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Synopsis

Colloidal particles are abundant in nature and the suspensions of these submicron par-

ticles have become an important part of soft condensed matter research. The collec-

tive behavior of these systems is determined by the interactions that exist between

the colloidal particles in their suspensions. These colloidal interactions can easily be

manipulated by external means to achieve desired bulk properties.

This thesis work reports experimental studies of the dispersibility, stability and

rheological behavior of aqueous suspensions of synthetic Laponite and natural Na-

montmorillonite clays. The primary clay particle, known as platelet, has negative

charges on its flat surfaces and pH dependent positive charges on its edge. In dry form,

these platelets form stacks, known as tactoids, with positive counterions in the inter-

calated spaces. In aqueous suspensions, these tactoids exfoliate into single platelets

with electric double layers on their surfaces. Due to screened repulsive interactions

between the anisotropic electric double layers, the effective excluded volume is much

higher than the geometrical volume of individual platelets. As a result, clay suspen-

sions exhibit spontaneous phase transitions from freely flowing liquids to kinetically

arrested, disordered glassy solids at particle volume fractions that lie far below the

jamming transition concentration of hard spherical particles. The interaction force be-

tween two platelets is a function of the interparticle separation, mutual orientations and

thickness of the electric double layers. Therefore, it is possible to tune the interactions
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Synopsis

between the clay particles externally by controlling the particle and ionic concentra-

tions in the dispersing medium and solution pH. Addition of appropriate amounts of

salt leads to attractions between the screened electric double layers, which can result

in the formation of volume-spanning network structures known as gels. Kinetically ar-

rested phases, such as glasses and gels, are also characterized by their aging behavior,

due to which the dynamics of clay particles slow down with time, leading to changes in

their bulk properties. Besides their obvious importance in fundamental research, aque-

ous suspensions of these clay colloids find wide applications in the pharmaceutical,

cosmetics, petroleum, coating, and food industries.

Chapter 1 of this thesis contains introductory material on colloids and colloidal

interactions in suspensions. The formations of glass and gel phases in these systems

are next described briefly. This is followed by a detailed description of the structures,

swelling and exfoliation processes of Laponite and Na-montmorillonite in aqueous

suspensions. Various phases that these clays exhibit at different particle and ionic

concentrations are also presented in detail. A general description of several rheological

models, including soft glassy rheology, is presented. The chapter concludes with a

short discussion on the rheological behavior of clay suspensions.

Chapter 2 describes the various experimental methods used in this thesis work.

The experimental techniques used here include rheological measurements, ultrasound

attenuation spectroscopy, electroacoustics, atomic force microscopy and cryogenic

scanning electron microscopy. Finally, a light-based, table-top setup for monitoring

the stability of clay suspensions is described.

Chapter 3 describes the exfoliation kinetics of Laponite tactoids in an aqueous

medium using ultrasound attenuation spectroscopy. The attenuation spectra measured

in the frequency range 3 − 100 MHz are used to estimate bimodal size distributions

of tactoids for different ages of clay suspensions in a concentration range where these

suspensions show glassy behaviour. A theory of equivalent spherical diameter of col-

loidal discs under Stokes drag is used to estimate the average thicknesses of these
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tactoids. This analysis shows that a substantial fraction of clay aggregates in suspen-

sion are tactoids that are composed of more than one platelet. This is understood in

terms of the enhancement of intertactoid Coulomb repulsions during the exfoliation of

clay aggregates with age of the suspension.

Chapter 4 describes the exfoliation behavior of Na-montmorillonite in aqueous

suspensions below and above the jamming concentrations using ultrasound attenua-

tion spectroscopy. It is seen, using a similar formalism developed in Chapter 3, that

complete exfoliation is not achieved even below the glass transition concentration.

Conductivity measurements in these suspensions are performed after varying the clay

mineral concentration. The measurements indicate that the repulsive interactions may

not be the sole factor for incomplete exfoliation of this clay. As the bulk concen-

tration of the hydrated Na+ counterions dissociated from the intra-tactoid spaces in-

creases during exfoliation, the osmotic pressure difference between the bulk phase and

the intra-tactoid space decreases with age. It is seen that this has a reverse effect on

the exfoliation kinetics and leads to a reduction in the exfoliation rate at higher ages

and clay concentration. This is verified by performing experiments after dispersing

Na-montmorillonite in brine water. It is found that the presence of excess hydrated

counterions in the bulk medium hinders the exfoliation process. The exfoliation of

clay aggregates is also studied in a condition where counterions are added after dis-

persing the clay minerals in deionized water. It is found that the size of tactoids in

this suspension increases before eventual saturation. This phenomenon is interpreted

in terms of a process of tactoid reformation driven by the reverse osmotic pressure that

is generated by the addition of counterions after dispersing clay. The influence of tac-

toid exfoliation on the suspension viscoelasticity and the stability of this natural clay

is assessed using rheometry and electroacoustics.

Chapter 5 describes the salt-induced morphological changes in Na-montmorillonite

gels and their macroscopic mechanical responses in oscillatory strain sweep experi-

ments. When the salt concentration in the dispersing medium is increased systemati-

cally, viscoelasticity and yield stress of the suspensions exhibit a monotonic increase
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Synopsis

upto a critical salt concentration before decreasing with the further addition of salt.

This signifies a morphological change in the dispersion microstructures across the crit-

ical salt concentration. We directly visualize the microscopic structures of these kinet-

ically arrested phases using cryogenic scanning electron microscopy. We observe the

existence of honeycomb-like network morphologies for a wide range of salt concen-

trations. The transition of the gel morphology, dominated by overlapping coin (OC)

and house of cards (HoC) associations of clay particles at low salt concentrations to

a new network structure dominated by face-face coagulation of platelets, is observed

across the critical salt concentration. Using electroacoustics, it is seen that these gels

are highly stable under gravity over a wide salt concentration range even above the

critical value of salt concentration.

Chapter 6 discusses the aggregation and stability behaviors of highly polydisperse

and charge-anisotropic clay platelets of Na-montmorillonite in aqueous suspensions at

a dilute concentration well below that required to achieve the glass transition. Using

light transmission method and electroacoustics, it is seen that these platelets are not

stable in salt-free aqueous suspensions in the dilute concentration regime and sedi-

ment under gravity with a particle concentration gradient along the sample height. The

addition of salt to the clay suspension results in the formation of weak gels. By directly

tracking the gel height with sample age using a light transmission method, it is further

shown that the addition of salt after dispersing the clay mineral results in more stable

gels even in very dilute suspensions. These weak gels are seen to exhibit transient

collapse after a finite delay time, a phenomenon observed previously in depletion gels.

The velocity of the collapse oscillates with age of the sample. However, the average

velocity of collapse increases with sample age upto a peak value before decreasing at

higher ages. With increasing salt concentration, the delay time for transient collapse

decreases, while the peak value of the collapsing velocity increases. Using ultrasound

attenuation spectroscopy, rheology and cryogenic scanning electron microscopy, we

confirm that morphological changes of the gel network assembly, facilitated by ther-

mal fluctuations, lead to the observed collapse phenomenon.
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Chapter 7 describes the stress relaxation behavior of Laponite suspensions under

applied step strains. Stress relaxation studies provide information about microscopic

structures when the interactions between the constituent particles are known. In this

study, the stress relaxation of clay suspensions are measured by varying particle and

salt concentrations in suspension, sample idle time (time since preparation), suspension

age and applied step strains. In the linear viscoelastic regime, all samples exhibit

stress relaxation with a single-step decay which can be modeled using the Kohlrausch-

Williams-Watt (KWW) function. The average relaxation times estimated from the

KWW fits are seen to follow a power law increase with the age of the suspensions in

this regime. On the other hand, under the application of nonlinear strains, a transition

from single-step decay to two-step decay of stress is observed with age in the salt-free

clay suspensions. The samples of varying ages are seen to exhibit power law decay of

stress at short times. The extent of the power law fits is seen to increase with sample age

upto a critical value of age. This critical value of age coincides with onset of the two-

step decay process. It is further observed that the average relaxation time decreases

with the increase in the applied step strains in the linear regime. On the contrary, the

relaxation time increases with the increase in the strain in the nonlinear regime.

Chapter 8 presents the influence of the initial aggregate size distribution on the ag-

ing dynamics and rheology of Laponite clay suspensions. The initial size distributions

of clay aggregates in concentrated suspensions are obtained by shear melting the clay

samples of different idle times with varying flow rates of filtration using porous mem-

branes of different pore sizes. The aging dynamics and jamming phase transitions of

the resulting suspensions are studied using oscillatory rheological measurements. It

is observed that the evolutions of the viscoelastic moduli with age after the filtration

of samples become faster, with time for onset of arrested dynamics shifting to lower

ages when the flow rate of filtration is increased and membrane pore size is decreased

systematically. The viscoelastic moduli in the linear viscoelastic regime, yield strains

and yield stresses determined form the oscillatory experiments exhibit monotonic in-

crease with increase in the filtration rate and with the decrease in the membrane pore
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Synopsis

sizes. These results indicate that a suspension with smaller aggregate sizes undergoes

a faster rearrangement process facilitated by the thermal fluctuations, which results in

the enhanced aging dynamics in the suspensions.

Chapter 9 summarizes the main results reported in this thesis and briefly discusses

the scope for future work.
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1
Introduction

1.1 Colloidal suspensions

A colloidal suspension is a multiphase system in which ‘small particles’ are dispersed

in a continuous medium [1]. The sizes of these ‘small particles’ (colloidal particles) lie

in the range 10 nm− 10 µm [2]. To be classified as a colloidal state, the dispersed par-

ticles have to be sufficiently small so that they are not affected by gravitational force,

but large enough to be distinguishable from the molecules of the dispersing medium

[1]. In general, both the dispersed particles and the continuous medium can be in gas,

liquid or solid form [1, 3]. This generates a wide variety of colloidal suspensions in

nature such as ink (solid in liquid), foam (gas in liquid), smoke (solid in gas), milk

(liquid in liquid), ruby glass (solid in solid) [4–10]. Due to the submicron sizes of

the colloidal particles, the ratio of the surface area to the volume per gram of a col-

loidal material is very large when compared to a bulk material. This is the origin of

many of the interesting bulk properties of colloidal suspensions. The finer details of

the chemical composition of the colloids are not important in this context. Colloidal
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1. Introduction

particles are sufficiently small such that their thermal fluctuations are very relevant. As

a consequence of the random collisions by the background particles of the suspend-

ing medium (gas or liquid), colloidal particles undergo random movement known as

Brownian motion which can be observed in experiments [11]. Usually, the thermal

energy of these colloidal particle is of the order of few kBT , where kB is the Boltzmann

constant and T is suspension temperature. Colloids find wide uses in the laboratory as

a model systems to study various phases of matter such as glasses, gels and crystals

[12–15]. Surface and shape modified colloidal particles can also be used as building

blocks to design various hierarchical structures [15, 16]. Given the size range of col-

loidal particles (10nm-20µm), colloidal suspensions can be studied in the laboratory

using various scattering and visualization techniques [17, 18].

1.2 Colloidal interactions

The nature of the colloidal interaction is very crucial for the microscopic organiza-

tion and the stability of colloidal particles in their suspensions [19]. Depending on

the nature of colloids and the suspending medium, various types of interactions may

exist between colloidal particles. The most important interaction in the context of this

thesis is the one that exists in suspensions of charged colloids with electric double

layers on their surfaces. The interactions and stability of such colloids in electrolyte

solutions are controlled by short range van der Waals attractions and the long range

screened Coulomb repulsions [1, 20]. These two interactions are together described by

the DLVO theory developed by Derjaguin, Landau, Verwey and Overbeek [21, 22].

1.2.1 van der Waals interaction

The van der Waals interaction acts between all atoms and molecules [23] and is at-

tractive in nature. Usually two atoms having permanent dipole moments can attract

6



1.2 Colloidal interactions

each other through dipole-dipole interactions [24]. However, such attractive interac-

tions, known as London dispersion interactions, can also arise between two neutral

atoms when transient dipole moments are induced by cooperative oscillation of elec-

tron clouds of two molecules at short distances [1, 25]. Total van der Waals attraction

between two colloidal particles is the sum of all the pairwise London interactions that

arise for all pairs of atoms in the two particles [26]. The effective range of this attraction

can vary from 0.1 nm to 10 nm [27, 28]. The strength of this interaction depends on the

dielectric properties of the colloidal particles and the liquid medium. For two parallel

plates, which is an approximately correct description of the clay platelets investigated

in this thesis, the van der Waals interaction energy is given as follows [29, 30]:

vvdW(d) = −
A

48π

[
1
d2 +

1
(d + δ)2 −

2
(d + δ/2)

]
(1.1)

Here, d is the half distance between two plates, δ is thickness of the plates and A is

a Hamaker constant which has a value of the order of 10−20 J (5 − 25 kBT ) [26].

1.2.2 Electric double layer interactions

Colloidal particles in suspension can acquire charges by several mechanisms such as

surface adsorption of surfactants [31, 32], isomorphous substitution [33–35], and ionic

exchange [36, 37]. The charged colloidal surfaces are surrounded by an equal amount

of counterions to achieve electrical neutrality. However, due to thermal fluctuations,

the counterions remain in a diffused state within a layer, which screens the charged

surface. The concentration of these counterions decreases with the distance from the

charged surface of the colloidal particles. This diffuse layer of counterions, together

with the surface charges, form the electric double layer (EDL) [1]. The distribution of

potential (φ) in the double layer is determined by the Poisson equation:

∇2φ = −
ρ

ε
(1.2)
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1. Introduction

where ρ is the volume density of charge and ε is the dielectric permittivity of the

dispersing medium.

In the diffuse charge layer, the number concentration ni of the ions of the ith species

is given by the Boltzmann equation:

ni = n0
i exp(−zieψ/kBT ) (1.3)

where ψ = φ − φ0 with φ0 being the constant potential in the bulk solution, e is the

electronic charge, zi is the valency of ith ion species and n0
i is the bulk concentration of

ith species.

Since, the volume density of charge is given by ρ =
∑

i nizie, Eqn. 1.2 and Eqn. 1.3

yield

∇2ψ = −
1
ε

∑
i

en0
i ziexp(−zieψ/kBT ) (1.4)

This equation is known as Poisson-Boltzmann equation and is the basis for un-

derstanding the electric double layer interactions. This equation can be solved after

linearization using Debye-Huckel approximation which assumes that electrical en-

ergy is small compared to the thermal energy i.e. |zieψ| < kBT . However, Eqn. 1.4

can be exactly solved for a flat surface in the presence of symmetric electrolytes

(zi = z+ = z− = z). In this case, the Poisson-Boltzmann equation in one dimension

with electrolyte concentration of n0 is given by [1]:

d2ψ

dx2 =
2n0ze
ε

sinh
(

zeψ
kBT

)
(1.5)

The solution of this equation at a distance x = d from the charged surface is given

by:

ψ =
4kBT
zeγ

exp[−κ(x − d)] (1.6)

Here, γ =
tanh(zeψ0)

4kBT with ψ0 = φs − φ0 where φs is potential on the particle surface

8



1.2 Colloidal interactions

Figure 1.1: (a) Schematic plot of a typical electric double layer interaction, VEDL (dashed
line), the Van der Waals interactions, VvdW (dotted line) and their sum, WDLVO, the DLVO
interaction potential (solid line) between two charged colloidal particles. (b) Plot of DLVO pair
interactions between two charged colloidal particles in an electrolyte solution as a function of
increasing salt concentrations (i→iv). The figure is adapted from [10]

and 1
κ

= ( εkBT
2e2n0z2 )1/2 is known as Debye screening length which is a measure of the

range of the electric potential of a charge screened colloidal particle. The magnitude

of Debye screening length decreases with increasing counterion concentration in the

medium.

