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Abstract
The network of Cellulose Nanocrystal (CNC) suspension is explored below and above the
critical micelle concentration (CMC), in the presence of cetyltrimethylammonium bromide
(CTAB) with a positively charged head using rheological characterization. CNC-CTAB gel
showed shear thinning behaviour, complex relationship between strain amplitudes and CTAB
concentration, diminishing thixotropic behaviour as a function of CTAB and single and two
yielding stress maxima as a function of CTAB, resulting from different microstructure below and
above CMC of CTAB. Comparing the flow curves of CNC-CTAB suspension/gel revealed the
role played by CTAB content, CNC concentration and sonication energy in strengthening of the
network. We analysed and obtained yield stress from steady shear, creep testing and oscillatory
experiments and compared them.
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Lay Summary
Cellulose is a natural polymer that can be extracted from various sources such as plants,
marine animals, algae, fungi, bacteria invertebrates, and amoeba. CNC, a product of hydrolysis of
cellulose, can turn into a gel through introduction of a coagulant. Therefore, one aspect of CNC
gel that needs proper attention is the investigation of its plurality of mechanical and rheological
behaviour under various processing conditions. Therefore, the rheological behaviour of CNCCTAB in suspension and gel formation, is studied in the presence of surfactants that gives rise to
interesting rheological behaviour. The system studied in the present work is an attractive gel that
displays tunable range of attraction and attraction strength due to charge screening of CTAB
micelles (negatively charges) and CTAB molecule (positively charged head) length that is ~ 4nm.
The system under study is viewed and studied from the colloidal perspective.
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Chapter 1: Introduction
Cellulose is the most abundant organic compound on earth

1

which is the structural

component of the primary cell wall of green plants, and can also be produced by a large variety of
living organisms, such as algae, oomycetes, acetobacter, and rhizobium 2. Biocompatibility,
biodegradability, and thermal and chemical stability are properties of cellulose 1 which leads to the
usage of cellulose in textiles fiber production3, plastics4, wood and paper products, coatings,
cosmetics, and pharmaceuticals industries 5 . Raw biomass materials as the source of cellulose has
introduced cellulose as the most abundant source or renewable energy 6.
Cellulose is a polysaccharide consisting of a linear chain of several hundred to over ten thousand
β-D-(1-4)-linked glucose repeating units

6,7

. Also, numerous amount of intermolecular and

intramolecular hydrogen binding in cellulose structure limits its solubility in water and typical
organic solvents

6,8

. Such native intermolecular hydrogen binds cause the formation of

microfibrils. These microphibrils have both crystalline and amorphous regions. The crystalline
part of the cellulose have drawn interest for adapting them to miscellaneous applications 9.
Surface modification of cellulose to impart charges for suspension stabilization can be realised by
various methods including hydrolysis10, esterification

2,11

, acetylation and acylation2,

cationization2 , silylation2, carbamination2, TEMPO-mediated oxidation 11, and polymer grafting
11

. One of the most technologically important products from the above mentioned processes is

cellulose nanocrystal (CNC). CNC possesses a number of unique properties such as
biodegradability, renewability, nontoxicity, and sufficient mechanical properties, which leads to
the usage of CNC in drug delivery5 , tissue engineering13, oil industry (oil-water separation7,
viscosity modification8,9) , adsorption of dyes9 and pulp and paper

14

industries. Therefore,

investigating and understanding the rheological properties (such as viscosity, linear viscoelastic
behaviour, yield stress) and of CNC in the presence of surfactants and electrolytes would provide
valuable information for the emergence of new applications and optimization of existing ones.
Hydrolysis of CNC leads to the formation of the sulfate group on its surface. The obtained CNC
is able to form chiral nematic ordered structure above a critical concentration in the presence of

1

colloidal aqueous solution (deionized water)13–15. Above this critical concentration, formation of
fingerprint texture can be observed8. However, sonication (Sonication affects the structure of
suspensions by breaking agglomerations (by applying ultrasound energy) formed due to
electrostatic and hydrophobic interactions as is the case for a common behaviour of lipotropic
liquid crystal16) has a significant effect on these phases formed in these suspensions. The effect of
sonication on CNC suspensions was investigated by Shafiei-Sabet et al16 who have shown that by
increasing the level of sonication in the range of 0 to 5000 J/g, the viscosity and other rheological
properties of the samples significantly decrease. Beyond sonication, the addition of electrolytes
and surfactants to CNC suspensions affect the rheological properties CNC suspensions
significantly9,17. In particular, the effect of surfactants on hydrophilicity, stability and dispersion
of CNCs in aqueous medium has been investigated, and the physicochemical properties of CNC
suspensions have been characterized in the presence of different surfactants10. More recently
Damoon and Hatzikiriakos 17 performed a systematic investigation of the effect of two oppositely
charged surfactants with similar structure and carbon chain lengths (Cetyltrimethylammonium
Bromide (CTAB), and Sodium Dodecyl Sulfate (SDS)) on the viscosity enhancement and gelation
of CNC suspensions. Furthermore, they elucidated the possible mechanisms resulting in the
adjustment of viscosity and gel formation by investigating the surface charge alterations of CNCs
and the effect of ionic strength. They proved that by increasing the concentration of CTAB, the
interconnected network develops and leads to gradual gelation of the chiral nematic CNC
suspensions17. While SDS indicates both attractive and repulsive forces over different range of
SDS concentration, it can be used to control the viscoelastic behaviour of CNC suspensions17.
However, their study was performed for unsonicated samples, where large CNC agglomerations
are present and thus gelation might be occurring easier in the presence of small number of
surfactants.
The presence of electrolytes also affects the rheology of CNC suspensions and in fact they gelate
CNC suspensions at certain concentrations. There are several studies on the subject of addition of
NaCl or other electrolytes in the range of 10 to 15 mM to the isotropic CNC suspensions (3 wt%).
They result in extensive aggregation, as well as higher viscosity and shear modulus13. In another
study18 the effect of 20 mM NaCl and CaCl2 on the rheological behavior of both CNCs and
electrostatically stabilized crystalline nanocelluloses (ECNCs) demonstrated that ECNCs could

2

withstand much higher ionic strengths than CNC suspensions. They form gels even at really low
concentrations due to agglomeration. More recently Danesh et al19, investigated the effect of
electrolytes on the rheology of CNC suspensions using extremely high NaCl concentration up to
50mM. They identified that these systems possess two yield stresses. The first yield stress at low
shear rates is attributed to the disconnected CNC clusters as a result of bond breakage. The second
yield point occurs at higher shear rates and it is related to the deformation of clusters, where
individual nanorods are completely separated and dispersed. It perhaps becomes important to
combine a small amount of an electrolyte with a small amount of a surfactant to identify possible
synergistic effects.

3

Chapter 2: Literature Review
2.1. Chemical Structure of CNC
Chemical structure of CNC play a crucial role in its vast functionality as CNC is a polymer
consists of six hydroxyl groups within the repeating structure of β-D-glucopyranose units20.
Additionally, its structure provides high surface area which increases its tendency to bond with
other components. It is considered as an reinforcement of transparent resins because of its nano
size fibres (at least one dimension equal or less than 100 nm 21), high specific surface area21, and
being less than one-tenth of the visible light wavelength22.

2.2. Extraction and Preparation of CNC
There are two ways to produce nanocellulose: top down and bottom up. Top down method
which reduces the size of the fibres mechanically leads to the production of cellulose nanofibers
(CNF) as well as CNC 23. The bottom up approach (implies understanding the building blocks and
then assembling them into a useful structure24) has been used to obtain bacterial cellulose (BC)
methods generate nanoparticles by building them from drug molecules in solution.
There are various sources that can be used to extract cellulose and processing on the obtained
material leads to the production of the CNC. One of the processing methods which has been used
in this research is acid hydrolysis (isolating cellulose with acids such as hydrochloride acid,
sulfuric acid, phosphoric acid and bromic acid. During the hydrolysis as the amorphous region has
weak resistance to acid, it will dissolve but the crystalline part will remain intact).
In acid hydrolysis the choice of acid is an important factor as it affects the properties of the obtained
nanocrystals. There are two types of the acids that can be used for this process which are sulfuric
acid and phosphoric acid. Both acids introduce negative charge on the nanocrystal (sulfate or
phosphate group) and leads to the electrostatically stabilization of the nanocrystal suspension.
Considering that sulfuric acid induces much higher surface charge density on the nanocrystal, in
this research this method has been considered15.

