ and viscous 

„ stress components via the following equations: 

„ ὼȡ‫ȟ‎  = ‎ВὩ ‫ȟ‎  Ὕ ὼȟ    1-16 

„ ὼȡ‫ȟ‎  = ‎ Вὺ ‫ȟ‎  Ὕ ώ      1-17 

where ὼӶ  and ώ   depicts the normalized version of strain and strain-rate, and Ὕ 

symbolizes Chebyshev polynomials. ȬȬὩȭȭ and ȬȬὺȭȭ are elastic and viscous contributions and have units 

of modulus (Pa) and viscosity (Pa.s-1), respectively.  

The criteria for specification of the physical interpretation of the nonlinearity based on ñὩò 

and ñὺò is defining the concavity of „and „ . As the magnitude of each Chebyshev coefficient 

decays monotonically by increasing ñὲò, the third-order Chebyshev coefficients (Ὡ and ὺ) 

determine the concavity of the elastic and viscous stress curves. According to these coefficients, the 

following intra-cycle nonlinear behaviors can be observed: strain-stiffening (Ὡ π), strain-

softening (Ὡ π), shear-thickening (ὺ π) and shear-thinning (ὺ π)[130]. Moreover, the nth-

order Chebyshev coefficient and Fourier coefficients can be related to each other via the following 

equations [130]: 

Ὡ Ὃ ρ Ⱦ  1-18 
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ὺ
Ὃ

‫
– 

1-19 

In the nonlinear regime, the measured dynamic moduli (Ὃand Ὃ ) do not have a clear physical 

meaning. Hence, using ȬȭὩȭȭ and Ȭȭὺȭȭ, Ewoldt et al.[130] defined local viscoelastic moduli and 

viscosities to interpret the distorted stress signal. Hence, comparing the local viscoelastic moduli 

(i.e., large-strain modulus ( ḳὋ) and minimum-strain modulus ( ḳὋ )) can assist 

to interpret intra-cycle elastic nonlinear behavior [130]. It is noted that both Ὃ  and Ὃconverge to 

linear elastic modulus in the linear viscoelastic region, i.e., Ὃ  =Ὃ=Ὃ=Ὃ. These elastic measures 

have been used by Ewoldt et al. [130, 131] to develop a dimensionless index for interpretation of 

intra-cycle elastic nonlinearity defined as: 

Sḳ          
1-20 

S (strain stiffening ratio) value equal to 0 corresponds to linear viscoelastic response, a positive S 

indicates intra-cycle strain-stiffening behavior, and a negative S is indicative of intra-cycle strain-

softening. Like the above-mentioned elastic measures, viscous parameters have been introduced to 

characterize intra-cycle viscous nonlinearity. In this context, a set of local dynamic viscosities have 

been defined as minimum-rate dynamic viscosity  ḳ–ᴂ and large-rate dynamic viscosity 

ḳ–ᴂ[130, 131]. Similar to the elastic measures, in the linear regime, dynamic viscosities 

converge to the linear real viscosity value –
ͼ

, i.e., ɖ'L=ɖ'M=ɖ'. The dimensionless index for 

dissipative (viscous) intra-cycle nonlinearity has been proposed as:  

Tḳ               
1-21 

T=0 signifies linearity, T>0 implies intra-cycle shear-thickening, and T<0 corresponds to intra-cycle 

shear-thinning behavior. It should be born in mind that there are other methods and approaches, such 

as the sequence of physical processes [132] and intrinsic nonlinearity [133, 134], which researchers 

used to interpret nonlinear data. Compared to the mentioned methods (e.g., FT- rheology), the 

method that I used in this work provides us the physical interpretation of nonlinearity with the aid of 

unambiguous material measures, which quantify nonlinear elastic and viscous behavior, 

simultaneously. Thus, this method provides us with more substantial information regarding the 



35 

mechanism governing the microstructural changes under LAOS flow.In the process of analyzing Ὓ 

and Ὕ, physical mechanisms should be considered to avoid any misinterpretation. These intra-cycle 

nonlinearities can be defined by the set of following formulas that relate coefficients to Ὓ and Ὕ 

indirectly: 

 

and: 

– ḳ
Ὠ„

Ὠ‎

ρ

‫
ὲὋ ρ

ὺ σὺ υὺ χὺ Ễ 
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–ḳ
„

‎

ρ

‫
Ὃ ὺ ὺ ὺ ὺ Ễ 

 

1-25 

 

 

1-4 Problem statement  

CNC-polymer hydrogels due to their adjustable properties can easily fit into design of new materials 

protocol. Despite many existing studies, a few CNC-based hydrogel properties, including gel healing 

rates, relations among gel mechanical properties and CNC orientations, and nonlinear rheological 

properties of gels, have received attention. Traits mentioned above, are key design parameters in the 

formulation of hydrogels. In summary, CNC has the following characteristics:  

¶ CNC is the building block for CNC-based hydrogels  

¶ CNC is biocompatible therefore its does not cause an immune reaction from the body 

¶ CNC-based hydrogels have tunable mechanical properties 

¶ CNC, through chemical modification, can be bio-resorbable.  
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This thesis provides information on the CNC-based gels from the nano level and the connection 

between the macro properties to microstructures. The use of salts and polymers in tuning CNC-based 

hydrogels are addressed. Polymer and salt addition in CNC-based hydrogel can strengthen the 

mechanical properties of gel and also can avoid the erratic nature of gel formation. Equipment and 

techniques that are used to control and characterize the CNC gelation include confocal laser scanning 

microscopy (CLSM), scanning electron microscopy (SEM), linear and nonlinear rheology, dynamic 

light scattering, zeta potential, compression tests, and computer simulations  

This dissertation investigates; (i) the gel porosity as a function of PVA, CNC and salt using SEM 

imaging, (ii) the gel mechanical properties using linear and non-linear rheology and compression 

tests, and (iii) the self-healing ability of CNC gel through measuring the particle diffusions in the gel 

media by CLSM monitoring. The goal here is to fabricate and characterize a hydrogel ready for 

future use in important fields such as tissue engineering applications, including scaffold fabrication.  

1-5 Dissertation outline 

This dissertation has been prepared in the paper-based format and comprised of seven chapters. The 

first one is the introduction chapter in which the problem is stated, and the goals of the dissertation 

are discussed. The next five chapters, Chapters 2 to 6, comprise the main contents of the dissertation. 

Each chapter is prepared as a modified version of a manuscript and is published or submitted for 

publication in peer-reviewed journals.  

Chapter 2 discusses the gelation of CNC monitored with CLSM. Moreover, methodology and 

procedure for the determination of pore size and effect of CNC and salt loadings on porosity would 

be outlined. Evaluation of microstructure shows cluster formation with NaCl addition into the 

system. This chapter is the same version of the manuscript entitled ñColloidal behavior of cellulose 

nanocrystals in the presence of sodium chlorideò published in Chemistry Select1.  

The highlight of Chapter 3 is a comparison of MgCl2 as a divalent ion compared to monovalent NaCl 

on gelation. Discussion about gravity effects on gel stability is another subject of this chapter. 

Molecular dynamic simulations are conducted to understand the magnitude of forces in play in CNC 

 
1 Moud, A. A.; Arjmand, M.; Yan, N.; Nezhad, A. S.; Hejazi, S. H., Colloidal behavior of cellulose nanocrystals in 

presence of sodium chloride. ChemistrySelect 2018, 3 (17), 4969-4978. 
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suspensions. This chapter is a modified version of the manuscript entitled ñCellulose nanocrystal 

structure in the presence of saltsò published in Cellulose2.  

In Chapter 4, the effect of CNC and salt concentrations on the rheology of CNC hydrogels are 

discussed. Both linear and non-linear rheological properties of hydrogels, as a function of CNC and 

salt concentrations, are evaluated. In particular, the intra-cycle viscoelasticity is analyzed. Chapter 4 

is a modified version of the manuscript entitled ñNonlinear Viscoelastic Characterization of Charged 

Cellulose Nanocrystal Network Structure in the presence of Salt in Aqueous Media,ò published in 

Cellulose3.  

Chapter 5 is the continuation of Chapter 4, targeting the mechanical and rheological properties of 

CNC hydrogel. The increase in mechanical properties and versatility of CNC hydrogel by 

incorporation of 5 wt% PVA is investigated. This chapter is a modified version of the manuscript 

entitled ñViscoelastic properties of poly (vinyl alcohol) hydrogels with cellulose nanocrystals 

fabricated through NaCl additionò ready for submission4.  

Chapter 6 presents the diffusion rate of CNC particles and gravity effect on CNC hydrogel, through 

the employment of CLSM (FRAP) and DLS. This chapter is a modified version of the manuscript 

entitled ñProbing Dynamics of CNCs in Gel and Suspension using FRAP and DLSò ready for 

submission5.  

Finally, the last chapter summarizes the main conclusions of this study and provides several 

recommendations for further research. 

 

 

 
2 Moud, A. A.; Arjmand, M.; Liu, J.; Yang, Y.; Sanati-Nezhad, A.; Hejazi, S. H., Cellulose nanocrystal structure in the 

presence of salts. Cellulose 2019, 1-15.  

3 Moud, A. A.; Kamkar, M.; Sanati-Nezhad, A.; Hejazi, S. H., Sundararaj. U.T, Nonlinear Viscoelastic 

Characterization of Charged Cellulose Nanocrystal Network Structure in Presence of Salt in Aqueous Media, 1-15, 

2020. Cellulose, In press.  

4 Moud, A. A.; Kamkar, M.; Sanati-Nezhad, A.; Hejazi, S. H., Sundararaj. U.T, Viscoelastic properties of poly (vinyl 

alcohol) hydrogels with cellulose nanocrystals fabricated through NaCl addition. To be submitted. 

5 Moud, A. A.; Sanati-Nezhad, A.; Hejazi, S. H., Self-healing and collapse in CNC-based gels and suspensions. To be 

submitted. 
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CHAPTER 2: Colloidal Behavior of Cellulose Nanocrystals in 

the Presence of Sodium Chloride 6 

Aggregation and gelation of cellulose nanocrystals (CNCs) induced by sodium chloride (NaCl) were 

investigated as a function of NaCl and CNC concentrations. Incorporation of NaCl improved CNCs' 

ability to form clusters via screening surface charges of CNCs. Transmission electron microscopy 

(TEM) images revealed the formation of porous CNC clusters following NaCl addition. The confocal 

laser scanning microscopy (CLSM) micrographs indicated the presence of regions with colloid-rich 

and colloid-poor patterns in CNC clusters. Fluorescent brightener 28 was found to have a strong 

hydrogen bonding to the cellulose surface and used as the staining agent in CLSM. The CLSM 

images also indicated a dynamic structure for gels, continually rearranging over the course of time. 

Zeta potential data, coupled with CLSM images, confirmed the impact of NaCl on the gel formation 

of CNCs. 

 

 

 

 

 

 

 

 

 

 

 

 
6 Moud, A. A.; Arjmand, M.; Yan, N.; Nezhad, A. S.; Hejazi, S. H., Colloidal behavior of cellulose nanocrystals in 

presence of sodium chloride. ChemistrySelect 2018, 3 (17), 4969-4978. 
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Graphical abstract 

 

2-1 Introduction  

Cellulose nanocrystals (CNCs) can be sourced from multiple different natural sources, such as plant 

cell walls (cotton, algae, wood particles) and bacteria [135]. Tiny crystals obtained from cotton have 

a square cross-section with a dimension of approximately 6×6 nm2 and an average length ranging 

from 100 to 200 nm. Sulfuric acid hydrolysis, put negative charges on CNCs, and increases their 

polarity [136]. It is widely accepted that geometry of CNCs (aspect ratio) and chemistry of the surface 

of CNC nanorods, along with ionic strength of the aqueous medium, governs the colloidal behavior 

of CNC suspensions [137].  

In the presence of coagulants, CNC enter a phase that are unstable colloidally and aggregate 

after they come into vicinity of one another. Depending on CNC concentration, CNC clustering can 

happen that leads to precipitation or a fractal gel [137]. In a study reported by Cherhal et al. [33], it 

CNC CNC ï NaCl 

300 ɛm 
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was shown that the incorporation of NaCl causes the formation of a gel structure that can be formed 

at low concentrations of CNCs due to the elongated nature of CNC nanorods. In fact, the suspension 

stability of CNC particles is highly affected following the addition of NaCl. 

CNC rod particles due to acid involved method of synthesis have roughly one negative charge 

per 10 anhydroglucose units [136]. Generally, charged CNCs, because of electrostatic repulsive 

interaction, do not aggregate in deionized water, but the addition of NaCl can induce random 

aggregation [138]. Analysis of structure with small-angle neutron scattering of various CNC-NaCl 

combination loadings of namely 2, 10, 50, and 200 mM has been carried out recently [33]. 

Aggregates with self-similar shaped structure. The process of aggregation was rapid after NaCl 

passed a certain threshold. Larger clusters were formed when more NaCl was added (more than 10 

mM). Self similarity of aggregates was proven with interpretation of a strong upturn at the lowest 

scattering wave vectors. The network stability towards gravity was good at high CNC concentration 

but the network failed when CNC loading was low. Similar system of CNC showed aggregation with 

changes in ionic strength of the media [139]. Reviewing of reports in the literature shows that 

underlying mechanisms regarding CNC gel and its colloidal behavior have not been fully 

investigated.     

Therefore, in this study, we try to present a systematic investigation of CNC aggregation and 

network formation as a function of CNC and NaCl concentrations. By employing transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), and confocal laser scanning 

microscopy (CLSM), the structure of the developed gels and its evolution were investigated. To the 

best of our knowledge, this is the first study using CLSM to investigate the gel structures of CNCs. 

Furthermore, employing CLSM, this study investigates the effect of ionic strength and CNC 

concentration on the extent of aggregation and structure of the CNC network. Development of gel 

structures with specific structural characteristics helps make efficient aerogels with desired porosity 

and mechanical strength for applications such as air and water filters, and also provides a perfect 

substrate for aerogel nanocomposites. 

2-2 Results and discussion 

2-2-1 Transmission electron microscopy of CNC suspensions 
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Figure 2.1 depicts the low-magnificationand high-magnification TEM images of CNC aqueous 

suspensions made at different CNC and NaCl concentrations. TEM images show the rod-like shape 

of individual CNCs with the aggregation state for 5 g/L CNC, and one mM NaCl (Figure 2.1(a) and 

(d) Figures 6(a)). Moreover, it was observed that increasing both CNC and NaCl contents led to 

CNC aggregation, where CNC clusters containing a substantial number of individual CNCs 

appeared. The addition of salt increased the number of junctions per CNC, leading to denser clusters 

and elongated particles, and in some cases, increased the apparent aspect ratio through attachments 

at extremities.  

Generally, during the production of CNCs, the sulfuric acid hydrolysis step leads to the 

formation of ester sulfate groups at CNC surfaces [136]. Negative charges, causing electrostatic 

repulsions between CNCs, bring about CNCs stabilization in aqueous medium at low ionic strengths 

through the prevention of aggregation caused by attractive van der Waals interactions. In colloidal 

suspensions, attractions cause the gelation through the formation of particle-rich and particle-poor 

regions. However, the transition to full separation might be stopped. Depending on ionic strength of 

the medium, at certain inter-particle potentials and particle concentrations, the attractions that induce 

separation of phases can also retard or stop gel growth, thereby rigidifying a non-equilibrium 

configuration for the total volume of particles, and thus resulting in the formation of a gel structure 

[140, 141]. 

The TEM images of charged CNCs in the present study are qualitatively like those reported 

for other aggregating rod-like colloidal particles in the literature [142-144]. The kinetic of gelation, 

gel point, and gel strength depends on the charge density and the shape of the CNC particles, which 

are strong functions of the precursor materials and the processing protocol [137]. 

   1 Õm

(a)

1 Õm

(b)

1 Õm

(c)
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Figure 2.1  Low-mag and high-mag transmission electron microscopy (TEM) images of cellulose nanocrystals 

(CNC) aggregation at different CNC and sodium chloride (NaCl) concentrations. (a) and (d) 5 g/L CNC at 1 mM 

NaCl; (b) and (e) 15 g/L CNC and 5 mM NaCl; (c) and (f) 15 g/L CNC and 10 mM NaCl. 

 

Charge density screening of ions in the system, made gelation faster. In absence of salt, gelation of 

CNCs with low electrostatic repulsive interactions was also reported to be rapid [33, 43]. 

Furthermore, annealing at higher temperature causes reduction of charge density and led gelation 

[43].  

The root of destabilization is in short-range interaction energy between two neighboring particles. 

According to Derjaguin-Landau-Verwey-Overbeek theory, inter-particle pair potential and the 

repulsive Yukawa potential take into account van der Waals attractions and electrostatic repulsions, 

respectively [145, 146]. The repulsive Yukawa potential is mainly dictated by two independent 

parameter (1) net surface charge of nanoparticles, and distribution of charge on their surface, and (2) 

Debye length əī1, which is associated with the ionic strength of the medium (being water here). 

Generally, changing coagulant ionic strength ranging between 0 to 10 mM at CNC loading 

range of 2 to 50 g/L has been the targeted by the majority of publications [138, 147, 148]. Debye 

length is always found to be higher than 3 nm, which is large enough to limit  local aggregations. 

Some reports show destabilization is under influence of coagulant concentration [147, 148], although 

ionic strength necessary for aggregation depends on surface charge and distribution of charges on 

the CNCs.  Surface charge and its distribution depends on the cellulosic source, method of processing 

and chemical agent used for treatment of CNCs. 

200 nm

(d)
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The compact nature of CNC clusters observed in this study (Figure 2.1 (c) and (f)) is similar to 

the results reported by Cherhal et al. [33], where the fractal dimensions for charged and uncharged 

CNCs in the presence of NaCl were reported to be 2.1 and 2.3, respectively. The discrepancy in 

fractal dimensions reveals a denser three-dimensional aggregation for the uncharged CNCs 

compared to the charged CNCs. Enhancement in the possibility of obtaining denser aggregates for 

the uncharged CNCs is due to the lack of neutralization of surface charges, decrease in repulsive 

electrostatic interactions between CNC pairs, and impact of the effectively excluded volume.  

Another striking feature of the colloidal suspension of nanorods is the innate ability to create 

porous clusters. As shown in Figure 2.1, the density of the porous cluster increased as the 

concentration of salt increased from 5 mM to 10 mM. Colloidal stability and aggregation criteria 

have been studied in the past for system of ions with different valences [34], where density of 

aggregates increases with increase in number of CNCs available in the system. The morphology of 

the porous clusters observed here via TEM resembles the structures obtained via hydrothermal 

gelation route [43]. The resemblance between the two structures further validates the role of surface 

charges in gelation.  