The double layer interaction energy VEDL between two charged plates separated by

a distance 2d can be calculated using Eqn. 1.6 assuming a small double-layer overlap

(i.e. 2d > 1/κ) and is given by [1, 29]:

VEDL(d) =

(
64n0kBTγ2

κ

)
exp(−2κd) (1.7)

The electric double layer interaction is always repulsive which prevents the charged

colloids from aggregation.

1.2.3 DLVO interaction

The DLVO interaction between two colloids is simply given by

WDLVO = VvdW(d) + VEDL(d) (1.8)

9



1. Introduction

Figure 1.2: Phase diagram of nearly monodisperse hard sphere particles as a function of
particle volume fraction, φ. Solid arrows indicate equilibrium states and dashed arrows indicate
non-equilibrium states resulting from rapid quenching. This figure is reproduced from [2]

Here, VvdW(d) is the effective van der Waals attraction (Eqn. 1.1) and arises from

the pair interactions between all the molecules/atoms present in the two colloidal par-

ticles. VEDL is the repulsive interaction between the two screened colloidal particles.

A schematic plot of VvdW , VEDL and WDLVO as a function of the separation 2d between

two colloids is shown in Fig. 1.1(a) by dotted, dashed and solid lines respectively. The

DLVO potential exhibits a peak at a critical separation between two colloidal particles.

Flocculation is prevented when the height of the DLVO peak is higher than the thermal

energy of the colloids and is order of few kBT . Addition of counterions (salt) reduces

the repulsion between the colloidal particles and hence reduces the DLVO peak height

(Fig. 1.1(b)). As a result, the colloidal particles approach each other. At some critical

value of the salt, the particle surfaces get completely screened and the DLVO peak

disappears completely. This leads to the aggregation of colloidal particles.

1.3 Phases in colloidal suspensions

A suspension of hard sphere colloidal particles is the simplest model system to under-

stand the physics of the glass transition phenomenon [2, 38]. In a molecular glass tran-

sition process, a glass former such as glycerol and SiO2 is quenched rapidly below its

freezing point to avoid crystallization [39, 40]. The molecular glass transition is asso-

ciated with a rapid increase in the relaxation time, viscosity and heat capacity near the

glass transition temperature, Tg [39, 41–43]. At Tg, constituent particles in the system
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1.3 Phases in colloidal suspensions

undergo kinetic arrest within an extremely short duration and the viscosity of the sys-

tem increases to the order of 1012 Pa.s, preventing study of the dynamics of the particles

at the laboratory time scale. Such a difficulty can be overcome by mimicking the glass

transition using colloidal suspensions [13]. The structures, dynamics and mechanical

behavior of these systems can be studied using several experimental techniques such as

light scattering, microscopy and rheology that are difficult to adapt to molecular glasses

[18, 44–49]. The phase behavior of colloidal suspensions was first studied experimen-

tally in hard sphere colloidal suspensions by Pusey and van Megan [50, 51]. The phase

behavior in such suspensions is solely determined by excluded volume interactions

between the nonpenetrating hard spheres [52]. Fig. 1.2 shows the phase diagram of

nearly monodisperse (with small polydispersisty of 8%) hard spheres as a function of

volume fraction φ [2]. At equilibrium conditions, the suspension exhibits liquid state

for φ < 0.494, while it undergoes entropically driven liquid-crystalline transition at

φ > 0.494 (shown by solid arrow in Fig. 1.2)[50, 53]. However, when the system

is quenched rapidly (or equivalently, particle volume fraction is increased rapidly), a

supercooled phase arises for volume fractions 0.494 < φ < φg ≈ 0.58, whereas the sus-

pension exhibit glassy phase between φg < φ < φrcp ≈ 0.64 (shown by dashed arrow

in Fig. 1.2). Here, φrcp is the maximum volume fraction for randomly close packed

spheres and its value depends on the polydispersity of the particles [54]. Above φrcp,

the system exhibits domains of crystalline order. The packing volume fraction can

be further increased upto the limit for hexagonal close packing at φhcp = 0.74. The

presence of polydispersity in the hard spheres shifts the boundaries between liquid and

glass to slightly higher values [53, 55]. On the other hand, adding charges to the parti-

cles shifts the phase boundaries to substantially lower values [56–58]. For anisotropic

particles, the volume fraction for the glass transition depends on the particle shape and

polydispersity [19, 59–61]. However, depending on the volume fraction of particles, a

suspension of anisotropic particles of regular shape can also exhibit other phases such

as nematic or columnar phases [62, 63]. In case of colloidal particles with electric

double layer on their surfaces, the effective excluded volume is much higher than the
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Figure 1.3: Normalized shear viscosity (η/η0) as a function of volume fraction φ for a
typical hard sphere colloidal suspension. Here, η0 is the viscosity of the background medium.
The vertical dashed line shows the position close to the glass transition volume fraction. This
figure is reproduced from [2].

geometrical volume of the particles. As a result, the suspensions of these colloidal

particles exhibit glass transition at particle concentrations below the values required

for hard sphere particles [12, 46, 64–66].

In the glassy phase, a colloidal particle is arrested by its neighbors, a phenomenon

often described as caging [40] and the dynamics of the particles slow down by several

orders of magnitude [45]. As a result, the suspension viscosity increases drastically

at the glass transition concentration, φg, as shown in Fig. 1.3. This behavior is rem-

iniscent of the behavior of molecular glass formers which exhibit viscosities of the

order of 1012 Pa.s at the glass transition temperature [39]. Both the molecular glasses

and colloidal glasses, in principle, can be unjammed by applying sufficient load to

them. Based on these generic features of the glass transition in complex systems in-

cluding molecular glass formers, colloidal suspensions and granular matter, Liu and

Nagel proposed a three dimensional jamming phase diagram as a function of tem-

perature (T), load (σ) and inverse density (φ−1) Fig. 1.4(a) [68]. This phase diagram

suggests that jamming (glass transition) occurs when φ (number density of particles)

is increased above a critical value. However, the critical value of density varies de-

pending on the applied load (stress) and system temperature. This system can then be
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1.3 Phases in colloidal suspensions

Figure 1.4: (a) Jamming phase diagram proposed by Liu and Nagel et al. plotted in the
planes of inverse density φ−1, temperature T and load σ. (b) Jamming phase diagram for
attractive particles proposed by Trappe et al. in the planes of inverse density φ−1, kbT/U and
σ/σ0.[67]. Here, U is the attractive potential between two colloidal particles of diameter a and
σ0 = kBT/a3.
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unjammed by applying sufficient load or by increasing temperature. The boundaries

between the jammed and unjammed states is completely system dependent. At vol-

ume fractions below the glass transition concentration, the suspension of uncharged

or completely screened colloidal particles can also exhibit kinetic arrest through gel

transition mediated by attractive interactions [69]. A gel is a sample volume-spanning

three dimensional network in which particles are connected by attractive bonds [70].

For such attractive particle systems, the jamming phase diagram was later modified by

Trappe et al. [67] (Fig. 1.4(b)). In contrast to the phase diagram for hard spheres or

repulsive particles, the phase boundaries of the latter have opposite curvature due to

the attractive nature of the interparticle interactions. This phase diagram indicates that,

apart from the applied load and density (concentration), the ratio of the thermal energy

kBT and the attractive interaction U between particles is also important for jamming.

In the limit of a very low stress (load), low attractive interactions and high concentra-

tion, the system exhibits glass like amorphous behavior. On the other hand, in the limit

of strong attractive interactions at low stress and low concentrations, the system under-

goes irreversible aggregation. In the intermediate state, the system exhibits fractal-like

network structures [71]. The jamming phase diagrams discussed here include common

features of the kinetic arrest process seen in most complex fluids. However, they fail

to explain the shear induced jamming transition seen in cornstarch suspensions [72] or

the age driven kinetic arrest seen in clay suspensions [73].

1.4 Rheological behavior of soft solid materials

Glasses and gels exhibit very interesting viscoelastic properties which can easily be

tuned by controlling the interactions between colloidal particles. The elasticity in the

glass originates due to the caging effect, while the attractive bonds between particles

contribute to the elasticity in the gel phase [75–79]. The viscoelasticity of these soft

solid materials, characterized by elastic modulus G′ and viscous modulus G′′ in an

oscillatory rheological test, usually depends on applied frequency and strain (or stress)
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1.4 Rheological behavior of soft solid materials

Figure 1.5: Sketch of frequency dependence of elastic modulus G′ and viscous modulus G′′

in the linear regime of a typical soft solid material. The vertical dotted line shows the position
of the relaxation time (= 1/ωc) which usually lies much below the experimentally accessible
measurement window. This figure is adapted from [74].

[80–82]. Fig. 1.5 shows the viscoelastic response of a typical soft solid material at

varying frequencies of the applied oscillatory strain. At very low frequencies (long

measurement time scale), the material exhibits liquid-like behavior (G′ < G′′) and

both the moduli exhibit power law increase with frequency [81]. On the other hand,

at very high frequency (very fast measurement time scale), the material exhibits solid-

like behavior with G′ > G′′. The critical frequency ω = ωc, at which G′ = G′′ defines

the relaxation time (τ0 = 1/ωc) of the material.

It has been very difficult to describe the rheological behavior of complex fluids

using a unified theory. However, many of the common features such as those shown

in Fig. 1.5 have been successfully described by the soft glassy rheology (SGR) model

proposed by Sollich et al. [83] based on Bouchaud’s trap model [84]. According to this

trap model, a particle find itself in trap formed by its neighbors. These traps are dis-

tributed with varying energy depths E in a metastable potential landscape. Particles in

these traps formed by their neighbors undergo diffusive motion facilitated by thermal

fluctuations such that the particles frequently collide with their neighbors. Bouchaud
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assumed that the trapped particles can hop from one trap to another by thermal fluc-

tuations when activation energy, E ≥ kBT . However, Sollich et al. argued that kBT is

usually small compared to the typical trap depth E, which prevents hopping by thermal

agitation [83]. The SGR model, instead, assumes that the hopping process is facilitated

by long range interactions, in which rearrangement of particles in one region activates

particles in other regions of the potential landscape. The SGR model describes such

an activation process using a mean field temperature (or noise level) x. When a fi-

nite macroscopic strain γ is applied to the material, particles in traps experience local

strains l which can have a distribution according to the local particle arrangement. In

this situation, the activation energy reduces to E − 1
2kl2, where k is the local elastic

constant. The local yielding occurs when E ≥ 1
2kl2

y , where ly is the local yield strain.

Using the probability distribution of activation energy E proposed by Bouchaud’s trap

model for a mean field noise temperature x in the linear regime [84], the SGR model

infers that when the system lies above the glass transition (x > 1), both G′ and G′′ vary

with frequency as ωx−1 for 1 < x < 2 in the limit of low frequencies (below a cutoff

frequency ωc). Below the glass transition regime (x < 1) and in the low frequency

limit above ωc, G′ becomes almost independent of the frequency while G′′ varies with

frequency as ωx−1 [74].

Soft glassy materials exhibit two distinct regimes, linear and nonlinear, depending

on the extent of the applied deformation. In the linear regime, the microstructures

remain intact and the viscoelastic moduli (G′ and G′′) remain unchanged with the

applied strain or stress. In the nonlinear regime, where the applied strain is above

the yield strain value of the material, the constituent particles undergo irreversible

rearrangements leading to the destruction of the microstructures and, consequently, the

viscoelastic moduli become strongly dependent on the applied stress or strain. Many of

the soft glassy materials exhibit common rheological features in the nonlinear regime.

Storage modulus in this regime follows a power law decay of the form G′ ∼ γ−2ν1 while

the viscous modulus exhibits a peak before decreasing according to power law of the

form G′′ ∼ γ−ν2 . SGR model predicts the power law decay of the viscous modulus
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1.5 Sedimentation of non-Brownian particles

according to the form G′′ ∼ γx−2 in the limit 1 < x < 2. However, this model cannot

predict the behavior of the elastic modulus in the nonlinear regime. Miyazaki el al.

proposed a qualitative description based on the mode coupling theory (MCT) [82]. It

is assumed that the structural relaxation time of the complex system decreases under

nonlinear strains following a relation: 1/τ = 1/τ0 + K|γ̇n|, where γ̇ is the applied shear

rate, K and n are constants, and τ0 is the single relaxation time of the complex system

following the Maxwell model [81]. This approximation results in the observation of a

peak in viscous modulus at ω = 1/τ and power law decay of the moduli at high strains

in the nonlinear regime. For a material that can be described by the Maxwell model

with a single relaxation time τ0, the ratio ν1/ν2 becomes equal to 2 [81].

Interestingly, the gelation process in a suspension of weakly aggregating colloidal

particles exhibits remarkable similarity to the colloidal glass transition [67, 79]. Vis-

coelastic properties of many of the gel systems also show similar dependence on fre-

quency and strain of deformation [85, 86, 181] This indicates the ubiquitous nature of

the kinetic arrest and the SGR model, originally developed for glassy materials [88].

1.5 Sedimentation of non-Brownian particles

At low particle concentrations, colloids exhibit Brownian motion due to stochastic ther-

mal fluctuations that arise from the background particles of the suspending medium.

Stability of these colloidal particles under gravity depends on the competition between

the diffusion time scale τd and the sedimentation time scale τs. The stability of a par-

ticle of size a and density ρc in a medium of density ρm is usually assessed by the

dimensionless Peclet number Pe defined as follows [89]:

Pe =
τd

τs
=

4π(ρc − ρm)ga4

3kBT
(1.9)

Thus, in a suspension for which Pe << 1, the diffusion of particles dominates,

leading to a stable colloidal suspension [90]. On the other hand, a particle sediments
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under gravity when Pe > 1. These particles are known as non-Brownian particles.

A dilute suspension of non-Brownian particles undergoes sedimentation over time.

Smoluchowski in 1906 pointed out that sedimentation equilibrium of these particles

should follow the Barometric law for density of gases [91]. This law, when modified

for non-Brownian particles takes the form [92]:

n2 = n1e−
4NA
3RT [πa3δ(h2−h1)g] (1.10)

where n1 and n2 are the concentrations of particles at heights h1 and h2 respectively,

a is the radius of particles, Na is the Avogadros’s number, R is the gas constant, δ

is the density difference between the particle and the background fluid, and g is the

gravitational acceleration.

Perrin used Eqn. 1.10 to directly determine the value of Avogadros’s number, Na,

using suspensions of gamboge particles [93]. A sufficiently dilute solution of charged

particles with electric double layers also exhibits a similar sedimentation profile [94].

However, when concentration of the particles is increased, the sedimentation profile

deviates from Eqn. 1.10 and is found to satisfy this equation only within a short dis-

tance from the top surface of the suspension [92].

In the case of a single particle sedimenting in a fluid, the sedimentation velocity

is given by Stokes relation: vs =
2a2g.δ

9η [95]. For a multi-particle system with high

Peclet number, Pe, long range hydrodynamic interactions between particles as well as

back-flow of liquid in the sedimentation cell become very important [96–98]. Due

to this reason, fluctuations in the sedimentation velocities were observed around their

average values [97, 99]. The velocity fluctuations exhibit correlated regions in space

in the form of swirls, the sizes of which strongly depend on the particle concentration

and the size of the sedimentation cell [97, 100]. During sedimentation, various novel

phenomena such as size segregation in polydisperse particles [101, 102] and nematic

ordering in the sediment of anisotropic particles were also observed [103, 104].