4

2.3. Rheology Properties of CNC
Shafei- Sabet et al. investigate the rheology properties of a synthesized CNC by acid
hydrolysis of black spruce kraft pulp using 64% w/w sulfuric acid at 45 °C for 25 min, according
to Hamad and Hu protocol 14 in their laboratory. Zeta potential (electrokinetic potential) has shown
the effect of sonication on the physicochemical properties (such as conductivity, particle size,
charge distribution, and microstructure which give us a broad understanding of the chemical
structure od CNC’s aggregations) and particle dimensions of CNC by analysing the forces on the
solid or liquid which are happen either as a change in the charge or electrostatic potential of the
suspensions25. In their investigation they have shown no changes in the dimensions of the
individual nanorods by increasing the level of sonication more than 2000 J/g. The size change
observed from zetasizer measurements can be attributed to breakage of aggregates, but not the
individual rods themselves16 Also, the energy supplied at levels less than 500 J/g was insufficient
to break the covalent sulfate ester-cellulose bonds at room temperature

16

. As sonication has a

significant effect on these phases formed in these suspensions, they have shown that by increasing
the level of sonication in the range of 0 to 5000 J/g, the viscosity and other rheological properties
of the samples significantly decrease. Sonication affects the structure of suspensions by breaking
agglomerations formed due to various forces (ultrasound energy in a medium, leads to the
formation of energy density gradient in the direction of propagation which is as a result of energy
absorption from the acoustic beam26. Additionally, in liquid this energy gradient is correlated with
the generation of acoustic streaming due to the transfer of momentum to the fluid and is also
connected to the radiation pressure phenomenon26) as is the case for a common behaviour of
lipotropic liquid crystal. The viscosity profiles of well sonicated samples show two shear thinning
behaviour at low and high shear rates and a plateau in between as a result of various structures
developed. Also, their isothermal frequency sweep tests illustrate that over a critical concentration
on CNC, the storage modulus (G¢, which is related to the energy that has been stored in a material)
is nearly independent of the frequency and surprisingly higher than loss modulus (G˝, which is
related to the energy that has been dissipate by making deformations) which implies the formation
of gel-like materials.
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Shafei-Sabet et al. also investigated the effect of degree of sulfation on the rheology of CNC27.
The synthesized particles named CNC-A and CNC-B, based on the Hamad and Hu protocols 14,27.
CNC-A had sulfur content of 0.85 wt%, while CNC-B had 0.69wt%. In addition, the acid/pulp
ratio in ml/g for CNC-A and CNC-B were 8.75 and 6.00 in order. The effect of sonication
coordinated in a similar fashion as their previous work on CNC16 (after 1000 J/g the breakage in
the aggregates is obvious) in order to make a comparison; therefore, they prepared 1-15 wt% of
the both CNC and they applied 1000 J/g level of sonication on them in order to study their viscosity
behaviour by steady shear test. It has been shown that for the CNC-A with higher concentration of
sulfuric acid the viscosity curve experiences behaviour like isotropic samples. Increasing the
concentration over 3 wt% leads to the formation of liquid crystal phases following three-region
profile in viscosity that is a typical behaviour of the liquid crystals27. By increasing the CNC
concentration from 7 to 15 wt% the viscosity profiles experience a change to a single shear thinning
behaviour over the whole range of shear rates. This indicates a transition from liquid crystal to gel
like structure. CNC-B with lower concentration of sulfuric acid experienced the same behaviour
but at various concentrations. It exhibited behaviours like isotropic samples below 4 wt% of CNC,
and then gel like behaviour at concentration over 10 wt%.
Polarized optical microscopy (POM) has shown that the CNC-A had fingerprint structure at 3 wt%,
the fraction of liquid crystal domains in biphasic system increases at 7 wt%, the CNC suspension
with 9 wt % has shown cholesteric liquid crystal morphology, and finally above 12 wt%
birefringent gels has been obtained with no fingerprint. CNC-B POM test has shown no liquid
crystal phases at 3 wt%, the fingerprint patent has been shown at 5 wt%, and the fingerprint gels
appeared at 10 wt%.
The linear viscoelastic behaviour of the CNC-A showed different behaviours at different
concentrations which are liquid like, gel like, and solid like at 10 wt% and lower, 12 wt% and 15
wt% of CNC concentration respectively. While the same behaviour appeared for CNC-B, however
at different concentration mainly due to surface charge differences27.
Damoon and Hatzikiriakos investigated the effect of CTAB from (0.2-6 mM) on the rheology of
3 wt% CNC suspensions. The 3 wt% CNC suspension behaves like a viscoelastic liquid over the
whole range of angular frequency with G˝ to be greater than G´. Addition of CTAB results in
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electrostatic interaction between the hydrophilic head of the CTAB and the negative charge of
CNC rods. Addition of 0.2 mM CTAB to CNC suspension has shown weak entanglement within
the CNC rods with G´to be greater than G˝ at high frequencies and G˝ to be greater than G´at lower
frequencies. The addition of CTAB over 0.4 mM showed gel like behaviour and stronger bonds
between CTAB and CNC as G´ was greater than G˝ over the entire frequency range; therefore, 0.4
mM CTAB considered as the concentration in which suspension commenced exhibits crosslinks
between CNCs. By further increasing the concentration of CTAB from 0.6 to 0.8 mM, formation
of admicelles on the surface of the CNCs have been hypothesized. Meanwhile, the addition of
CTAB over 0.8 mM resulted in aggregation. In order to confirm their rheological findings, they
studied the effect of ionic strength of surfactant on the rheology of CNC in the presence of CTAB
and NaCl in association with zeta potential measurements.
Addition of NaCl to CNC leads to the decrease in G´ which is explained by the compression of
double layers (by increasing the concentration of the NaCl, first the electrostatic force is dominant
which leads to the screening of the charge, afterward the hydrophobic forces lead to the formation
of the double layer) around the CNC rods. Hence, not only the aforesaid compression decreases
the interactions between CNCs, but also the particle size decreases as a result of the repelling
forces. Such trends minimize the attractive forces between adjacent CNCs as well.
Meanwhile, increasing the concentration of NaCl over 1 mM leads to the formation of hydrogen
bonds and van der Waals forces. Therefore, increase in attractive forces leads to the formation of
the interconnected network within CNC suspension. Therefore G´ experienced greater value than
G˝. At 6 mM of NaCl a viscoelastic solid like behaviour appeared, which results into a transition
from a viscoelastic liquid (at 4 mM) to gel transition. Although the addition of 8 mM NaCl
provided stiffer solid like suspension, while above 8 mM no change has been observed which
indicates that the suspension has reached its equilibrium state.
Their zeta potential investigation agreed with their rheological findings as it showed a decrease in
ionic strength for CNC/ NaCl suspension with mild slope with an increase between 4 mM to 6 mM
NaCl (attractive forces overcome the repulsive behaviour). Subsequently, CNC/CTAB
suspensions followed the same trend as CNC/NaCl suspensions.
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Sahlin et al. compared properties of unmodified CNC and modified CNC with salts onto the sulfate
ester groups on the cellulosic surface28. They have shown that the shear viscosity and G' and G''
have been increased remarkably as a result of the attraction interactions between grafted
substitutes28. They also concluded that a more hydrophobic character of the CNC surfaces could
be beneficial, when using CNC as reinforcing elements in a polymer matrix composite28.
As discussed above, well-sonicated samples of CNC display three distinct rheological zones,
namely, two shear thinning behaviours at low and high shear rates and a plateau at intermediate
shear rates, as a result of the development of liquid crystal formation and ordering18. Increase in
CNC number density (here is probed as concentration), to reduce excluded volume, the particles
self-assemble into chiral nematic ordered structures that display fingerprint texture18,29,30.
Sonication impacts the structure and rheology of CNCs, through demolishing of the initial clusters
formed during air drying pre-processing of CNC16,18. Breaking of agglomerates leads to (i) overall
higher aspect ratio of CNC colloidal system (ii) higher localized dense liquid crystalline regions
and lower effective volume fraction of CNCs that significantly reduces the viscosity12.
In the presence of electrolytes, the rheology of CNC suspension dramatically changes, i.e. higher
viscosity, appearance of yield stress and high shear modulus, due to network formation and
coagulation31–34. In particular, recently Danesh et al.19, through alteration of level of added salt
affected the attraction strength of CNC colloidal systems and found appearance of two yield stress
points at low and high shear rates, attributed to the disconnection of link between CNC clusters
through bond breakage (first yield stress) and the deformation of clusters, where individual
nanorods are completely separated and dispersed (2nd yield stress). The rheological behaviour of
CNC suspensions in the presence of surfactants was found to be similar, however, the gelation
mechanism changes below and above CMC17.
The yielding process, a complex phenomenon but highly applicable to industrial applications has
been the subject of many studies in the literature35. For instance, start-up of steady shear flow
experiments on attractive glasses36 and colloidal gels36–38, show two yielding process, through the
appearance of two unique stress maxima. Oscillatory shear flow and step strain experiments also
show two yielding step process39,40. The first maximum is due to bond breaking; however, the
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second maximum is related to cage breaking in colloidal glasses and cluster breaking in colloidal
gels41. At lower volume fractions, gels do no show the two yielding step transition42. These two
yielding steps has been seen in a variety of complex systems43–46. For CNC gels, yield stress has
been studied recently in the literature47; however, the understanding of the yielding in CNC
hydrogels still remains poor.
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Chapter 3: Thesis Objectives and Organizations
As the rheological behaviour of the CNC-CTAB gel, in suspension and gel form, has
industrial and academic importance, it is investigated in detail in the present study. Previously the
CNC-surfactant gelation has been explored by Ranjbar and Hatzikiriakos17 and Kushan et al.48,
however many aspects of the rheological behaviour of CNC-CTAB still remain unknown. The
system studied in the present work is an attractive gel49 that display tuneable range of attractions
and attraction strength due to charge screening of CTAB micelles (negatively charges) and CTAB
molecule (positively charged head) length that is ~ 4nm. The system under study is viewed and
studied from the colloidal perspective. In detail, in the present work we explore the linear
viscoelastic behaviour, the effect of sonication on rheology of the CNC-CTAB system, its
thixotropic, and yielding behaviour as a function of CTAB content and level of sonication below
and above the critical micelle concentration (CMC).
Chapter 4 presents the materials used in the present work, the method and details of their
preparation and the experimental methods for their analysis. Chapter 5 presents the main results
of this work. As discussed above presents a nearly complete rheological study of the CNC
suspensions (sonicated) in the presence of a positively charges surfactant. Finally, Chapter 6
presents the main conclusions from this work.
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Chapter 4: Experiments
4.1 Materials
CNCs were purchased in spry dried from CelluForce Inc. (Montreal, Québec, Canada) with
a sulfur content of 0.89wt%, as reported by the supplier. CTAB with reported 98% purity was
purchased from Sigma-Aldrich. For making the surfactant solutions and CNC suspensions,
deionized (DI) water was used. According to the manufacturer, CNCs nominal length, and
diameter are 150 nm, and 7.5 nm, respectively, and therefore have an aspect ratio of about 20^45.
According to Solomon50 and Spicer, there exist three concentration regimes in suspensions, in the
non-interacting limit, i.e. 𝜑 ≪ 1/(𝐿/𝑏)# , 1/(𝐿/𝑏)# ≪ 𝜑 ≪ 1/(𝐿/𝑏) and 1/(𝐿/𝑏) ≪ 𝜑 that
corresponds to dilute, semi-dilute and concentrated regimes, respectively, where φ is the volume
concentration of the CNC suspension, L is the fiber length and b is the fiber diameter. Assuming
CNC density equal to 1600 kg/m3, the CNC volume fraction for the 5wt% samples mostly used in
the present work is estimated as 3.2vol%. Therefore, considering the aspect ratio of about 20, the
prepared samples are in the semi-dilute regime. In this concentration regime, each CNC has a few
direct contacts with its neighbours. However, Brownian dynamics of the suspension is a strong
function of the number density of floating particles influenced also by the electrostatic forces of
the negatively charges fibers giving rise to a plurality of rheological behaviour. Particle rotations
are hindered as the mean separation distance between CNC is less than the individual CNC fiber
length (150nm).