2-2-2 Scanning electron microscopy of freeze-dried gels 

To visualize the structure of the generated gels, the gels made at 7.5 g/L and 15 g/L CNC 

concentration and ten mM NaCl were freeze-dried and imaged with the SEM setup. Figure 2.2 

illustrates the bundles of CNC fibrous networks around water droplets etched out of the system within 

freeze-dryer. It is noted that the clusters observed in the SEM images mimic the morphology 

perceived in the TEM images, as individual CNCs appear to have a random spatial orientation. The 

gel network prepared in the presence of NaCl exhibited a random orientation of nanofibrils in the 

length scale up to several micrometers. The SEM images also revealed that the variation in CNC 

concentration at a constant salt content influenced the gel mesh size. An increase in the concentration 

from 7.5 g/L to 15 g/L led to a decrease in mesh size from 1.4 µm to 1.2 µm, as measured by the 

ImageJ software. The larger mesh-size at the lower CNC concentration was the result of a smaller 

number of associating CNCs and a lower number of contact points per gel volume.  
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Figure 2.2  Scanning electron microscopy (SEM) images of the CNC network at different magnifications for CNC 

concentrations of (a-c) 7.5 g/L and (d-f) 15 g/L. The concentration of NaCl for all images is 10 mM 

2-2-3 Confocal laser microscopy 

Confocal laser scanning microscopy (CLSM), as shown in Figure 2.3, demonstrates gradual changes 

in the suspension morphology with the addition of NaCl. In the absence of the salt, no sign of 

agglomeration is detected with CLSM, as verified by the homogeneous green color. In fact, CNC 

suspensions without salt are homogeneous without any gel formation; thus, the fluorescence intensity 

is almost the same for each pixel. Upon addition of a small amount of salt (0.33 mM), the first sign 

of aggregation appeared in the composition. The addition of larger amounts of NaCl pushes the 

system toward gelation, which spanned the entire visualization cube. The green regions signify the 

presence of CNC gel structure holding FB 28 fluorescence dye, whereas the black parts indicate 

CNC-free regions.  

(a)

10 ɛm 2 ɛm

(b) (c)

1 ɛm

10 ɛm

(d) (e)

2 ɛm
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Figure 2.3  Growth of CNC network at 15 g/L CNC at different concentrations of NaCl: a (0 mM), b (0.33 mM), 

c (0.45 mM), and d (1 mM). The dimensions of the visualization cube are 100×636×636 µm3. The 3-D confocal 

laser scanning microscopy (CLSM) images were twisted to obtain a better view of the gel network 

 

To quantify the CLSM images in Figure 2.3, the width of the distribution was characterized via 

normalization of standard deviation: 

„ ộὃỚ ὲ ὃ ộὃỚ  

2-1 

 

Where ộὃỚ is the signal that has been spatially averaged, and Ai represents the value of pixel i. The 

smallest value of „ is, thus, determined by changes in the intensity of the fluorescence dye across the 

sample. In CLSM, the illumination volume is determined by the microscope, optics, and lenses used, 

and does not depend on the pixel size. Illumination duration has also been adjusted with scanning 

speed across the sample. For systems homogeneous in length scales larger than the resolution of 

CLSM, „ has been reported to have an inverse relationship with volume and duration of illumination 

(b)

(c) (d)
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and fluorescence dye concentration [149]. Accordingly, one needs to be sure that the spatial 

distributions of the fluorescence dye and CNCs, and the volume and duration of the illumination 

remain the same for the repeated measurements. 

 

Figure 2.4 Variation of ů as a function of NaCl concentration for CNC gels with 15 g/L concentration. 

The values of „ gave a rough indication of heterogeneity in the gels and were plotted as a function 

of NaCl concentration in Figure 2.4. For each point shown in Figure 2.4, the degree of heterogeneity 

of 3 samples was measured. It can be observed that as the amount of salt added into the system 

increased, the value of „, indicating the degree of heterogeneity, increased across the system.  

2-2-4 Zeta potential and hydrodynamic radius 

To have a better understanding of CLSM images, changes in zeta-potential and hydrodynamic radius 

as a function of CNC concentration were further measured. For aqueous suspensions made of CNC, 

the Smoluchowski equation was employed for the conversion of mobility values to zeta potential 

[136, 139],  

АὉ  ‐ ‐ ‒Ⱦ–ȟ  2-2 

Where ɕ is zeta potential, Ůr is the dielectric constant of water, Ů0 is the permittivity of the free space, 

and ɖ is the dynamic viscosity of the water (Pa.s). This equation is only valid for a thin double layer 
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comparatively smaller than the hydrodynamic radius of the particle [150]. The first layer contains 

ion adsorbed onto the surface due to chemical interaction, which will render this layer either positive 

or negative in terms of total charge. The second layer is ions migrated to the vicinity of the surface 

due to Coulomb forces, which practically screens the first layer. 

The degree of dilution (depending on concentration) and ionic strength of the medium impact 

the calculated zeta potential [136, 151]. Therefore, reported zeta potential values have been used only 

for the sake of comparison, and might not be considered to indicate the exact value of the CNC 

surface charge. The results of the measurement of zeta potential values of CNC suspensions as a 

function of nominal NaCl concentration of 0 to 1 mM are presented in Table 2.1. The CNC particles 

without any electrolyte had a zeta potential of ī64 mV, close to the results reported by Boluk et al. 

[147] and Shafiei-Sabet et al. [136]. The reduction of the absolute value of zeta potential due to the 

addition of NaCl is possibly due to migration and adsorption of Na+ ions on the negatively charged 

CNC elongated surfaces, therefore retracting the double layer surrounding the nanocrystal particles. 

In similar colloidal systems, zeta potential has been impacted by adjusting the ionic strength of the 

medium, which is in agreement with the double-layer theory [152]. Please note that the zeta potential 

of CNCs is considerably higher than the cellulosic fibers produced by copious extraction processes 

(between ī20 mV and ī50 mV) [151, 153]. Variation in zeta potential values for different cellulosic 

sources (e.g., bacteria) is due to the method of processing and chemicals involved in CNC production, 

and it is very common [111, 154]. 

Table 2.1 Changes in CNC suspensions zeta potential at a fixed concentration of 0.5 g/L CNC as a function of NaCl 

concentration. 

 

CNC (g/L) NaCl Content (mM) Zeta Potential (mV) 

0.5 0  -64±4 

0.5 0.33 -60.2±3 

0.5 0.50  -55.9±3 

0.5 0.87 -42.2 ±2 

0.5 1.00 -31.7 ±3 

 

The impact of NaCl on the hydrodynamic size of CNC particles was also investigated with dynamic 

light scattering (DLS). The results showed that the equivalent hydrodynamic size (z-average) of CNC 

nanoparticles at 3 gr/L concentration increased from 45±2 nm to 56±6 nm and 75±8 nm with the 

https://en.wikipedia.org/wiki/Electric-field_screening
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addition of 0.33 and 0.50 mM NaCl, respectively. These results show that even a small amount of 

salt can induce aggregation. Zhong et al. [151] also reported a similar trend for their CNC 

suspensions in the presence of NaCl.  

2-2-5 Dynamicity of the gel 

A series of images were taken from the suspension of 10 gr/L CNC in the presence of 2 mM salt over 

the course of 30 min at intervals of 5 min (Figure 2.5). The images have been binarized using the 

ImageJ software. The confocal micrographs reveal that the structure of the gel continually rearranged 

over the course of time, implying that it was a dynamic gel. Simulations have shown that this 

continuous rearrangement compacts the clusters. Similarly, experiments show that colloidal gel 

thickens over time and pores grow larger [141, 155, 156]. For instance, evidences show that 

microstructure continuously changes the interior of the gel [156-158]. Theories developed for 

describing coarsening, are Kramerôs escape-time theory [155, 159, 160] and transient network theory 

[161], which both are consistent with our observations. In accordance with our study, Zia et al. [140] 

reported that colloidal gel coarsen and this process changes rheology and dynamic of the gel.  

According to some models, microstructural changes of the gel happen through the diffusion of 

particles from cluster to cluster, movements of particles along the contour of the network, and 

advective flow connected with condensed (liquid and solid) phase (see for example [141, 154, 156]). 

Dynamic of Breakage or coalescence of network branches are the primary focus of other models 

[157, 162-164]. For example, dôArjuzon et al. [163], through simulation of hard spheres equipped 

with short-range attractions, showed that migration of individual particles plays a minor role in 

structural changes of the gel. In fact, visual inspection of their simulated system demonstrated that 

only a few mobile particles exist in the suspension during microstructural changes. Although 

individual particles are fast, due to their scarcity across the sample, they cannot contribute to the 

coarsening of the gel. In another study, dynamical analysis of the gel revealed that coarsening does 

not happen through the merging of large scale networks, and instead, changes are due to breakage of 

an entire strand into smaller pieces and its displacement through solvent and subsequent merging 

[140].  
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Figure 2.5  Rearrangement and slow coarsening of the gel network (black parts) of the aqueous suspension of 10 g/L 

CNC with 2 mM NaCl concentration over a period of 30 min. The dimensions of the two-dimensional visualization 

box are 636×636 µm2 

2-2-6 Gravity drivel gel collapse of CNC 

The origin of collapse due to the effect of gravity has been reported to be coarsening [141, 160]; 

however, the critical condition necessary for the collapse has remained unclear. Poon et al. [141] by 

employing dark-field imaging, showed that the collapse is a complex process and involves the 

formation of voids and channels. Another probable scenario is that non-stop coarsening brings the 

system to a brink where the counter-flow of liquid due to the pressing of the porous gel causes some 

pores to grow suddenly by erosion deep within the structure [165].  

Regarding the timing of the collapse, two complex behaviors have been reported. The first 

behavior is slow pace precipitation, in which pores grow smaller while the bulk of the gel gets thicker 

[161]. The second behavior is the delayed reaction of the gel with respect to gravity. In this case, 

after a critical aging time, the gel network collapses. Research shows critical aging time can be 

impacted by the strength of cohesion between particles, size of primary particles, and so on [155, 

166, 167]. Delayed collapse brings the gel to a next to the collapse state [155]. At its initial stages, 

   

   

5 min 10 min 15 min

20 min 25 min 30 min
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gelation proceeds through the percolation of particles. At longer times, particles can detach slowly 

from the branches of the gel and get displaced through the solvent [158, 168]; these integral changes 

induce reconfiguration of the gel network and unavoidable eventual collapse [158, 162, 169, 170]. 

In the present study, dynamics of the collapsing gel is recorded by taking 3D CLSM images, 

spanning a cube of 100×636×636 µm3, over the course of time. As shown in Figure 2.6, it is evident 

that the gel network is initially distributed throughout the whole cell prior to gravity-driven collapse. 

Because of the mismatch in the density of gel and water (1.6 vs. 1.0 g/cm3), a gravity-driven flow is 

expected. The microscopic changes in the morphology of the network, ending in gravity-driven 

collapse, are evident in Figure 2.6. In fact, the collapse occurs when the CNC network at low 

concentrations could not support its own weight, and precipitates [33]. Analogous results were also 

observed for the CNC concentration of 7.5 g/L (in the supporting information). Comparing Figure 

2.7 and Figure 2.9, indicates that the CNC networks were densified with increasing CNC 

concentration. 

 

  

  

10 min

15 min 20 min
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Figure 2.6  Gradual collapse of the gel network of the aqueous suspension of 5 g/L CNC with 10 mM NaCl 

concentration as a function of time. The dimension of the visualization box is 100×636×636 µm3. The dispersion 

had a height of 3 mm, and the images were recorded at the height of ~ 1 mm above the base of the cell. 

 

Figure 2.7 shows CLSM images of the suspension of 15 g/L CNC with 10 mM NaCl as a function 

of time. Contrary to the results of Figures 6 and S1, the gel structure of CNC with 15 g/L 

concentration did not collapse during the time frame of the experiment. Evidently, the strength of the 

gel at 15 g/L was high enough to resist the gravity effects within the time frame of the experiment. 

Indeed, at 15 g/L, no movement was observed in length scales probed by CLSM. Generally, the 

higher the concentration of the CNC, the lower the collapse rate of the network. Similar observations 

were reported by Teece et al. [156], who performed CLSM imaging of colloid-polymer mixture with 

the long-range attraction to study gravity-driven gel collapse.  

  

  

25 min 30 min

10 min

15 min 20 min
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Figure 2.7  Depiction of a robust gel network of the aqueous suspension of 15 g/L of CNC with 10 mM NaCl 

concentration as a function of time. The dimension of the visualization box is 100×636×636 µm3. The dispersion had a 

height of 3 mm, and the images were recorded at the height of ~ 1 mm above the base of the cell. 

2-2-7 Re-dispersion of already formed gel 

It was noticed that the bonds established between the CNC individual particles in the gel were sturdy 

enough to withstand dilution in deionized water. This implies that the thermal energy of CNC 

particles was not enough to overcome the attractive forces, denoting an external source of energy 

such as sonication for shattering the structure and dispersing CNC gels in water is necessary. Figure 

2.8 depicts CLSM images of a CNC suspension (7.5 g/L CNC with 10 mM NaCl) diluted in deionized 

water prior to and the following sonication. As evident, after sonication for 1 min, the CNC cluster 

structure demolished. This observation is in accord with a study reported by Peddireddy et al. [138]. 

This functionality further highlights the versatility of CLSM for monitoring the colloidal behavior of 

CNCs. 

In fact, dilution with deionized water to a lower effective concentration along with sonication 

induced a partial breakage of the network decreased the aggregate volume fraction below the 

percolation threshold and led to precipitation. Moreover, the bonds formed between CNC clusters 

appeared weak because they broke via swelling by the invasion of water molecules, leading to the 

disentanglement of the 3D gel into its components. It should be noted that sonication was found to 

be effective in demolishing the structure of CNC clusters at higher NaCl and CNC concentrations.  

25 min 30 min
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Figure 2.8  Gel network of the aqueous suspension of 7.5 g/L CNC with 10 mM NaCl diluted with 10 ml deionized 

water: (a) before sonication, and (b) after sonication for 1 min. The dimension of the visualization box is 100×636×636 

µm3. The dispersion had a height of 3 mm, and the images were recorded at the height of ~ 1 mm above the base of the 

cell 

2-3 Conclusion 

The addition of NaCl causes aggregation of negatively charged CNCs, which subsequently causes 

the formation of self-similar clusters that grow until space-filling gel forms. It was shown that the 

addition of salt increased the number of contact points per CNC particle, leading to denser clusters 

and elongated particles. SEM images revealed that the gelôs mesh size had an inverse relationship 

with the CNC content, ascribed to a smaller number of associating CNCs, and a lower number of 

contact points per gel volume. In line with the TEM images, CLSM was found to be a versatile 

technique to monitor the colloidal behavior and gel structure of the cellulose nanocrystals. The results 

indicated that the zeta potential and hydrodynamic radius are important parameters to trace the 

genesis of the evolution of the gel structure in cellulose nanocrystals. CLSM images also revealed 

that the structure of the gels continually rearranged over the course of time, representing a dynamic 

gel. Moreover, the gel was found to be resilient at high concentrations of CNC but collapsed at low 

concentrations. The branches connecting clusters were found to be weak, breaking upon swelling 

and leaving suspended isolated clusters behind. However, sonication almost completely shattered the 

structure formed during gelation.    

(b)
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2-4 Supporting information (CHAPTER 2)  

The experimental section has been included in the supporting information section. Supporting 

information contains experimental details and schematic of the gradual collapse of the gel network 

of the aqueous suspension of 7.5 g/L CNC with 10 mM NaCl concentration as a function of time.  

2-4-1 Materials 

CNC was purchased from Innotech Alberta  with a reported length of 100-200 nm and a diameter of 

5-15 nm. According to the supplier, the density and crystallinity index of CNCs is 1.6 g/cm3 and 80%, 

respectively, with an average length of ca. 150 nm by TEM images. The purchased CNCs were 

extracted via sulfuric acid hydrolysis, leading to the formation of ester sulfate groups at CNC 

surfaces. Fluorescent brightener 28 (FB 28) (Sigma Aldrich) was used as the staining agent in CLSM. 

2-4-2 Materials preparation 

3 wt% stock of CNC suspension was prepared by sonication of batch of CNCs in DI water. The pH 

of the suspension was measured using a Mettler Toledo Seven Compact pH-meter (Mettler-Toledo 

135 International Inc., Columbus, OH, USA) and was set to be 6.8. The ionic strength of the 

suspension was adjusted by addition of a concentrated 20 mM NaCl solution.  

2-4-3 Scanning and transmission electron microscopies 

TEM and SEM were utilized to study the gel structure of CNCs and the location of CNC clusters. 

TEM images were generated using a Tecnai TF20 G2 FEG-TEM (FEI, Hillsboro, Oregon, USA) at 

an acceleration voltage equal to 200 kV. A droplet (5 ɛL) of the generated suspension was dripped 

on a carbon-coated electron microscopy grid for improved observation. The micro-morphology of 

the developed gel was observed using a scanning electron microscope (XL30, Philips). Prior to SEM 

imaging, the generated gels were freeze-dried using liquid nitrogen. A small piece of freeze-dried 

hydrogel was mounted onto a silica wafer. A layer of gold was sprayed on the samples by a vacuum 

sputter to form a conductive surface and avoid electrostatic discharging. The ImageJ software was 

employed to find the distribution of pore size in the freeze-dried hydrogels. 
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2-4-4 Confocal laser scanning microscopy 

Fluorescent FB 28 stain that binds efficiently to cellulose was used to monitor the location of cellulose 

clusters in the suspension. The nitrogen, hydroxyl and sulfonic acid groups in FB 28 are responsible 

for strong hydrogen bonding to the cellulose surface [171]. FB 28 binds to polysaccharides through ß-

1, 3 and ß-1, 4 linkages, such as chitin and cellulose, and is, therefore, able to stain starch-based 

materials. 

CNCs were labeled with FB 28 dye by adding 20 ppm of the dye to the CNC suspension, leading to 

physical adsorption of the dye onto the CNC surface. The concentration of the dye needs to be selected 

below the threshold to neither influence neither the behavior of CNCs nor the gel; however, the 

concentration needs to be sufficient to provide enough fluorescence to CNCs [172]. Following 

mixing and short sonication of the dye and CNC suspension, the samples were left in the dark 

environment for 30 min for incubation of the fluorescence dye with CNC particles. CNC suspensions 

were then sandwiched between a concave slide and a cover glass. CLSM monitoring was performed 

for suspensions at different NaCl and CNC concentrations. CLSM measurements were carried out 

with an inverted Nikon confocal microscope (Ti-A1R) equipped with apochromatic lens objectives 

of 10X and 20X with resolutions of 500 and 300 nm, respectively. The microscope galavnoôs scanner 

enabled us to achieve high-resolution images up to 4096 x 4096 pixels. 
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2-4-5 Zeta potential and particle size measurements 

Nano-Zetasizer (Malvern Instruments, Nano ZS, Malvern, UK) was used to probe zeta potential and 

size of CNC particles dispersed and distributed in DI water. The device is also equipped with a zeta 

potential analyzer that employs electrophoretic light scattering for studying particles, molecules, and 

surfaces. Zetasizer using light scattering technique to find the mobility of the particles due to 

Brownian motions [111].  

 



58 

 

 

Figure 2.9  Gradual collapse of the gel network of the aqueous suspension of 7.5 g/L of CNC with 10 mM NaCl 

concentration as a function of time. The dimension of the visualization cube is 100×636×636 µm3. The dispersion 

had a height of 3 mm, and the images were recorded at the height of ~ 1 mm above the base of the cell 
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CHAPTER 3: Cellulose Nano Crystals structure in the 

presence of salt 7 

Aggregation and gelation of cellulose nanocrystals (CNCs) induced by magnesium chloride 

(MgCl2) are investigated as a function of CNC and MgCl2 concentrations. Transmission electron 

microscopy (TEM) and confocal laser scanning microscopy (CLSM) is employed to study the 

effect of ionic strength and CNC concentration on the extent of aggregation and structure of the 

CNC network. The location of CNC particles is traced with a Fluorescent brightener 28 staining 

agent. The results show that the addition of different amounts of MgCl2 causes a cluster formation 

of CNCs with different fractal dimensions, confirmed by TEM. The fractal dimension of CNC 

clusters is varied from approximately 1.56 ± 0.08 to 1.98 ± 0.01 as the MgCl2/CNC concentration 

ratio is increased from 0.17 to 0.42. We use the MgCl2/CNC concentration ratio as a global 

parameter to correlate the results of different measurements and imaging data, including TEM, 

zeta potential, and CLSM. Furthermore, we conduct molecular dynamics simulations to 

quantitatively examine different CNC behavior in MgCl2 salt-CNC suspension. The results on the 

potential of mean force (PMF) indicate that the PMF of different ions concentration gravitates to 

zero, where the distance between CNCs is increased from 3.1 nm to 3.5 nm. However, adding ions 

to the system changes the energy of the system and leads to the different behavior of CNC 

interactions.  