We now discuss the sedimentation behavior of attractive particles in suspensions,
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1.5 Sedimentation of non-Brownian particles

Figure 1.6: Sedimentation state diagram in the plane of volume fraction (φ) and age t of an
aqueous suspension of calcium carbonate particles of average diameter 70 nm. tg is the gelation
time and tc is the time-scale associated with cluster diffusion. This figure is reproduced from
[105].

which is very relevant to the present thesis work. In the presence of attractive in-

teractions, both the Brownian and non-Brownian particles exhibit interesting stability

behaviors which depend on the particle concentrations and attractive strength [106].

Brownian particles in a suspension which were stable initially can sediment under

gravity due to cluster formation [107–109]. Fig. 1.6 shows a stability state diagram in

the plane of volume fraction φ and age t which is defined as the time since the loading

of the sample in the sedimentation cell. This diagram describes the common stability

behaviors of attractive particles in suspensions [105]. The coupling between aggre-

gation and sedimentation leads to an interesting stability behavior of suspensions of

attractive particles. The state diagram is divided into three regimes along the concen-

tration (φ) axis as follows:

(1) Cluster regime (φ < φc1): At particle concentrations below a critical gela-

tion concentration, φc1, particles exhibit diffusion limited cluster aggregation (DLCA)

under the influence of attractive interactions [110]. The cluster sizes increase with

increasing φ and t. The time scale, tc, associated with cluster sedimentation process
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decreases with decrease in cluster size. When t < tc, the suspension exhibit DLCA

without sedimentation. For t > tc, clusters sediment under gravity and coagulate fur-

ther during the sedimentation process [111].

(2) Slow and weak gelation regime (φc1 < φ < φc2): In this concentration regime,

clusters rearrange with time to form a volume-spanning gel network with weak con-

nectivity. The time scale, tg, associated with the complete gel formation decreases

with the increasing φ [105]. When t < tg, the suspensions contain diffusing clusters.

On the other hand, for t > tg, weak gels are formed which collapse collectively under

gravity with a clear liquid-water interface. Due to emergence of elasticity in the sys-

tem after gelation, fractures in a sedimenting gel may also occur during the collapse

process [112]. The rearrangements during the aging of weak colloidal gels can have

dramatic consequence on their stability behaviors. Weakly aggregating colloidal gels

can show delayed sedimentation. Such gels remain stable for a finite delay time before

showing transient collapse under gravity. This phenomenon has been widely studied

in polymer-mediated depletion gels during the last two decades [113–117]. However,

the origin of such behavior is still poorly understood. It is argued that colloidal parti-

cles undergo rearrangements facilitated by thermal fluctuations with age. This process

leads to the gradual formation of a gel with heavier network strands. The gel then

starts collapsing when its local yield stresses are overcome by the gravitation stresses

[115, 118, 119].

(3) Fast and strong gelation regime (φ > φc2): Particles form a volume spanning

network with strong connectivity immediately after sample preparation. These gels do

not sediment as the local yield stresses of the gel are always higher than the gravita-

tional stresses [120].

For this thesis work, we have used shape and charge anisotropic colloidal clays

such as Laponite and Na-montmorillonite. In aqueous suspensions, the clay particles

bear anisotropic electrical double layers (EDLs) on their surfaces. Aqueous suspen-

sions of these clay particles are excellent model sytems to understand the phase and
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1.6 Structure of a clay particle

Figure 1.7: (a) Schematic diagram of Na-montmorillonite tactoid exfoliation in an aqueous
medium. This figure is adapted from [34]. (b) Schematic diagram showing a 2:1 crystalline
structure of Na-montmorillonite platelet. The figure is adapted from [128].

rheological behaviors of suspensions of charged anisotropic particles [121, 122]. Be-

sides their use for fundamental studies, aqueous suspensions of clay minerals have

diverse technological applications such as in in oil-bore drilling [123], cosmetics and

personal products, in health and food products as stabilizers [124–126], and in non-

drip paints [127] due to their spontaneous aging, yielding and shear thinning proper-

ties. The structures of these clay particles, and the complex phases and rheological

behaviors of their aqueous suspensions are described briefly in the following sections.

1.6 Structure of a clay particle

Clay minerals are excellent model systems to study the phase behavior of anisotropic,

charged colloidal particles [46, 76, 129–135]. Clay minerals, or ‘clays’ in short, belong

to the phyllosilicate group having ’leafy’ or layered structures (Fig. 1.7)(a). There is

a great diversity in the structures and compositions of naturally available clays. Clay

minerals such as kaolinite, illite, bidellite, mica and saponite are naturally available

in abundance in nature [136]. The two particular clays we have used as model sys-

tems in this thesis work are Na-montmorillonite and Laponite. Na-montmorillonite

21



1. Introduction

is a naturally available clay mineral extracted from volcanic ash while Laponite is a

synthetic designer clay. These clays are also known as smectites and are character-

ized by 2:1 phyllosilicate structures. A unit phyllosilicate layer, known as a platelet,

consists of an aluminum octahedral (AlO6) sheet sandwiched between two tetrahe-

dral silica (SiO6) sheets (Fig. 1.7)(b). The oxide anions at the apices of the tetrahe-

dral subunits are directed inward where they are surrounded by the interior aluminum

atoms, thereby forming the octahedral subunits of the octahedral layers. The bond-

ing between the interior oxide anions and the cations in both the tetrahedral and the

octahedral layers link the sub-layers together forming a unit layer with thickness of ap-

proximately 0.96 nm. The lateral size of the Na-montmorillonite unit layer (platelet)

may vary from a few tens of nanometers to several micrometers and displays the unique

sheet/lamellar structure characteristic of clay samples [137, 138]. These platelets carry

permanent negative charges on their surfaces (known as basal planes) due to the iso-

morphous substitution of some of the Al ions in the octahedral layer by Mg and Fe

ions. The idealized formula of this mineral when Al ions are replaced by Mg ions

is Na+
x [(Al2−xMgx)Si4O10(OH).nH2O]− [136]. Natural clays have both octahedral and

tetrahedral substitution and this plays a vital role in unit layer interactions, orienta-

tion and swelling. The heterogeneity of the basal surface charge distribution on clay

sheets due to random isomorphous substitution results in very complex arrangements

of sheets in its dry form as well as in aqueous suspension. The total negative charge

on these surfaces is compensated by exchangeable sodium counterions localized in the

interlamellar spaces between two successive sheets. The van der Waals interactions

between unit layers lead to a disordered stacking of the sheets containing counterions

and adsorbed layers of water molecules from the ambient environment. One mono-

layer of water molecules in the intercalated space corresponds to a c-spacing of 1.25

nm. These stacks of clay sheets are known as tactoids and occur in different shapes

and sizes. In dry powder form, these tactoids associate to form large aggregates or

granules. Laponite displays crystalline structures that are very similar to those in Na-

montmorillonite with the exception that there are Li ions in the octahedral position in
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1.7 Swelling and exfoliation of clays

Figure 1.8: (a) A single Laponite platelet (b) Schematic diagram showing a 2:1 crystalline
structure of Laponite platelet. The figure is adapted from [126].

its unit layer structures as shown in Fig. 1.8(b). Mg ions replace some of the Li ions

isomorphically leading to negative charges on the basal surfaces [139]. The structural

formula of Laponite clay is Na+0.7[Si8Mg5.5Li0.3O20(OH)4]−0.7 [126]. In contrast to

the Na-montmorillonite platelets which are flexible, very irregular and polydisperse in

their sizes and shapes, the Laponite platelets are rigid, have very regular circular disc

shape and are almost monodisperse (sizes between 25 − 30 nm) [140].

1.7 Swelling and exfoliation of clays

When dry clay granules are added in water, the clay tactoids swell and exfoliate due

to the absorption of water in the intercalated spaces. Two main mechanisms are found

to be responsible for the tactoid swelling process, namely, crystalline swelling and

osmotic swelling [141]. In the process of crystalline swelling, water molecules hydrate

the Na+ counterions as well as silicate layers. The affinity of water molecules to the

negatively charged silicate sites is higher than its affinity to the counterions. As a result,

water molecules get adsorbed layer by layer on the silicate basal surfaces, thereby

increasing the interlayer distance. This process is very fast. The next step involves

the hydration of Na+ counterions by the excess water molecules inside the interclated

space. This leads to high osmotic pressures of the hydrated counterions which diffuse
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out of the clay tactoids. This makes the negative basal surfaces repel each other, leading

to further separation. The distance between the platelets further increases when the

repulsive force between the negatively charged basal surfaces overcomes the interlayer

van der Waals attraction. This results in the exfoliation of tactoids into smaller entities

[136, 142–144]. Since the hydration of counterions and their subsequent release from

the tactoid is diffusion limited, the process of osmotic swelling and the subsequent

exfoliation is slower than crystalline swelling and depends on the lateral size of the clay

tactoids. Due to the wider lateral sizes of Na-montmorillonite tactoids, their exfoliation

process is slower than that for Laponite tactoids.

1.8 Interactions and phase behavior of clay

platelets in aqueous suspensions

The knowledge of interactions between the anisotropic clay platelets in aqueous sus-

pensions is very important in understanding their phase transitions and rheological be-

haviors. As described earlier, a clay platelet has dissimilar charges on their surfaces and

edges. At natural pH value (nearly 10 for Laponite and 7-9 for Na-montmorillonite),

the edges of a platelet have weak positive charges [139, 145]. Spillover of the nega-

tive potential onto the edges is an important aspect of clay platelets. The extent of the

spillover depends on the basal surface area. In case of the Na-montmorillonite platelets

which have wide lateral size (∼ 450 nm), the spillover leads to an effective negative po-

tential on the edges [146]. In contrast, the extent of spillover in the case of a Laponite

platelet is negligible due to its much smaller lateral size (∼ 30 nm). The addition of salt

to the dispersing medium leads to the screening of the negative charges on the basal

surfaces of clay particles, which, in turn, decreases the spillover effect substantially.

Furthermore, a decrease in the pH below the natural pH value increases the number

of positive edge charges. This, in turn, leads to an effective positive potential on the

edges.
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Figure 1.9: Two interacting parallel charged platelets in (a) stacked and (b) coplanar config-
urations correspond to minimum and maximum repulsion, respectively, for an equal center to
center distance. The figure is adapted from [147].

Figure 1.10: Associations of two clay platelets with negatively charged faces (indicated by
red) and positively charged edges (indicated by blue). (a) Overlapping coins (OC) configuration
(b) House of cards configuration (HoC) (c) Face-face stack. The figure is adapted from [148].
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Before discussing the collective behavior of clay platelets in suspension, it is very

important to understand the interactions and associations (configurations) which mini-

mize the potentials energy between two clay particles at different ionic concentrations

and pH values in the medium. Unlike charged spherical colloids, the interaction po-

tential between two clay platelets depends on their mutual orientations and the na-

ture of the edge charges [149]. Many theoretical and simulation studies have been

performed to find the equilibrium configuration between two platelets by considering

an anisotropic interaction between them for different conditions of surface and edge

charges [121, 147, 148, 150]. When the surfaces and the edges have negative poten-

tials, the stack configuration (Fig. 1.9 (a)) is favored when compared to the coplanar

configuration (Fig. 1.9 (b)) for an equal center to center distance [147]. The clay parti-

cles can make attractive bonds when the edges have positive potential at low pH and in

the presence of salt. Different configurations for attractive bond formation are possible

depending on the degree of screening of the basal negative charges under the condition

of equal density of charges on the edges and basal surfaces [148]. The overlapping

coin (OC) configuration is found to be favorable for low screening of the basal neg-

ative charges by low concentrations of salt which slightly exposes the positive edges

[148]. In the OC configuration, the positive edge of a platelet attaches to the nega-

tive basal surface near the edge of another platelet in a parallel fashion (Fig. 1.10(a)).

At intermediate salt concentrations, where negative charges are screened further, the

house of cards (HoC) configuration is most favorable. In this configuration, the pos-

itive edge of a platelet attaches attractively to the central negative part of the basal

surface of another platelet (Fig. 1.10(b)). At very high salt concentrations, the basal

negative charges get completely screened. The van der Waals attraction dominates in

this situation, resulting in face-face stack formation (Fig. 1.10(c)). Such transitions

between different configurations occur smoothly with increasing salt concentration.

In a suspension with many clay particles, pure OC, HoC or stack configurations

are not observed. However, one of these configurations dominates depending on the

clay and salt concentrations [151]. In the last few decades, aqueous suspensions of
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Figure 1.11: Phase diagram of Laponite suspensions proposed in a recent review article
by Ruzicka et. al. [131] with data from several previous studies obtained using different
methods for large waiting times. In the figure, VI, LS, SLS, DLS, SAXS and SIM refer to visual
inspection, light scattering, static light scattering, dynamic light scattering, small angle X-ray
scattering and numerical simulations respectively. Details of the other references mentioned in
the figure can be found in [131].

Laponite and Na-montmorillonite have been studied in great detail and various phases

such as gels, glasses and nematic phase have been reported in the literature [14, 30, 46,

104, 129, 131, 135, 142, 147, 152–156]. In the gel phase, clay particles form a volume

spanning network though attractive bond formation between particles. In the glass

phase, clay particles remain self-suspended and are stabilized by screened Coulomb

repulsions [129].

Recently, Ruzicka et al. presented a revised phase diagram (Fig. 1.11) for Laponite

clay suspensions in a study that was based on previously reported results [131]. The

phase diagram reports the behavior of Laponite suspensions for large waiting times

after sample preparation. Initial studies by Ruzicka and coworkers using dynamic

light scattering (DLS), small angle X-ray scattering (SAXS), simulations and dilution
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methods show that salt-free Laponite suspensions have gel-like morphology for con-

centration Cw < 1.8 wt% and repulsive glass-like or a Wigner glass structure stabilized

by repulsions between particles at higher concentrations [157–159]. Further investiga-

tions by Ruzicka and coworkers show that salt-free Laponite suspensions of concentra-

tions Cw ≤ 1 wt% phase separate into clay-rich and clay-poor phases when observed

for several years, while suspensions with concentrations 1 wt%< Cw < 1.8 wt% give

rise to formation of equilibrium gels which remain stable for long times [160].

At higher concentrations Cw > 1.8 wt%, repulsions between the clay platelets be-

come significant due to the decrease in the interparticle distances. There is a widespread

debate in the literature on whether the platelets remain stabilized by repulsive interac-

tions (repulsive glass) or they reorient with time to form attractive bonds (gel) in this

concentration regime [130]. Dilution experiments on seven days old 3 wt% salt-free

Laponite suspensions by Ruzicka et al. [159] and dynamical investigations using DLS

in freshly prepared Laponite suspensions with concentrations in the range 2−3.5% w/v

by Saha et al. [30] indicate that the influence of edge-face attractive interactions cannot

be ignored even at higher clay concentrations. Very recent observations by Ruzicka et

al. indicate that a repulsive glass phase can exhibit a slow transition to an attractive

glass phase in which particles forms aggregates such as disconnected house of card

structures [161]. At the highest concentrations explored, formation of a nematic phase

is reported in the literature by birefringence studies [162, 163].

Addition of salt to clay suspensions induces attractions between the clay particles.

When salt concentration Cs is increased to a value above 1 mM, Laponite suspensions

of low concentrations (Cw < 0.3 wt%) undergo phase separation with time, while

suspensions with higher concentrations form gels [122]. At salt concentration above

20 mM, Laponite suspensions exhibit phase separation [162, 164]. The suspension

behavior for Cs > 3 mM and Cw > 2 wt% is not yet clearly known [131].