4.2 Materials Preparation
CNC suspensions with 5wt% concentration was prepared by dissolving 5g CNC powder
in 95ml DI water in beakers. Suspensions were stirred for 4 h to obtain homogenous suspensions.
Surfactant stock solutions of 5wt% were prepared to produce suspensions of CNC-surfactant of
various concentrations. To prepare a stock solution of CTAB, 5g of CTAB powder was added
progressively to a 100mL beaker containing 95g of DI water, while being stirred on a hotplate

11

immersed in a 50°C bath. The stirring continued for roughly 30 min until the CTAB powder was
fully dissolved and the solution stabilized.
Having the surfactant stock solutions, CNC samples with surfactants were prepared by introducing
20mL of CNC suspension into a 100mL beaker. Appropriate amounts of surfactant solutions
(ranging from 0.0219 to 1.1793mL for CTAB) were added to the beaker, while being stirred at
500rpm, to obtain the desired surfactant concentrations (0.2 to 2mM for CTAB). The stirring
continued for 2h followed by 1min of centrifugation at 1000rpm to remove bubbles. The samples
were stored for 12h before any further characterization to ascertain that the samples have
adequately recovered from any disturbances in their microstructure resulting from the shear
applied to the suspensions. Additionally, since factors such as temperature, pH of the solution, and
ionic strength of solution have a significant impact on surfactant adsorption, they were kept
constant for all samples studied51.
After the preparation of samples, sonication was applied on a 5wt% CNC suspension sample at
the input energy level of 500J/g. The sonication level was chosen to obtain a similar viscosity
profile of the 3wt% of unsonicated CNC suspension reported by Ranjbar and Hatzikiriakos17 with
that of 5wt% of sonicated samples in this study. One of the objectives of the current study is to
identify the effect of sonication on the performance of surfactants as rheology modifiers (gelation).
Sonication levels up to 5000 J/g were also applied to selected CNC-CTAB suspensions/gels to
study the full effect of sonication on the rheological behaviour of these suspensions.

4.3. Materials characterization
4.3.1 Zeta potential
The zeta potential of CNC particles (prior and after the addition of surfactants) was
measured employing disposable plain folded capillary zeta cells (Malvern Zetasizer Nano ZS).
The zeta potential was calculated from the electrophoretic mobility using the Helmholtz–
Smoluchowski equation at 25 OC. The concentration of CNC suspensions was 0.25 wt% in water
with up to 2 mM CTAB. All zeta potential data points were the average values of 3 measurements
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with 20 cycles per measurement. Zeta potential is measured by the formula blow where 𝒅𝒍𝒔𝒕𝒓 is
the slope of streaming current, 𝑑∆𝑝 is differential pressure, 𝜀 is dielectric coefficient of surfactant,
𝜀' is permittivity, L is length of the streaming channel, and A is cross section of the streaming
channel.
𝜁=

𝑑𝑙()*
𝜂
𝐿
×
×
𝑑∆𝑝 𝜀 × 𝜀' 𝐴

4.3.2 Rheology
Rheological characterizations were carried out using the MCR 502 (Anton Paar) rotational
rheometer equipped with parallel-plate geometry (50mm in diameter and gap size of 0.5mm) at
25˚C. A thin layer of mineral oil was applied to the periphery of the sample to avoid sample
evaporation during the experiment. To get consistent results the following protocol was used for
all rheological measurements. Before any rheological testing, and after loading the sample, a preshear of 400 1/s for 1min (shearing time) followed by 30min rest (recovery time) was applied
(constant shear rate from 200-700 1/s applied on sample to determine the optimised value for preshear) . The initial pre-shearing breaks all the flocs into nearly individual rods. The complex
viscosity after this initial pre-shearing reaches a certain level (using a time sweep at a small
frequency of 1 rad/s and strain amplitude of 1%), which implies that the suspension is in a nearly
fully disassociated state. A 30-min rest time was considered after pre-shearing to allow the
suspension to rebuild its structure. Rest times longer than 30 min did not increase the complex
viscosity and/or modulus further (using a time sweep at a small frequency of 1 rad/s and strain
amplitude of 1%), which was used as a way of checking the full recovery of the structure of the
CNC suspension.
Steady-shear was performed over the range of shear rates (𝛾̇ ) from 0.01 to 100s-1 to obtain the
viscosity of pure CNC suspensions and those with various amounts of surfactants. These tests were
performed in two ways, from low-to high shear rate (labelled as L-H) and from high-to low shear
rate (labelled H-L) by allowing enough time for each shear rate to reach steady-state monitored by
the shear stress level. Amplitude sweep experiments were performed at a frequency of 1rad/s to
determine the range of strains over which the samples exhibit linear viscoelastic (LVE) behaviour.
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These experiments provide useful information for the yielding behaviour of the various
suspensions as well. Creep testing on selected samples were performed to verify the yield stresses
obtained from amplitude sweep and steady-shear experiments. Frequency sweep tests were
performed over angular frequencies in the range from 0.1 to 100rad/s to determine the linear
viscoelastic moduli (loss and storage modulus) of pure CNC and surfactant-loaded CNC
suspensions.
𝛾(𝑡) = 𝛾𝜊 sin(𝜔𝑡)
𝜎(𝑡) = 𝛾 [𝐺´(𝜔) sin(𝜔𝑡) + 𝐺″(𝜔) cos(𝜔𝑡)]
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Chapter 5: Results and Discussion
5.1 Effect of CTAB concentration on zeta potential
Figure 1 displays the zeta potential of suspension of CNC with concentration of 0.25wt%
as a function of CTAB concentration. After increasing CTAB concentration to 0.2mM, zeta
potential decreases in absolute value from ~-55mV to -35mV due to screening the negative charges
of CNC by positive end groups of CTAB. This development sets the stage for colloidal instability
and gel formation in suspension of CNCs. Based on Figure 1, the trend in decreasing the zeta
potential is incremental and steady as opposed to that in the case of electrolytes such as NaCl
reported in the literature17,52. It is also interesting to note that around 1mM (point of micelle
formation), charge reversal occurs from negative to positive due to formation of micelles. Initially,
zeta potential trend from negative to zero can be ascribed to formation of hemimicelles, that is,
surfactant monolayers, at the expense of electrostatic adhesion between head part of CTAB and
CNC with negative charge. Then, once the concentration reaches to 0.05-25mM, mixed
hemimicelle forms through hydrophobic and electrostatic interactions between tails of CTAB
molecules. Ultimately, at higher CTAB concentrations, hydrophobic interaction leads to formation
of CTAB bilayers33,53. Therefore, at this stage, surface charge of admicelles becomes positive and
leads to positive reading of zeta potential13. The results of this section explain the rheological
changes with CTAB concentration that are discussed in subsequent sections.
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Figure 1. Zeta potential versus the concentration of CTAB for 0.25 wt % CNC suspension. The parallel lines represent error bars
associated with each data point; moreover, dashed line has been sketched to guide the eye along the direction of changes in zeta
potential.