 

 

 

 

 

 

 
7 Moud, A. A.; Arjmand, M.; Liu, J.; Yang, Y.; Sanati-Nezhad, A.; Hejazi, S. H., Cellulose nanocrystal structure in 

the presence of salts. Cellulose 2019, 1-15.  

ABM did the experimental design, data collection and interpretation, and manuscript preparation. JL contributed in 

molecular dynamic simulations.  
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Graphical abstract 

 

 

3-1 Introduction  

 

Cellulose nanocrystals (CNCs) are rod or whisker shaped particles produced using a hydrolysis 

reaction using acid out of wood particles or other resources. CNCs are whisker shape and can have 

different crystallinity levels depending on the source of cellulose and method of processing. Sizes of 

CNCs, van der Waals forces, surface charges and its distribution, hydrophobic and hydrogen 

interactions dictate the gel formation and colloidal behavior[138]. Electrostatic repulsion among 

individual CNCs can be adjusted through reducing charge density, for instance, desulfation or 

annealing at high temperatures [43]. Short-range attraction forces between CNCs with addition of 

coagulant can be empowered over repulsive forces [173]. Hence, CNC aggregates from a 

suspension into a precipitated ensemble of clusters or a fractal gel [33, 138]. Gel formation will 

also happen for pure CNCs if concentration reaches thresholds of 10 wt% [147]. Self-similar 

aggregates can also form through addition of coagulant such as salt and adsorbing or nonadsorbing 

polymers. There are other methods such as freeze thaw cycles gel formation mechanism as well. 
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A study reported by Cherhal et al. [33] shows gel formation after salt introduction. Chau et al. [48] 

showed addition of salt causes empowerment of van der Waals forces over electrostatic repulsion 

forces. Authors also claimed that stiffness of the gel increases with increase in ion size and charge 

number on the ions. In another study, Ure¶ a-Benavides et al. [174] reported solid to gel transition 

point is approximately one order of magnitude lower in presence of coagulant in comparison to 

pure CNC. 

The solid to gel transition is abrupt and dubbed as the critical aggregation concentration 

(CAC) via empirical relationship of SchulzeïHardy empirical as ὅὃὅθ  where Z is valence of 

counter ion (n = 6 is a number assigned to the highly charged particles and n = 2 a number assigned 

for weakly charged particles) [175]. Through experiments accurate prediction of this empirical 

relationship has been proven over and over for nanotubes [176], nanofibers of peptide [177], and 

CNC [178-181]. 

Despite many recent reports on the suspension stability of many types of nano cellulose [33, 

147, 148, 151, 179, 182-185], to the best of our knowledge, no systematic study has been reported 

on colloidal stability of CNC particles with confocal laser microscopy. Moreover, authors believe 

more attention must be paid to the impact of these parameters on the aggregates. The structure of 

these aggregates and the concentration and valence dependence of the aggregation onset are pivotal 

to develop materials out of CNC gels. 

In the present study, we seek to present a systematic investigation of CNC aggregation and 

network formation as a function of CNC and MgCl2 concentrations. Employing transmission 

electron microscopy (TEM) and CLSM, the structure of the developed gels and their evolution are 

investigated. Furthermore, employing CLSM, this study investigates the effect of ionic strength 

and CNC concentration on the extent of aggregation and structure of the CNC network. 

Development of gel structures with controllable porosity and rate of gelation and collapse 

facilitates the production of efficient gels with desired porosity, which is pivotal for applications 

such as air and water filters and provides an ideal matrix for aerogel nanocomposites. 

3-2 Experimental section 

3-2-1 Materials 
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InnoTech Alberta provided CNC that had a reported length of 100-200 nm and a diameter of 5-15 

nm. The reported density and crystallinity index of cellulose was 1.6 g/cm3 and 80%, respectively, 

according to the manufacturer data, with an average length of ca. 150 nm quantified using TEM 

images. Extraction of CNC happened through hydrolysis via H2SO4, with formation of half ester 

sulfate functional groups on the CNCs. Fluorescent brightener 28 (FB 28) (Sigma Aldrich) was 

used to tag CNCs. 

3-2-2 Materials preparation 

A stock suspension with 3 wt% of CNCs was made by dispersing and distributing the spray-dried 

CNC powder in deionized water. Suspensions were made with a pH of 6.8 as measured using a 

Mettler Toledo Seven Compact pH-meter (Mettler-Toledo 135 International Inc., Columbus, OH, 

USA). The ionic strength of the suspension was adjusted through the addition of 80 mM MgCl2 

solution. To prepare the final suspension with desired concentrations, samples were diluted with 

deionized water (DI) and sonicated for 20 min. Ultra-sonication (125 W Qsonica Sonicators Q125 

Sonicator, Qsonica) was used for dispersion of CNC into DI water. Ultrasonic treatment was done 

in an ice bath to disallow overheating as the surface charge of CNC particles is sensitive to 

temperature [50]. 

 

3-2-3 Materials characterization 

3-2-3-1 Scanning and transmission electron microscopies  

TEM was employed to assess the gel structure of CNCs and the location of CNC clusters within 

the evolving structure. TEM images were produced using Tecnai TF20 G2 FEG-TEM (FEI, 

Hillsboro, Oregon, USA) at an acceleration voltage equal to 200 kV. A droplet (5 ɛL) of the 

generated suspension (or gel) was dripped on a carbon-coated electron microscopy grid for 

improved observation.  

3-2-3-2 Confocal laser microscopy 

Fluorescent FB 28 fluorescent dye that binds preferentially to cellulose [173] was employed to 

assess the location of cellulose clusters in the suspension. Carbohydrate-Aromatic (CA) 

interactions from van der Waals forces (CHïp interactions) and the hydrophobic effect have been 
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reported to explain the adsorption of aromatic molecules to carbohydrates such as cellulose in 

aqueous environments [186, 187]. These CA interactions, as opposed to electrostatic interactions, 

is possibly responsible for dye binding in our report [186]. It is believed that in our samples, CA 

interaction is the main force that attaches FB28 to CNC.  

CNCs were labeled with FB 28 dye by adding 20 ppm of the dye to the CNC suspension, leading 

to physical adsorption of the dye onto the CNC surface. The concentration of the dye must be 

selected below a threshold that does not influence the colloidal behavior of CNCs. Zeta potential 

values in our system did not change for sample of 10 g/L CNCs even if the FB28 concentration 

increased to 500 ppm. However, 20 ppm of dye was enough for tagging CNCs [172]. After 

physical mixing of CNC with dye, the samples were left in the dark for duration of half an hour 

for the dye tagging to happen on the CNCs. CLSM monitoring was performed for suspensions at 

different MgCl2 and CNC concentrations. CLSM measurements were carried out with an inverted 

Nikon confocal microscope (Ti-A1R) equipped with the apochromatic lens objectives of 10X and 

20X providing the resolutions of 500 and 300 nm, respectively. The microscopeôs galvanometer-

based scanner enables achieving high-resolution images up to 4096 x 4096 pixels.  

3-2-3-3 Zeta potential and size measurements 

Nano-Zetasizer (Malvern Instruments, Nano ZS, Malvern, UK) was used to characterize the zeta 

potential and the size of CNC particles suspended in DI water. The Zetasizer Nano ZS equipped 

with two analyzers was used for the detection of aggregates and the measurement of small to 

relatively large CNCs (0.3 nm to 10 µm in diameter) in dilute samples. The device was also 

equipped with a zeta potential analyzer that employs electrophoretic light scattering for studying 

particles, molecules, and surfaces. Zetasizer uses the dynamic light scattering technique to trace 

the movement and size of particles while they are in the Brownian motion regime [111]. Given the 

rod geometry of CNC particles and considering the original development of the Stokes-Einstein 

equation for particles with spherical geometry, the size of CNC particles measured by the Zetasizer 

does not represent the real particle size and shape. Nevertheless, it represents an equivalent 

hydrodynamic size of particles. Therefore, the result of the size measurement presented in this 

study has only been used to compare sizes among different CNC samples. To make the 

measurements report reliable, the size measurements were performed for 10 replicates.  
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3-2-3-4 The calculation method of MD simulation 

The molecular dynamic simulations were performed using LAMMPS package [188] 

Subsequently, VMD package was used for visualization [189]. The potential of mean force (PMF) 

[190] is computed by the colvars tool package [191] in LAMMPS. Van der Waals's interactions 

were calculated between different components by Lorentz-Berthelot combining rules [192]. The 

cut off distance is set at 1.2 nm. The system implies the particle mesh Ewald (PME) method to 

compute the electrostatic interactions. Initially, the energy of the system was minimized, and 3 ns 

simulation with the NVE ensemble and the NPT ensemble were used. Then, steered molecular 

simulation (SMD) and umbrella sampling methods were used to calculate PMF for 45 ns where 

the temperature is maintained at 298 K by Nosé-Hoover thermostats. Following the calculation of 

PMF for two CNC rods, the first CNC was fixed in place and the second CNC was pulled to the 

first one along the Y direction to compute the free energy. 

 

3-3 Result and discussion 

3-3-1 Transmission electron microscopy of CNC suspensions 

Figure 3.1 depicts TEM images of CNC aqueous suspensions made at different CNC and MgCl2 

concentrations. TEM images show the rod-shape of individual CNCs with the aggregation state 

for 10 g/L CNC and different concentrations of MgCl2. It is observed that increasing the MgCl2 

content leads to CNC aggregation, where CNC clusters containing a substantial number of 

individual CNCs are imaged in Figure 3.1 A-D. The addition of salt increases the number of 

junctions per CNC, leading to denser clusters and elongated particles. In some cases, the apparent 

aspect ratio is increased through attachments at extremities. The TEM images of charged CNCs in 

the present study are qualitatively similar to those reported for other aggregating rod-like colloidal 

particles in the literature [142-144]. 
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Figure 3.1 High magnification transmission electron microscopy (TEM) images of cellulose nanocrystals (CNC) with 

10 g/L concentration aggregation at different Magnesium chloride (MgCl2) concentration. (A) 17 mM, (B) 21 mM, 

(C) 32 mM, (D) 42 mM. The ratio of salt/CNC varies from 0.17 to 0.42.  

 

It is noteworthy that similar behavior was observed in the previous report for CNC-NaCl systems 

[173]. Also, the compactness of CNC clusters at high salt concentrations of MgCl2 as observed in 

this study (Figure 3.1D), is similar to those of the CNC-NaCl coagulated system [33]. A higher 

concentration of salt means a higher screen level of surface charges. For instance, Cherhal et al. 

[33] used two different CNCs, with and without charges, and reported that the fractal dimensions 

for charged and uncharged CNCs after the addition of NaCl are 2.1 and 2.3, respectively. 

Attainment of denser aggregates for the uncharged CNCs can be translated into a decrease in the 

electrostatic repulsion. This result corroborates why obtaining denser structures is more probable 

at high concentrations of salt.  

1µm

A
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https://pubchem.ncbi.nlm.nih.gov/compound/magnesium_chloride
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A method for finding the fractal dimension of CNC clustered aggregates is the box-counting 

method [193]. A series of boxes with size L2 pixels are used on the binarized 2-D image of the 

aggregates. The estimation of the fractal dimension technique is finding the slope of the graph that 

correlate the number of boxes with filed pixels labelled as (N(L)) to size of the primary box sizes 

sketched in a double logarithmic diagram. For evenly dispersed and distributed systems, ὔὒᶿ

ὒ , and for isotropic self-similar aggregates such as CNC here, ὔὒᶿὒ , with df is the 

fractal dimension. Applying this method to the TEM images depicts gradual changes in the fractal 

dimension of CNC clusters from approximately 1.56 ± 0.08 to 1.98 ± 0.01 as salt concentration 

increases from 17 mM to 42 mM. The samples of these changes are shown in Figure 3.1A-D. The 

fractal dimensions indicate that the addition of salt at lower concentrations produces less branchy 

clusters, while a higher concentration of salt produces denser clusters. The recorded changes in the 

cluster density are in line with AFM findings of Honorato-Rios et al. [194], reporting the pointier 

CNC structures at lower salt concentrations. However, contrary to the above observation, the 

known reaction limited aggregation (RLA) to diffusion-limited aggregation (DLA) transition 

theories predict a decrease in fractal dimension with the addition of more counter ions in the 

system. The fractal dimensions reported in the literature are lower for DLA than RLA [144]. 

Further studies are needed to explain the discrepancy.  

Due to the anisotropic shape of the rod particles and their nano dimension size, the energy 

barriers that disallow the aggregation of CNCs are not symmetric. As a result, the chance of the 

end-to-end collision of CNCs is higher than side-to-side. However, side-to-side attachment is more 

favored from the thermodynamic standpoint [195]. The dynamics of end-to-end attachment in real-

time has been recently imaged by Alivisatos and co-workers [195]. The authors depicted the 

parallel alignment of CNCs before attaching at their extremities. This mechanism is kinetically 

different from recent studies on linear assemblies of nanorods, which dictates non-favored end-to-

end attachment through non-uniform surface chemistries [196, 197]. 

Furthermore, clusters are found to be porous themselves as individual particles assume 

random orientation in the space. Upon increasing the salt concentration, denser aggregates 

appeared due to less strong repulsion forces among CNCs (Figure 3.1). Also, the morphology of 

the porous clusters observed here is similar to the morphology of the gels obtained via the 

hydrothermal gelation of CNC suspensions where gels are dried with supercritical carbon dioxide 
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(CO2) [43]. Desulfation happens in hydrothermal treatment of CNC, which accounts for the 

decrease in surface charges of CNCs. The similarity between the structures obtained through 

desulfation and gelation shows how the origin of aggregation which is DLVO forces. Also, it has 

been shown that the larger the counter ion size, the larger the critical concentration for 

aggregation.[198]  

3-3-2 Confocal laser scanning microscopy 

Figure 3.2 depicts the CLSM micrographs of the gradual structural developments in the 

suspension morphology with the addition of MgCl2. From the CLSM viewpoint, in the absence of 

salt, the uniform green color translates into the absence of aggregation. In fact, CNC suspensions 

without salt are uniform, without any gel formation; thus, the fluorescence intensity is almost the 

same for each pixel (Figure 3.2A). Upon the addition of a small amount of salt (8.5 mM), the first 

sign of aggregation appeared in the composition (the bright spots in Figure 3.2C). A further 

increase in MgCl2 concentration induces gelation in the system, which spans the entire 

visualization cubes (Figure 3.2D-F). The green regions signify the presence of CNC gel structure 

holding FB 28 fluorescence dye, whereas the dark parts indicate CNC-free regions. The results 

show that the gelation evolution versus salt concentration follows a classical DLVO trend [199] in 

which the salt addition gradually favors van der Waals forces over electrostatic forces. The CNC 

gel structure rapidly evolves beyond a threshold salt concentration. The lack of further changes in 

the microstructure following the addition of more salt (42 mM and above which are not shown 

here) shows that the arrested phase (CNC) is somewhat uniform and insensitive to the salt content 

variations.  
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Figure 3.2 Growth of CNC network at 15 g/L CNC at different contents of MgCl2: (A) 0 g, (B) 4.2 mM, (C) 8.5 

mM, (D) 17 mM, (E) 21 mM and (F) 42 mM. The dimensions of the visualization cube are 100×1272×1272 µm3. 

The 3-D confocal laser scanning microscopy (CLSM) images are rotated to obtain a better view of the gel hybrid 

system. Resolution: 500 nm. Images were taken once the salt was added into the mixture. The ratio of salt/CNC 

varies from 0 to 0.27 
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To quantify Figure 3.2, the width of the distribution is characterized via normalization of standard 

deviation in the following equation. 

„ ộὃỚ ὔ ὃ ộὃỚ                                   

3-1 

 

Where A is the signal emitted by the sample, and „ denotes the degree of non-uniformity. The 

justification for the accuracy of this formula can be sought in Ref [173]. Signal values were chosen 

out of the boxes with sizes equal to the resolution of the images. N is the number of independent 

boxes across the images. The value „ gives a rough indication of non-uniformity in the gel and is 

plotted as a function of MgCl2 content (Figure 3.3). For each point, the degree of non-uniformity 

is measured for three samples. The value of „ for MgCl2 increases because of the increase in salt 

concentration, indicating the increased structural non-uniformity across the system. 

 

Figure 3.3 Variation in Ɑ as a function of MgCl2 concentration for CNC gels with 15 g/L CNC concentration 

Using Schulz-Hardy rule, assuming that surface charge of CNCs is high, the ratio of critical 

aggregation concentration for the MgCl2 system is roughly estimated to be 64 times smaller than 

monovalent salt, NaCl (33 mM) [173]. The trend is consistent with Schultz-Hardy rule, i.e., MgCl2 

causes gelation to happen sooner, even though a deviation can be observed in predictions (observed 
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8 mM in Figure 3.2C versus expected (33 mM/64) 0.5 mM and (33 mM/4) 8 mM for highly 

charged and weakly charged particles, respectively. This deviation may be due to (1) system 

contains particles that are not spherical , (2) assuming ionic radius to be negligible [200], and (3) 

limited confocal micrograph resolution (300-500 nm). Therefore, the onset of the gelation can also 

happen in salt concentrations below 8 mM.  

Phan-Xuan et al. [201] recently reported that the onset of aggregation for MgCl2, measured 

by turbidity, is one order of magnitude smaller than the aggregation onset in NaCl hybrid systems. 

These results further validate the accuracy of confocal images versus conventional methods (for 

instance, turbidity values) regarding the detection of perturbation onset and the overall monitoring 

of the gelation and microstructure evolution.  

3-3-3 Zeta potential and hydrodynamic radius 

 

Figure 3.4  Semi-logarithmic variation of volume percentage as a function of the hydrodynamic radius of CNC. 

Inset depicts gradual changes in zeta potential as the MgCl2/CNC ratio changes from 0 to 0.25.  
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The changes in zeta-potentials as a function of CNC concentration are also measured. The result 

of these measurements as a function of the ratio of the MgCl2/CNC concentration is shown in the 

inset of Figure 3.4. The CNC particles in the absence of any electrolyte show zeta potential values 

of ī64 mV, similar to values obtained by Boluk et al. [147] and Shafiei-Sabet et al. [136]. We have 

used the procedure explained by Shaifie et al. [136] to find the sulfate half ester contents. Through 

elemental analysis of SEM, the number of (SO3-) group per 100 anhydroglucose units can be 

obtained based on the molecular formula of C6H10O5ï(SO3)x and calculated from following 

relationship S(wt%) = 100x×S× [6C + 10H +(5 + 3x)O+xS]-1 [202]. In our experiments, the EDAX 

spectra of CNC show the 0.66 % sulfur content, which translates itself into 3.39 OSO3H per 100 

glucose units. The descending pattern observed as a function of salt concentration is due to the 

formation of diffuse layer and retraction of double-layer around each particle [203]. These results 

show that the aggregation is expected even if the salt is added at low concentrations. Technically, 

the charge or mobility of clusters could be assessed by electrophoresis measurements. However, 

clusters are suspended in a poly-disperse sea of clusters and monomers, which makes the 

determination of electrophoretic mobility quite challenging.  