Depending on the source, natural Na-montmorillonites have different particle size

distributions, surface charge densities and points of zero charge for the positive edges

[165]. Due to this reason, the ranges of clay and salt concentrations for the formation
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1.8 Interactions and phase behavior of clay platelets in aqueous suspensions

Figure 1.12: Phase diagram of Wyoming Na-montmorillonite proposed by Abend and La-
galy [135].

of glass and gel phases in aqueous suspensions vary for Na-montmorillonite obtained

from different sources [166]. Fig. 1.12 shows a typical phase diagram of Wyoming Na-

montmorillonite proposed by Abend and Lagaly [135], which is qualitatively very sim-

ilar to the Laponite phase diagram. Some differences arise due to the strong spillover

effect of the basal negative potential onto the edge of the platelet [146]. At extremely

low ionic strengths (10−5 ml/l, no added salt), the clay suspension exists in a sol state

upto a clay concentration of 3.5% w/w. Above this, the Na-montmorillonite suspen-

sions exhibit a repulsive gel (Wigner glass) phase stabilized by the repulsive interac-

tions between clay particles. Addition of salt at clay concentrations above 3.5% w/w

reduces the interparticle repulsions, resulting in a transition to the sol phase. Such

re-entrant behavior can be clearly seen in Fig. 1.12 upto ionic strengths of 0.05 ml/l

for a clay concentration of 4.5% w/w. Above ionic strength of 0.1 ml/l, an attrac-

tive gel is observed for all clay concentrations. There are several studies showing

that Na-montmorillonite platelets undergo nematic ordering in the absence of the salt
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1. Introduction

Figure 1.13: Evolution of the relaxation time (τQ) with age (tw) of an aqueous Laponite sus-
pension at a concentration of 3.0 wt% measured by dynamic light scattering (DLS) at Q=0.022
nm−1 (full squares) and X-ray photon correlation spectroscopy (XPCS) at Q=0.10 nm−1 (full
circles). The data obtained using XPCS by Bandyopadhyay et al. [64] at the same concen-
tration is also plotted (empty circles). The relaxation times exhibit exponential and power law
behaviors with tw at small and large tw, respectively. The figure is reproduced from [168].

[104, 154, 167] and at even lower concentrations in the presence of hydrodynamic

flow [155] in suspensions in the concentration range of 2 − 3.5% w/w. It should be

noted again that the exact concentration range of such behavior strongly depends on

the particle sizes and their surface charges [154]. It is argued that such nematic or-

dering possibly arises due to the presence of negative potentials on the edges of clay

platelets, which favors face-face ordering of clay particles (Fig. 1.9) [147].

1.9 Aging and rheological behaviors of clay

suspensions

When a clay suspension, initially in a liquid like-state, approaches a glass or a gel

phase, the dynamics of the particles slow down with time leading to an increase in its
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1.9 Aging and rheological behaviors of clay suspensions

Figure 1.14: Evolution of elastic modulus G′ and viscous modulus G′′ with age of a 3% w/v
Laponite clay suspension.

relaxation time. This process is known as physical aging and progresses even in the

arrested state. Aging in these systems occurs by the spatially and temporally corre-

lated local rearrangements of particles that can overcome local energy barriers, with

the system exploring progressively deeper energy wells in phase space [64, 168–172].

Fig. 1.13 shows the variation of average relaxation time τQ with age tw of Laponite

suspensions of concentration 3% w/w [168]. Initially, τQ grows almost exponentially

with age. At higher ages, the dynamics slow down further and the τQ typically shows a

power law behavior with tw [64]. It is believed that the particles trapped in metastable

states slowly rearrange to reach the local minima of the complex potential landscape

that exist in a concentrated clay suspension [75]. Particles are trapped in cages formed

by their neighbors and the rearrangement process occurs through cage diffusion which

gives rise to cooperative rearrangement processes over large spatial extents [75]. Saha

et al. recently established that the inverse of age, tw, of a clay suspension is equivalent

to the temperature, T , of a supercooled liquid that can be quenched to a glassy phase

by rapidly decreasing T [46]. This analogy is extremely useful in understanding the

glass transition process in supercooled liquids using clay suspension as a model system

[30, 173, 174].
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Aqueous suspensions of clays exhibit interesting rheological behaviors including

thixotropy, yielding, shear thinning and viscoelasticity under different applied stress-

strain conditions [135, 175–177]. The aging process, which arises from a combination

of the tactoid exfoliation process and the modification of the Debye layers with time

due to the diffusion of the exposed Na+ counterions, has a strong effect on the rheolog-

ical behavior of the clay suspension [176, 178]. This leads to increase in the viscoelas-

tic moduli with age of a freshly prepared clay suspension as can be seen for 3% w/v

Laponite suspension in Fig. 1.14. The clay suspension initially exhibits liquid-like be-

havior (G′ < G′′). Both the moduli increase with time after an initial quiescent period

and show a crossover with further increase of suspension age. The point of crossover

defines the apparent transition time to a kinetically arrested phase. Similarly, all other

rheological properties of clays such as thixotropy, stress relaxation, creep and shear

thinning behaviors become strongly age and shear history dependent [179]. On the

application of stresses above a yield value, the elastic and viscous moduli of these soft

solids decrease and the suspensions eventually flow like fluids. Once the applied stress

is removed, the suspension gradually recovers its jammed state [49, 180].

Kinetically arrested phases of aqueous clay suspensions exhibit soft glassy rheol-

ogy (Fig. 1.15 (a)) typically observed in colloidal glasses and gels [83]. Fig. 1.15 (a)

shows that the elastic modulus G′ of the suspension is almost frequency independent

and is much larger than the viscous modulus G′′. On the contrary, the G′′ values are

weakly dependent on the applied shearing frequencies. Fig. 1.15 (b) shows the typical

response of a kinetically arrested clay sample under varying amplitudes γ of an os-

cillatory strain at a constant applied frequency. The range of γ, where the mechanical

moduli show constant values, is defined as the linear viscoelastic (LVE) regime. In this

regime, G′ is much higher than G′′. The LVE regime is followed by a yielding regime

above a yield strain γy. For γ > γy, G′ decreases monotonically while G′′ shows a

peak at γp before decreasing monotonically due to the destruction of the sample’s mi-

crostructures under high strains. The peak almost coincides with the crossover point

between G′ and G′′ after which the suspension goes to a liquid-like state under high
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1.9 Aging and rheological behaviors of clay suspensions

Figure 1.15: (a) Variation of elastic modulus G′ and loss modulus G′′ with applied oscilla-
tory frequency at strain amplitude γ = 0.1%. (b) G′ and G′′ as a function of amplitude γ of
an oscillatory strain. The vertical dotted and dashed lines indicate the position of yield strain
γy and position of γp respectively. The position of γy is determined following the method
described in [181].
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strains. Above the crossover point, both moduli decrease following power laws under

high applied strains. For the clay suspensions studied here, the different kinetically ar-

rested phases such as glasses and gels exhibit qualitatively similar rheological behavior

in their linear regime. It is therefore not easy to distinguish between these two phases

using linear rheology [178].

1.10 Thesis organization

The rest of thesis is organized as follows.

The experimental methods and the relevant theory used in this thesis work are

briefly described in Chapter 2.

Chapter 3 describes the influence of intertactoid repulsions on the exfoliation kinet-

ics of clay tactoids in aqueous suspensions of the model clay Laponite using ultrasound

attenuation spectroscopy (UAS). The presence of incompletely exfoliated tactoids are

identified using the Jenning-Parslow relation for the equivalent spherical diameter in a

concentration regime where Laponite suspensions exhibit the glass transition.

Chapter 4 reports the existence of incompletely exfoliated clay tactoids in Na-

montmorillonite suspensions in a concentration regime below the glass transition con-

centration using UAS. Further studies of Na-montmorillonite suspensions prepared at

different ionic conditions using rheological and conductivity measurements, and elec-

troacoustics confirm the influence of the reverse osmotic pressure of hydrated counte-

rions on the exfoliation process.

In Chapter 5, we establish the link between the nonmonotonic rheological behavior

with the underlying microscopic structures of Na-montmorillonite gels at different salt

concentrations using rheological methods and cryogenic scanning electron microscopy

(cryo-SEM). We show the existence of honeycomb-like network morphologies for a

wide range of salt concentrations. The transition of the gel morphology, dominated by

overlapping coin (OC) and house of cards (HoC) associations of clay platelets at low

salt concentrations, to a new network structure dominated by face-face coagulation

34



1.10 Thesis organization

of platelets, is observed across the critical salt concentration. We further assess the

stability of these gels under gravity using electroacoustics.

Chapter 6 focuses on the gravitational stability of clay suspensions prepared at

different ionic conditions using light transmission, electroacoustics and UAS methods.

Transient collapse behavior of clay gels reported in this chapter is further investigated

using the rheological method and direct visualization of the underlying microstructures

using cryo-SEM.

Chapter 7 deals with the stress relaxation behavior in clay suspensions in their

glass and gel phases at varying idle times and sample ages. A transition from a single-

step stress relaxation to a two-step relaxation with age of the clay suspension under

nonlinear step strains is reported in this chapter.

In Chapter 8, we describe the influence of the initial aggregate size distributions

on the aging dynamics of shear-melted clay suspensions. Different aggregate sizes in

suspensions are obtained by filtering samples with different flow rates though porous

membranes of varying pore sizes. Faster aging dynamics in suspensions with smaller

aggregate sizes are observed using rheological measurements.

In chapter 9, a summary of the original results presented in this thesis and the scope

of future research is presented.
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F. Ladieu and M. Pierno, Science, 2005, 310, 1797–1800.

[14] D. van der Beek, P. B. Radstake, A. V. Petukhov and H. N. W. Lekkerkerker,

Langmuir, 2007, 23, 11343–11346.

[15] S. C. Glotzer and M. J. Solomon, Nature Materials, 2007, 6, 557 – 562.

[16] Y. Wang, Y. Wang, D. R. Breed, V. N. Manoharan, L. Feng, A. D.

Hollingsworth, M. Weck and D. J. Pine, Nature, 2012, 491, 51–55.

[17] P. Varadan, and M. J. Solomon, Langmuir, 2003, 19, 509–512.

[18] E. R. Weeks, J. C. Crocker, A. C. Levitt, A. Schofield and D. A. Weitz, Science,

2000, 287, 627–631.

[19] M. J. Solomon and P. T. Spicer, Soft Matter, 2010, 6, 1391–1400.

[20] P. C. Hiemenz and R. Rajagopalan, Principles of Colloid and Surface Chemistry,

revised and expanded, CRC press, 1997, vol. 14.

[21] B. V. Derjaguin and L. Landau, Acta Physicochimica USSR, 1941, 14, 633–662.

[22] E. Verwey and J. Overbeek, Theory of Stability of Lyophobic Colloids, Elsevier:

Amsterdam, Netherlands, 1948.

[23] A. Stone, The theory of intermolecular forces, Oxford University Press, 2013.

37



References

[24] D. J. Griffiths, Introduction to electrodynamics, Prentice-Hall, 1999.

[25] F. London, Transactions of the Faraday Society, 1937, 33, 8b–26.

[26] H. Hamaker, Physica, 1937, 4, 1058–1072.

[27] M. W. Cole, D. Velegol, H.-Y. Kim and A. A. Lucas, Molecular Simulation,

2009, 35, 849–866.

[28] J. Israelachvili, V. Degiorgio and M. Corti, Proceedings of the International
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2
Experimental Techniques and Data

Analysis

2.1 Introduction

This chapter discusses the different experimental methods that are used in this thesis to

study colloidal suspensions both at microscopic and macroscopic levels. Ultrasound

attenuation spectroscopy (UAS) and electroacoustics are used to study the exfolia-

tion (dispersibility) behavior of clay tactoids in aqueous suspensions. The influence

of exfoliation and ionic concentration in the dispersing medium on the stability of

the clay suspensions are characterized using table-top experimental setups developed

using light based and electroacoustic methods. The rheological characterization of

clay suspensions is done using a commercially available rheometer. Atomic force mi-

croscopy (AFM) and scanning electron microscopy (SEM) are used to investigate the

microscopic structures of suspensions at different clay and salt concentrations.
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2. Experimental Techniques and Data Analysis

2.2 Experimental techniques

2.2.1 Ultrasound attenuation spectroscopy: Theory and

measurements

Ultrasound attenuation spectroscopy (UAS) is an excellent tool to study soft matter

systems due to its applicability even for a concentrated, highly structured and opaque

medium. A very low power ultrasound is used so that it does not affect the internal

structures of the samples. The tool is already is used extensively for characterizing

biomedical materials such as bone, tissue, blood [1]. The relevant theoretical and

experimental aspects of this method are described below.

The attenuation of ultrasound in a colloidal suspension can occur due to a combina-

tion of viscous, thermal, scattering, intrinsic, structural, and electrokinetic interactions.

The attenuation coefficient α can be written as a sum of the different loss mechanisms,

α = αv +αth +αsc +αint, where αv, αth, αsc and αint are the contributions of the viscous,

thermal, scattering and intrinsic mechanisms, respectively. Depending on the nature

and concentration of the colloidal particles under study, it may be possible to separate

the different loss mechanisms in the ultrasound frequency domain. The wavelength

of ultrasound in water changes from 1 mm to 15 µm when the ultrasound frequency

changes from 1 MHz to 100 MHz. The scattering loss is negligible when the wave-

length range of ultrasound is much larger than the sizes of the particles. The contri-

butions from thermal, structural and electrokinetic losses are also typically negligible

for colloids having high particle density contrasts and rigidities. The expression for

the complex wave number k of ultrasound propagation derived from the coupled phase

model [2, 3] that considers only viscous loss in the long wavelength limit (ka << 1),

can be written as: [4]
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k2M∗

ω2ρs
=

1 − ρp

ρs

N∑
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ρp
− 2)

N∑
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a2
iωρm

2ηm
(2.2)

ρs = ρpφ + ρm(1 − φ) (2.3)

and

M∗ =
ρpρmc2

pc2
m

φρpc2
p + (1 − φ)ρmc2

m
(2.4)

Here, ω is the angular frequency of the ultrasound waves, M∗ is the stress modulus,

ρp is the density of the particle, ρm is the density of the medium, ρs is the density of

the suspension, cm and cp are the velocities of ultrasound in liquid and solid media

respectively, φi is the volume fraction of the ith species of the particulate phase, φ is

the total volume fraction of the particulate phase, ai is the diameter of a particle of the

ith species, ηm is the shear viscosity of the medium and Ωi is the drag coefficient of a

particle of size ai. The hydrodynamic interactions between the particles is calculated

using the Happel cell model [5]. The attenuation coefficient αv and the sound speed c

through the suspension can then be calculated from the following relations:

αv = −Im(k) (2.5)

c =
ω

Re(k)
(2.6)

It is to be noted that αv is closely related to the size distributions of the colloidal

particles in the suspension medium.

In a typical experiment, if the incident ultrasound intensity is I0 and the attenuated

intensity after passing through a sample of length x is Ix, then Beer-Lambert law gives

53
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Figure 2.1: (a) The different components of the ultrasound attenuation measuring unit of
DT1200. (b) A schematic of the DT1200 adapted from the manual of DT1200, Dispersion
Technology, Inc. [6].

an expression for the attenuation coefficient α of the medium [5]:

αv =
10
x

log
I0

Ix
(2.7)

Here, αv is usually expressed in dB.cm−1.MHz−1 and depends on the acoustic fre-

quency ω.

For this thesis work, the attenuation spectra and ultrasound speed are measured

using a DT-1200 ultrasound spectrometer from Dispersion Technology Inc (Fig. 2.1).