5.2 Effect of pre-shear
The typical rheological experiment is composed of placing the sample in a reproducible
initial state, by applying a certain protocol and subsequently letting the sample to recover
autonomously its structure for a period of pre-defined rest time as discussed above. This is
necessary to generate reproducible results and diminish the effect of shear history on rheological
measurements. As discussed in section 2.1, samples were pre-sheared at 400 s-1 for 1 min and were
left to rest for duration of 30 mins to recover a quasi-similar micro-structure. Within this period,
through monitoring complex modulus and viscosity at small shear strain amplitude of 1% and at
low level of frequencies (1 rad/s), it was observed that system reaches to a nearly steady state
condition after approximately of 30 minutes (Figure 2). It appears that resting time of 30mins is
enough to let thermal motions reorient CNCs in vicinity of one another for reaggregation as
previously has been mentioned by many 54–56.
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Figure2 . Structure recovery after pre-shear: complex modulus, G* (ω) versus time using a strain amplitude of 1% and a frequency
of 1 rad/s for samples containing 1mM, 1.6mM and 2mM CTAB.

5.3 Effect of sonication and concentration on CNC suspension
To probe the impact of ultrasound energy input on the rheological behaviour of CNC
suspension, energy input ranging between 0 to 500J/g was applied to various loadings of CNC and
their steady-state shear viscosity was compared with results from Rajbar and Hatzikiriakos17. As
noted above one objective of this work was to compare the effect of surfactants on the rheological
behaviour of CNC suspensions with and without sonication at similar viscosity levels. Therefore,
we were investigating to obtain a viscosity match between 3wt% unsonicated17 CNC suspension
with 5wt% sonicated to a certain level which is determined below. Figure 3a shows the shearthinning behaviour for the suspensions of CNC 5wt% at different levels of sonication. The
unsonicated sample (3wt% CNC) shows a single shear-thinning regime, however, as the level of
sonication increases, the complex viscosity drops nearly two orders of magnitude at the sonication
input energy of 500J/g due to gradual breakup of agglomerates. At this level of sonication, the
viscosity profile shows first a tendency for a Newtonian plateau at low shear rates followed by a
shear thinning behaviour at higher shear rates, a tendency for a second plateau at high shear rates
(not seen here), typical of an isotropic sample. For higher shear rates a second shear-thinning
regime appears. These regimes have been shown more clearly at higher sonication levels16. The
appearance of a second plateau at intermediate shear rates implies liquid crystalline behaviour of
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CNC suspensions, which stems from the formation of chiral nematic phases (seen in Figure 3a)
for the highest level of sonication of 500J/g. At low shear rates, the alignment of chiral nematic
domains in the shearing direction results in a shear-thinning profile followed by a plateau at
intermediate shear rates with all domains oriented along the shearing direction17,57 At high shear
rates, the liquid crystal domains are destroyed by the applied stresses making it possible for every
single nanorod to align in the shearing direction. Inspecting the viscosity profiles, it can be
concluded that there is still room for breaking up of the agglomerates by sonicating the samples
beyond 500J/g. The size of primary particles can still scale down to lower values thus decreasing
further the viscosity profile and the viscoelastic moduli of the suspensions (shown below).
As it is visible in Figure 3a, there is a match between the viscosity profile of 5wt% sonicated at
500J/g with the unsonicated 3wt% suspension (Figure 3a). Therefore, experiments in this work
will be performed for 5wt% CNC sonicated at 500J/g17 and the results will be compared with those
reported in for 3wt% CNC unsonicated. This comparison will address the confounding effect of
sonication (mainly particle size) and surfactants on rheological properties. To further consolidate
our hypothesis that microstructurally 3wt% CNC unsonicated sample and 5wt% CNC sonicated
are almost the same, strain sweeps of the two samples were measured and depicted in Figure 3b.
As can be seen, the viscoelastic moduli match well particularly at low strains where linear
viscoelasticity prevails. However, there is a mismatch between non-linear rheological behaviour
of the two samples at higher strain amplitudes, as expected, due to the dynamics of floc breakup
at higher shear strain amplitudes.

18

10 6

10
9

10 4

G'' ,G'[Pa]

[Pa.s]

a

5wt%,
3wt%,
5wt%,
5wt%,
5wt%,
5wt%,

10 2

10 -2

500J/g
0J/g
300J/g
200J/g
100J/g
0J/g

10 -1

b

8
7
6

G' [Pa], 3wt%, 0J/g
G' [Pa], 5wt%, 500J/g

5
10 0

10 1

10 2

4
10 -2

G'' [Pa], 3wt%, 0J/g
G'' [Pa], 5wt%, 500J/g

10 -1

Shear rate [1/s]

10 0

10 1

10 2

strain amplitude[%]

Figure 3. a Steady-state shear viscosity (η), versus shear rate (γ ̇) for CNC suspensions 5wt% at various levels of sonication and
3wt% unsonicated at 25°C sketched on double logarithmic scale. b Storage modulus and loss modulus versus shear strain of
unsonicate 3wt% CNC, and 5wt% CNC sonicated at 500J/g sketched on semilogarithmic scale.

5.4 Effect of CTAB incorporation on viscosity profile
Figure 4a shows the effect of CTAB on the shear viscosity of 5 wt% CNC suspensions in
the presence of various amounts of surfactant (0-1.8 mM). The measurements in Figure 4a were
performed from low-to-high shear rate labelled as L-H while those in Figure 4b from high-to-low
shear rate labelled as H-L. Upon addition of CTAB, surfactant molecules are attracted to the
surface of CNCs from their hydrophilic head, due to the electrostatic attractions between the
positive head of CTAB and negative sites (sulfate ester groups) of CNCs. The attraction of CTAB
molecules to the surface of CNCs, due to screening of the charges, diminishes the repulsion forces
between nanoparticles and causes retraction of double-layer around CNCs17,58. Moreover, the
hydrophobic attraction between the tails of CTAB molecules contributes to attraction forces
between two individual CNCs. As a result, the CNC particles start to aggregate due to weak
attraction forces and the viscosity at low shear rates increases by more than 3 orders of magnitude.
It also noteworthy that there is a jump in viscosity values at CTAB concentration of ~ 1mM, i.e.
the point of CMC (discussed in detail below). In comparison to individual surfactant molecules,
CTAB in micelle form is compact and can act as a stronger coagulant as Kushan et al48 also pointed
out the same conclusion. Moreover, comparing the effectiveness of surfactant and simple
electrolyte ions (NaCl) in affecting structure of CNC gels, in Ranjbar and Hatzikiriakos17, a

19

comparison of zeta potential of CTAB-CNC and NaCl-CNC system revealed that approximately
an order of magnitude lower number of positive ions has to be added to the system to cause a
similar decrease in the absolute value of zeta potential. This observation reveals the different
arrangements of CTAB molecules in the diffuse layer of double layer as opposed to sodium ions.
It seems that an incremental increase in stress is required to initiate flow at various CTAB levels
(see Figure 4c and 4d). The structure does not saturate even at vicinity of 2mM CTAB
concentration, perhaps due to incomplete coverage of all CNCs by the surfactant molecules. In the
ref17, saturation happens at around 2mM of CTAB concentration for 3wt% unsonicated samples
and further addition of CTAB does not cause an increase in the stress levels of the flow curves.
The addition of more CTAB surfactant molecules leads to the formation of freely floating micelles
in the suspension that does not contribute to the CNC-CNC network in the case of unsonicated
samples. This interesting observation will be clarified and discussed later, once we compare the
stress values required for flow as a function of sonication and CTAB content.
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Figure 4. The shear viscosity and shear stress of CNC-CTAB gel/suspension with CTAB concentration of 0-1.8mM as functions
of shear rate (a: viscosity using the low-to-high shear mode, b: viscosity using the H-L shear mode, c: shear stress using the L-H
shear mod e and d: shear stress using the H-L). The shear ramp has been applied from 0.01 to 100 (labelled as L-H) and then
reversed (labelled as H-L) after shearing the samples at a shear rate of 400(1/s) for a period of 60 seconds.