The results show that the volume percentage of the particles is shifted towards larger diameters. It 

is noted that as time can impact gelation, measurement has been performed on the samples about 

two hours following the introduction of salt. The results here are in line with the observations of 

CLSM (see Figure 3.2) as the addition of salt increases the zeta potential values; hence, intensified 

instability in the system.  

3-3-4 Dynamics of CNC gel and its relevancy to eventual gel collapse 

The gels of the CNC-NaCl hybrid system are shown through experiments to be dynamic at micro-

scale (particle level) [173]. Moreover, simulations also show that rearrangement of colloids after 

gel formation makes the clusters more compact [204]. Fairly similarly, experimental studies show 

that strands of gel over time becomes thicker [141, 155, 156]. For instance, empirical evidence 

through the employment of CLSM showed microstructural changes inside the gel due to these 

rearrangements [156-158]. Existing theories developed to explain these behavior such as Kramerôs 

escape-time theory [155, 159, 160] and transient network theory [161]; are consistent with trends 

we observed in CNC-salt hybrid suspension. Aligned with colloidal behavior seen out of CNC 
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gels, Zia et al. [140] recently reported that dynamics and rheology of fractal gels through 

coarsening is under influence of rearrangements and the pace of it changes with changes in 

interactions between particles.  Mobility of the proven here can provide a scientific basis for 

understanding gel collapse and self healing of CNC gel. 

3-3-5 Gravity driven collapse of CNC gel 

Coarsening might be the reason behind gel collapse [141, 160]. However, there is still debate on 

what critical condition should the system reach for the collapse to happen. Poon et al. [141] 

observed creation of multiple channels and corridors inside the gel before collapse of the gel. 

Coarsening can push the system towards a brink of collapse at which continuous pores among 

clusters is happening [165].  

Two complex observation regarding collapse of a gel has been reported. Gradual type [161] 

and delayed response before collapse. In second case, gel collapses after passage of certain time. 

This period is under influence of cohesion and size of gel constituent particles [155, 166, 167]. 

Initially the system experiences attachment of single particles to branches of clusters while at later 

times, particles slowly detach themselves from the clusters and migrate through the solvent [158, 

168]. These integral changes induce structural reconstruction and unavoidable ultimate collapse 

[158, 162, 169, 170]. 

In the present study, the dynamics of this process is monitored through recording time 

evolution of 3D CLSM images, in a cube of 200×1272×1272 µm3. Figure 3.5 shows that the gel 

network is distributed throughout the cell prior to the collapse. The collapse occurs due to the 

dense CNC network is expected (1.6 vs. 1.0 g/cm3). The microscopic changes in the structure of 

the network, which ended in gravity-driven collapse, are evident in Figure 3.5. In fact, the collapse 

is expected due to the inability of the structure to sustain its weight [33]. A similar trend was also 

observed for CNC concentration of 7.5 g/L.  

 Figure 3.6 shows the CLSM images of the colloid of 15 g/L CNC with 52 mM MgCl2 as a 

function of time. Opposite to the results of Figure 3.6, the gel structure of CNC with 15 g/L 

concentration does not collapse during the first 30 min time frame. The observed behavior is due 

to the robustness of the colloid at 15 g/L. As a rule of thumb, collapse pace with increase in 
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concentration of CNC decreases. Teece et al. [156] reported identical observations for colloid-

polymer hybrid system with longer range of attraction forces. It is noteworthy to mention that 

height in gravity direction is 200 µm, and collapse across the system does not happen evenly.  

The different behavior observed between two different salt concentrations can be traced back 

to the discussion presented by Solomon et al. [142] where one can show why suspension shows 

more elasticity after increase in salt loading. After adjustments in ionic strength of the medium, 

system will reach a zone in which interaction between particles is stronger than thermal motion 

forces separating them. Hence, inhibition of particle movement is expected. These inhibitions is 

due to effects related to excluded volume [205, 206] and/or pair interactions between CNC pairs 

due to attractive van der Waals or depletion forces [207]. Interactions between CNCs due to 

movement of individual CNCs can also play a significant role [208, 209]. The increase in particle 

number density or strength of attractive interactions limits the mobility of rods to the orders of rod 

radius. After reaching this threshold, system individual components do not move, which also 

translates into more elasticity and non-ergodicity. Fractal gels are also system in which particles 

stop moving altogether due to physical bonds. The behavior of particle gels and glasses is different  

, which can be observed by techniques such as dynamic light scattering [210]. 

Considering the values reported earlier for MgCl2/CNC concentration ratio (increased 

from 0.17 to 0.42) and fractal dimension (varies between 1.56 ± 0.08 to 1.98 ± 0.01), it is 

concluded that fractal dimension between two Figure 3.5 and  Figure 3.6 is almost identical 

as both fractal dimensions in two figures should be close to 1.98 ± 0.01. Therefore, geometry 

and compactness of clusters do not influence the rate of collapse in these two scenarios.  
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Figure 3.5  Gradual collapse of the gel network of the aqueous suspension of 5 g/L CNC with 52 mM MgCl2 content 

in the time span of 30 min with intervals of 5 min. The dimension of the visualization box is 200×1272×1272 µm3, 

and the resolution is 500 nm. The dispersion has a height of 3 mm, and the images are recorded at the height of 

approximately 1 mm above the base of the cell 
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 Figure 3.6  Gradual collapse of the gel network of the aqueous suspension of 15 g/L CNC with 52 mM MgCl2 content 

in a span of 30 min with intervals of 5 min. The dimension of the visualization box is 200×1272×1272µm3, and the 

resolution is 500 nm. The dispersion has a height of 3 mm, and the images are recorded at the height of approximately 

1 mm above the base of the cell  

3-3-6 Molecular dynamic simulation 

Molecular dynamic simulations are conducted to explore the magnitude of forces involved in the 

CNC aggregation process. Specifically, we are interested in finding a correlation between this 

numerical simulation and the experimental data discussed above through the parameter of the 

salt/CNC concentration ratio. Literature-wise, the CNC molecular structure was first simulated 

from Cellulose builder [211]. For the sake of simulation feasibility, the length of CNC rods was 

reduced to 10 nm while maintaining the aspect ratio constant [201]. Each rod was modeled by five 
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single chains of cellulose molecules, giving a total length, L = 10 nm, and a diameter of d = 1 nm 

(aspect ratio is 10). This is approximately 15 times smaller than experimental estimations. No 

significant influences of the reduced size of the rods compared to experimental values were 

observed upon simulating the same system with bigger lengths and diameters. 8912 water 

molecules, reproducing the water density of 1.04 g/cm3, were packed in the system. The effect of 

positive ion was simulated by adding Mg2+ and Cl- into the system with the concentrations of 25 

mM, 50 mM, 100 mM, and 200 mM. The box size is 3 nm ³ 8 nm ³ 12 nm, as shown in Figure 

3.7A with the periodic boundary conditions in three directions. The CNC rods are fixed in the Z 

direction to avoid the influence of CNC shaking in different directions while they can still move 

in the Y direction. Pcff force field is applied to the system [212]. In Figure 3.7, the free energy 

between the rods is shown for several salt concentrations. The force field parameters considered 

in this study are summarized in Table 3.1.  

 

Figure 3.7  Molecular dynamic simulation. (A) Snapshot of two CNC rods in the sodium chloride solution. The rods 

are fixed on the x and z-axis, and the rods are parallel (distance between two rods set at 3.5nm). The transparent 

material is an aqueous solution in which the Na+ is yellow, and the Cl- is blue. In the CNC rod system, the carbon 

atom is cyan, the oxygen atom is red, and the hydrogen atom is white. (B) Potential mean force (PMF) of two CNC 

rods (T=298 K, P=0.1 MPa) in salts solutions of MgCl2. 
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The PMF graphs, as shown in Figure 3.7B, are used to investigate the interaction between the two 

CNC rods. The results of PMF show that the PMF of different ions concentration gravitates to 

zero, where the distance between CNCs increases from 3.1 nm to 3.5 nm. However, adding Na+ 

and Cl- to the system changes the energy of the system and leads to the different behavior of CNC 

interactions. For instance, when the ion concentration increases above 50 mM for NaCl solution, 

the approaching rods receive less resistance. However, at lower concentrations, the two 

approaching rods increase the PMF of the system more dramatically. In a nutshell, the results of 

molecular dynamic simulation follow the logical mechanism expected for CNC rods with regards 

to forces playing a role in salt solutions. Similar behavior is observed for the MgCl2-Water system. 

For CNC rods dipped into a solution of MgCl2 with 25 mM concentration, the PMF values gravitate 

towards infinity, which means that the two rods cannot be brought in closer. When the 

concentration of Mg2+ is small (e.g., 25 mM), only a few ions can be absorbed by CNCs. Therefore, 

the negative charge of CNC limits the distance that two rods can be brought to one another. Also, 

the PMF value for the concentration of 50 mM for Mg2+ is similar to the PMF value of Na+ at 100 

mM concentration, where they both produce quasi-similar trends at 3.1 nm. 

In the simulations, the ratio of MgCl2/CNC, considering the number of cellulosic atoms and ions 

in the system, varies between 0 to 0.0652 when MgCl2 concentration varies between 0 to 100 mM. 

The simulation results show that when this ratio is around 0.05, the act of bringing the CNC closer 

together becomes possible. Although the simulation results are not in close agreement with the 

experimental data due to the simplification and scaling down in the model, the numerical results 

demonstrated to be useful as a helpful guide towards comparing the effect of different amounts of 

salt on forces that separate individual CNCs. 

Table 3.1 Force field parameters employed in the system. 

Atoms/ions Mass (g/mol) ů (nm) Ⱥ (kJ/mol) Charge (e) 

o*(H2O) 15.9904 0.3608 0.274 -0.7982 

hw(H2O) 1.00797 0.1098 0.013 0.3991 

coh(CNC) 12.01115 0.401 0.054 0.213 

hc(CNC) 1.00797 0.2995 0.02 0.053 
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c1(CNC) 12.01115 0.401 0.054 0.08 

oc(CNC) 15.9904 0.3535 0.24 -0.266 

oh(CNC) 15.9904 0.3535 0.24 -0.5571 

ho(CNC) 1.00797 0.1098 0.013 0.4241 

c-(CNC) 12.01115 0.3908 0.12 0.2974 

o-(CNC) 15.9904 0.3596 0.167 -0.5337 

c2(CNC) 12.01115 0.401 0.054 0.027 

Na+ 22.99 0.39624 0.738 1.0 

Mg2+ 24.305 0.4053 0.040 2.0 

Cl- 35.453 0.3915 0.305 -1.0 

3-4 Conclusion 

A systematic study on the CNC gelation in the presence of divalent ions was provided. It is 

concluded that the addition of counterion, either Mg2+ or Na+, causes a sudden phase separation in 

CNC-salt hybrid systems. It is also reported that the addition of salt created porous, self-similar 

structures of CNCs, which are spanned in the whole visualization cube. However, in comparison 

with CNC-NaCl systems, clustering occurred earlier and more intensely for CNC-MgCl2. The 

shape and structure of CNC clusters in the presence of MgCl2 salt are revealed using TEM. 

Calculated fractal dimensions show that the salt concentration affects the morphology of CNC 

clusters in a way that at lower salt concentrations, less branchy clusters are formed. CLSM 

micrographs complement information obtained via TEM, which depicts their power in monitoring 

the colloidal behavior of CNC suspensions. Molecular dynamic simulations reveal the extent to 

which two CNC rods in MgCl2 and NaCl solutions can be brought together. It is shown that when 

the concentration of Mg2+ is small (e.g., 25 mM), only a few ions can be absorbed by CNCs. 

Therefore, the negative charge of CNC limits the distance that the two rods can be brought to one 

another. Furthermore, the collapse of CNC gels through by gravity is found to be more resilient at 

the high concentrations of CNC while the rate of collapse is more rapid at low concentrations. For 

future works, the protocols and techniques used in this work are suggested to be employed for 

finding the difference in onset of gelation based on other divalent ions such as Ca2+.  
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CHAPTER 4: Nonlinear Viscoelastic Characterization of 

Charged Cellulose Nanocrystal Network Structure in the 

Presence of Salt in Aqueous Media8 

The change in ionic strength of cellulose nanocrystal (CNC) suspensions is shown to contribute to 

a respective change in colloidal behavior, such as stiffness and fractal gelation. In this study, 

dynamic colloidal behavior and stability of aqueous CNC suspensions and their correlation with 

nonlinear viscoelastic properties of the CNC gel structures in the presence of different 

concentrations of sodium chloride (NaCl) salt were investigated. The microstructure of CNC/salt 

suspensions/gels were investigated with a wide range of characterization technique. To obtain 

further insight into the network structure of CNC/salt systems, for the first time, nonlinear rheology 

of the suspensions/gels was analyzed to correlate macro-mechanical viscoelastic response of the 

CNC/salt aqueous systems to structural changes as a response to strain. The intra-cycle 

viscoelasticity explained utilizing qualitative Lissajous-Bowditch plots and quantitative nonlinear 

parameters, demonstrates a strong dependence of the nonlinear response of the samples to salt 

concentration, CNC concentration, and frequency of deformation. Higher intra-cycle nonlinearity 

was observed upon increasing salt loading. 

Graphical abstract 

 
8 Characterization of Charged Cellulose Nanocrystal Network Structure in Presence of Salt in Aqueous Media, 1-15, 

2020. Cellulose, In press.  

ABM did the experimental design, data collection and interpretation, and manuscript preparation. MK contributed in 

rheological measurement and interpretation.  
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4-1 Introduction  

Cellulose nanocrystals (CNCs) are whisker shape particles [213]. CNCs, also besides being slender in 

shape, have changeable levels of crystallinity [213]. To make a three-dimensional (3-D) structure out 

of CNC, we need to gelify CNC particles. Aside from size and shape considerations, the Van der Waals 

forces, surface charges, and hydrophobic and hydrogen interactions are other parameters playing 

roles in governing the gelation of CNCs [138]. Experiments have shown that electrostatic forces 

that keep particles separated can be adjusted through changes in surface charge density, such as 

desulfation or annealing at high temperatures [43]. Accordingly, strengthening Van der Waals 

interactions among CNCs over electrostatic repulsive forces can induce phase separation [173]. 

Entering to a very concentrated regime, through increasing CNC loading above 10 wt%, has also 

been shown to induce concentration-dependent aggregation [214].  

Similarly, self-similar structures of CNC gels can be formed by the addition of coagulants 

such as salts or polymers into CNC suspension. Cherhal et al. [33] presented a study in which gel 

formation happened after the introduction of NaCl into CNC suspension. In another study, Chau 

et al. [48] experimentally showed that after increasing the ionic strength of suspensions, the 

electrostatic repulsion among particles becomes weaker compared to attractive short-range forces 

such as Van der Waals and hydrogen bonding. It was also claimed that stiffness of the gel is a 

function of the charge number of salt and radii of the introduced ions. In another study, Ure¶ a-

Benavides et al. [174] conjectured that the phase transition point for a CNC suspension coagulated 

with ions occurs approximately one order of magnitude lower than the threshold of gelation for 

pure CNC suspension. Despite the recent reports on the stability of various types of nano cellulose 
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[33, 147, 148, 151, 179, 182-185], to the best of our knowledge, no systematic study has been 

reported in the literature targeting colloidal behavior and stability of hydrogels reported here.   

More importantly, given one key application of CNC hydrogels in making scaffolds for tissue 

engineering, rheological analysis of CNC suspensions and mechanical behavior of the formed gels 

under external deformation is of paramount importance. For implanted scaffolds, mechanical 

properties of hydrogels are vital for providing enough mechanical support to cells, particularly in 

load-bearing tissues. The stiffness of hydrogels as the substrate for cell growth and the stresses 

generated from the surrounding environment influences the fate, growth, and migration of different 

cells [112, 113]. The fate of multipotent stem cells was shown to be dependent on relaxation and 

retardation times of the scaffold [114]. Moreover, most tissues do not operate under a linear elastic 

regime due to the heterogeneity and anisotropy in their ingredients, such as a combination of 

different cell types and their distribution, directional expansion of cells, and composition of 

extracellular matrices and structural proteins. Thus, characterizing the linear and nonlinear 

viscoelastic behaviors of hydrogels is a key factor for engineering and implantation of tissues 

[215]. Viscoelastic properties are impactful for hard tissues like bone [115], especially at low strain 

rates and within the normal range of body frequency. To know how flawlessly the scaffold material 

mimics the tissue being regenerated, their frequency and strain-dependent mechanical properties 

should be evaluated in detail.  

The linear viscoelastic rheological properties of CNC/salt gels have been previously studied. 

Lenfant et al. [137] studied the linear viscoelastic response of electrically stabilized CNCs in the 

presence of sodium and calcium ions. It was shown that CNC suspensions coagulate into gels at 

20 mM salt concentration, whereas electrically stabilized CNC suspensions could tolerate a much 

higher amount of salt prior to coagulation. In another study, Shafiei-Sabet et al. [136] reported that 

for isotropic CNC suspensions, increasing the ionic strength of the system up to 5 mM NaCl via 

weakening the electro-viscous effects and thus reduces the viscosity of CNC suspensions. Despite 

the vast literature on the linear characterization of CNC/salt gels, the nonlinear viscoelastic 

rheological properties of CNC/salt gels are yet largely unknown. 

Hence, in this work, we performed an in-depth investigation of dynamic colloid behavior 

and stability of CNC gelation as well as characterizing the mechanical response of CNC/salt 

suspensions under different deformations (ranging from small to medium and large deformations). 
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The results revealed new aspects of CNC/salt systems that are not accessible via linear rheology 

analysis. Viscoelastic properties of the CNC-salt suspensions are classified into two categories of 

inter- and intra-cycles. We also used imaging techniques to interpret the correlation of rheological 

properties with the stability of CNC/salt suspensions. 

 

 

4-2 Experimental section 

4-2-1 Materials 

InnoTech Alberta was the provider of the CNC with reported length in the span of 100-200 nm 

and a diameter of 5-15 nm. Based on the manufacturer datasheet, CNCs were extracted with acid 

hydrolysis process, which causes negative charges to appear on CNCs.  

4-2-2 Material s preparation 

CNC powder in DI water was sonicated, and a stock suspension with 3 wt% CNCs was prepared. 

Suspensions were made with a pH of 6.8, measured using a Mettler Toledo Seven Compact pH-

meter (Mettler-Toledo 135 International Inc., Columbus, OH, USA). The ionic strength of the 

suspension was adjusted via the addition of 200 mM NaCl. To make the final suspension with 

desired concentrations, the samples after dilution with DI water were sonicated for 20 min. Ultra-

sonication (125 W Qsonica Sonicators Q125 Sonicator, Qsonica) was employed for suspending 

CNCs in DI water. The ice bath treatment was done to prevent overheating on the surface of CNCs 

as the surface charge of CNC particles is sensitive to temperature [50]. 

4-2-3 Materials characterization 

4-2-3-1  Scanning electron microscopy  

The gel structure of CNC clusters and micro-morphology of the developed gel was evaluated using 

XL30 Philips SEM. Prior to imaging with the SEM, the generated gels were freeze-dried using 
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liquid nitrogen. A small piece of the freeze-dried gel was mounted onto a silicon wafer. A layer of 

gold was then sprayed on the samples, to limit electrostatic discharge.   

4-2-3-2 Zeta potential measurements 

Nano-Zetasizer (Malvern Instruments, Nano ZS, Malvern, UK) was employed to measure the zeta 

potential and size of CNC particles suspended in DI water.  