Details of this spectrometer can be found in [7]. For each attenuation measurement,

130 ml of a suspension is loaded in a cell containing two identical piezoelectric trans-

ducers separated by a sample gap. The sample gap can be varied in the range 0.15-20

mm using a stepper motor (M in Fig. 2.1(b)) having translational precision of a few mi-

crometers. The transmitting transducer (T in Fig. 2.1(b)) that is attached to the stepper

motor converts input electrical signals into ultrasound tone bursts of different inten-

sities and frequencies. The ultrasound pulse that is generated propagates through the
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2.2 Experimental techniques

Figure 2.2: Colloidal attenuation of acoustic energy in a suspension of 10% w/v Silica
Ludox TM50 is plotted versus gap between the ultrasound transducers (i.e. different sample
thicknesses) for several frequencies. The solid straight lines are fits to the Beer-Lambert law
(Eqn. 2.7).

suspension and interacts with the colloidal particles and the liquid medium. This inter-

action decreases the ultrasound intensity, with the predominant loss mechanisms being

the viscous loss of the colloids and the intrinsic loss of water. The intensity amplitude

of the pulse, received by the detecting transducer (R in Fig. 2.1(b)), is converted back

into an electric pulse for comparing with the initial input pulse. For each frequency,

the signal processor receives data for a minimum of 800 pulses to achieve a signal-to-

noise ratio of at least 40 dB. The intrinsic loss contribution from the dispersing medium

is subtracted from the total intensity loss to estimate the attenuation arising from the

colloids alone. The sound pulses used here are of low power (10 mW) and are not

expected to destroy the microscopic structures of the suspensions. The sound speed c

is obtained by measuring the time delay between the emitted and received pulses. The

samples can be continuously pumped through the measuring cell to prevent sedimen-

tation. Prior to these experiments, the sample cell is calibrated for acoustic diffraction

using Milli-Q water.

Fig. 2.2 shows the measured colloidal attenuation for varying sample lengths x

55



2. Experimental Techniques and Data Analysis

Figure 2.3: The attenuation spectrum (circles) for an aqueous suspension of 10% w/v Silica
Ludox TM50 measured in a frequency range 3-99.5 MHz at 25 ◦C. The solid line is a theoretical
fit to Eqn. 2.1 considering a unimodal size distribution. The unimodal particle size distribution
(PSD) obtained from this theoretical fit is plotted in the inset. The supplied values at 25 ◦C are:
ρm = 0.997 g/cc, ηm = 0.89 mPas, ρp = 2.2 g/cc, cp = 6000 m/s.

in an aqueous suspension of 10% w/v Silica Ludox TM50 (Sigma Aldrich) at differ-

ent applied ultrasound frequencies measured at 25 ◦C. The value of the attenuation

coefficient αv at a particular frequency can be calculated by fitting the colloidal atten-

uation data to the Beer-Lambert law (Eqn. 2.7). The measurements of αv at various

frequencies give an attenuation spectrum as shown in Fig. 2.3 for the 10% w/v Silica

Ludox TM50 suspension. This spectrum can be fitted with the theoretical prediction

(Eqn. 2.1) using the supplied values of ρm, ηm, ρp, cp and φ to find the particle size

distribution (PSD).

An analysis algorithm developed by the manufacturer and based on the theory de-

scribed earlier is used to determine the PSD from the acquired attenuation spectrum.

The algorithm, assuming unimodal or bimodal distributions, runs a global search in

the size range from 1 nm to 1 mm for the PSD that best fits the data. For a unimodal

(lognormal) distribution, the median and the standard deviation of the particle sizes are

the fitting parameters. For a bimodal PSD, essentially a sum of two lognormal PSDs,

the algorithm adjusts four parameters: the two median values (d1 and d2) of the lower
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and higher modes, their standard deviations (assumed to be of the same magnitude σ

for both modes) and the relative volume fraction (φ2) of particles in the higher mode.

During the search process, the algorithm calculates the theoretical attenuation values

for each PSD using Eqn. 2.1 and Eqn. 2.6 and fits the experimental attenuation spec-

trum by minimizing the fitting error. The searching algorithm stops when the fitting

error saturates to the lowest value. The inset of Fig. 2.3 shows the unimodal PSD esti-

mated from the measured attenuation spectrum using the method described above. The

median value of this distribution, d1 = 31 nm, is very close to the standard spherical

size of 32 nm of Ludox TM50 procured from Sigma Aldrich. Table 2.1 list the sup-

plied values of the parameters used to calculate theoretical attenuation from Eqn. 2.1

− Eqn. 2.6.

Parameter name Notation Value
Density of Ludox TM50 ρp 2.2 g/cc
Density of Laponite ρp 2.53 g/cc
Density of Na-
montmorillonite

ρp 2.6 g/cc

Sound speed in solid media cp 6000 m/s
Density of water ρm 0.997 g/cc
Viscosity of water ηm 0.89 mPas

Table 2.1: Supplied values of the parameters at 25 ◦C used for the PSD calculations
using Eqn. 2.1 − Eqn. 2.6.

2.2.2 Experimental setups for stability characterization

Two different table-top setups using diffused light and ultrasound are developed to

monitor the stability of colloidal suspensions under gravity. The electroacoustic setup

using ultrasound is used to measure the extent of gel collapse with a resolution of a

few tens of micrometers.
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2. Experimental Techniques and Data Analysis

Figure 2.4: (a) Electroacoustic probe from Dispersion Technology used for the sedimenta-
tion study. (b) Snapshot of the sedimentation setup.

A. Electroacoustic based experimental setup

Electroacoustic measurements are used to indirectly monitor the stability of clay sam-

ples at higher clay concentrations. This methods described below have several ad-

vantages over light based techniques. The lensing effect of the liquid meniscus at the

sample-air interface gives rise to indeterminacy in the position calculation in light-

based measurements. Furthermore, the resolution of displacement measurement is

higher in the electroacoustics method.

When a charged colloidal particle immersed in a fluid is subject to oscillatory mo-

tion using longitudinal ultrasound waves, the electric double layer (EDL) around the

particle oscillates. This gives rise to a small oscillating dipole moment [8], with the

dynamical relaxation time of the EDL being less than the period of oscillation of the

ultrasound. In the suspension, the induced dynamic dipole moments from all the parti-

cles add up to generate an electric field which, in turn, induces a current known as the

colloid vibration current (ICVI) in the receiving transducer circuit placed in the suspen-

sion. If the suspension contains ions from a salt, the probe simultaneously detects an

ionic vibration current (IIVI) which arises due to the relative motion between the two
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ion species in the ultrasound field. In this case, the electroacoustic response, known as

total vibration current (ITVI), is the vector sum of ICVI and IIVI . In the present study, a

specially designed electroacoustic probe is used to measure the magnitudes and phases

of ICVI and ITVI in a sedimentation setup (Fig. 2.4). The details of the probe can be

found in [7]. The front flat surface of the cylindrical shaped probe is placed in contact

with the top surface of the sample column (Fig. 2.4). The probe launches plane ul-

trasound waves of frequency 3 MHz along the height of the sample. The electric field

generated in the sample is sensed by the metal part of the probe and finally converted to

a current using an electronic circuit. The strength and phase of the ICVI signal depend

on the concentration and size of the suspended colloidal particles in the path of the

ultrasound that is emitted from the flat surface of the probe. When charged particles in

the suspension move away from the probe/sample contact surface, the magnitude of the

electroacoustic signal decreases, making this technique very effective for monitoring

the sedimentation of particles in an opaque suspension. Using this setup, a displace-

ment as small as 250 µm of the sedimenting front of a collapsing gel can be measured

precisely by measuring oscillations of ITVI values [9]. The ICVI phase is calibrated

to 180◦ for negatively charged colloids using a 10% w/v suspension of Ludox TM50

silica particles.

Key features Specifications
Image type Monochromatic
Image sensor Sony ICx285AL
Resolution 1392 × 1040
Minimum exposure time 1 µs
Pixel Size 6.45 × 6.45 µm2

Digitization rate 12 bit@20 MHz
Readout Noise 7e-rms at 20 MHz
Cooling Thermoelectric, 0 ◦C
Frame readout 96ms/frame

Table 2.2: Specifications of CCD camera.
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2. Experimental Techniques and Data Analysis

Figure 2.5: (a) Snapshot of the light based experimental setup used for the sedimentation
study. The main components of this setup are − a light source (L′), sample cuvettes (S), cuvette
holder (H), goniometer (G), CCD camera and lens assembly (L). (b) Schematic diagram of the
experimental setup.
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B. Light based experimental setup

A homemade light based experimental setup, shown in Fig. 2.5 (a), is used to monitor

the sedimentation of clay suspensions. A schematic diagram of this setup is shown in

Fig. 2.5 (b). A linear light source made from red LEDs (midband wavelength=633 nm)

is housed within a rectangular box (L′) containing two layers of light shaping diffusers

procured from LuminitTM. This arrangement produces a homogeneous and diffused

light source which is used to illuminate the samples. The intensity of the diffused

light is controlled by changing the current to the LEDs. Rectangular glass cuvettes

(S) of inner dimensions 10 mm (w) × 9 mm (d) × 48 mm (h) are used to hold the

clay suspensions. The cuvettes are then housed in a cuvette-holder (H) fixed to the

goniometer (G) arm. Cuvettes containing samples of height h0 = 45 mm are sealed

using a silicone sealant to prevent evaporation of water. The temperature of the sample

is kept constant at 25±0.2 ◦C. The diffused light is incident perpendicularly to the

cuvette wall. The light transmitted through the sample is collected using a CCD camera

(Photometrics CoolSnap ES, Roper Scientific Inc.) and a lens (L). Specifications of the

CCD camera is given in Table 2.2. The intensity of the incident light is adjusted so that

the transmitted intensity detected by the CCD camera remains below the saturation

level of the CCD sensor. The CCD images are finally analyzed using Winview and

Matlab softwares. The transmitted intensity Itr at each pixel of the CCD image is

measured in terms of the grey value. To eliminate the spatial inhomogeneity of the

incident light, the value of Itr at each pixel of the CCD image is normalized by the

background intensity of light that passes through clear water.

A CCD snapshot of sedimenting particles in a 20% w/v aqueous cornstarch sus-

pension at observation time ts = 15 min after loading the sample is shown in the inset

of Fig. 2.6. Cornstarch particles are denser than water (density difference=1.5 g/cc)

and have particle sizes in the range 3−25 µm. As a result, the particles sediment under

gravity, leading to a distinct interface between clear water (the supernatant) and the

sedimenting particles. The average intensity distribution of the transmitted light along

the height of the sample is plotted in Fig. 2.6. Such plots are useful in locating the

61



2. Experimental Techniques and Data Analysis

Figure 2.6: Average transmitted intensity Itr is plotted as a function of vertical distance h of
a sedimenting suspension of 20% w/v cornstarch at observation time ts = 15 min. Here h = 0
is at the bottom of the sample column and ts = 0 is defined as the time at which stirring of the
suspension in the cuvette is stopped. The corresponding CCD image of the sample is shown in
the inset. The solid arrows indicate the position of the interface between clear supernatant (W)
and the particles (S).

position of the supernatant-particle interface.

2.2.3 Conductivity measurements

Conductivity measurements of charged colloidal suspensions is very useful in estimat-

ing the concentration of the counterions present in the bulk phase of the suspensions.

The conductivity of colloidal suspensions depends on the concentration, valence and

mobility of the counterions at a particular temperature. However, the contribution of

the colloidal particles to the bulk conductivity is usually negligible due to their small

mobility [10]. The conductivity, K, is measured using the following simple formula:

K = κG (2.8)
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Figure 2.7: (a) A snapshot of the DT1200 conductivity probe. (b) The schematic diagram
of the conductivity probe which consists of two parallel metal electrodes e1 and e2 operated by
an electronics assembly (E). The electrodes are enclosed inside a metal body (M). The ends of
the electrodes are immersed in a sample (S). Figure (a) is reproduced from [6].

Here,

Cell constant, κ =
l
a

(2.9)

and

Conductance, G =
I
V

(2.10)

where l is the distance between the electrodes, a is the effective area of the elec-

trodes and I is the current between the electrodes for applied voltage difference of V .

The calibration of the conductivity cell usually involves measuring the cell constant (κ)

using a standard solution of known conductivity.

To measure the conductivity K, a probe (Fig. 2.7)(a) attached to the DT-1200 in-

strument from Dispersion Technology Inc. is used [6]. The probe consists of two par-

allel cylindrical metal electrodes insulated from each other and separated by a distance

of 2 mm, housed inside another metal cylinder (Fig. 2.7)(b). During each measure-

ment, the instrument applies a sinusoidal voltage (V) with frequency 3 MHz across the
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Figure 2.8: (a) Snapshot of PicoPlus 5500 scanning probe microscope. (b) Schematic dia-
gram of the basic components of an atomic force microscopy. The figures are reproduced from
[11].

electrodes and measures the sinusoidal current (I) that flows through the sample. The

conductivity measured using this oscillatory applied voltage is not affected by elec-

trode polarization effects. The probe used here is calibrated using 0.01 M KCl solution

which has a conductivity of 1411 µS at 25oC.

2.2.4 Atomic force microscopy (AFM)

For atomic force microscope (AFM) imaging, we have used a high resolution PicoPlus

scanning probe microscope from Molecular Imaging Company (Fig. 2.8(a)). This mi-

croscope can resolve surface topography of the order of angstroms in lateral dimen-

sion and of the order of few picometers in the vertical dimension [11]. As shown in

Fig. 2.8(b), a sharp tip containing a few molecules at the end of a cantilever is brought

in contact with the surface of a sample. The probe tip interacts with the surface, with

the cantilever bending forward or backward depending on the nature of the interaction

64



2.2 Experimental techniques

Figure 2.9: (a) Representative AFM micrograph containing Na-montmorillonite clay
platelets scanned in tapping mode using PicoPlus 5500 scanning probe microscope. (b) Height
distribution along the green line in figure (a). This distribution is used to calculate the thick-
nesses (t1 = 1.3 nm and t2 = 1.4 nm) and lateral sizes (d1 = 400 nm and d2 = 445 nm) along
the selected green line on the platelets P1 and P2 indicated in figure (a).

[12]. To measure the vertical displacement of the cantilever, a laser spot is reflected

from the cantilever free end onto a photosensitive quadrant diode. The tip deflection is

measured in terms of the voltage differences between the different parts of the quadrant

diodes.

The AFM can be operated in tapping mode or contact mode. In the tapping mode, an

oscillating tip is brought in proximity with the surface of the samples. The van der

Waals attraction between the tip and the closest atoms on the sample surface induces a

shift in the resonant frequency of the cantilever. The images can be taken by keeping

a constant frequency shift and allowing the amplitude of the oscillation to vary using

a feedback loop during line scanning. In this mode, the tip−sample interactions are

very small, resulting in good vertical resolution. In contact mode, the cantilever tip

is brought in contact with the surface of the sample. The cantilever deflection is kept

constant by applying an external force using a feedback loop during scanning. The

variations in the applied forces give the surface topography.

Sample preparation method for AFM imaging: For the AFM studies reported in

this thesis, a drop of 10 µl sample is deposited on a freshly cleaved mica surface (area
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of 1 cm2) and allowed to dry in a closed petri dish under ambient conditions. In the

tapping mode, a cantilever of dimension 225 µm × 38 µm × 7 µm with a tip height of

10 µm, oscillates at its resonant frequency, which, in air, has a value 146−236 kHz. In

the contact mode, a cantilever of dimension 450 µm × 50 µm × 2 µm with a tip height

of 10 µm is used. Data acquisition and size analysis are done using PicoScan 5.3.3

software supplied by Molecular Imaging Company.