Overall, considering the interactions between CNC particles and surfactant molecules in this
regime, aggregation is driven mainly by hydrophobic effects, minimization of surfactant tail-water
interfacial area through migration of the tail of the surfactant unimer from bulk water to the
assembly core with the simultaneous release of water of hydration, and an increase in the entropy
of the system. Equilibrium is achieved through the combination of electrostatic, ion-specific, and
hydration type interactions in the interfacial area between clusters of CNCs. Comparison between
Figure 4a (L-H) and Figure 4b (H-L) shows there is a difference between shear viscosity due to
different shear history, therefore, assessment of thixotropic behaviour of CNC-surfactant gel will
be the focus of the next section (section 3.4).
Figure 4c and 4d show the corresponding shear stress. Overall, all samples show shear thinning
behaviour after overcoming a yield stress unique to each CNC-CTAB hydrogel sample. At high
CTAB concentration the evidence of plateau at lower shear rates implies the existence of yield
stress which increases with increase of CTAB concentration. More details and discussion on yield
stress is presented in section 3.6.
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Figure 5. Linear viscoelastic characterization of CNC-CTAB solutions/gels for 3wt% and 5wt% CNC concentration and at
different CTAB concentrations and sonication energy. Storage modulus (G') and Loss modulus (G''), of CNC/CTAB solution has
been sketched on double logarithmic scale at different CTAB concentrations for strain amplitudes of 1% using a parallel plate
geometry (50 mm in diameter, and gap size of 0.5 mm) at 25˚C. Results of unsonicated samples reported in paper17 has been
sketched with solid symbols.

Figure 5 compares the results of current paper (5wt% CNC sonicated at 500J/g) with those in our
previous work17 (3wt% unsonicated) to address the relative importance of CTAB addition in
sonicated and unsonicated samples at a given initial viscosity profile. Clearly, even though earlier
it was shown that their rheological properties are similar in the absence of CTAB; after addition
of CTAB, the rheological properties of sonicated samples increase more due to the higher number
of individual CNCs that make use of more surfactant molecules in the network formation. It can
be concluded that sonication in conjunction with CTAB molecules creates an overall stronger
network. It is noteworthy to mention that qualitatively behaviour for sets of samples for all CTAB
concentrations is similar.
Exposing samples to higher level of sonications energy disperse the particle to smaller scales as
giant initial agglomerates breaks apart further with more input of sonication energy/duration.
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Figure 6, shows steady shear viscosity along side to corresponding stress that has been sketched
jointly on a double logarithmic scale.
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Figure 6. Steady-state shear viscosity (η), versus shear rate (γ ̇) for CNC suspensions 5wt% at various levels of sonication and
CTAB content at 25°C sketched on double logarithmic scale.

Figure 6c and Figure 6d reveal that at 2mM CTAB content, increasing the sonication energy, it
causes a further decreases in stress and viscosity respectively, when sonication increases from
2000 to 5000J/g.

5.5 Thixotropic behavior of CNC-surfactant gel
The rheological properties of thixotropic and shear-thinning fluids differ knowing that
thixotropic materials have a dependency on shear history. Currently, the generally accepted
definition adopted for thixotropic fluids, according to Mewis and Wagneris59 the decrease of
viscosity through the passage of time when a finite shear is applied to a sample that prior has been
at the quiescent condition and consequent recovery of viscosity in time when the shear is stopped
or decreased. At rest, the microstructure of thixotropic fluids goes through changes with time due
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to Brownian motions, a phenomenon that is referred to in the literature as

60,61

To assess the

thixotropic behavior of CNC-surfactant gels, initially and after the standard pre-shearing protocol,
the samples were sheared from 0.01(1/s) to 100(1/s), i.e. low to high (L-H); consequently the preshear protocol was applied again, and the samples’ shear viscosity was measured this time from
100(1/s) to 0.01(1/s), i.e. high to low (H-L). Results have been shown in sets, in Figure 7. Figure
7a shows the shear viscosity of pure CNC 5wt% sample going through the full cycle of shear
described earlier. Viscosity after pre shear at 400(1/s) (comparing H-L with L-H) shows an overall
increase that can be ascribed to CNC particles rearrangement and possible break up of
agglomerates because of the shear application, i.e. anti-thixotropic effect. In Figure 7, we also
observe that the addition of an increasing amount of CTAB has made the CNC-surfactant gel
increasingly less thixotropic. Due to the flexible backbone of surfactant that connects neighboring
CNCs together, the lower thixotropic behaviour of CNC gel as an increasing function of CTAB
concentration is expected. Moreover, the rate of return of CNC particles to their original
configuration due to their anisotropy also helps the structure retaining its original configuration.
Estimating the rate of return of rod-like particles such as CNC can be done using orientation
models originally developed by Folgar-Tucker62. However, discussion on kinematic of orientation
and reorientation of CNC as a function of shear rate is out of the scope of this study and will not
be discussed further.
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Figure 7. The shear viscosity of CNC-CTAB gel/suspension with CTAB concentration of 0-1.8mM sketched on double logarithmic
scale.

5.6 Linear viscoelasticity
Figure 8 depicts the rheological frequency sweep experiments in LVE over a range of
angular frequency (0.1-100rad/s). Figure 8a depicts the storage modulus of CNC samples in
presence of different concentrations of CTAB, while Figure 8b depicts loss modulus as a function
of frequency. Measurements have been adopted through the usage of low-to-high (L-H) shear
mode. For CTAB free suspension of CNCs, G˝ is greater than G´, which indicates that CNC in the
absence of the surfactant, system depicts dominant viscous character. This trend follows with an
overlap between G´ and G˝ for suspension containing 0.2mM CTAB. 0.2mM is threshold after
which, the system starts displaying viscoelastic gel like behaviour and continues to evolve by
adding more CTAB as G´ becomes greater than G˝ over the entire range of angular frequency. As
shown in Figure 8, the transition from gel-like behaviour to viscoelastic solid along with the
increasing gap between G´ and G˝ over a range of frequency commences at 1mM CTAB; at this
concentration G´ becomes completely independent from G˝. Ranjbar and Hatzikiriakos’s17 LVE
results for 3wt% CNC with the same amount of CTAB concentration displayed the same trend;
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however, CTAB loading required to impart similar changes were higher consistent with the results
presented in Figure 5.
Inspecting the report by Solomon et al.50 on structural differences between homogenous and
heterogenous rod fractal clusters might reveal the role played by CTAB molecules in making the
system more elastic. Due to interaction of CTAB molecules with CNC surfaces, through
manipulation of ionic strength of the medium and hydrophobic effects (due to, for example,
attractive van der Waals or depletion forces63) or effect of excluded volume (due to packing64,65),
the system falls into a regime in which interaction among particles dominate thermal forces, causes
the local mobility of particles to decrease. Hydrodynamic interactions among individual CNCs
also play a key role in gel formation66,67. The impact of packing or attractive interactions also
causes the mobility of individual particles to scales down to the order of the rod’s diameter.
Reaching this stage, causes the system to achieve kinematic arrest, which macroscopically
manifests as more elasticity and non-ergodicity. The rod’s gel is tightly packed network of particles
in which fully arrested dynamics has occurred due to strong attractive forces among particles.
Dynamical arrest in these cases can be assimilated to traffic jam example. Individual cars in a
traffic jam situation, although having the capacity to move at a faster pace than traffic, find that
their movement is severely inhibited by the neighbouring cars, a situation that is most like glassy
state of colloids. When the cars in such traffic are also glued to another, due to bulkiness of their
overall shape (in colloidal terms, formation of a cluster due to attractive interactions between
particles) their movement is slower as compared to individual cars. Both situations render the CNC
network non-ergodic.
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Figure 8. Linear viscoelastic characterization of CNC-CTAB solutions/gels for CNC concentration and at different CTAB
concentrations. (a) Storage modulus (G'), (b) Loss modulus (G''), of CNC/CTAB solution at different CTAB concentrations for
strain amplitudes of 1% using a parallel plate geometry sketched on double logarithmic scale (50 mm in diameter, 4°angle cone,
and gap size of 0.5 mm) at 25˚C.