4-2-3-3 Rheology 

Rheological measurements were performed using an Anton-Paar MCR 302 rheometer equipped 

with a 50 mm diameter cone-plate geometry (cone angle of 1Á and truncation of 101 ɛm). To reach 

the desired stabilized morphology, a resting time of 10 min was used in the rheometer following 

the CNC loading. The strain amplitude sweep experiment was carried out within the range of 0.1 

to 1000.0 % and at an angular frequency of 1 rad/s on all samples to determine the linear 

viscoelastic regime (LVR). Based on the results of this experiment, the strain amplitude of 1.0 % 

was determined to be small enough to keep the deformation in the LVR. All experiments were 

carried out at room temperature. 

The rheometer was placed in a rigid and mechanically stable environment to minimize 

mechanical noises and apply large amplitude oscillatory shear (LAOS) to the samples. To obtain 

full waveform of shear stress and strain, the material was strained at constant frequency and 

amplitude. LAOS data were collected after 5-6 cycles for each strain amplitude. Rheological tests 

were performed on triplicates and quadruplicates for each sample. 

4-2-4 Background 

LAOS is a technique with expanding popularity among researchers [124, 126]. This approach is 

destined to mark the onset of nonlinearities in complex materials. The LAOS tests involve 

oscillation cycles at multiple strain amplitudes. 

In the LAOS region, the sinusoidal input strain waveform is translated to a non-sinusoidal stress 

response. There are various approaches to analyze the non-sinusoidal stress response, such as 

Fourier transform rheology (FT- rheology) [127] and stress decomposition [128] methods. The 

shear stress („ can be inscribed as in-phase and out-of-phase components of a time-domain 
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Fourier series of odd harmonics[129] being in steady-state condition for an oscillatory input strain 

(‎ὸ ‎ÓÉÎ :‫ὸ 

Ɑ◄ ♬В ╖▪ⱷȟ♬  Ἳἱἶ▪ⱷ◄╝
▪ ╖ᴂᴂ▪ⱷȟ♬  ἫἷἻ▪ⱷ◄                       4-1 

In the above equation, ‎ is strain amplitude, and Ὃ and Ὃ  are amplitudes of n harmonics with 

frequencies (nɤ). In the linear viscoelastic framework, the output stress waveform is the only 

function of the first harmonic coefficients, ὲ ρ. The emergence of higher harmonics in the 

resulting stress waveform depicts the appearance of nonlinear viscoelastic response, meaning that 

the stress signal cannot be displayed by a simple sinusoidal waveform any longer. Furthermore, 

Ὃᴂand Ὃͼ lose their physical meaning in the nonlinear region, meaning another technique should 

be implemented to explain the output stress signal. 

FT- rheology is developed based on a sophisticated mathematical framework that is a powerful 

technique to spot nonlinearities and higher-order harmonics in the stress waveform. However, it 

cannot give a clear physical interpretation of higher-order harmonics and the resulting nonlinear 

behaviors[130].  So, this method is insufficient to describe the material response. In 2008, Ewoldt 

et al.[130] proposed novel measures based on the stress decomposition method introduced by Cho 

et al.[128] in 2005 to give meaning to LAOS results.  

Based on symmetric arguments proposed by Cho et al.,[128], the generic nonlinear stress 

response („ὸ) can be decomposed into superposition of elastic and viscous stresses as below:  

1) elastic stress component („ᴂ) as an odd function of normalized strain (ὼὸ   ),  

2) viscous stress component („ᴂᴂ) as an odd function of the normalized strain rate (ώὸ

  ). Thus, the total resulting stress can be described as the following: 

„ὸ „ ὸ „ ὸ.          4-2 

 

Afterward, Ewoldt et al.[130] suggested a polynomial regression fit to the elastic „) and viscous 

(„  lines. In their work, they argued the limitation of different polynomial basis functions, such 

as Jacobi, Laguerre, Hermite, Chebyshev of the first and second kind, and Legendre. Considering 

the mathematical and physical limitations, e.g., elastic„) and viscous („  stresses are 
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orthogonal over a finite domain, they proposed that the set of Chebyshev polynomials of the first 

kind is the best choice for fitting the output stress contributions. Then, the authors established a 

physical interpretation of nonlinear viscoelasticity using Chebyshev coefficients.  

Based on this method, a series of Chebyshev polynomials of the first kind in the orthogonal 

space made up of the input strain and strain-rate can be used to represent the elastic „ and viscous 

„ stress components via the following equations: 

„ ὼȡ‫ȟ‎  = ‎ВὩ ‫ȟ‎  Ὕ ὼȟ    4-3 

„ ὼȡ‫ȟ‎  = ‎ Вὺ ‫ȟ‎  Ὕ ώ      4-4 

where ὼӶ  and ώ   depicts the normalized version of strain and strain-rate, and Ὕ 

symbolizes Chebyshev polynomials. ȬȬὩȭȭ and ȬȬὺȭȭ are elastic and viscous contributions and have 

units of modulus (Pa) and viscosity (Pa.s-1), respectively.  

The criteria for specification of the physical interpretation of the nonlinearity based on ñὩò 

and ñὺò is defining the concavity of „and „ . As the magnitude of each Chebyshev coefficient 

decays monotonically by increasing ñὲò, the third-order Chebyshev coefficients (Ὡ and ὺ) 

determine the concavity of the elastic and viscous stress curves. According to these coefficients, 

the following intra-cycle nonlinear behaviors can be observed: strain-stiffening (Ὡ π), strain-

softening (Ὡ π), shear-thickening (ὺ π) and shear-thinning (ὺ π)[130]. Moreover, the 

nth-order Chebyshev coefficient and Fourier coefficients can be related to each other via the 

following equations [130]: 

Ὡ Ὃ ρ Ⱦ  4-5 

ὺ
Ὃ

‫
– 

4-6 

In the nonlinear regime, the measured dynamic moduli (Ὃand Ὃ ) do not have a clear physical 

meaning. Hence, using ȬȭὩȭȭ and Ȭȭὺȭȭ, Ewoldt et al.[130] defined local viscoelastic moduli and 

viscosities to interpret the distorted stress signal. Hence, comparing the local viscoelastic moduli 

(i.e., large-strain modulus ( ḳὋ) and minimum-strain modulus ( ḳὋ )) can assist 

to interpret intra-cycle elastic nonlinear behavior [130]. It is noted that both Ὃ  and Ὃconverge 

to linear elastic modulus in the linear viscoelastic region, i.e., Ὃ  =Ὃ=Ὃ=Ὃ. Table 4.1 ands 

Table 4.2 help to determine the nonlinearity based on the defined parameters. These elastic 
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measures have been used by Ewoldt et al. [130, 131] to develop a dimensionless index for 

interpretation of intra-cycle elastic nonlinearity defined as: 

Sḳ          
4-7 

S (strain stiffening ratio) value equal to 0 corresponds to linear viscoelastic response, a positive S 

indicates intra-cycle strain-stiffening behavior, and a negative S is indicative of intra-cycle strain-

softening. Like the above-mentioned elastic measures, viscous parameters have been introduced 

to characterize intra-cycle viscous nonlinearity. In this context, a set of local dynamic viscosities 

have been defined as minimum-rate dynamic viscosity  ḳ–ᴂ and large-rate dynamic 

viscosity ḳ–ᴂ[130, 131]. Similar to the elastic measures, in the linear regime, dynamic 

viscosities converge to the linear real viscosity value –
ͼ

, i.e., ɖ'L=ɖ'M=ɖ'. The dimensionless 

index for dissipative (viscous) intra-cycle nonlinearity has been proposed as:  

Tḳ               
4-8 

T=0 signifies linearity, T>0 implies intra-cycle shear-thickening, and T<0 corresponds to intra-

cycle shear-thinning behavior. It should be born in mind that there are other methods and 

approaches, such as the sequence of physical processes [132] and intrinsic nonlinearity [133, 134], 

which researchers used to interpret nonlinear data. Compared to the mentioned methods (e.g., FT- 

rheology), the method that we used in this work provides us the physical interpretation of 

nonlinearity with the aid of unambiguous material measures, which quantify nonlinear elastic and 

viscous behavior, simultaneously. Thus, this method provides us with more substantial information 

regarding the mechanism governing the microstructural changes under LAOS flow. 

4-3 Result and discussion 

4-3-1 Morphological characterization of freeze-dried hydrogels under SEM 

Figure 4.1 shows SEM images of instantly freeze-dried samples of 20 g/L and 30 g/L CNC mixed 

with the salt content of 42.7 mM, 85.5 mM, and 172 mM, imaged at 250x and 1000x 

magnifications. It appears that the morphology of samples varied at different salt and CNC 
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contents. Similar morphological changes were observed using confocal images (Figure 4.7). The 

sample with 20 g/L CNC and 42.7 mM salt shows the finest pore size (Figure 4.1a). The salt 

particles appeared brighter in backscattered images of the samples, have a homogenous 

distribution across the images. The nature of brighter particles was verified with Energy-

Dispersive Spectroscopy (EDS), confirming the composition of sodium and chloride elements (not 

shown here). Alternatively, the effect of salts on agglomeration and onset of the gelation in the 

colloids can be quantified using transmission electron microscopy (TEM) images (readers are 

referred to our previous work[173]).  
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Figure 4.1 Scanning electron microscopy (SEM) images of (a-b) 20 g/L CNC with 42.7 mM salt at 250x and 1000x 

magnifications, respectively, (c-d) 20 g/L CNC with 85.5 mM salt, (e-f) 20 g/L with 172 mM salt, (g-h) 30 g/L with 

42.7 mM salt, (i-j ) 30 g/L CNC with 85.5 mM salt, (k-l) 30 g/L with 172 mM salt at 250x and 1000x magnifications, 

respectively. All samples were freeze-dried out of 10 mL gelled suspension.  

At the lower concentration (42.7 mM) of salt for both concentrations of CNC, phase separation 

seems to occur at initial stages. It also stands out that for different concentrations of CNC (20 vs. 

30 g/L), studied using SEM, the initial morphology development is different.  

The analysis of TEM images of the same system (NaCl-CNC) [173] using the box-counting 

method shows that the fractal dimension of CNC clusters varies from approximately 1.48 Ñ 0.06 

to 1.87 Ñ 0.01 when the NaCl/CNC concentration ratio is increased from 0.05 to 0.5. Results of 

Figure 4.1 shows that at joints, the fractal dimension follows the same trend of having pointier 

junctions versus more compact junctions at higher salt concentrations. Variation in system ionic 

strength causes a shift in the coagulation mechanism from diffusion-limited growth regime (DLA) 

to reaction limited growth regime (RLA), as highlighted in our previous work [216]. CNC-salt 

system is dynamic at the micro-level and undergoes compaction and sedimentation depending on 

salt and CNC concentrations in a process, also known as coarsening. The effect of coarsening on 

the fractal dimension has been studied through numerical simulations by Conti et al.[217] where 

coarsening length scale and interfacial area of the fractal cluster have a power-law dependency on 

time while the mass fractal dimension is shown to stay invariant.  

A simple pore size measurement based on image J software also shows that the porosity changes 

on average for CNC 20 g/L from 9.6 µm, 27 µm and 27.3 µm when salt loading changes from 42.7 

mM to 172 mM, respectively. For CNC 30 g/L samples, porosity changes on average from 11.6 

µm, 26 µm, and 27.8 µm when salt loading changes from 42.7 mM to 172 mM, respectively. These 

results show that with an increase in salt concentration in both CNC loadings, the average porosity 
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increases. For these calculations, in the case of non-spherical pores, the first area was measured, 

and then diameter was estimated accordingly. 

In addition to the result of SEM, we monitored the evolution of CNC-salt structure using confocal 

laser microscopy, where the results are presented in Figure 4.7 and Figure 4.8. 

4-3-2 Zeta potential measurement 

The zeta-potential was measured for CNC/salt suspension samples with the CNC concentration of 

0.5 g/L and salt concentrations ranging from 0 to 102.7 mM (Figure 4.2). Since the gelation is 

influenced by time, the zeta potential measurements were performed on the samples for about one 

hour following the introduction of salt into the suspensions. The CNC particles in the absence of 

any salt showed zeta potential values of ī64 mV, akin to values obtained by Boluk et al. [147] and 

Shafiei-Sabet et al. [136]. The formation of a diffuse layer and retraction of a double layer around 

the particles is the primary reason for observing the descending trend of zeta potential as a result 

of the increase in the salt concentration [203]. These results evidently show that the aggregation is 

expected in the salted system, even in the presence of a small amount of salt concentration.  

Since the system becomes cloudy at higher CNC concentrations, it is challenging to evaluate 

the gel structure microscopically. However, similar changes in zeta potentials are expected for 

higher CNC concentrations. The charge and mobility of clusters could be estimated by 

electrophoresis measurement. Nonetheless, clusters are suspended in a poly-disperse ocean of 

monomers and clusters, which complicates measuring the electrophoretic mobility of the mixture. 

The discussion on the mobility of clusters and CNC monomers is out of the scope of this work and 

reader are referred to the work of Groenewold et al. [218]. 
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Figure 4.2 Changes in zeta potentials of CNC suspensions at a fixed concentration of 0.5 g/L CNC and as a function 

of NaCl concentrations. 

4-3-3 Linear viscoelastic behavior of CNC suspensions 

The linear viscoelastic behavior of CNC solutions was evaluated using small amplitude oscillatory 

shear (SAOS) tests (please see Figure 4.9 and Figure 4.10). The results of the linear viscoelastic 

response confirm the gel-like behavior of the CNC aqueous systems in the presence of salt. 

Moreover, comparing Figure 4.9 and Figure 4.10 reveals that increasing either CNC 

concentration or salt concentration leads to an increase in the value of linear rheological parameters 

(e.g., storage modulus (G'), loss modulus (G''), and complex viscosity (|Ɫ*|)), verifying the 

formation of a stronger microstructure. This is in line with imaging results, confirming gelation by 

CNC clusters formation in the presence of salt. These results will be used in order to explain 

nonlinear data. 

4-3-4 Inter -cycle nonlinear viscoelastic behavior of CNC suspensions 

Unlike SAOS flow, large amplitude oscillatory shear (LAOS) tests are not restricted to a narrow 

strain range and, thus, provide further insights into the network of the suspensions or gels. 

Moreover, LAOS experiments unravel the underpinning physical processes responsible for the 
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failure of the microstructure [219-224]. Figure 4.3 shows the strain amplitude dependence of 

dynamic moduli (G¡ and G¡¡) of the 20 g/L CNC samples containing different amounts of salt. 

Figure 4.11 compares the strain dependency of the dynamic moduli of suspensions at different 

CNC concentrations. Both storage and loss moduli are independent of the input strain amplitude 

in the linear viscoelastic region (LVR) (Figure 4.3). In line with Figure 4.9 and Figure 4.10, the 

value of the plateau moduli in LVR increases with increasing salt content. Moreover, the G¡ > G¡¡a 

condition in small amplitudes indicates the dominance of the solid-like behavior for the 20 g/L 

CNC samples as a result of gelation in the presence of salts. However, beyond the critical strain 

amplitude gc, i.e., strain at which linear to nonlinear viscoelastic behavior occurs, G¡ features a 

dramatic drop while G¡¡ experiences a slight increase to reach a maximum value followed by a 

dramatic decrease (overshoot).  

 

 

Figure 4.3 Oscillatory amplitude sweep response of CNC 20 g/L suspensions containing different amount of salt  

((a) 1.72, (b) 17.2, (c) 34.4, (d) 85.5, (e) 172 mM) for strain amplitudes of ‎=0.1-1000% at an angular frequency 

of ‫ 1 rad/s using a cone-plate geometry (at a truncation of 101 ɛm and cone tip angle of 1Á) at 25ęC. (f) Critical 

strain amplitude gc (linear to nonlinear transition) and crossover strain amplitude gT (solid to liquid transition). 
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One can expect four different types of viscoelastic nonlinearity upon exceeding the limit of the 

linear viscoelastic region. Type I stream (strain-thinning) that is a common behavior observed in 

polymer melts and solutions and occurs where both G¡ and G¡¡ decrease in the nonlinear region as 

a result of reduced local drag by the alignment of network segments with the flow field;  Type II 

stream (strain-hardening) occurs where both G¡ and G¡¡ increase; Type III stream (weak strain 

overshoot) occurs where G¡ decreases while G¡¡ first increases and then decreases; Type IV stream 

(strong strain overshoot) occurs where G¡ and G¡¡ first increase followed by decreasing.  

The drop in storage modulus of the CNC/salt samples at increasing strain amplitude is conjugated 

with an increase in loss modulus, which confirms that CNC 20g/L-salt samples follow the type III 

nonlinear viscoelastic behavior (Figure 4.3). The same behavior was observed for CNC 30g/L-

salt suspensions/gels (Figure 4.11). After the weak overshoot of G¡¡, the rate of the decrease in G¡ 

is more severe in comparison to G¡¡ (Figure 4.3). Therefore, at crossover strain amplitude (gT) at 

each salt concentration, G¡ becomes smaller than G¡¡, revealing solid-to-liquid transition as a result 

of breakage in the CNC network structure at sufficiently large deformations.  

Chen et al. [225] studied the rheological behavior of nanocrystalline cellulose (NCC) in the 

aqueous solution of poly (vinyl alcohol) (PVA) with a flexible chain structure and carboxymethyl 

cellulose (CMC) with semi-rigid chain structure. The authors observed type III behavior for 

NCC/PVA systems while NCC/CMC showed type I behavior. They claimed that type III behavior 

of NCC/PVA systems originates from flocculated structures of NCC particles by adsorption of 

PVA chains and bridging effect. However, in our CNC systems, it is believed that the weak 

overshoot is because of the formation of weak structural complexes in medium amplitude region 

(shear-induced structures) [226]. This could be attributed to the decrease in the inter-particle 

distances in the suspension/gel systems by applying the shear force, facilitating the process of 

shear-induced network formation, leading to a larger number of load-bearing junctions (physical 

bonds, e.g., ionic forces) during the transition into the nonlinear regime of deformation. Moreover, 

increasing the content of the salt shifted the location of both gc and gT to lower strain amplitudes 

(Figure 4.3f). This is attributed to the formation of a much stronger network upon increasing the 

salt content, which yields at smaller deformations [219, 220]. In fact, increasing both salt 

concentration and CNC concentration causes a shift in critical strain from linear to nonlinear 

regimes to lower values. The dependency of elasticity of the structure has also been observed in 
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colloidal glasses[227]. This is attributable to the increase in attraction strength of bonded particles 

responsible for bridging clusters [228].  

Fractal dimension is a mathematical parameter that represents the compactness of clusters that 

fabricates the overall fractal gel. In the morphology section, by comparing TEM images, the 

connection between salt/CNC ratio and fractal dimension was deduced. It was found that increase 

salt/CNC ratio makes the clusters more compact. Upon comparing trends in which critical strain 

increases with the salt/CNC ratio, it can be conjectured that the fractal dimension is impactful on 

the critical strain. As bond breakage in a gel starts with particles that link the clusters[227, 228] 

together in a gel, it is expected that the geometry of the inter-cluster structures is important. In fact, 

Shih et al. [229] proposed a scaling model relating the rheological properties of viscoelastic 

systems to particle concentration and particularly the fractal dimension. Based on their definition, 

in a strong-link regime, inter-cluster links are stronger than the intra-cluster links. They envisioned 

the gelation process and the emergence of a solid-like rheological behavior in the frame of 

aggregating fractal flocs. The model proposed by Shih et al. [229] connects mathematically gc to 

df. It is worth mentioning that align with Shih et al. [229] model, our data shows that increasing 

concentration of CNC at constant salt values increases the elasticity of the system.  