Fig. 2.9(a) shows a representative AFM micrograph of Na-montmorillonite platelets

scanned in tapping mode. It is seen in this micrograph that the Na-montmorillonite

platelets (light yellow patches in the figure) are very irregular in their shape and sizes.

Fig. 2.9(b) shows the height distribution along the green line drawn in Fig. 2.9(a). This

distribution can be used to calculate the thicknesses and lateral sizes of particles as

shown by arrows in Fig. 2.9(b). The thicknesses (t1 = 1.3 nm and t2 = 1.4 nm) and

lateral sizes (d1 = 400 nm and d2 = 445 nm) are calculated for platelets P1 and P2

indicated in Fig. 2.9(a).

2.2.5 Rheological measurements

The rheological measurements reported in this thesis are performed using a stress con-

trolled Rheometer (MCR 501) (Fig. 2.10(a)) with a CC17 measuring geometry from

Anton Paar. In the stress controlled mode, the rheometer applies a known shear stress

to the material under study and measures the resultant strain. The instrument can also

be used to control strain or shear rate through a feedback mechanism. This computer

controlled rheometer can be operated in both oscillatory and rotational modes such that

various important rheological quantities such as viscosity, storage and loss moduli can

be measured directly. Data acquisition is done using the Rheoplus−V3.4 software de-

veloped by Anton Paar. A schematic diagram of the main components of the rheometer

is shown in Fig. 2.10(b). For a rheological measurement, a measuring head is attached

to a synchronous motor contained in the rheometer head. The shaft inside the motor is

supported by an air bearing to give it a friction free environment. For this, a high steady

pressure (3 bars) is maintained in the head by supplying dust-free and moisture-free
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Figure 2.10: (a) The Anton Paar MCR 501 rheometer (b) A schematic diagram of the main
components of a Anton Paar MCR 501 rheometer with CC17 measuring geometry. The figure
(b) is adapted from [13].

compressed air using a compressor. During measurement, the motor of the rheometer

applies a torque on the measuring rod, while a high-resolution optoelectronic encoder

detects the resulting deflection angles and rotational speeds. Due to the use of the air

bearing, torques as small as 2 nN.m, with a resolution of 0.01 nN.m, can be measured

using this rheometer. A water-circulating unit (Viscotherm VT2) is used to control the

temperature of the sample in the measuring geometry in the range between 5 ◦C and

80 ◦C with a temperature stability of ± 0.1 ◦C.

The measuring geometry CC17 consists of a co-axially arranged cylindrical cup

and a rotating cylindrical measuring head (Fig. 2.10(b)). The geometry has a gap

length of 0.71 mm and an effective length of 24.99 mm. A test fluid of volume 4.7
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ml is kept in the annulus between the cylinder surfaces. Stress and strain induced in

the sample are measured in terms of the torque (M) and deflection angle (θ) by the

rheometer. This data is converted to strain (γ), stress (σ), and shear rate (γ̇) for the

CC17 geometry using the following relations:

γ =
1
10
.
1 + δ2

δ2 − 1
.θ (2.11)

σ =
1 + δ2

δ2.r2
i

.
M

4000.πLCL
(2.12)

γ̇ =
π.n
30

.
1 + δ2

δ2 − 1
(2.13)

δ =
re

ri
(2.14)

where, ri = radius of the measuring head, re = inner radius of the measuring cup, L

is the gap length, CL = 1.10 is the correction factor and n is the rotational speed [13].

This rheometer, equipped with the CC17 geometry, is capable of measuring shear

strains (γ) above 1.23×10−5, shear stresses (σ) in the range between 771.345×10−6 Pa

and 17740.935 Pa and shear rates (γ̇) from 1.283×10−7s−1 to 3.849×103s−1.

Applications of the rheometer

Various measurement protocols can be designed to characterize samples using this

rheometer. It has two basic modes of operation, viz. oscillatory and rotational. In

an oscillatory rheological measurement, a sinusoidal perturbation (strain or stress) is

usually applied on a test sample and the response of the sample is measured in terms of

the resultant stress or strain. For example, if an oscillatory shear strain γ of amplitude

γ0 is applied to the sample and is given by [14]:

γ(ω) = γ0sin (ωt) (2.15)
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then, for small strain amplitudes, the out-of-phase stress response σ of the sample

is given by:

σ(ω) = σ0sin (ωt + φ) (2.16)

Here, σ0 is a shear stress amplitude and φ is the phase lag. The value of φ is zero for

purely elastic materials and 90o for purely viscous materials. The viscoelastic moduli,

that is the elastic modulus G′ and viscous modulus G′′, can be calculated as follows:

G′ =
σ0

γ0
cos(δ) (2.17)

G′′ =
σ0

γ0
sin(δ) (2.18)

The absolute value of the complex modulus can be calculated as [14]:

|G∗| =
√

G′2 + G′′2 (2.19)

The ratio of these two mechanical moduli is called loss factor and is defined as

tan(δ) = G′(ω)/G′′(ω).

For this thesis work, the following three oscillatory measurements have been used.

A. Time sweep oscillatory tests: In this test, viscoelastic moduli are measured

following application of an oscillatory strain of a constant amplitude γ0 and a constant

frequency ω to an aging sample with varying times of observation. Usually, a very

small value of γ0 in the linear viscoelastic regime is selected so that the applied strain

does not destroy the sample microstructure. A similar experiment can be performed

by applying an oscillatory stress instead of strain. Such experiments help to monitor

the time evolution of the viscoelastic moduli of aging or reactive samples. Fig. 2.11

shows the evolution of G′ (�) and G′′ (#) with time tw of an aging 3.5% w/v Laponite

suspension after preparation.
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Figure 2.11: Evolution of the elastic modulus G′ (�) and viscous modulus G′′ (#) with age
(time since preparation) tw of a 3.5% w/v aqueous suspensions of Laponite. Here, tw = 0 is
defined as the time at which stirring of the sample is stopped. To monitor the aging of this
suspension, an oscillatory strain of amplitude 0.1% and angular frequency of 6 rad/s is applied
to the sample.

Figure 2.12: Variation of elastic modulus G′ (�), viscous modulus G′′ (#) and elastic stress
σel (4) with strain amplitude γ0 at an angular frequency of 1 rad/s for a 71% w/w aqueous
suspensions of silicon dioxide. The solid line is the linear fit to the σel vs γ0 data. The vertical
and horizontal dotted lines show the position of the yield strain γy = 0.8% and yield stress
σy = 0.02 Pa.
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B. Strain amplitude sweep: In an amplitude sweep test, viscoelastic moduli are

measured by varying the value of γ0 of the applied oscillatory strain at a constant ω.

This test is usually performed to find the extent of linearity of viscoelastic materials.

Fig. 2.12 shows the variation of the elastic modulus G′ (�) and viscous modulus G′′

(#) with strain amplitude γ0 at an angular frequency of 1 rad/s for a 71% w/w aqueous

suspensions of silicon dioxide. The range of the amplitudes of the applied strain γ0,

where the mechanical moduli show constant values, is defined as the linear viscoelastic

(LVE) regime. The LVE regime is followed by a yielding regime above a critical value

of the applied strains, known as yield strain γy (shown by a vertical dotted line in

Fig. 2.12). For γ0 > γy, G′ decreases monotonically while G′′ shows a weak peak

before decreasing monotonically due to destruction of the sample’s microstructures

under high strains.

To determine the yield strain γy accurately, we follow the method described by

Laurati et al. [15]. In this method, the elastic stress σel = G′γ0 (4 in Fig. 2.12) is

plotted versus γ0, which helps to separate the contribution of the viscous stress from

the total stress. At low γ0 values, the elastic stress vs strain data is fitted to σel = G′γ0.

The value of γy is defined at which the measured value of σel starts deviating more than

3% from the theoretically calculated value. In the case of the 71% w/w silicon dioxide

paste, a yield strain γy = 0.8% and yield stress σy = 0.02 Pa are calculated.

C. Frequency sweep: In a frequency sweep measurement, the amplitude of the

applied oscillatory strain γ0 is kept constant, the frequency, ω, of the oscillatory strain

varies with time and the corresponding viscoelastic moduli are measured. Such mea-

surements are generally performed in the LVE regime of materials. Fig. 2.13 shows

the plots of G′ (�) and G′′ (#) for a worm-like micellar solution prepared by adding

400 mM sodium salicylate (NaSal) to 100 mM cetyl trimethylammonium bromide

(CTAB), where the amplitude of strain is kept constant at 0.5%. It can be seen that

both the moduli are strongly dependent on the frequency of the applied strain, with

G′′ > G′ indicating liquid-like behavior for ω < ωc. The system exhibits solid-like

behavior with G′ > G′′ for ω > ωc. The magnitude of ωc can be used to estimate the
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Figure 2.13: Variation of elastic modulus G′ (�) and viscous modulus G′′ (#) with angular
frequency (ω) at an applied strain of 0.5% for a worm-like micellar solution prepared by adding
400 mM sodium salicylate (NaSal) to 100 mM CTAB. The vertical dotted line indicates the
position of critical frequency ωc = 15.8 rad/s.

relaxation time of the viscoelastic system.

Rotational experiments

In a rotational experiment, a unidirectional shear strain, stress or shear rate is applied to

the sample to estimate its flow behavior by measuring the shear stress, strain response

(σ) or viscosity (η). Such experiments are often used to investigate shear thinning,

shear thickening, shear banding, creep and stress relaxation behaviors of soft solid

materials. The rotational experiments that are relevant to this thesis are discussed

below:

A. Flow curves and viscosity measurements: Such measurements are useful to

estimate viscosities and yields stresses of test samples. The flow curve is measured

by controlling shear rate γ̇ (CSR mode) or stress σ (CSS mode) and measuring the

response in terms of σ or γ̇ respectively. Fig. 2.14 shows the flow behavior and the

corresponding viscosity plot of glycerol. The viscosity of glycerol is independent of

applied shear rate (γ̇), thereby revealing Newtonian liquid behavior. Fig. 2.15 shows
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Figure 2.14: Plot of shear stress σ (�) and the viscosity η (#) as a function of applied shear
rate in glycerol at a temperature 25oC. The solid line is the linear fit with zero intercept to the
shear stress data obtained in the applied shear rate regime. Viscosity remains constant at 0.11
Pa.s in this regime, confirming the Newtonian flow behavior of glycerol.

Figure 2.15: Plot of shear stress, σ (�) and corresponding viscosity, η (#) as a function
of applied shear rate in a worm-like micellar solution prepared by adding 400 mM sodium
salicylate (NaSal) to 100 mM CTAB at temperature 25oC. The vertical dotted line indicates the
position of the critical shear rate γ̇c above which the solution begins to exhibit shear thinning
behavior. The position of the γ̇c is determined from the point of inflection where viscosity
deviates from the plateau behavior.
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Figure 2.16: Stress relaxation with time under a constant strain of amplitude γ = 1% in a
corsslinked PDMS prepared by mixing Sylgard PDMS samples base with Sylgard curing agent
at a volume ratio of 80:1.

the flow behavior of a worm-like micellar solution prepared by adding 400 mM sodium

salicylate (NaSal) to 100 mM CTAB at temperature 25oC. The viscosity of the sample

decreases at high shear rate values, reflecting a shear thinning behavior of the worm-

like micellar solution.

B. Stress relaxation: In a stress relaxation experiment, a step strain γ is applied

to the sample and the time evolution of induced stress σ is measured. The relaxation

modulus at time t is defined as, G(t) = σ(t)/γ [14]. Fig. 2.16 shows stress relaxation

behavior of crosslinked polydimethyle siloxane (PDMS) when it is subjected to a step

strain of 1%. The induced stress relaxes with time due to the slow rearrangement of

the constituent particles under the deformation field.

2.2.6 SEM and Cryo-SEM techniques

Scanning electron microscopy (SEM) is a powerful technique to observe a samples’s

microstructures down to a few nanometers [18]. Over the last decades, the technique

has been widely used to investigate the microstructures of biological samples, polymer
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Figure 2.17: Schematic diagram of a scanning electron microscopy (SEM) setup. The figure
is reproduced from [16].

Figure 2.18: The variation of secondary-electron yield (SE-yield) with the angle of tilt of
the sample surface relative to the incident beam. This figure is reproduced from [17].
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blends, hydrogels, colloidal suspensions and micellar solutions [19–23]. Usually, a

dried sample deposited on a conducting plate such as an indium tin oxide (ITO) plate

or a cryo-fractured sample coated with a thin metal layer is irradiated with a high

power electron beam. The image of the microstructure is recovered from the secondary

electrons emitted or the electrons back-scattered from the sample.

A field effect scanning electron microscopy (ULTRA-PLUS FESEM) from Carl

Zeiss is used for this thesis work. Fig. 2.17 shows a schematic diagram of the main

components of a typical SEM setup. It consists of an electron column, a scanning

system, a detector, a vacuum system and a display unit [16]. The electron column

comprises an electron gun and two or more electromagnetic lenses. The electron gun

produces a collimated beam of electrons of diameter ∼ 50 µm using a combination

of a tungsten filament, a grid kept at a suitable negative potential and cathode coils.

The free electrons generated from the filament are accelerated to energies in the range

1-100 keV. A set of electromagnetic lenses, each consisting of a copper coil carrying a

direct current, surrounded by an iron shroud, focuses an electron beam down to 1 nm

onto the surface of the specimen [16]. Each surface point of the specimen that is struck

by accelerated electrons emits backscattered electrons (BSE) and secondary electrons

(SE). BSEs are in fact a part of the incident electrons which enters the specimen and

recoils from the atoms of the sample. On the other hand, the secondary electrons are

ejected from the sample’s atoms that are struck by the incident beam and the backscat-

tered electrons. The secondary electrons are distinguishable from the BSEs owing to

their much lower energies which is of the order of few electron volts [17].

In this work, secondary electrons are detected to obtain topographical images of

microstructures of samples. Secondary electrons are ejected from the region very close

to the sample’s surface. The yield of the secondary electron increases with decreasing

angle between the direct incident beam and the specimen surface (Fig. 2.18) [17].

The topographical information therefore contained in the spatial variation of the SE-

yield value of a specimen surface. SE electrons are collected by an electron detector

placed near the sample. The topographical information is obtained by sweeping the
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Figure 2.19: SEM image of polystyrene spheres obtained using a field effect scanning elec-
tron microscope (FESEM) from Carl Zeiss at an electron beam strength of 5 KeV. The average
diameter measured is 996±20 nm, which is very close the average diameter (1000±100) quoted
by the manufacturer (Bangs Laboratories, Inc.).

electron beam across the specimen in a raster while the output of an electron detector

is amplified and displayed on the screen of a synchronously scanned visual display

unit such as a computer monitor [16]. The electron imaging in this work is performed

using a electron beam of strength in the range of 2 − 5 KeV.

2.2.7 Sample preparation for SEM measurements

Glass plates coated with indium tin oxide (ITO) are used to scan dried samples. The

ITO surface is made hydrophilic by keeping the glass plate in a solution of H2O2,

NH3OH and water in the ratio 1:3:7 at a temperature of 80 ◦C for 5 hours. The glass

plate is subsequently washed with deionised water and dried. A drop of 10 µL of 1%

w/v sample is spread on the hydrophilized ITO-glass plate and dried very fast (within

10 seconds) in an oven at a temperature of 200 ◦C to avoid coagulation of colloidal

particles. Data acquisition and size measurements are carried out using SmartSEM

(Carl Zeiss) and ImageJ softwares respectively. Fig. 2.19 shows an SEM-micrograph
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of standard polystyrene spheres procured from Bangs Laboratories, Inc. The average

diameter measured on the micrograph is 996±25 nm which is very closed to the value

1000 ± 100 nm specified by the supplier.