5.7 Strain amplitude sweep to determine yield stress
Figure 9 shows the strain amplitude dependence of dynamic moduli (G¢ and G¢¢) of the
5wt% CNC (500J/g) samples containing 0-2mM of CTAB. Both storage and loss moduli are
independent of the input strain amplitude in the linear viscoelastic region (LVR) (Figure 9). The
storage modulus and loss modulus are strictly defined for LVR, and therefore their magnitudes at
larger strain levels can have vague physical meanings. However, through adapting a careful
analysis, the measurement of these two parameters at a fixed frequency can provide invaluable
information. Figure 9a displays the rheological behaviour of pure 5wt% CNC sample that depicts
dominant liquid-like behaviour over the entire strain amplitude sweep. In line with previous
results, the value of the plateau moduli in LVR increases with the increase in CTAB concentration.
In the presence of CTAB, G¢ > G¢¢ in all cases shown (Figures 9b-j) a condition that in small
amplitudes indicates the dominance of the solid-like behaviour for the 5wt% CNC samples because
of gelation in the presence of surfactant. However, in each case beyond a critical strain amplitude
gc, i.e., strain at which linear to nonlinear viscoelastic behaviour occurs, G¢ features a dramatic
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drop, while G¢¢ experiences a slight increase to reach a maximum value (overshoot) followed by a
dramatic decrease.
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Figure 9. Oscillatory amplitude sweep response of CNC 5wt% suspensions containing different amount of CTAB (0-2mM) for
strain amplitudes of γ_0=0.1-10000% at an angular frequency of ω=1 rad/s using parallel plate geometry sketched on double
logarithmic scale (5 mm in diameter, 4°angle cone, and gap size of 0.5 mm) at 25˚C. Storage modulus and loss modulus has been
designated with open symbol and solid symbols, respectively.

Four different types of viscoelastic nonlinearity are expected after surpassing the limit of the linear
viscoelastic regime68. Type I stream (strain-thinning) that is observed commonly in polymer melts
and suspension in which decrease of both G¢ and G¢¢ occurs in the nonlinear region as a result of
reduced drag at the local level through alignment of network constituents with the flow field; Type
II stream (strain-hardening) happens in cases where both G¢ and G¢¢ show increase in nonlinear
regime; Type III stream (weak strain overshoot) occurs where G¢ decreases, however, G¢¢ initially
increases and then decreases, and Type IV stream (strong strain overshoot) occurs where both G¢
and G¢¢ show an initial increase that is followed by a decrease.
Initially, samples up to CTAB concentration of slightly less than 1mM depict Type I stream
behaviour that is common for polymer melts and suspension in which network constituents align
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along the flow field. After surpassing 1mM concentration threshold, inspecting the behaviour of
G¢ and G¢¢ reveals initial drop in storage modulus of the CNC-CTAB samples as a function of
strain amplitude is concurrent with an initial increase in loss modulus which underscores that CNC
5wt%-surfactant samples depict the type III nonlinear viscoelastic behaviour (Figure 9). After
overshooting of G¢¢, the pace of decrease in G¢ occurs more severely as opposed to G¢¢ (Figure 9bf). Therefore, at the vicinity of critical strain amplitude (gc) at each CTAB loading, G¢ becomes
less than G¢¢, thus reveals solid to liquid transition because of breakage of CNC network at
sufficiently large deformation. The appearance of weak strain overshoot under large amplitude
oscillatory shear deformation is directly correlated to the sudden increase of energy dissipation of
hydrogel experiencing dynamic deformation over large strain amplitudes. The existence of this
maximum (known as the Payne effect) is an indication of the existence of yield stress. In fact a
sequence of processes start at the point where G¢¢ starts increasing (increase of dissipation showing
flow initiation) that is also the point where the stress ( G * )-strain g relationship deviates from
linearity35,69,70. The stress at the maximum value of G¢¢ has also been interpreted as yield stress,
essentially it indicates the beginning of destruction of the self-similar interconnected clusters
(Figure 9)36,37,39. The subject of yield stress will be analysed in more detail in following sections.
A comparison of G¢¢ behaviour with respect to strain amplitude in Figure 9 also reveals that
samples with CTAB concentration of more than 0.8mM display weak strain overshoot.
Furthermore, gel with CTAB concentration of 1.6mM displays the sharpest increase in strain
overshoot. Interpreting these experimental observations based on Sim’s model71, reveals that with
the addition of CTAB above CMC, network creation rate parameters increase till 1.6mM and then
displays a modest decrease. Abbasi Moud et al.31 also observed a similar trend in their CNC-salt
system, which suggests that both systems of CNC-surfactant and CNC-salt perhaps display the
similar microstructures. The overshoot in G¢¢ as a function of strain amplitude can be considered
a criterion describing visco-plastic fragility72.
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Moreover, the strain dependence of G¢ and G¢¢ for CNC (5wt%)-CTAB (0.6,1 and 2mM) at
different angular frequencies (ω = 0.5, 10.0, and 15.0rad/s) are shown in Figure S1. The
CNC/CTAB suspensions showed type III viscoelastic behaviour at all frequencies (see Figure S1),
indicating that the type of the inter-cycle viscoelasticity of the CNC/CTAB systems is frequency
invariant.
In comparison to shear measurement, SAOS measurements are advantageous as they are noninvasive at small deformation and they cause minimum disturbance to fluid structure73. In the
literature, there exist many ways to determine the yield stress from SAOS measurements; however,
there is no consensus as to how to determine the yield stress74. Yield stress analysis through the
analysis of critical strain amplitude gc and crossover strain amplitude gT concomitantly helps with
gaining further insight into the network of CNC-surfactant gel. The crossover strain amplitude is
defined as the point where G+ is equal to G′′ , which is nearly the same to the strain that G'' attains
a maximum (i.e. where the solid-like gel flows). The critical strain amplitude (yield point) is the
strain level where G+ decreases by 5% from the SAOS plateau. Between yield point and flow point,
the network starts to break at the microscopic level. Above the flow point the macroscopic flow
occurs due to long-range destruction of the network. Both gc and gT show increase before reaching
to 1mM CTAB, i.e. the point that CTAB surfactant molecules self assembles into micellar
structures (Figure 10). Figure 10 depicts changes in critical strain amplitude γ, (linear to
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nonlinear transition) and crossover strain amplitude γ- (solid to liquid transition) as a function of
CTAB concentration. We observe that both graphs in the vicinity of 1mM CTAB concentrations
show a maximum that is in line with previous observations that the nature of the network of CNCsurfactant is different below and above CMC. However, shear stress that depicts gradual yielding
of the network from τ, to τ- , displays that τ- - τ, grow larger as more CTAB is added into the
system. This comparison shows that system yield over larger strain domains when the
concentration of CTAB increases.
This observation is again in line with previous results, in which we found that the addition of
CTAB initially leads to network formation through bridging mostly. This trend continues until the
point of CMC. We observed that increasing CTAB concentration shifts the position of both gc and
gT to lower strain amplitudes (Figure 10) between 1mM and 2mM. This suggests that the formation
of a stronger network as a result of the incorporation of more amount of CTAB into the network,
that yields at smaller deformations (stiffer network)31.
Similarly, Chen et al.75 compared the rheological behaviour of CNCs in the aqueous solution of
poly(vinyl alcohol) (PVA) with flexible backbones and carboxymethyl cellulose (CMC) with
semi-rigid backbone. The authors reported type III behaviour for CNC/PVA ensemble, however
CNC/CMC displayed type I stream. They suggested that the display of type III behaviour for the
CNC/PVA system originates from the aggregated structure of CNC through adsorption of PVA
chains and simultaneous bridging effect. However, we believe in our CNC-surfactant system with
the same level of backbone flexibility, the formation of semi-stable structural complexes in
medium strain amplitudes causes the appearance of weak overshoot in G¢¢ versus strain amplitude
diagram (shear-induced structures72). This could be attributable to the decrease in the inter-particle
mean distance in suspension/cluster system through the application of shear force, thereby,
facilitating the network formation and leading to the formation of larger load-bearing junctions
(physical bonds). Brownian dynamic simulations of Moghimi et al.38 indicates that the structure
heals faster due to rearrangement of particles at low shear rates. In fact, an imposed shear flow
provides an external driving forces that accelerate local movements, including cluster and
individual particle rearrangements. It was observed that for low strain amplitude, oscillatory shear
induces short-range rearrangements inside the structure that increase the number of bonds over
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time, but the process does not change the structure significantly. In this shear regime, shear helps
the structures to heal more quickly.
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Figure 11. Oscillatory amplitude sweep response of CNC 5wt% suspensions containing different amount of CTAB (0-2mM) for
strain amplitudes of γ_0=0.1-10000% at an angular frequency of ω=1 rad/s using parallel plate geometry sketched on double
logarithmic scale (50 mm in diameter, 4°angle cone, and gap size of 0.5 mm) at 25˚C. The dashed line approximately designates
the area in which yielding occurs.