Wu et al.[230] proposed a scaling model to relate the structure of the colloidal gels to their elastic 

parameters. In this context, the authors utilized storage modulus and the limit of linearity of 

different systems to validate their rheological model. They defined the limit of linearity as ñthe 

situation where the weakest bonds break, and the linear elastic behavior vanishesò and showed 

that by increasing the loading of the nanofillers, the limit of the linearity increased for the weak-

link regime and decreased for the strong-link regime. Hence, considering the results of Figure 4.3f 

and the above discussion, it can be concluded that CNC (20g/L) /salt systems can be considered 

as a strong-link gel. 

To get further insight into the network structure of the CNC/salt systems from the nonlinear 

rheological point of view, we studied the intra-cycle viscoelastic parameters in the next sections. 

4-3-5 Intra -cycle nonlinear viscoelastic parameters 



94 

In previous sections, we provided information regarding the inter-cycle viscoelastic behavior of 

the CNC/salt systems in both linear and nonlinear viscoelastic regions. To complement the 

nonlinear viscoelastic characterization of CNC/salt suspensions/gels and to find the origin of the 

nonlinearity, the intra-cycle viscoelastic behavior of the samples is studied below. To our 

knowledge, this is the first study systematically exploring the intra-cycle behavior of CNC/salt 

systems at various CNC concentrations, salt concentrations, and frequencies.    

Any intra-cycle nonlinearity can be discerned by excitation of higher harmonics in the output 

stress waveform, leading to the divergence of local viscoelastic moduli (Ὃ  and Ὃ) and local 

dynamic viscosities (–  and –) from each other. Figure 4.4 shows local viscoelastic moduli (Ὃ  

and Ὃ) and local dynamic viscosities (–  and –) as a function of input strain amplitude for CNC 

20 g/L at two different salt contents (see Figure 4.11 for CNC 30 g/L suspensions/gels results).  

 

 

Figure 4.4 Nonlinear viscoelastic measures of CNC 20 g/L-salt as a function of strain amplitude at an angular 

frequency of ‫ 1 rad/s obtained using a cone-plate geometry (at a truncation of 101 ɛm and cone tip angle of 1Á) 

at 25ęC. (a) Dynamic viscosities (–  and –) and (b) local viscoelastic moduli (Ὃ  and Ὃ) for CNC 20 g/L- 85.5 

mM salt. (c) Dynamic viscosities (–  and –) and (d) local viscoelastic moduli (Ὃ  and Ὃ) for CNC 20 g/L- 172 

mM salt. 
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Based on the results of Figure 4.3 and Figure 4.4, Ὃ  and Ὃ are equal and converge to the linear 

storage modulus G¡ in the LVR. Upon the initial departure of Ὃ  and Ὃ from LVR beyond the 

critical strain amplitude, both Ὃ  and Ὃdecrease, indicative of inter-cycle strain softening 

behavior (consistent with Figure 4.3). However, the rate of the decrease in Ὃ  and Ὃ is different, 

leading to emergence of intra-cycle elastic nonlinearity. In this regard, the strain-stiffening ratio 

(S) is employed to recognize the type and extent of intra-cycle elastic nonlinearity with a better 

resolution. 

Similarly, the relative behavior of –  and – provides valuable information about inter- and intra-

cycle dissipative feature of the suspension systems. Both –  and – are close to each other in LVR 

and are strain independent. However, located in the nonlinear region, not only –  and – are no 

longer equal but also behave differently (Figure 4.4a and c), making the interpretation of intra-

cycle dissipative (viscous) behavior of the samples challenging. Hence, for a simpler 

representation of the viscous intra-cycle nonlinearity, we utilized the shear-thickening ratio (Ὕ. 

The type of intra-cycle nonlinearity can be easily discerned using S and T indices (see Table 4.1and 

Table 4.2). Figure 4.5 shows these parameters at different deformations for CNC 20 g/L 

suspensions and at two different salt contents (Figure 4.12 shows similar results for CNC 30 g/L). 

In concert with Figure 4.3 and Figure 4.4, S and T are roughly zero in a linear framework, meaning 

that no intra-cycle nonlinearity occurred in CNC/salt systems. S index increased and became 

positive and showed a maximum value (Smax) in medium amplitude oscillatory shear (MAOS) 

region (g0 = 10-100%), followed by a dramatic decrease upon further increasing the deformation 

towards the maximum strain amplitude (g0 = 1000%). Therefore, the intra-cycle elastic 

nonlinearity of CNC/salt suspensions is strain-stiffening behavior, whereas their inter-cycle elastic 

nonlinearity was strain-softening (decreasing trend in both Ὃ  and Ὃ, see Figure 4.3 and Figure 

4.4).  
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Figure 4.5 Elastic (S) and viscous (T) intra-cycle nonlinearity indices as a function of strain amplitude for CNC 20 

g/L suspensions at 85.5 mM and  172 mM salt contents, measured using a cone-plate geometry (at a truncation of 

101 ɛm and cone tip angle of 1Á) at 25ęC and angular frequency of ɤ = 1 rad/s. Schematics show the state of the 

systems in each regime. 

Increasing the salt content shifted the value of S index to greater values (upward shift) in all the 

probed strain amplitude window (i.e., more pronounced intra-cycle strain-stiffening behavior). The 

intra-cycle strain-stiffening behavior in medium strain amplitudes mainly stems from breakage 

and compression of the CNC agglomerates in response to the increasing deformation and shear 

rate in one cycle. This collapse in the CNC agglomerates led to an increase in the surface area of 

the CNC clusters which resulted in a shorter distance between the clusters and, consequently, the 

formation of the higher number of active junctions contributing to the network [231] (shear-

induced network formation, this is in complete agreement with weak strain overshoot behavior 

observed in Figure 4.3). This phenomenon takes place up to the strain amplitude at which Smax 

occurs. Afterward, further addition of deformation destroys the 3D network by overcoming the 

interactive forces among individual CNCs and CNC agglomerates and by the orientation of the 

network elements, leading to a decrease in S value.  

The drop in S value occurs approximately at a strain amplitude at which T becomes negative 

(intra-cycle shear thinning behavior). The negative T index also shows a widespread rupture of the 

network structure of CNCs and the reorientation of the rigid individual CNCs and agglomerates 

parallel to the flow direction. However, prior to intra-cycle shear thinning behavior, the T index 

slightly increases from roughly zero values to small positive values (intra-cycle shear-thickening 

behavior) in the MAOS region (Figure 4.5). This behavior is more pronounced for CNC 30 g/L 
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suspensions (Figure 4.12) and may be attributed to the breakage of the rigid CNC aggregates, 

magnifying the dissipative feature observed during the transition into the nonlinear regime. In the 

next section, we studied the effect of frequency of deformation on the intra-cycle viscoelastic 

parameters.  

4-3-6 Frequency dependence of intra-cycle viscoelastic parameters 

The strain dependence of G¡  and G¡¡ for CNC 20 g/L-salt 85.5 mM at different angular frequencies 

(ɤ = 0.5, 1.0, 5.0 and 10.0 rad/s) is shown in Figure 4.14. The CNC/salt suspensions showed type 

III viscoelastic behavior at all frequencies of deformation (see Figure 4.14), indicating that the 

type of the inter-cycle viscoelasticity of the CNC/salt systems is frequency invariant. However, 

both S and T indices were significantly dependent on the frequency (Figure 4.6). By increasing 

the frequency, the transition from intra-cycle shear-thickening to intra-cycle shear-thinning 

behavior shifted to higher strain amplitudes (see Figure 4.6). Moreover, in the LAOS region 

(g0>100%), the absolute value of the T index decreased upon increasing the frequency.  Also, 

compared to the T index, the S index is shown to be more sensitive to the applied frequency (Figure 

4.6). The value of Smax was approximately the same at frequencies of 0.5 and 1.0 rad/s. However, 

upon increasing the frequency to 5.0 rad/s and 10.0 rad/s, Smax dramatically increased, and at larger 

deformations, the intra-cycle strain-stiffening behavior switched to intra-cycle strain-softening 

behavior. These results prove the extreme sensitivity of the intra-cycle nonlinearity of the CNC/salt 

suspensions to the imposed frequency of the deformation. Since shear flow inhomogeneities might 

have effects on flow kinematics and viscoelastic response at extremely large deformations 

associated with high frequencies, the data points of S index at very large deformation (g0>600%) 

and large frequencies (5 rad/s and 10 rad/s) were not further discussed.   
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Figure 4.6 Elastic (S) and viscous (T) intra-cycle nonlinearity indices as a function of strain amplitude for CNC 20 

g/L suspensions at 85.5 mM salt, measured using a cone-plate geometry (at a truncation of 101 ɛm and cone tip 

angle of 1°) at 25ęC and angular frequency of (a) 0.5, (b) 1, (c) 5, and (d) 10 rad/s. 

Based on the above discussions, studying the nonlinear viscoelastic parameters of CNC/salt 

suspensions revealed a drastic difference between their inter- and intra-cycle viscoelastic 

responses, which in turn can deliver more meaningful data regarding the microstructure of the 

system. These results are not accessible via a simple strain sweep test, which presents purely 

lumped viscoelastic functions providing an overall measure of inter-cycle nonlinearity. Moreover, 

it was observed that intra-cycle nonlinear parameters are sensitive to any changes in microstructure 

(e.g., increase in CNC or salt concentrations) and any changes in the condition of the tests (e.g., 

increase in the frequency of deformation). The same conclusion can be deduced based on 

Lissajous-Bowditch plots (see Figure 4.15 and Figure 4.16 and the corresponding discussion).  

4-4 Conclusion 

This work provides a systematic study on the microstructure of cellulose nanocrystal (CNC) in 

aqueous media in the presence of NaCl salt using a combination of imaging techniques and linear 

and nonlinear rheological analyses. It is concluded that the addition of counter ion causes a sudden 

phase separation in CNC-salt hybrid systems. The nonlinear rheology analysis was employed to 

understand the relationship between the macro-mechanical response of the CNC/salt aqueous 

systems and nano-scale structural properties. It is shown that nonlinear viscoelastic measures are 

extensively sensitive to subtle changes in internal microstructures and yield valuable information 

regarding the samples' network structure. For instance, the shape of the Lissajous-Bowditch plots 
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become more distorted upon increasing the salt concentration. Additionally, inter-cycle nonlinear 

viscoelasticity of the CNC-salt samples shows type III viscoelastic behavior, while the elastic 

intra-cycle viscoelasticity of the samples is strain-stiffening. Moreover, the intra-cycle viscoelastic 

parameters demonstrated a strong dependency on the frequency of deformation. These cannot be 

obtained with such clarity via rheological parameters obtained within the linear framework or a 

simple strain amplitude test. The correlation between the microstructure and viscoelastic properties 

under large deformations provides comprehensive guidance for the fabrication of high-

performance materials with precisely controllable microstructures and mechanical behaviors. 
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4-5 Supporting information  (Chapter 4) 

4-5-1 Confocal laser scanning microscopy 

Micrographs captured by confocal laser scanning microscopy (CLSM) show gradual 

microstructural changes in the suspension sample of 20 g/L CNC and with the addition of 0-172 

mM NaCl (Figure 4.7). CNC suspensions in the absence of salt are homogeneous without any 

agglomeration; thus the fluorescence intensity is almost constant for all pixels (Figure 4.7a). Upon 

the addition of a small amount of salt (i.e., 42.7 mM), the first sign of aggregation appeared in the 

composition (bright spots in Figure 4.7b). Further increase in salt concentration induces 

perturbations to the system and covers the entire visualization cubes (Figure 4.7c and Figure 

4.7d).  
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Figure 4.7  The growth of cellulose nanocrystal (CNC) network at 20 g/L CNC and at different contents of sodium 

chloride (NaCl): (a) 0 mM, (b) 42.7 mM, (c) 85.5 mM, (d) 172 mM in deionized water (DI). The dimensions of the 

visualization cube are 100×1000×1000 µm3. The three-dimensional (3D) confocal laser scanning microscopy 

(CLSM) images are rotated to obtain a better view of the gel hybrid system. Images were taken immediately after 

adding the salt into the mixture. Resolution: 500 nm 

The green zones represent the existence of CNC-perturbed structures carrying FB 28 fluorescence 

dye, whereas the dark zones indicate CNC-depleted zones. These results are in agreement with a 

classical Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory [199] in which the addition 

of salt gradually empowers short-ranged van der Waals forces over long-ranged electrostatic 

repulsive forces. The CNC gel structure grows rapidly beyond a threshold for salt concentration. 

The lack of further variation in microstructure observed with the CLSM signifies that the fractalled 

CNC phase has become insensitive to the variation in salt contents. Figure 4.8 shows similar 

behavior for the CNC samples with 30 g/L concentration and in the presence of different salt 

concentrations. 
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Figure 4.8  The growth of CNC network at 30 g/L CNC at different contents of NaCl salt: (a) 0 mM, (b) 42.7 

mM, (c) 85.5 mM, (d) 172 mM salt. The dimensions of the visualization cube are 100×1272×1272 µm3. The 

3D CLSM images are rotated to obtain a better view of the gel hybrid system. Images were taken immediately 

after adding the salt into the CNC mixture. Resolution: 500 nm 

 

 

4-5-2 Linear viscoelastic behavior of CNC suspensions 

 

 

Figure 4.9  Linear viscoelastic characterization of CNC-salt solutions/gels for CNC concentration and at different 

salt concentrations. (a) Storage modulus (G'), (b) Loss modulus (G''), and (c) Complex viscosity (|Ɫ*|) of CNC/salt 

solution at different salt concentrations for strain amplitudes of 1% using a cone-plate geometry (at a truncation of 

101ɛm and cone tip angle of 1Á) at 25ęC. (d) The storage modulus (G') versus salt concentration at an angular 

frequency of 1 rad/s 

 

Linear viscoelasticity of the CNC solutions was measured using oscillatory amplitude shear 

(SAOS) tests (e.g., frequency sweep). The network structures and dynamics of CNC suspensions 

that interact via pair potentials and experience Brownian motion are strongly interrelated to the 

0.1

1

10

100

1000

10000

0.1 1 10 100 1000

G
¡
[P

a
]

ɤ[rad/s]

a

1mg

5mg

10mg

20mg

50mg

100mg
0.01

0.1

1

10

100

1000

10000

0.1 1 10 100 1000

G
¡
¡[P

a
]

ɤ[rad/s]

b

0.01

0.1

1

10

100

1000

10000

0.1 1 10 100 1000

|Ɫ
* 

|[
P

a
.s

]

ɤ[rad/s]

b

1.72mM 

8.5mM

17.2mM 

34.2mM 

85.5mM

172mM

0.01

0.1

1

10

100

1000

10000

0 50 100 150 200

G
¡
[P

a
]

Salt Conc. (mM)

c



103 

rheological parameters [232]. The results show that the storage modulus (G') of the CNC (20gr/L)-

salt system increases with the increase in salt concentration (Figure 4.9a), although the increase 

in G' follows a descending trend ended up to a plateau (Figure 4.9d). Reaching to a plateau is an 

indication of the formation of a strong gel. A similar behavior of G' dependency to salt 

concentration was detected for the CNC gel with 30 gr/L CNC concentration (Figure 4.9). Also 

changes in loss modulus (G'') against different salt concentrations follow the same trend as G' 

(Figure 4.9b). The samples with low salt concentrations (<8.5mM) show a low G' since they are 

in suspension/solution form still. However, for higher values of salt concentration, the system 

depicts G'/G'' > 1 and is much less frequency dependent, which is usually an indication for the 

formation of a self-supporting elastic gel (i.e., strong gel). These effects may be related to motility 

inhibition among CNC particles at higher salt concentrations due to enabling of short attraction 

forces over electrostatic forces.  

Monitoring the complex viscosity (ɖ*) of the samples as a function of salt concentrations shows 

that the CNC/salt suspension systems have a shear thinning characteristic (Figure 4.9c). The 

values of complex viscosity also increase with the increase in salt concentration.  

The different behavior observed between two different salt concentrations can be traced back to 

the discussion presented by Solomon et al. [142] where one can show why suspension shows more 

elasticity after increase in salt loading. After adjustments in ionic strength of the medium, system 

will reach a zone in which interaction between particles is stronger than thermal motion forces 

separating them. Hence, inhibition of particle movement is expected. These inhibitions is due to 

effects related to excluded volume [205, 206] and/or pair interactions between CNC pairs due to 

attractive van der Waals or depletion forces [207]. Interactions between CNCs due to movement 

of individual CNCs can also play a significant role [208, 209]. The increase in particle number 

density or strength of attractive interactions limits the mobility of rods to the orders of rod radius. 

After reaching this threshold, system individual components do not move, which also translates 

into more elasticity and non-ergodicity. Fractal gels are also system in which particles stop moving 

altogether due to physical bonds. The behavior of particle gels and glasses is different  , which can 

be observed by techniques such as dynamic light scattering [210]. 
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4-5-3 The effect of Cellulose Nano Crystals (CNC) concentration of inter-cycle 

viscoelastic behavior of CNC-salt suspensions  

 

 

Figure 4.10 Oscillatory frequency sweep response of CNC solutions containing different amount of CNC (20 g/L 

closed symbols and 30g/L open systems) and different salt concentrations at strain amplitudes of ♬= 1% using a 

cone-plate geometry (with a truncation of 101ɛm and a cone tip angle of 1Á) at 25ęC. 
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 Figure 4.11  Oscillatory amplitude sweep response of CNC solutions containing different amount of CNC (20 

g/L closed symbols and 30 g/L open systems) and different salt concentrations for strain amplitudes of ♬= 0.1-

1000% at an angular frequency of ⱷ  1rad/s using a cone-plate geometry (with a truncation of 101ɛm and a 

cone tip angle of 1°) at 25ęC. 

 

 

 Figure 4.12 Nonlinear viscoelastic measures () of CNC/salt suspensions with 30 g/L CNCs and two different 

concentrations of a,c) 85.5 mM and b,d) 172 mM as a function of strain amplitude at an angular frequency of 

ⱷ  1rad/s using a cone-plate geometry (with a truncation of 101ɛm and a cone tip angle of 1Á) at 25ęC. 

4-5-4 Intra -cycle nonlinear viscoelastic parameters for 30g/L CNC suspension 
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 Figure 4.13 Elastic (S) and viscous (T) intra-cycle nonlinearity indices as a function of strain amplitude for 

30g/L CNC solutions and at a) 85.5 and b) 172 mM salt using a cone-plate geometry (with a truncation of 101ɛm 

and a cone tip angle of 1°) at 25ęC and angular frequency of ɤ=1rad/s. 

4-5-5 Effect of frequency on inter-cycle response of 20 g/L CNC suspension 

containing 85.5 mM salt 

 

Figure 4.14 Oscillatory amplitude sweep response of CNC 20 g/L solutions containing at salt 85.5 mM for strain 

amplitudes of ♬=0.1-1000% at different angular frequencies using a cone-plate geometry (with a truncation of 

101ɛm and a cone tip angle of 1Á) at room temperature. 

4-5-6 Lissajous-Bowditch plots of CNC/salt suspensions at 20 g/L CNC 

suspensions at different salt concentrations 

The plot of instantaneous stresses Ű(t) against strains ɔ(t) (often called LissajousīBowditch plots) 

for different strain amplitudes (ɔ0) allows one to follow the actual network response to each loading 

cycle during the oscillatory shear testing. For purely elastic materials in the linear region, the 

response is expected to be completely in phase (ŭ = 0), and, as a result, the LissajousīBowditch 

plot is presented in a line with a slope of Gǋ. The response of purely viscous materials is expected 

to be out of phase by ŭ = ˊ/2, and the Lissajousī Bowditch plot becomes a circle (see our previous 

works for more information about Lissajous plots [219, 220, 226]). Viscoelastic materials like 

polymer networks exhibit both elastic and viscous properties, and, thus, the LissajousīBowditch 

plot is expected to be a perfect ellipse in linear region, with the magnitude of the complex modulus 
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|G*| as the slope of the semimajor axis. With the aid of LissajousīBowditch plots, one can visually 

determine the emergence of nonlinearity, type of nonlinearity, and extent of nonlinear viscoelastic 

behavior. Hence, LissajousīBowditch curves facilitate the qualitative assessment of nonlinear 

behavior and deliver information about the type of intra-cycle nonlinear viscoelastic behavior.  