2.2.8 Sample preparation for cryo-SEM measurements

In this method, the sample under study is vitrified quickly using liquid nitrogen and is

fractured before imaging. This method helps in preserving the internal microstructures

of the sample. For our work, the samples are loaded in capillary tubes (procured from

Hampton Research, USA) of bore size 1 mm using a syringe. The ends of the cap-

illaries are then quickly sealed. A home made sample holder is used for holding the

sample capillaries. The samples are vitrified using liquid nitrogen slush of temperature

−207oC. The vitrified samples are then transferred in vacuum condition to a cryotrans-

fer system (PP3000T from Quorum Technologies) kept at temperature −150oC. The

samples are next fractured using an in-built knife and subsequently sublimated for 10-

20 min depending on the nature of the sample at temperature −90oC. Finally, a thin

layer (1 nm) of platinum is deposited on the surface of sample at temperature −150oC

for the purpose of imaging. The samples are then transferred under vacuum onto the

cold stage of FESEM.
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3
Dispersibility of clay in aqueous

suspensions: Dependence on

concentration and age

3.1 Introduction

Laponite suspensions with concentration above 2% w/v undergo a spontaneous phase

transition with time from a liquid-like state to a repulsion-dominated glassy phase

through the physical aging process [1]. Aging in these systems occurs by the spatially

and temporally correlated local rearrangements of particles that can overcome local

energy barriers, with the system exploring progressively deeper energy wells in phase

space [2]. It is also believed that a major factor contributing to the time-varying dynam-

ics of freshly prepared aqueous Laponite suspensions is the swelling and subsequent
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breakup of large Laponite clusters into smaller entities [3]. However, in most of the

experimental studies undertaken previously, clusters of clay particles were assumed to

exfoliate into individual platelets when dispersed in water. Several earlier studies also

show that clay particles can exist as rigid aggregates, known as tactoids, that consist of

more than one platelet oriented parallelly [4]. Many experimental methods e.g. atomic

force microscopy (AFM), transmission electron microscopy (TEM), cryogenic scan-

ning electron microscopy (Cryo-SEM), small angle X-ray scattering (SAXS), small

angle neutron scattering (SANS), dynamic light scatting (DLS) and transient electri-

cally induced birefringence (TEB) have been employed to characterize the tactoid sizes

of clays in aqueous suspensions at different concentrations and under varying experi-

mental conditions [5–10]. However, a systematic study of the particle size distribution

(PSD) in aqueous clay suspensions and its dependence on clay volume fraction and

suspension age is still lacking. Indeed, DLS has been used intensively for particle

sizing, but its application is limited to very dilute suspensions where the single scatter-

ing mechanism and the Stokes-Einstein relation are valid. Several DLS studies show

the onset of a sol-glass transition with increase in concentration and age of the clay

suspensions [11–14]. Intensity auto-correlation data obtained in DLS experiments is

typically analyzed in terms of a fast (τ1) and a slow relaxation time (τ2) [15]. However,

it is very difficult to acquire PSD information from τ1 and τ2 in the glassy phase as the

Stokes-Einstein relation is not valid for soft glasses.

The aim of this chapter is to investigate suspensions of Laponite clay in aque-

ous suspensions of different ages using ultrasound attenuation spectroscopy (UAS).

As described in Chapter 2, the UAS technique offers a unique possibility of estimat-

ing PSDs for soft solid systems and can be used to analyze non-transparent and even

highly structured systems. At the same time, it is a non-destructive technique that

uses very low intensity ultrasound. The measurement does not, therefore, affect the

sample micro-structures and yields an accurate estimate of average particle sizes and

PSDs. Over the last two decades, this technique has been applied in different partic-

ulate systems of quartz, rutile, latex, alumina particles and also in emulsions [16]. In
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this work, we measure ultrasound attenuation spectra to estimate PSDs of clay tac-

toids in Laponite suspensions in a concentrations range (1.5% − 4% w/v) where the

suspensions spontaneously show liquid to soft solid transitions with increasing age.

We have verified the results obtained with Laponite by performing similar experiments

on Na-montmorillonite clay suspensions at low concentrations. The average platelet

sizes estimated for Na-montmorillonite suspensions are then compared with scanning

electron microscopy (SEM) data.

3.2 Sample preparation and experimental methods

Two different smectite clays: Laponite and Na-montmorillonite are investigated in this

study. Laponite of RD grade (mass density 2.53 g/cc) is purchased from Southern Clay

Products and Na-montmorillonite (mass density 2.60 g/cc) is procured from Nanocor

Inc. The structural information of these clay minerals is provided in detail in Chapter

1 (Section 1.6). These clay minerals are highly hygroscopic and absorb water from

the atmosphere into their interlayer spaces. The amount of absorbed water depends on

the relative humidity of the atmosphere. To ensure good reproducibility of the sample

composition, the clay mineral powder is heated in an oven at a temperature of 120◦C

for 24 hours to remove absorbed moisture before it is dispersed in highly deionized

Milli-Q water under vigorous stirring conditions. The powder is added very slowly

and in very small amounts to avoid the formation of large aggregates, following which

the suspension is stirred vigorously for 45 minutes using an IKA Turrex drive to ensure

a homogeneous distribution of the aggregates. The Na-montmorillonite suspension is

stirred for 152 hours to avoid sedimentation before using for UAS and SEM measure-

ments.
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Figure 3.1: Representative AFM images of Laponite tactoids scanned in contact mode with
different sized windows. Figures (a) and (b) correspond to the friction flattened images used
for lateral size measurement. Figure (c) is a representative topographical image which is used
to measure platelet thickness as shown in (d).
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Figure 3.2: (a) Diameter distribution, estimated from 150 Laponite platelets selected in
AFM micrographs. (b) The thickness distribution estimated for 30 isolated Laponite platelets
selected carefully from AFM micrographs. The mean diameter d is the range of 22.4 − 29.4
nm and thickness t = 1.10 ± 0.08 nm.

3.3 Results and discussion

We first measure the diameters and thickness of Laponite platelets using an atomic

force microscope (AFM) in contact mode. A concentration of 0.05% w/v Laponite

clay suspension, stirred for a week, is dried quickly at 150 ◦C on freshly cleaved mica

sheets for imaging purpose. Details of the method for imaging using AFM and size

measurements can be found in Chapter 2 (Section 2.2.4). Fig. 3.1 (a) and (b) show the

friction flattened representative images of Laponite platelets obtained using an AFM

in contact mode. The lateral size distribution of the platelets from these micrographs

for 150 platelets is shown in Fig. 3.2(a). An average diameter, d = 25.9 nm, is mea-

sured from this distribution. The thicknesses of clay platelets are measured using to-

pographical images as shown in Figs. 3.1 (c) and (d). An average platelet thickness

of t = 1.1 ± 0.08 nm is obtained from the distribution shown in Fig. 3.2(b). The val-

ues thus obtained from the AFM micrographs are very close to the platelet diameter

(25 − 30) nm and thickness (1 nm) previously reported in the literature [11, 17].

Particle size distributions of Laponite particles in aqueous suspensions of different

clay concentrations and sample ages are next estimated by measuring the attenuation

spectra (attenuation coefficient αv vs frequency ω) and sound speed using a DT-1200

acoustic spectrometer from Dispersion Technology Inc. The details of the ultrasound
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Figure 3.3: Colloidal loss (log I0
Ix

) of ultrasound in a 3 % w/v Laponite suspension of age,
tw = 6 hours, plotted versus length of gap between transducers, at frequencies 19.2 MHz (/),
43.7 MHz (O), 66.9 MHz (4), 81.0 MHz (�) and 99.5 MHz (#). The solid straight lines are
linear fits that show the validity of Beer-Lambert law (Eqn. 2.7 of Chapter 2). The gap between
the two transducers is varied using a micrometer-precision step motor.

attenuation spectroscope and the relevant theory are described in Chapter 2 (Section

2.2.1). All experiments are performed at 25 ◦C. We have tested the Beer Lambert law

(Eqn. 2.7 of Chapter 2) in the Laponite suspensions for the calculation of the attenu-

ation spectrum (Eqns. 2.1 − 2.6 of Chapter 2). Fig. 3.3 shows the colloidal loss ( I0
Ix

)

of a 3% w/v Laponite suspension with varying sample lengths (x) in the range 2 − 20

mm for different ultrasound frequencies. Here, I0 is the incident intensity of ultrasound

launched into the sample by a transmitting transducer and Ix is the attenuated intensity

measured by a detecting transducer after the ultrasound passes through a sample of

length x. It is seen from the fits to the data that the Beer-Lambert law (Eqn. 2.7 of

Chapter 2) is valid for all the samples. To monitor the exfoliation state (the dispersibil-

ity) of clay tactoids, attenuation spectra are measured for different ages, tw, of the clay

suspensions by varying the ultrasound frequency in the range 10 to 99.5 MHz with a

fixed sample length of 20 mm. Here, tw = 0 is defined as the time at which the stirring
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3.3 Results and discussion

Figure 3.4: The attenuation spectrum (�) for a 3% w/v Laponite suspension at tw = 6
hours. The dashed and solid lines are theoretical fits considering unimodal and bimodal size
distributions, respectively. The dotted line corresponds to the intrinsic attenuation in pure water.
The inset shows the unimodal (4) and bimodal (#) particle size distributions (PSDs) obtained
from the theoretical fits to the attenuation spectrum.

of the sample is stopped. The sample is kept undisturbed during the whole experimen-

tal time to prevent destruction of the jammed structures that form as the suspension

ages. The values of the parameters that have been used in Eqns. 2.1 − 2.6 to estimate

theoretical prediction of attenuation are listed in Table 2.1.

Fig. 3.4 shows the measured attenuation spectrum (�) for a 3% w/v Laponite sus-

pension of age tw = 6 hours. The dashed and solid lines are the theoretical fits for uni-

modal and bimodal PSDs respectively, estimated using a fitting algorithm and Eqns.

2.1 − 2.6 of Chapter 2. The unimodal fitting is obtained by adjusting median size (du)

and standard deviation of the particle size distribution. On the other hand, the bimodal

PSD, essentially a sum of two unimodal PSDs, is obtained by adjusting four parame-

ters: the two median values (d1 and d2) of the lower and higher modes, their standard

deviations (assumed to be of the same magnitude for both modes) and the relative vol-

ume fraction (φ2) of particles in the higher mode. The fitting errors thus obtained are

3.6% for the unimodal distribution and 1.3% for the bimodal distribution. The PSDs
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estimated from the two fits are plotted in the inset of Fig. 3.4 and can be seen to differ

substantially.

As a clay platelet is anisotropic, the viscous loss is dependent on its orientation

relative to the sound propagation direction. A disc moving edgewise causes greater

viscous loss than a disc moving broadside [18, 19]. The theory for ultrasound atten-

uation (Eqns. 2.1 − 2.6 in Chapter 2), which is used to estimate sizes, considers the

dispersed particles as spheres. The theoretical fits to the experimental data therefore

yield an equivalent spherical diameter (ESD) ds which can be related to the platelet

dimension using the Jennings-Parslow relation for anisotropic particle under Stokes

drag [20]:

ds = d[
3
2

arctan
√

( d
t )2 − 1√

(d
t )2 − 1

]
1
2 (3.1)

Here, d and t are the diameter and thickness of the disc. This equation can be solved

graphically by rearranging as follows:

y1(d) = y2(d) (3.2)

where y1(d) = arctan
√

(d
t )2 − 1 and y2(d) = 2

3 .
d2

s
d2 .

√
( d

t )2 − 1. When y1(d) and y2(d)

are plotted against d, the solution for the thickness t and disc diameter d corresponds

to the intersection of the functions y1(d) and y2(d) for the supplied values of ds (such

as in Fig. 3.5).

The inset of Fig. 3.4 shows that the unimodal fit (4) to the attenuation curve has a

median particle size value of 22 nm. We can estimate the thickness t of a tactoid from

ds by using Eqn. 3.2. Considering a one-dimensional stack of platelets, the optimum

graphical solution of Eqn. 3.2 (shown in Fig. 3.5) gives a disc diameter d of 25 − 30

nm with a thickness t = 9 ± 1 nm. As the thickness of a single platelet is 1 nm, this

indicates that the majority of the tactoids in suspension are composed of 9 platelets. On

the other hand, the bimodal fit (# in Fig. 3.4) gives two median values: d1 = 10 nm for

the lower mode and d2 = 83 nm for the higher mode, with the relative concentration
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3.3 Results and discussion

Figure 3.5: The graphical solutions of Eqn. 3.2 for different ESDs. The solution for the
median size (ds = du = 22 nm) obtained in the unimodal fit corresponds to a disc of diameter
25 − 30 nm when its thicknesses is t= 9 nm (indicated by a square). For the bimodal fit, a
median size d1 = 10 nm is obtained for the lower mode. This corresponds to a disc thickness

of t = 1.6 nm (indicated by a circle). Here, y1 = arctan
√

( d
t )2 − 1 is plotted using solid lines

and y2 = 2
3 .

d2
s

d2 .
√

( d
t )2 − 1 is plotted using dashed lines.

φ2 for the higher mode being around 10%. From the graphical solution of Eqn. 3.1

(shown in Fig. 3.5), ds = 10 nm, corresponding to the lower mode of the bimodal

fit, implies a thickness t = 1.6 ± 0.15 nm for a disc diameter d of 25 − 30 nm. The

bimodal assumption is therefore reasonable and confirms earlier reports that claimed

the existence of very small Laponite tactoids in suspension [5–8]. The spread in the

lower mode of the bimodal PSD indicates a size polydispersity and implies that tactoids

with more than one platelet are also present in suspension.

The contribution to the higher mode of the bimodal distribution (inset of Fig. 3.4),

with a median value (d2) of 80 nm, is believed to be from larger aggregates and from a

very small number of unavoidable bubbles. We should point out here that there is a fair

possibility of the incomplete disintegration of some of the clay clusters in the aqueous

medium [21]. The presence of small fractions of larger aggregates has also been shown

in some previous studies, e.g. in electro-optical experiments with 0.01 wt% Laponite
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Figure 3.6: Attenuation spectrum (�) measured in 1% w/v Na-montmorillonite suspension
immediately after stirring for 152 hours. The dashed and solid lines are unimodal and bimodal
fits to the attenuation spectrum respectively. Inset shows the unimodal PSD (4) and the bimodal
PSD (©) estimated from the unimodal and bimodal fits to the attenuation spectrum.

suspensions [22]. We therefore believe that modeling the aggregate size distribution

with a bimodal function is a better choice than the unimodal function, as the former

can efficiently separate the contribution of the big aggregates.

Ultrasound attenuation measurements have also been performed in aqueous sus-

pensions of another anisotropic colloidal clay, Na-montmorillonite, to verify the tech-

niques already described. Compared to Laponite, Na-montmorillonite clay particles

are more polydisperse in size and have irregular edge boundaries [23]. Fig. 3.6 shows

the attenuation spectrum and the aggregate size distribution measured for 1% w/v Na-

montmorillonite suspension immediately after stirring for 152 hours. It is seen in this

figure that the unimodal approximation (dashed line) does not fit the attenuation spec-

trum properly (fitting error=18%), especially in the low frequency regime. On the

other hand, the bimodal approximation (solid line) fits the attenuation loss data very

well with fitting error of 2.4%. Inset shows the unimodal PSD (4) and the bimodal

PSD (©) estimated from the unimodal and bimodal fits to the attenuation spectrum.
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3.3 Results and discussion

Figure 3.7: The graphical solution of Eqn. 3.2 for a median size d1 = ds = 33 nm. This
corresponds to a platelet thickness of t = 1 nm for the Na-montmorillonite platelet and a disc

diameter of d = 463 nm (indicated by a vertical dotted line). Here, y1 = arctan
√

( d
t )2 − 1 is

plotted using the solid line and y2 = 2
3 .

d2
s

d2 .
√

( d
t )2 − 1 is plotted using the dashed line.