Figure 11 shows the shear stress as a function of strain amplitude sketched for samples with CTAB
concentration, ranging from 0-2mM for strain amplitudes of 0.01-10000%. Generally, the
attractive forces in simple fluids start to modify the stress response of the fluid when the strength
adhering particles to one another is strong enough to cause a dynamical arrest. In such cases, a 3D percolated network will form that coincides with the appearance of yield stress76. In CNC-CTAB
network appearance of such a percolated network occurred when CTAB concentration surpassed
0.2mM (See Figure 9a) as sample with 0mM CTAB content in Figure 11 displayed no yielding
point. Only after increasing CTAB content to 0.2mM, an apparent plateau appears in shear stress
versus strain amplitude. Criterion to differentiate between yielding and unyielding zone, is
knowing that the rate of deformation of the sample is almost constant in the unyielded zone, i.e.,
the stress ascends linearly with the applied strain, a well accepted signature for elastic solid
deformation regime (see the part of curves before the first dashed vertical line in Figure 11). After
increasing the CTAB concentration to higher loading levels, the system displays a complex

32

behaviour, i.e. appearance of a wide plateau, perhaps depicting local weak maxima implying
double yielding behaviour. Based on evidences presented here, it can be concluded that at high
CTAB concentrations (>1.6mM), CNC-CTAB network behaves as an attractive gel with
appearance of two yielding point corresponding to the formation of a 3-D network of CNC clusters
(two apparent local maxima appear in Figure 12 at the highest CTAB concentrations). The first
yield point is related to restructuring within the gel network, that enables the gel constituent (cluster
and individual particles) to flow past one another. The second yield stress is related to extended
demolishing of clusters with shear that leads to formation of a more homogenous suspension. The
second yield stress appearance diminishes at lower CTAB content (concentrations less than
0.6mM) as there is enough free volume for clusters to have freedom to pass each other and flow50,51
. It also stands out that increasing the CTAB content leads to extension of the yielding region and
appearance of strain stiffening region for particularly samples with CTAB concentration of more
than 1mM. Similar nonlinear behaviour was recently observed by Abbasi Moud et al.31 for a
similar system of CNC based hydrogel. We can also infer, knowing that there is a difference
between structure formed in CNC-CTAB hydrogel below and above CMC, that even below CMC,
percolated network has a measurable yield stress.
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Table 1. Yield stress analysis obtained through oscillatory and steady shear experiments. The determination of yield stress using
Herschel-Bulkley model as a function of CTAB concentration determined from the flow curves by the low-to-high (L-H) and highto-low (H-L) shear rate test modes.

CTAB

Tc [Pa]

TT[Pa]

conc.[mM]

Tmax

THerschel-Bulkley [Pa]

THerschel-Bulkley [Pa]

[Pa]

Static yielding

Dynamic yielding

(95% confidence bounds)

(95% confidence bounds)

0.2

0.02

0.5

2.52

0.4(0.3, 0.6)

0.3(0.2,0.4)

0.4

0.1

3.6

6.1

0.9(0.6,1.2)

0.8(0.5,1.1)

0.6

1.7

7.3

7

4.3(2.6, 5.9)

3.5(2.7,4.2)

0.8

1.9

20.2

24.2

12(9.6, 14.3)

7.8(6.8, 8.9)

1

8

29.9

26.7

25.1(24.8, 26.7)

29.1(28.7,29.6)

1.2

18.4

42

36

32.3(31.5,33.2)

37.6(37.4,37.9)

1.4

13.1

49.1

42

33.6(32.7,34.5)

42(41.5,42.5)

1.6

13.7

50.9

52.6

40.3(39.4,41.3)

53.7(53,54.4)

1.8

11.6

78.4

69.3

60.9(59.1,62.7)

51.8 (51.7,52.2)

2

8.3

82.5

80

53.5(52.3,54.7)

51.8(51.3,52.3)

Yielding in systems such as CNC-CTAB hydrogel network is complex. It has been demonstrated
experimentally that flow in amorphous matter, happens at the macroscopic scales in localized
zones. In fact, the existence of such zones has been reported in the literature, for the systems that
are sheared extremely slowly in computer simulations or confocal microscopy experiments77–79. It
has been observed that yielding occurs, mostly in the zones with lower number of particles that
leads to larger scale irreversible reconfigurations77–79 Authors believe, same microstructural
reconfigurations occur in CNC-CTAB gel once the system experience a certain threshold of strain
or stress. In line with these studies, Donley et al.72 in a recent paper has shown that overshoot in
the loss modulus, a phenomenon associated with plasticity and yielding, also known as Payne
effect, is due to the continuous transition from recoverable to unrecoverable strain from small to
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large strain amplitudes. It is obvious based on Figure 11, that there is no single yield point in
CNC-CTAB network, when specially CTAB content is more than 0.8mM, versus strain amplitude.
In fact, it appears there exist a continuum of rheological responses between the unyielded and
yielded samples. It appears that the traditional interpretation of solid like and plastic dissipation
are vague and oversimplified and a definition based on energy is more logical74. In fact, the loss
modulus is a composite parameter, that reflects both the fluid element and viscoelastic solid
element contributions. Binary yielding models, such as Bingham80,81, Herschel and Bulkley82 are
only approximation of the steady state behaviour and need proper adjustment to take into account
the concept of transient yielding. In the absence of an external driving forces, microstructural
elements of the gel are trapped in energy potential wells with different heights. If the applied
energy, is less than a certain threshold, here E< E1, the flexible structural constituent of the gel will
enter an extended state without alteration of the structure. When the force is removed, the material
maintains its pre-shear structure and structure at macro level and behaves as an elastic solid. When
the applied energy is in an intermediate level, here E1<E<E2, energy break the structure, however
the input energy is still weak enough for the particle to rearrange in a different configuration. When
the energy input is higher than a certain threshold, here E>E2, probability of recombining of
constituent is small and the system breaks down and flows. Energy cantered outlook of a yielding
system is called multiple energy landscapes and has been discussed previously in the work of
Sollich and Sollich et al83,84.
The crossover of G+ and G′′ has been used previously as one estimate of yield stress85 (previously
labelled as τ- ) and initial point of yielding τ, also can be used as the second estimate of yield
stress. Furthermore, the dynamic stress data can also be remodelled as the elastic component of
stress (G+ multiplied by the absolute strain and sketched against strain). The maximum in such
curve can also be interpreted as yield stress and here labeled as τ./0 86 and shown in Figure 12.
Ascending trend before the maximum point conforms well with expectations as increase in strain
amplitudes means higher Weissenberg number and more domination of elastic forces in
comparison to viscous forces. The lines in Figure 12b, represents yield strain and stress obtained
through oscillatory strain sweep experiment. Table 1 shows results of comparison from different
methods used in determining yield stress of CNC-CTAB network. It appears that at the lower
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CTAB contents, τ./0 falls out of the range of yield stress defined by τ, and τ- ; however, at higher
CTAB content it is very well positioned in the pre-determined range.
Due to thixotropic behavior of the sample until 0.8mM CTAB content a single yield stress value
cannot be extracted from shear ramp experiments (Figures 4a and 4b). Indeed two distinct yield
stresses can be found as previously reported by Mujumdar et al87 for fluids that display thixotropic
behavior. Initially, a static yield stress can be determined through fitting of the Herschel-Bulkley
model on flow curve data from low shear rate to higher shear rate, and a dynamic yield stress that
is result of fitting the same model on the flow curve when shear rate is descending from high to
low shear rates. In all cases, the static yield stress is generally higher than dynamic yield stress as
static yield stress is confounded with viscoelastic effects prior to material’s yielding88. However,
for samples with CTAB content of 1-1.6mM dynamic yielding was found to be slightly higher
than static yielding, due to possible more favourable quick arrangement of gel constituents after
gel break up during pre-shear experiment, and absence of thixotropic effects.
One of the most elementary models capturing yield stress fluid’s behaviour is the Herschel-Bulkley
model:
𝜎 ≥ 𝜎! ⇒ 𝜎 = 𝜎! + 𝐾𝛾̇ #

[1]

Where 𝜎1 represents yield stress of the fluid, and 𝐾 and n are the model parameters. Fitting this
equation to Figure 4c and 4d, leads to the last two columns in Table 1 that represent yield stress
obtained from fitting equation 1 on data displayed in Figures 4c and 4d. As it appears, static and
dynamic yield stress predicted by the Herschel-Bulkley equation is very well in the range of yield
stresses predicted through oscillatory experiments. Yield stress extracted from cross over of G+
and G′′ is higher than yield stress obtained from Herschel-Bulkley model as equality of G+ and G′′
indicates that there has been a significant amount of dissipation, therefore, material should have
yielded prior to this point89. Experimentally, Herschel-Bulkley has been seen to fit the
experimental data successfully well over several decades of shear rates in case of emulsions, foams
and microgels with acceptable level of reproducibility90. However, this method of yield stress
determination suffers from a few limitations. First wall slip can impact flow at low shear rates;
second, time dependent phenomena such as thixotropy impact the shape of flow curve and its
extrapolation depend at low shear rates on the pace that the shear rate is swept91 and; finally this
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method of yield stress determination is subjected to fitting protocol, exclusion of outliers, initial
flow instabilities and resolution of the rheometer. Readers are encouraged to read the report of
Dinkgreve et al89 for more thorough discussion on strong points and shortcoming of various
methods aimed at determining yield stress of complex fluids. Moreover, as it was shown in section
3.4, CNC-CTAB network almost loses its thixotropic behavior after addition of 0.8 mM CTAB.
This phenomenon can be seen in convergence of static yield stress and dynamic yield stress
calculated in Table1. The different behavior of CNC-CTAB in convergence of yield stress below
and above CMC, again shows that network is microstructurally different. Mewis and Spaull92
suggested that yielding occurs at a certain shear strain, as opposed to a certain yield stress. In that
case, [γ, (min) γ- (max)] can also be defined to locate the bounds on the strain required to yield
the hydrogel structure.