In this regard, as mentioned earlier, the Lissajous plots are a simple ellipse in LVR, and this is 

because the output stress signal of the viscoelastic materials only includes the first harmonic 

coefficient in LVR. The emergence of any nonlinearity (due to the excitation of higher harmonics 

in the output shear stress waveform) in the viscoelastic character of the material by surpassing 

LVR can be identified by any distortion in ellipsoidal pattern of the Lissajous plots.  

The Lissajous plots of the CNC 20 g/L suspensions at different salt concentrations are shown 

in Figure 4.15 (Figure 4.16 shows the Lissajous loops of CNC 30 g/L at different salt 

concentrations). For easier comparison, the stress, strain, and strain rate were normalized with 

respect to their maximum values. As can be seen in Figure 4.15, the materials response in the LVR 

(e.g., g0=1%) is a typical ellipsoidal Lissajous plots. However, by increasing the strain amplitude 

to g0 = 40%, the Lissajous plots deviated from ellipsoidal shape and became distorted, signaling 

the occurrence of intra-cycle nonlinearity in the suspensions. Moreover, the deviation in the 

linearity of the Lissajous plots became more pronounced as a result of the increase in salt 

concentration (reinforcing the network). This reveals the sensitivity of the Lissajous plots to any 

changes in the microstructure. We observed similar nonlinear viscoelastic behavior in our previous 

works, where samples with a stronger network demonstrated higher nonlinearity [219, 220]. 
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                                        Elastic Projection                       Viscous Projection 

 

Figure 4.15 Dimensionless Lissajous-Bowditch loops for CNC 20 g/L solutions containing (a, b) 17.2, (c, d) 85.5, 

and (e, f) 172mM salt, measured using cone-plate geometry (with a truncation of 101ɛm and a cone tip angle of 

1°) at 25ęC. Projections on the elastic (Ⱳ - ♬) and viscous (Ⱳ - 
▀♬

▀◄
) planes are presented at strain amplitudes of ♬  

1, 40, 100, and 250% and at an angular frequency of ⱷ  1rad/s 

 

Interestingly, the viscous Lissajous plots of CNC 20 g/L suspension containing 17.2 mM salt 

showed a self-intersection in the total shear stress curve at the strain amplitude of g0 = 100%. The 
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self-intersection became more obvious at the strain amplitude of g0 = 250%. Several reports have 

observed the emergence of self-intersection under LAOS deformation for different systems (e.g., 

polymer solutions and polymer nanocomposites) [220, 233]. Self-intersection is accompanied by 

a maximum value in elastic projection, which signifies the existence of an overshoot in shear stress 

response in that cycle, like the stress overshoot response during the start-up of the steady shear 

flow. This response can be correlated to the network rupture, followed by the flow of the samples 

at sufficiently large strains. The Lissajous shapes become more complicated, and the shape of the 

elastic Lissajous plots is much closer to a rectangle than an ellipse at higher salt concentrations, 

corresponding to an elastoviscoplastic material. Hence, upon increasing the salt content, the elastic 

Lissajous plots deform closer to the rectangle shape, which can be interpreted as a greater extent 

of nonlinearity upon reinforcing the CNC network structure in aqueous media. 

4-5-7 Lissajous-Bowditch plots of CNC/salt suspensions at 30 g/L CNC 

suspensions at different salt concentrations 
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Figure 4.16  Dimensionless Lissajous-Bowditch loops for CNC 30 g/SL suspension containing a, b) 85.5, c, d) 172 

mM salt using cone-plate geometry (with a truncation of 101ɛm and a cone tip angle of 1Á) at 25ęC. Projections on 

the elastic (Ⱳ - ♬) and viscous (Ⱳ - 
▀♬

▀◄
) planes are presented at strain amplitudes of ♬  1, 40, 100, and 250% and 

an angular frequency of ⱷ 1 rad/s. 

4-5-8 Nonlinear parameters 

The nonlinear elastic parameters are summarized in where it provides a guideline for recognizing 

the type of elastic nonlinearity based on the defined parameters.  

 

 

 

Table 4.1 Characterizing the elastic nonlinearity in response to imposed large amplitude oscillatory shear (LAOS) 

deformation. 

Elastic parameters Inter-cycle Intra-cycle 

Both Ὃ  and Ὃ increase by increasing ‎ Inter-cycle strain stiffening - 

Both Ὃ  and Ὃ decrease by increasing ‎ Inter-cycle strain-softening - 

S > 0 at each strain - Intra-cycle strain stiffening 

S = 0 Linear elastic behavior Linear elastic behavior 

S < 0 at each strain - Intra-cycle strain softening 

Ὡ > 0 - Intra-cycle strain stiffening 

Ὡ = 0 Linear elastic behavior Linear elastic behavior 

Ὡ < 0 - Intra-cycle strain softening 

 

The viscous nonlinear parameters are summarized in Table 4.2, where it provides a guideline for 

recognizing the type of viscous nonlinearity based on the defined parameters. 
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Table 4.2 Characterizing viscous nonlinearity in response to imposed LAOS deformation. 

Viscous parameters Inter-cycle Intra-cycle 

Both –  and – increase by increasing ‎ Inter-cycle shear thickening - 

Both –  and – decrease by increasing ‎ Inter-cycle shear thinning - 

T > 0 at each strain - Intra-cycle shear thickening 

T = 0 Linear viscous behavior Linear elastic behavior 

T < 0 at each strain - Intra-cycle shear thinning 

ὺ > 0 - Intra-cycle shear thickening 

ὺ = 0 Linear viscous behavior Linear elastic behavior 

ὺ < 0 - Intra-cycle shear thinning 
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CHAPTER 5: Viscoelastic properties of poly (vinyl alcohol) 

hydrogels with cellulose nanocrystals fabricated through 

NaCl addition 9 

This work characterizes the viscoelastic and mechanical behavior of hybrid cellulose nanofibers 

(CNC)/ Polyvinyl Alcohol (PVA)/NaCl hydrogel. Average porosity values measured by scanning 

electron microscopy shows 23±5, 69±4, 72±7, 73±8, and 72±10 µm for samples with 10 g/L, 15 

g/L, 20 g/L, 25 g/L, and 30 g/L CNC, respectively. In all samples with the CNCs concentration 

higher than 10 g/L, we observed a wide distribution and almost equal average pore size. It depicted 

that the pore size on average for the hybrid hydrogel with 5 wt% PVA is no longer dependent on 

CNC concentration for CNC concentrations above 15 g/L. Transmission electron microscopy was 

employed to characterize the distribution of CNCs inside the PVA matrix. Small and large 

amplitude oscillatory shear measurements were performed on CNC-loaded PVA hydrogels to 

understand the microstructure and viscoelastic behavior. At CNC loadings near and less than the 

percolation threshold, 15 g/L, a polymer-CNC network was detectable via TEM imaging and 

according to the plateau value on the storage modulus. Another jump in storage modulus was 

observed where a connection among n CNC fibers was established. At these loadings, a CNC 

network was present in the hydrogel, indicated by limited CNC loading dependence of the storage 

modulus. The results of Large Amplitude Oscillatory Shear (LAOS) showed a viscoelastic 

behavior for the hybrid material, demonstrating its potential for applications in articular cartilage 

repair. To explore the interaction between CNC-CNC and CNC-PVA, the Foglar-Tucker model, 

designed to account for modeling the orientation of CNC particles within the matrix, was fitted on 

stress-overshoot experiments. The present study on the CNC-PVA hydrogels opens avenues for 

further developing advanced materials for biomedical and energy applications.  

 
9 Moud, A. A.; Kamkar, M.; Sanati-Nezhad, A.; Hejazi, S. H., Sundararaj. U.T, CHAPTER 5: Viscoelastic 

properties of poly (vinyl alcohol) hydrogels with cellulose nanocrystals fabricated through NaCl addition. To be 

submitted.  

ABM did the experimental design, data collection and interpretation, and manuscript preparation. MK contributed in 

rheological measurement and interpretation.  
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Graphical abstract 

 

 

5-1 Introduction  

 

Poly (vinyl alcohol) (PVA) is a synthetically derived, water-soluble, non-toxic, and biodegradable 

polymer [234]. It is the most widely manufactured water-soluble polymer in the market[235]. PVA 

has been used in a variety of different industries, such as medical, packaging, food industry, and 

paper making[236]. Reported application for PVA are in important field of biomedical applications 

such as tissue-mimicking, cell culturing, and body implants [89, 237]. PVA has been combined 

with different fibers and micro-sized cellulosic materials such as Cellulose nanocrystals (CNCs). 

Due to hydrophilicity of CNCs, CNC-PVA hydrogels present a potentially sustainable option for 

materials development and design as these hydrogels potentially can be light-weight, 

biocompatible, and biodegradable materials. 

The hydrophilicity of CNCs stems from the structure of cellulose that owns hydroxyl groups on 

its main repeating unit. There are other advantages that CNC brings to the table in addition to its 

similar chemistry to water and PVA. For instance, cellulose nanocrystals (CNCs) are nanoscale, 
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abundant naturally derived fibers from plant sources ranging from wood, linen as well as 

microorganisms such as bacteria, tunicate, and algae [2, 238, 239]. CNCs also possess strength 

and Youngôs modulus as high as approximately 7.5 GPa[240] and 100ï220 GPa[2, 241, 242], 

respectively. Considering their mechanical properties8 with relatively low density and the potential 

of being naturally driven make CNCs an ideal renewable source for making mechanically robust 

hydrogels. CNCs' geometry also aids further enhancement of mechanical properties due to their 

slender shape. Indeed, it has been reported that CNC fibers depending on source and method of 

production can have widths changing between 3 nm and 50 nm and lengths changing between 50 

nm to 300 nm [2, 50, 241, 243, 244].  

Application-wise, the combination of cellulose-PVA and nanocellulose-PVA materials for a 

variety of applications has been established previously. In the literature, there are reports of 

combining CNCs with PVA for aim of producing hydrogels with high mechanical integrity [62, 

235, 242, 244-250]. The interactions between PVA and CNCs due to hydrogel bonding and 

intermolecular interactions enforces the hydrogels to own satisfactory mechanical properties[57]. 

For instance, increasing CNC concentration from a low amount of 0.1 to 0.2 wt% relative to total 

gel weight has increased the gel storage modulus of the composite from 3.8 kPa to 14.3 kPa[74]. 

Upon addition of only 3 wt% micro-fibrillated cellulose into a PVA polymer[57], tensile strength 

and modulus of the composite hydrogel enhanced for about 13% and 34%, respectively. 

Tissue engineering has emerged as a suitable destination for injectable hydrogels [251]. PVA-CNC 

solution-processed hydrogel seems to fit well within this category as both CNC and PVA are 

biocompatible, abundant, and with low-cost production. Hydrogels, after being injected and during 

injections, need to meet certain criteria. For example, the extent of healing, timing, critical strain, 

non-linear behavior, the extent of respond to multivariant strain amplitude levels, and cyclic 

loading is crucial for design. Precise rheological characterization is needed for design of injectable 

hydrogels before employment in the field of interest. Here we propose fabrication of a hydrogel 

with PVA and CNC with the addition of salt as a gelifying agent. We aim to characterize the 

hydrogel using SEM, TEM, linear and non-linear rheology, and compression testing.  

This work also inspects the influence of CNCs on rheological behavior of PVA while NaCl is 

added as gelling agent. The LAOSôs behavior of the PVA-CNC system has come under scrutiny 

in this report. Moreover, solution processing of PVA-CNC and un-crosslinked version of PVA has 
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been chosen since this hydrogel is destined to be used as an injectable scaffold for tissue 

engineering. TEM and SEM of the hydrogels were also employed for the aim of complete 

characterization of hydrogels and fabrication of a hydrogel with repeatable properties. TEM 

images also made understanding the rheological behavior of the gel deeper. Tissue engineering 

demands the hydrogel to reconstruct itself after being injected, and this feature requires a physical 

gel.  

 

5-2 Experimental section 

5-2-1 Materials and Materials preparation  

InnoTech Alberta provided the CNC with measured length in the span of 100-300 nm and a 

diameter of 10-40 nm. According to the method of CNC production, extracted rods from the 

natural cellulosic source had negative charges due to the acid hydrolysis process. PVA was 

purchased from Sigma Aldrich with a reported molecular weight of 130,000 g/mol. 

CNC powder was sonicated in DI water for 10 mins, and a stock suspension with a concentration 

of 6wt% was made. At the end of sonication, initial murky suspension got cleared, and the level 

of suspension transparency varied with CNC concentration. Suspension of CNC alone pH 

measurement showed a value of 6.8. The measurement was done employing a Mettler Toledo 

Seven Compact pH-meter (Mettler-Toledo 135 International Inc., Columbus, OH, USA). Ultra-

sonication (125 W Qsonica Sonicators Q125 Sonicator, Qsonica) was employed for suspending 

CNCs in DI water. It was found based on zeta potential values that 1000 joule per gram of CNC 

is enough to obtain a fully dispersed suspension. The ice bath treatment was carried out during 

sonication to mitigate the risk of overheating on the surface of CNCs as the surface charge of CNC 

particles is vulnerable to elevated temperatures [50]. 

The protocol for making suspension of CNC in PVA was (1) dissolving PVA in DI water under 

the condition of constant stirring for one hour under the temperature of 80 C° to make a solution 

of PVA in water with 5 wt% concentration. To make sure there is no PVA crystal chunk in the 

solution, the solution was placed under DLS measurements. The result showed no peak related to 

PVA chunks being present in the system. (2) Addition of sonicated CNCs into the mix. (3) To 
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make the final hydrogels, CNC with desired concentrations was added into the PVA-DI water 

solution and was sonicated for extra 5 mins (4) in the final stage; NaCl with a concentration of 

17.24 mM was added to promote gelation of CNC-PVA hydrogel. In the entirety of the paper, as 

salt concentration and PVA did not change, we refer to the sample only with regards to changes in 

CNC concentration. We observed that addition of 17.24 mM salt is enough to cause gelation in 

CNC-PVA-salt samples visually through vial inversion test. Addition of 5 wt% PVA deemed 

enough to show impact of addition of PVA on mechanical properties of CNC hydrogel. 

5-2-2 Materials characterization 

5-2-2-1 Scanning electron microscopy  

The gel structure of CNC-PVA hydrogels and their micro-morphology was investigated by using 

XL30 Philips SEM. Prior to each imaging session, the generated gels were freeze-dried under the 

influence of liquid nitrogen. A small piece of freeze-dried hydrogel was placed carefully onto a 

silicon wafer. A sheet of gold was then sprayed all over the surface of the sample, to mitigate 

electrostatic discharge.  

5-2-2-2 Transmission electron microscopy  

The TEM analysis of the CNCs was carried out on a Tecnai TF20 G2 FEG-TEM (FEI, Hillsboro, 

Oregon, USA) at 200 kV acceleration voltage with a standard single-tilt holder. The images were 

taken with a Gatan UltraScan 4000 CCD (Gatan, Pleasanton, California, USA) at 2048×2048 

pixels. For the TEM analysis of the CNC, the droplets of CNC-PVA suspensions were placed on 

a holey carbon-coated Cu TEM grid and dried at room condition.  

5-2-2-3 Rheology 

Rheological measurements were performed using an Anton-Paar MCR 302 rheometer equipped 

with 50 mm diameter cone-plate geometry (cone angle of 1Á and truncation of 101 ɛm). To reach 

the desired stabilized morphology, a resting time of 20 min was used in the rheometer following 

the CNC-PVA hydrogel loading. The strain amplitude sweep experiment was carried out within 

the range of 0.1 to 1000.0 % and at an angular frequency of 1 rad/s on all samples to determine the 
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linear viscoelastic regime (LVR). Based on the results of this experiment, the strain amplitude of 

1% was determined to be small enough to keep the deformation in the LVR. All experiments were 

carried out at room temperature. 

The rheometer was placed in a rigid and mechanically stable environment to minimize 

mechanical noises and apply large amplitude oscillatory shear (LAOS) to the samples. To obtain 

full waveform of shear stress and strain, the material was strained at constant frequency and 

amplitude. LAOSôs data were collected after 5-6 cycles for each strain amplitude. Rheological 

tests were performed on triplicates and quadruplicates for each sample. 

5-2-2-4 Compression tests  

Compression testing was done at the rate of 10 mm/mins with bose 3200 device. The 3200 Series 

III compression test equipment can be utilized for 225 N or 450 N maximum force capacity. The 

system is equipped with a bandwidth, which is also able to carry out tests cyclically till  300 Hz 

and 200 Hz for analyzation of mechanical properties.  

5-3 Result and discussion 

5-3-1 Morphological characterization of freeze-dried hydrogels under SEM 

Probing pore size with Image J reveals pore size distribution across samples. 23, 69, 72, 73, 72 µm 

for samples with 10 g/L, 15 g/L, 20 g/L, 25 g/L and 30 g/L CNC, respectively. In all samples, after 

10 g/L CNC loading, we observe a wide distribution in pore size and almost equal average pore 

sizes. The trend in the average pore size versus the CNC/PVA ratio has been depicted on Figure 

5.1e. This observation reveals that after the addition of 15 g/L CNC into 5wt% PVA, the average 

pore sizes its not dependent on CNC loading anymore. 

    

b c d a 



118 

    

 

Figure 5.1 Scanning Electron Microscopy (SEM) micrographs of cellulose nanocrystals (CNC)- poly (vinyl alcohol) 

hydrogels (PVA) freeze dried samples: a) (CNC 10 g/L), b) (CNC 15 g/L), c) (CNC 25 g/L), d) (CNC 30 g/L) at 

magnification of 100x. e) The average pore size of samples as a function of CNC concentration 

5-3-2 Morphological characterization of CNC-PVA colloids 

The morphology of CNC can be studied by various microscopic techniques such as transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM). Morphology evaluation is 

a useful tool for inspection of surface morphology, state of constituentôs distribution and more 

importantly evaluation of size on CNC particles. In the case of having high aspect ratio particles, 

, the probability formation of a network between the CNC particles will be high; therefore, it will 

yield hydrogels with improved mechanical properties.   

TEM images of CNC-PVA hydrogels at different concentrations are depicted in Figure 5.2 

Consistently, with an increase in the concentration of CNC, the corresponding TEM images also 

become more crowded with particles. Another interesting observation is the full dispersion of CNC 

inside PVA, showing that sonication inside the PVA solution was enough to evenly disperse and 

distribute CNCs. If we compare TEM images associated with the CNC-NaCl system published 

previously[216], we understand that gelation in the presence of PVA does not happen as intensely 

as in naked CNC-NaCl systems. Based on the perfect distribution and dispersion of CNCs 

observed here, we can conclude that the mechanical properties of the CNC-PVA system should 

e 
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also be isotropic in nature. Using Image J, we analyze the TEM images where the average length 

and diameter of CNCs are estimated as 150±10 nm and 11±3 nm, respectively. In the report by 

Huan et al., 9 ± 3 nm and 90 ± 28 nm was measured for CNC diameter and length, and the average 

aspect ratio was reported as 10 [252]. In their article, the method of CNC production shared 

similarities to this work. 

    

Figure 5.2 Distribution of CNC particles embedded in PVA at different concentrations and at 0.5 µm resolutions 

respectively: a-d (CNC 10-15-25-30 g/L) 

The results of morphological investigations by microscopy-based techniques here are similar to the 

results elsewhere [50, 253-257]. As expected, based on TEM images, the morphology of individual 

CNCs is also a spindle shape.  

5-3-3 Rheological characterization of CNC-PVA samples 

To comprehend the impact of various CNCs on the viscoelastic traits of hydrogels, oscillatory 

measurements were carried out at 25ǓC in hydrogels with the concentration of CNCs equal to 10, 

15, 20, 25, and 30 g/L. In Figure 5.3, the Gǋ and Gǋǋ are drawn as a function of frequency for 

hydrogels within the linear deformation range, and they are illustrated in Figure 5.3a-b. Two 

abrupt increases exist in storage modulus curves versus frequency as a function of CNC 

concentration. These abrupt increases can be associated with CNC-PVA network formation (15g/L 

till 25g/L), and direct CNC-CNC interaction in the PVA matrix after concentration reaches to 

30g/L. In all concentrations, there is a network that makes the behavior of hydrogel elastic (Gǋ > 

Gǋǋ). At high frequencies where Gǋ(ɤ) > Gǋǋ(ɤ), a more dominant elastic character was observed, 

which depicted a typical solid-like character. 

a b c d 
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Figure 5.3 a) Storage, b) loss modulus and c) complex viscosity as a function of frequency at strain amplitude of ɔ0 = 

1%. d) Storage (solid symbols) and loss moduli (open symbols) as a function of strain amplitude at angular frequency 

of ɤ = 1rad/s. 

 

Figure 5.4 Storage modulus as a function CNC concentration. Values are extracted from Figure 5.3.  

We are well positioned above the rheological percolation threshold for all samples as storage 

modulus-frequency data, even for 10 g/L CNC sample. The same trend can be observed for 15 

g/L, 20 g/L, 25 g/L, and 30 g/L samples. Overall, it can be perceived that the viscoelasticity of 

these hydrogels followed the order of 30>25>20>15>10 g/L CNC reinforced PVA hydrogels. 

Figure 5.4 shows the effect of the addition of CNC into the PVA matrix. After adding 3 times 
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more CNC into the system, hydrogel displays more solid-like behavior and 40 times larger storage 

modulus (391 vs. 11). Jumps in storage modulus values are quite noticeable between 11 and 103 

and between 103 to 391. The ratio of storage modulus values is about 100 times more, and the 

second jump is about 40 times stronger. 

Since the sudden increase in values of storage modulus at higher CNC loading showed more solid-

like behavior, this result suggests that the rheological response was correlated to the structuring 

(structural formation) of CNCs in the hydrogels. These observations showed additional insight into 

structure and dynamic of the hydrogels. The same trend in data can also be observed in Figure 

5.3c that shows complex viscosity variation as a function of frequency. Looking at the structure, 

the data obtained here shows that network was present in all CNC concentrations except for 10 

g/L sample. As it was expected, viscosity and elasticity of hydrogel increased with increase in 

CNC content. However, trends in storage modulus versus frequency showed behavior is dependent 

on CNC loadings. For hydrogels with concentration of higher than 10 g/L, it can be estimated that 

network of polymers through entanglements is connecting CNCs. Specially it can be seen storage 

modulus still increases with increase in CNC loading [173]. Polymer network connecting CNCs 

played a role in increasing storage modulus at or below percolation point, while CNC network 

played its role at higher CNC loadings. Finally, transition from linear to non-linear regime is shown 

in Figure 5.3d. In presence of PVA molecules the addition of more CNCs caused the threshold of 

transition from linear to non-linear to decrease. This result was also seen in our previous work 

[258]. 

According to experimental observations [124], the LAOS behavior of fluids with complex 

behavior can be categorized into several type of behavior. (1) strain thinning (storage modulus and 

loss modulus decreasing); (2), strain hardening (storage modulus and loss modulus increasing); 

(3), weak strain overshoot (storage modulus decreasing, and loss modulus increasing continued by 

decreasing); (4), strong strain overshoot (storage modulus and loss modulus increasing continued 

by decreasing). In our work, PVA-CNC shows type 3 behavior. The type 3 trend for the CNC-

PVA system means that both the creation and loss in the structure of the hydrogel increase with 

the strain amplitude, but the rate of destruction happens faster than creation. The rate of junction 

fabrication is enough for network formation (or any microstructure occurring because of these 

interactions), yielding strain hardening behavior, while the rate of loss in the structure becomes 
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more dominant at larger strain amplitudes. Thus, the overshoot observed can be regarded as the 

point of equality of creation and destruction rate of microstructural junctions inside the hydrogel. 

Although not as common as type I behavior, the similar response has been observed in other 

complex fluids such as di-block copolymers or surfactant containing solutions[259], dough [260, 

261] or xanthan gum [262],  emulsions [263, 264], silica suspension  [265, 266], and alumina 

particles suspended in PDSM under imposition of an electric field [267]. Whittle and Dickinson 

[268] via generating three-dimensional gel of particles with Brownian dynamic simulation of soft 

particles with spherical shapes predicted strain hardening behavior. In our previous report [216], 

we examined the storage modulus of CNC-NaCl gel without PVA and found storage modulus of 

20 g/L and 30 g/L CNC samples equal to 15 Pa and 25 Pa, respectively. In comparison to this 

work, with the aid inclusion of PVA, hydrogel mechanical properties have improved greatly to 

91.3 and 344 Pa for the same samples. This simple comparison shows how PVA chains indeed 

strengthen and improve the mechanical properties of the hydrogel.   

5-3-4 Storage modulus-recovery relationship 

It is well established that storage modulus Ὃis sensitive to the microstructural changes within 

hydrogel [269]. To probe the pace and magnitude of restructuring and elastic recovery of the PVA-

CNC hydrogel network, storage modulus was monitored immediately after test of start-up shear. 

According to a recent study [270], the recovery of samples during this period can be divided into 

two distinct stages. In the first step, fast recovery observed in the curves is attributable to 

restructuring of the network. Therefore, the initial intensification of modulus is due to the joining 

of the existing clusters and aggregation of un-oriented nanofillers to form a 3D network structure. 

The restructuring in this stage is mainly controlled by particle-particle and particle-matrix 

interactions. In the second stage, particle motions controlled by Brownian diffusion, the orientation 

distribution of fillers returns to its original isotropic state. Figure 5.5 shows the result of the storage 

modulus recovery versus annealing time for PVA-CNC hydrogels. In Figure 5.5, samples with 

lower CNC loadings, i.e., 10-15 g/L, show a smooth increase in the storage modulus. For the 

sample containing 20g/L CNC, the storage modulus does not increase as much compared to the 

sample with 30 g/L CNC. The ascending trend of the modulus in this test is not only a function of 

nanofiller concentration but also a function of the dispersion state of the nanofillers. It is interesting 
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that the ultimate recovery after 1500 seconds is close to the original value that we obtained during 

frequency sweep measurements (366 vs. 386). This recovery shows gel at higher CNC 

concentration is fully recoverable. The faster rate of recovery for this hydrogel can also be 

attributed to the second jump we record in the storage modulus versus frequency. It was 

demonstrated that the second jump was attributable to CNC-CNCs junctions. Breaking these 

junctions in shear means orientation that will take less time in comparison to polymeric chains 

relaxation to original isotropic orientation. However, glancing over data for the sample with 10 

g/L CNC shows the lowest recovery (3.21 vs. 141). The recovery rate for destined applications is 

important as it shows how fast the system heals. To provide further insight into the network 

healing, the recovery rate of the networks were also investigated for 10 g/L and 30 g/L samples at 

different strain amplitudes of 1% and 30% for period of time of 200 second each and we followed 

this cycle for each strain amplitude 2 times results are shown in Figure 5.11. Results showed both 

samples can recover however 10 g/L samples showed less potential. Herein, we monitored storage 

modulus recovery as a sign of structural healing as a function of time for 10 g/L and 30 g/L 

samples. The protocol of experiment was application of 1% amplitude strain for 10000 seconds 

and then resting for 386 seconds. Results are shown in Figure 5.12. Consistent with results 

observed earlier structural reconstruction happens inside the hydrogel, however rate of 

reconstruction is faster for higher CNC loadings. 

 

Figure 5.5 a) Flow curve (♬ = 1s-1) and b) reconstruction of PVA-CNC hybrid hydrogel network after breakage as a 

function of time (ɔ0 = 1% and ɤ = 1rad/s). 

5-3-5 Lissajous-Bowditch plots of CNC/salt suspensions at different CNC and 

salt concentrations 
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The plot of instantaneous stresses Ű(t) against strains ɔ(t) (often called LissajousīBowditch plots) 

for different strain amplitudes (ɔ0) allows one to follow the actual network response to each loading 

cycle during the oscillatory shear testing. For purely elastic materials in the linear region, the 

response is expected to be completely in phase (ŭ = 0), and, as a result, the LissajousīBowditch 

plot is presented in line with a slope of Gǋ. The response of purely viscous materials is expected to 

be out of phase by ŭ = ˊ/2 (see our previous works for more information about Lissajous plots 

[219, 220, 226]). Viscoelastic materials like polymer networks exhibit both elastic and viscous 

properties, and, thus, the waveform forms a simple ellipse signaling the linear response, and the 

slope of the semimajor axis represents the magnitude of the complex modulus |G*|. The ellipse 

shape in LVR is because the output stress signal of the viscoelastic materials only includes the first 

harmonic coefficient in LVR. The emergence of any nonlinearity (due to the excitation of higher 

harmonics in the output shear stress waveform) in viscoelastic character of the material by 

surpassing LVR can be identified by any distortion in ellipsoidal pattern of the Lissajous plots. 

Therefore, with the aid of LissajousīBowditch (LB) plots, one can visually recognize the 

transformation from a simple ellipse, representing the linear response to a complex nonlinear 

shape, implying nonlinear behavior. Hence, LB plots facilitate the qualitative assessment of intra-

cycle nonlinear behavior and deliver information about the emergence of nonlinearity, type of 

nonlinearity, and extent of nonlinear viscoelastic behavior.  

The LB plots of the CNC/PVA/salt hydrogel at different CNC concentrations and various 

amplitudes (ɔ0 = 1, 7, 10, 40%, see arrows in Figure 5.3d) are shown in Figure 5.6. As can be 

seen in Figure 5.6, the LB loops in Short Amplitude Oscillatory Shear (SAOS) region (ɔ0 = 1%) 

are ellipses in both viscous and elastic projections. The narrow LB loops in elastic projection in 

concert with wide ellipses in viscous projection in SAOS region verify the dominant elastic 

response of these samples due to gel-like structures. However, the narrow elastic LB loops rotate 

counter-clockwise as the CNC concentration increases, indicative of higher elasticity as a direct 

consequence of the formation of a stronger network. These results are in complete agreement with 

the results of Figure 5.3 and Figure 5.4.  
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By increasing the amplitude of deformation, the LB plots deviated from ellipsoidal shape and 

became distorted, indicative of occurrence of intra-cycle nonlinearity in the systems. For instance, 

the elastic LB plots look like curvilinear parallelograms at larger deformations. As the CNC 

concentration increases, the viscous LB plots become more distorted and elastic LB plots become 

more boxed-shaped. This reveals the sensitivity of the LB plots to any changes in the 

microstructure. We observed similar nonlinear viscoelastic behavior in our previous works where 

samples with a stronger network demonstrated higher nonlinearity [219, 220, 258]. 

 

Figure 5.6 Lissajous Bowditch plots: a) stress versus strain b) stress versus strain rate for CNC-PVA/salt 

hydrogels at different CNC contents and strain amplitudes of ɔ0 = 1, 7, 10, 40% and angular frequency of 

ɤ=1rad/s. 
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As it can be seen in Figure 5.6, after increasing the deformation to ɔ0 = 7%, self-intersections 

appeared in the viscous LB plots of samples containing CNC greater than 15 g/L. Several reports 

have observed the emergence of self-intersection under LAOS deformation for different systems 

(e.g., polymer solutions and polymer nanocomposites) [220, 233]. Self-intersection is 

accompanied by a maximum value in elastic projection in the same quadrant of the deformation 

cycle, which signifies existence of an overshoot in shear stress response, similar to the stress 

overshoot in the start-up of the steady shear flow. This response can be correlated to the network 

rupture followed by flow of the samples at sufficiently large strains. As the rheometer plate reaches 

to the ɔ0 in each cycle of deformation (starting point of the arrows), the flow direction is reversed, 

and the samples are deformed. Since these gel-like samples behave elastically, the stress growths 

linearly with accumulation of the deformation and reaches a local maximum followed by a 

decrease with further increasing the shear rate. As mentioned earlier, this behavior is due to the 

breakage and yielding of the network structure and samples start to flow beyond this point 

(maximum stress, overshoot). This behavior will be studied in more details in the following 

section. It should be borne in mind that contrary to the start-up of steady shear flow, LAOS is a 

periodic flow. Hence, network structures which collapse irreversibly in the period of (time scale 

of) each cycle of oscillation would not show self-intersection and secondary loops. 

Interestingly, the secondary loop observed in viscous LB plots of samples containing 20 g/L and 

25 g/L CNC at strain amplitudes of ɔ0 = 7 and 10% disappeared as the deformation further 

increased to ɔ0 = 40%. However, secondary loops became more pronounced for 30 g/L at ɔ0 = 40%. 

Considering the constant frequency of deformation in each cycle, the samples experienced higher 

shear rates at larger strain amplitude resulting in widespread structural collapse in samples. This 

rationalizes the inability of the samples containing 20 g/L and 25 g/L CNC to structural recovery 

once deformed beyond a critical strain. This is further confirmed as the viscous LB plots of samples 

containing 10, 15, 20, 25 g/L CNC became narrower at ɔ0 = 40%, indication of development of 

fully viscous flow. The difference in nonlinear viscoelastic of CNC/PVA/salt hydrogels at high 

and low CNC concentrations will be further discussed in the following section.  

5-3-6 The sequence of physical processes 
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Elastic LB plots in Figure 5.7 provide further insight into the rich phenomenology of structural 

evolution of PVA-CNC-salt systems under oscillatory flow at multiple strain amplitudes.  Figure 

5.7and b show the linear and nonlinear elastic LB plots of the hydrogels at two different 

concentrations of CNC (10 and 30 g/L). At first glance, it can be understood that system containing 

higher amount of CNC falls into nonlinear regions at smaller strain amplitude. That is, the LB plot 

of PVA-CNC (10 g/L)-salt at ɔ0 =10% is ellipsoidal shape while a high distortion in LB plot of 

PVA-CNC (30 g/L)-salt at ɔ0 =5% is observable. Moreover, in nonlinear framework, each system 

follows a different scenario as discussed below.  

The observed nonlinear behavior in Figure 5.7 is studied here with the aid of sequence of physical 

processes method [132]. Beginning at zero shear stress in nonlinear region (see circle in Figure 

5.7c) the systems are strained and, hence, the network structures in the systems are deformed in a 

linear elastic fashion. This process continues until the structures in each system deform beyond 

their yield strain (see square in Figure 5.7c). At this point, the static yielding of system containing 

30 g/L CNC is associated with a bump immediately after the initially elastically build up of stress 

(Figure 5.7b). While no overshoot was observed for systems with 10 g/L CNC (Figure 5.7a). 

From now on, solid state corresponds to PVA-CNC (30 g/L)-salt and we address PVA-CNC (10 

g/L)-salt as soft state.  

Similar behavior is observable for the solid state in the other spatial direction and another 

overshoot occurs as the flow reverses. Hence, the network structures of the solid state are assumed 

to break as the yield stress is exceeded and reform when the deformation rate is instantaneously 

zero at ɔ =  ɔ0. The straining-yielding-flowing-reformation behavior signals a fast reversible 

network reformation for solid state which stems from inter-particle forces and the associated 

particle dynamics due to Brownian motion continually regenerating the network structure. Since 

this network reformation is time dependent and the frequency of deformation is constant in our 

LAOS experiments, the static yield stress is strain dependent. That is, the static yield stress 

decreases as the amplitude of deformation increases from ɔ0 =10 to 19% (follow the blue arrow in 

Figure 5.7b). In fact, flow of the material takes a finite time to relax. This is in line with the 

findings of Rogers et al. [132] in which they mentioned that the stress overshoot associated with 

static yield stress takes smaller and smaller portion of the LB plots upon increasing the amplitude 

of deformation. 
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It should be mention that the static yield stress of the solid state disappeared upon further increasing 

the strain amplitude (for instance see Figure 6d showing the LB plot of solid state at ɔ0 =100%). 

The open gray circles in Figure 5.7c and d compare the data obtained for power-law fit by 

regression to the real data (black line) of solid state at strain amplitudes of ɔ0 =10 and 100%. As 

can be seen in Figure 5.7c, the power-law fails to describe the pre-yielding waveform (before 

static yield stress) of the solid state at ɔ0 =10%. However, it acceptably fits the post-yielding (after 

the static yield stress) portion of waveform. This analysis reveals that the deviation of the power-

law from the waveform in pre-yielding region is because an elastic deformation takes palace in 

this region and the good fit in post-yielding region in because a viscous flowing response occurs. 

The power-law accurately describe the behavior of the waveform at sufficiently large deformations 

(see Figure 5.7d). In fact, no seeing the static yield stress at higher level of deformation shows 

that network restructuring in the system is time dependent for the 30 g/L CNC. The systems 

experience higher shar rate at larger strain amplitudes leading to a more collapse structure (higher 

accumulated stresses). Therefore, there exist higher level of stress to relax in the same amount of 

time at large deformation. As a result, there is no sign of elastic deformation and static yield stress 

at strain amplitude of 100%. That is, a larger portion of waveform comes from power-law fluid 

response.  

The power-law index found to be n = 0.47 and 0.74 for strain amplitude of 10 and 100%, 

respectively. It should be born in mind that for n = 1 the waveform is expected to be a simple sine 

with a single harmonic in the frequency domain and n equal to zero would result in waveform 

containing many higher harmonics (higher nonlinearity). Hence, the decreasing trend of power-

law index upon increasing the strain amplitude is against our expectation (i.e., we expect to observe 

higher nonlinearity upon increasing the amplitude of the deformation). However, this behavior can 

be rationalized by the fact that at sufficiently high shear rates associated with large deformations, 

the junctions between the elements of the network structure is entirely lost and since there is not 

enough time for structural reformation, the solid state loses its viscoelastic character. Thus, it 

behaves more of a fully viscous fluid than a viscoelastic hydrogel. As a result, the viscoelastic 

nonlinearity vanishes.  

Hence, analyzing the stress wave form in both linear and nonlinear region with the aid of LB plots 

helped us to evaluate the structural differences in the samples and provided us more information 
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on structural features of the samples. These results were not identifiable in linear rheological data 

or lumped viscoelastic data provide by a routine strain amplitude test. This confirms the vigorous 

sensitivity of the intra-cycle local viscoelastic measures to any changes in the microstructure.  

 

 

Figure 5.7 Lissajous-Bowditch plots of a) CNC(10 g/L)/PVA/salt at strain amplitudes of ɔ0 = 10, 14, and 19%, b) 

CNC(30 g/L)/PVA/salt at strain amplitudes of ɔ0 = 3.5, 5, 10, 14, and 19%. c) and d) open gray circles represent 

power-law flow response of CNC(30g/L)/PVA/salt (solid line, in corresponding to a strain amplitude of c) 10% 

and d) 100% and angular frequency of ɤ=1 rad/s, raw waveform as a black solid line). The direction of traversal is 

indicated by the dashed arrows. 

 

 

5-3-7 Overshoot during a start-up experiment 
















































































