5.8 Relating steady and oscillatory shear for yield stress measurements
To create a connection between oscillatory and steady shear experiment’s yield stress
analysis, Figure 13 was sketched93. Figure 13 shows the same data as Figure 4; however, the
viscosity is depicted against shear stress. The dashed lines in Figures 13a and 13b, indicates
visually segments of the curves, at which viscosity goes toward infinity. To illustrate the yielding
transition, curves in Figures 13c and 13d has been divided into 3 distinct regions, i.e. I, II and III,
representing initial yielding point, apparent plateau, and second yield point, respectively. Same
analysis can be applied to data of sample with CTAB content of 1.8mM. Sample containing 1.8mM
displays narrower yielding in L-H experiment; however, 2mM samples shows the exact opposite
trend. However, samples with lower CTAB contents does not show double yielding transition,
therefore, existence of double yielding can be interpreted as a structure that is more complex and
heterogenous locally and globally as compared to samples with one yielding point. The region II
can be interpreted as cascade of stepwise yielding that is correlated to micro-yielding of localized
zones with different energy depth as described earlier. As expected, yield stress behaviour for
steady shear matches well with the data obtained through oscillatory analysis of yield stress, in
which, samples with higher CTAB content of 1.6mM show double yielding behaviour. Another
interesting point is appearance of double yielding for 1.8mM and 2mM samples during H-L flow
(See section 3.4) that shows aging of the sample has led to complete reconstruction of the network
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as CNC-CTAB hydrogel almost present identical linear and nonlinear rheological behaviour. One
shortcoming of steady shear experiment is their inadequacy to show yielding region akin to
oscillatory experiments as aside from 1.6-2mM samples, samples with CTAB content of 0.21.6mM only show one single yield stress. It appears that oscillatory experiments are richer and
provides a clearer picture of yielding transition as opposed to steady shear experiment. A point of
consistency, found between results of Figure 11 and Figure 13c-d, is the width of yielding region
that is consistently sharper for 1.8mM sample in comparison to 2mM. Moreover, oscillatory
method of yield stress assessment share similarity with dynamic yield stress of steady shear
experiment as both are labelled as dynamic yield stress94. Aligned with expectations, considering
data of Table1, it appears that τ, and τ- can successfully fully define the yielding region and be
considered a global criterion describing yielding transition. In fact, the yielding region can be
expected to be bounded by τ, and τ- as [τ, (min) τ- (max)], regardless of yielding assessment
criteria.
During start up flow experiment, with the help of Brownian dynamics, Moghimi and Petekidis95,
examined the effect of attraction strength and range of attraction on the yielding transition of
colloidal glasses, a study adaptable to current report as CTAB concentration influences both the
attraction strength and range of attraction. The initial rise in stress was correlated to energy storage
of the system, while second peaks were related to energy dissipation through cage melting and
plastic flow96,97. When a strong short-ranged attraction was added, an additional second yield stress
appeared at lower strain in both experiment and Brownian dynamics simulation. They also
observed the shift in stress peak to lower strains due to having stronger attraction between particles
leading to localization. Furthermore, in experiments, the location of second maxima extended to
larger strain with inclusion of attraction between particles, aligned with previous experiments36,39.
In our experiments we see the appearance of two yield points after the addition of 0.8mM CTAB;
however, steady shear only shows two yield stress after CTAB reaches 1.8-2mM. The position of
the second peak also extends to higher strains as more CTAB is added and stress requires for
appearance of second peaks is higher, i.e. an indication of strain stiffening that also implies that
cluster deformation takes more stress than breaking the links between clusters.
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Figure 13. The shear viscosity of CNC-CTAB gel/suspension with CTAB concentration of 0-2mM sketched on double logarithmic
scale (a: η vs τ (L-H), b: η vs τ (H-L), c: η vs τ (L-H) and d: η vs τ (H-L) as a function of shear stress. The set of pictures of c and
d re present same data of a and b but only when the samples are restricted to 1.8mM and 2mM samples. Dashed lines represent
asymptotic lines showing point at which viscosity approximately goes towards infinity.

5.9 Creep tests for yield stress
Creep testing was used to investigate the yield stress behaviour of hydrogels98 as a
validatory experiment for CTAB content of 1mM. Figure 14 shows the resulting strain as function
of various level of applied stress from 10-50Pa. The range of stress was chosen to include the
yielding stress values obtained earlier in Table1. Based on Table1, the sample with 1mM CTAB
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yields between 8 and 29.9Pa; therefore, levels of stressed chosen for creep experiment might reveal
the validity of the yield stresses obtained earlier. In Figure 14, in the intermediate levels of stress
samples in addition to recovered strain showed unrecovered strain that is correlated to passage
over yield stress of the material. For instance, at the end of recovery stage, for samples creeped
under stress of 30Pa the accrued strain was 71.4. Therefore, accumulation of 71.4 over period of
300s, even though at a slow rate, implies that yielding based on creep experiments, started at 30Pa,
and continued between 30-50Pa, in agreement with results of Table1. For large stresses, >37Pa,
the hydrogel is completely fluidized, and the deformation rapidly increases much faster than
viscous flow.
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Figure 14. Creep recovery experiment of CNC 5wt% suspensions containing 1mM CTAB as a function of time using parallel plate
geometry sketched on double logarithmic scale (50 mm in diameter, 4°angle cone, and gap size of 0.5 mm) at 25˚C.
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Chapter 6: Conclusions and Recommendations for future work
In conclusion, employing zeta potential measurements and rheology, we probed gelation
and rheological characteristics of CNC suspensions in the presence of CTAB. Results primarily
point to two different network structure of CNC below and above CMC of CTAB. Below CMC,
CNC-surfactant network is loosely connected by bridges formed through surfactant-surfactant
interactions, however, above CMC, network structure becomes stronger as charge screening of
surfactant micelles becomes the dominant mechanism driving gel formation of CNCs. CNCCTAB gels showed shear-thinning behaviour and analysis of linear viscoelastic properties of the
gel showed that after addition of 0.2mM CTAB to CNC suspension, G´ becomes greater than G˝
over the entire range of angular frequencies. Transitioning from gel-like behaviour to viscoelastic
solid-like behaviour along with the increasing gap between G´ and G˝ over a range of frequency
commences at 1mM CTAB; at this concentration G´ becomes completely independent from G˝.
Adding more CTAB into the gel did not change the storage modulus noticeably after 1mM.
Thixotropic behaviour analysis through shear ramps revealed that inclusion of CTAB as flexible
moieties decreased thixotropic behaviour of CNC gel. Strain sweep experiments revealed two
distinct microstructures below and above CMC of CTAB. Below CMC, critical strain amplitude
gc and crossover strain amplitude gT showed ascending trend with an increase in CTAB
concentration; however, after reaching to CMC, due to formation of a stronger network, gc and gT
decreased. Later we did an analysis on yield stress of CNC-CTAB gels using strain amplitude
sweep stress response, results showed that CNC-CTAB network displays initially after addition of
CTAB a network that has only one yield stress; however, after addition of 1mM CTAB, two yield
points appears. We came to conclusion that oscillatory mode of probing yield stress of CNC-CTAB
hydrogel is a clearer and richer technique for assessing yielding behaviour of the hydrogel as
compared to standard fitting of binary yielding models to viscosity versus shear data. We also
found that global yielding region bounded by τ, and τ- as [τ, (min) τ- (max)] can well put a bound
on yielding region in terms of stress required to cause irreversible damage to the hydrogel structure.
In parallel, yield strain as [γ, (min) γ- (max)] can also be defined to target the strain required to
yield the hydrogel structure. We also probed nonlinear rheological behaviour of CNC-CTAB
hydrogels at different frequencies and found that response of the system is frequency invariant. As
a recap, it was found, as is the case in many soft materials, instead of having a jump, single point
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structural breakup, the yielding process happens across a wide range of stresses and it is impossible
to define a single yield stress. Overall, rheology was found to be a versatile technique to assess the
evolving microstructure of CNC-CTAB gel.
As recommendations for future work the following are proposed.
1. The above work can be repeated by using a negatively charged surfactant (SDS) to compare the
relative effects with those of CTAB.
2. It will be interesting to study the synergistic effects of electrolytes (NaCl) with those of surfactants
(CTAB or SDS)
3. It has been observed in some cases that the experimental data implies the presence of a two-step
yield process. More concincing experiments are needed to study this.
4. Suspensions are subject to slip effects that is apparent slip close to interfaces due to
thermodynamically driven particles away from the interface. Such effects need to be assessed
thoroughly in order to recover the true rheological response of these materials.
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