The unimodal PSD has a median size of du = 37 nm, while the bomidal PSD has

d1 = 33 nm, d2 = 280 nm and φ2 = 11%. As the clay concentration is very low and

the sample is stirred vigorously for several days, we can assume that a substantial part

of clay aggregates are exfoliated into single platelets. We calculate diameter d = 463

nm using the graphical methods described earlier (Fig. 3.7) by considering a platelet

thickness of t = 1 nm and the ESD, d1 = 33 nm for the lower mode of bimodal size

distribution. To verify the platelet diameter thus obtained, we have directly visual-

ized the Na-montmorillonite platelets using scanning electron microscope (SEM). The

details of the sample preparation, SEM imaging and size measurements are given in

Chapter 2 (Sections 2.2.6 and 2.2.7). A representative SEM micrograph containing

Na-montmorillonite platelets is shown in the inset of Fig. 3.8. Lateral size distribu-

tion of Na-montmorillonite platelet measured from the SEM micrographs is plotted

in Fig. 3.8. The distribution gives a average lateral size of 425 nm which is close to

the value (463 nm) obtained using the ultrasound measurements discussed above. The
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Figure 3.8: Lateral size distribution of Na-montmorillonite layers measured using SEM.
Calculation of distribution is done with 600 single layers identified on SEM micrographs. The
average diameter calculated from the distribution is 425 nm. Inset shows typical SEM micro-
graphs containing Na-montmorillonite layers.

median size of the higher mode of the bimodal PSD fit, d2, corresponds to aggregates

of several tactoids that exist in suspension because of the incomplete disintegration of

the clay powder. These results confirm the feasibility of using ultrasound attenuation

spectroscopy in the study of aging aqueous clay suspensions.

In powder form, Laponite clay comprises big clusters of tactoids. Upon dispersing

in water, most of the clusters hydrate and disintegrate into smaller entities. The disin-

tegration of the big tactoids happens due to the absorption of water in the successive

monolayers, which, in turn, hydrates the sodium ions between each pair of platelets.

The osmotic pressure of the hydrated sodium ions pushes the platelets apart in a pro-

cess that leads to the absorption of more water layers. Finally, the screened Coulombic
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3.3 Results and discussion

Figure 3.9: Bimodal size distributions of aggregates in 3% w/v Laponite suspension of tw =

0 hour (3), 3 hours (�), 4 hours (#) and 58 hours (4).

repulsions that develop between the platelets overcome the intra-platelet van der Waals

attractions, resulting in tactoid exfoliation into smaller entities. As a new smaller tac-

toid is produced, the hydrated sodium ions distribute around the exposed negatively

charged surfaces forming diffused layers that extend into the bulk water phase. The

effective volume of each particle increases several times due to the presence of these

electrical double layers.

It should be noted here that the fragmentation of clay particle is very fast during

the initial stages of the stirring process. As the breakup process results in a build-

up of strong inter-tactoid repulsions, the subsequent fragmentation becomes slower

with time. The evolution of PSDs with tw after the preparation of a 3% w/v Laponite

suspensions is shown in Fig. 3.9. All the PSDs here are obtained from fits to bimodal

distributions. For tw ≤ 3 hours, the distributions (data points are denoted by 3 and �

in Fig. 3.9) show the presence of some big aggregates (φ2 = 4%) that measure a few

micrometers, while the rest of the aggregates are distributed around a median size d1

of 14.6 nm but with a wide spread in sizes. We estimate the tactoid thickness of 3.5 nm

from this median size in the lower mode by employing graphical solutions of Eqn. 3.1
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Figure 3.10: The graphical solution of Eqn. 3.2 for a median size d1 = ds = 14.6 nm.
This corresponds to a tactoid thickness of t = 3.5 nm and a disc diameter of d = 27.5 nm

(indicated by a vertical dotted line). Here, y1 = arctan
√

( d
t )2 − 1 is plotted using a solid line

and y2 = 2
3 .

d2
s

d2 .
√

( d
t )2 − 1 is plotted using a dashed line.

as shown in Fig. 3.10. This suggests that the lower mode is populated by tactoids

composed of three to four platelets. However, as indicated by the broad distributions

of the lower modes of the PSDs, tactoids with more than four platelets could also be

present. At higher ages, most of the bigger aggregates are fragmented into smaller

aggregates and there is the clear emergence of a higher mode of median size d2 = 80

nm and φ2= 9%. The remaining tactoids have median size d1 of 10 nm at tw = 4 hours

(# in Fig. 3.9). At this stage, the lower mode shows a very narrow distribution of sizes

and most of the tactoids are composed of one to two tactoids as estimated before. As

the sample ages, the size d1 in the lower mode increases very slowly. This can be seen

from the distribution at tw = 58 hours (4). Since the re-coagulation of clay platelets

are prevented due to strong repulsions, the increase in particle sizes could be due to the

slow absorption of one or two layers of water by the tactoids comprising more than one

platelet. The complete exfoliation of most of these swollen tactoids are prevented as

the inter-tactoid repulsions are much stronger than the intra-tactoid repulsions. A slow
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Figure 3.11: Evolutions of (a) the attenuation coefficient αv at an ultrasound frequency of
66.3 MHz, (b) the median sizes d1 and (c) the elastic moduli G′ (solid symbols) and the viscous
moduli G′′ (open symbols) with age tw for 1.5% w/v (�), 2% w/v (#), 3% w/v (4) and 4% w/v
(3) Laponite suspensions. For rheological measurements, oscillatory shear strains of amplitude
γ0 = 0.5% at an angular frequency of ω = 1 rad/s were applied. Details of the experimental
method for the rheological measurements can be found in Chapter 2 (Section 2.2.5).

growth of the inter-tactoid repulsions has been indicated in a previous study using X-

ray photon correlation spectroscopy [24]. Such an increase in the repulsive force with

suspension age explains the ergodic to non-ergodic transition observed frequently in

experiments on Laponite suspensions of concentrations above 2% w/v [1]. The slow

exfoliation of tactoids after sample preparation releases intercalated Na+ ions into the

bulk water. This contributes to an increase in suspension conductivity with age of the

clay suspension and has been observed in a previous study [24, 25].
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To find the dependence of exfoliation state (the dispersibility) on the clay con-

centration in the suspensions, we have repeated the acoustic measurements described

above for Laponite suspensions of three other concentrations: 1.5%, 2% and 4% w/v.

The major contribution to ultrasound attenuation is consistently seen to arise from the

particles in the lower modes of the distributions. The evolutions of the attenuation

coefficients αv at a frequency of 66.3 MHz and the lower median size d1 with tw for

all the four different concentrations are shown in Fig. 3.11(a) and Fig. 3.11(b), re-

spectively. Even at other applied frequencies in the range 10 − 99.5 MHz, the trends

reported below for αv are repeated [26]. Due to the slow exfoliation and the swelling of

the tactoids described earlier, the attenuation for the 3% w/v suspension (4) increases

slowly over time and shows an approximately 16% increase before finally saturating.

The 2% w/v sample (#) shows an increase in attenuation coefficient αv and the lower

mode of median size d1 at a much later age when compared to the 3% w/v sample. The

other two samples of concentrations 1.5% w/v (�) and 4% w/v (3) do not show any

substantial change in αv, with d1 values remaining nearly constant at 10 nm and 14.6

nm, respectively. As the free volume in the 1.5% w/v suspension is quite large, most

of the clusters break down to single platelets during the stirring period and a steady

state is reached easily. This explains the constant values of αv and d1 for the 1.5%

w/v suspension. On the other hand, the clusters in the 4% w/v suspension disintegrate

into tactoids composed of two to three platelets during stirring, following which the

suspension rapidly undergoes kinetic arrest due to the highly repulsive interactions be-

tween the tactoids. In this case, the inter-tactoid repulsions, which are much higher

than the intra-tactoid repulsions, prevents further swelling and disintegration. This is

clearly observed in Fig. 3.11(a) and Fig. 3.11(b). The enhancement of the inter-tactoid

repulsions as a result of the exfoliation of the tactoids is confirmed qualitatively with

the age-dependent viscoelastic responses of the Laponite suspensions. The evolutions

of elastic modulus G′ (solid symbols) and viscous modulus G′′ (empty symbols) with

tw in freshly prepared Laponite suspensions of different clay concentrations are shown

in Fig. 3.11(c). Soon after preparation, the 4% w/v Laponite suspension (3) begins to
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show a predominantly elastic response which indicates a jammed state. With aging,

both the moduli increase rapidly by several decades due to microscopic rearrange-

ments and the sample finally exhibits a predominantly elastic response. The 3% w/v

suspension (4) starts exhibiting viscoelastic response at an age where the median size

of particles drops to a minimum value (Fig. 3.11(b) and Fig. 3.11(c)). The origin of the

enhanced mechanical moduli in the 1.5 % w/v Laponite suspension (�) exhibited at

very large ages cannot be related to the repulsion-induced jamming behavior as there

is no change in tactoid sizes (� in Fig. 3.11(b)). It has been well known that a Laponite

platelet contains weak positive charges on its rim [27, 28]. The enhanced G′ and G′′ in

the 1.5% w/v suspension can be attributed to the formation of gels due to the presence

of face-rim attractive interactions between the suspended Laponite particles [1].

3.4 Conclusions

In this chapter, the exfoliation process of highly anisotropic particles of Laponite clay

in aqueous suspensions is studied using ultrasound attenuation spectroscopy (UAS).

As the aggregate sizes are smaller than the acoustic wavelength used, the calculated

theoretical loss fits well to the experimental data considering only the visco-inertial in-

teractions. The PSDs are extracted by modeling the data using bimodal distributions.

The number of platelets per tactoid is estimated using an ESD formula proposed in the

literature [20] and presented in Eqn. 3.1. The validity of using bimodal distribution

and the ESD formula is verified using suspensions of Na-montmorillonite platelets.

Our analysis confirms the presence of tactoids that consist of more than one platelet in

Laponite suspensions of concentrations between 1.5% and 4% w/v. The viscous atten-

uation for concentrations below 1.5% w/v is very small and becomes comparable to the

noise of measurement of the intrinsic attenuation. This results in difficulty in the analy-

sis. Some earlier studies using SAXS, DLS, and AFM have demonstrated the presence

of tactoids comprising more than one platelet in aqueous Laponite suspensions of con-

centrations less than 1.5% w/v [5–8]. A transient electrically induced birefringence
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(TEB) study on Laponite RD suspensions has also indicated an increase in the average

tactoid size with volume fraction of clay particles in the concentration range 0.1−0.8%

w/v [9]. However, at very low concentration (0.025% w/v was studied in [10]), aggre-

gates are found to quickly disperse into individual discs. The data from these previous

studies, along with the results obtained from the ultrasound spectroscopy experiments

reported here, indicate that the tactoid size distributions in aqueous suspensions of clay

depend on the concentration of clay particles. The time evolution of PSDs in a 3% w/v

Laponite suspension indicates that the polydispersity of tactoid sizes decreases sub-

stantially with age. The age evolution of the ultrasound attenuation coefficient αv (and

hence the PSDs) for different clay concentrations indicates a major role of electro-

static interactions in the tactoid exfoliation process. During the aggregate suspension

process, when the inter-tactoid repulsions becomes comparable to the intra-tactoid re-

pulsions, further exfoliation of the tactoids into smaller entities becomes very slow. We

believe that this is the main reason behind the incomplete disintegration of clay clusters

in the concentration range studied here. The present study therefore justifies our claim

that UAS is a useful technique to elucidate the PSDs of colloidal suspensions whose

concentrations lie in a range where other techniques like DLS or AFM often fail.
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4
Exfoliation and stability of clay

tactoids in aqueous suspensions:

Dependence on ionic conditions

4.1 Introduction

In aqueous suspension, the powdered minerals of the natural clay Na-montmorillonite

swell due to the absorption of water and exfoliate into smaller entities, known as tac-

toids, with electric double layers on their surfaces. The exfoliation rate of such tactoids

in a synthetic Laponite clay suspension is seen to be greatly reduced at the jamming

transition (Chapter 3). This results in the existence of tactoids that are composed of

more than one platelet in the concentration regime where the suspensions usually show

glassy behavior due to screened Coulomb repulsions.
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Clay exfoliation involves the hydration of intercalated Na+ counterions during the

crystalline swelling of tactoids and the subsequent release of counterions into the bulk

medium through the process of diffusion [1–3]. The diffusion of counterions strongly

depends on the osmotic pressure difference between the intertactoid space and the

bulk medium, and also on the affinity of the basal surface to the counterions. When

a tactoid exfoliates into smaller entities, the hydrated counterions redistribute around

the clay particle immediately to reach an electrostatic equilibrium. The presence of

the counterions in the bulk medium further reduces the osmotic pressure difference

between the intratactoid and intertactoid spaces. This may have a reverse effect on the

subsequent tactoid exfoliation process, especially in the high concentration regime.

This fact has never been tested experimentally in the literature.

There have been several experimental, theoretical and simulation studies to address

the swelling mechanism of 2:1 layered clay minerals [4–14]. These studies have been

very significant in understanding the different kinds of swelling mechanisms, namely,

crystalline and osmotic swelling, etc. However, it is also crucial to understand the

effects of inter-tactoid repulsion and counterion concentration on the exfoliation state

and on the stability of the suspensions under gravity.

The understanding of the exfoliation kinetics and stability of Na-montmorillonite in

suspension is very important due to their wide use as fillers in polymer-clay nanocom-

posites [15–17], as absorbents for the treatment of contaminated water and radio-active

waste [18–20], as thickeners in paints and drilling fluids [21], as an emulsifying agent

that results in high stability against coalescence [22], as an adsorber of RNA and DNA

molecules [23, 24], as an active green catalyst [25] and in bio-sensing applications

[26, 27].

In this chapter, we monitor the evolution of the size distribution of Na-montmorillonite

tactoids/aggregates with suspension age for different clay mineral concentrations and

counterion conditions by employing ultrasound attenuation spectroscopy (UAS). The

effect of different ionic conditions on tactoid exfoliation and its subsequent influence

on the stability and viscoelasticity of Na-montmorillonite gels in the low clay mineral
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concentration regime (below the glass transition concentration) are further investigated

using electroacoustic spectroscopy and rheometry.

4.2 Sample preparation

Two different clays, Laponite and Na-montmorillonite, are used for the present work.

The structural information of these clays is provided in detail in Chapter 1 (Section

1.6). The clay mineral powder is heated in an oven at a temperature of 120◦C for 24

hours to remove absorbed moisture before it is dispersed in highly deionized Milli-Q

water under vigorous stirring conditions. The preparation of Laponite suspensions are

described in Chapter 3. After dispersing Na-montmorillonite powder in Milli-Q wa-

ter, the mixture is next stirred vigorously for three hours using a magnetic stirrer to

ensure a homogeneous distribution of the aggregates. The age tw = 0 is defined as

the time at which the stirring of the sample is stopped. The Na-montmorillonite sam-

ples with added NaCl salt are prepared following two different protocols. In the first

protocol, a NaCl salt solution (brine) of the required molarity is prepared and then Na-

montmorillonite powder is added to the brine and stirred for 3 hours. These samples

are designated as SBC (Salt added Before Clay mineral). In the second protocol, the

required amount of salt is added to an aqueous suspension of Na-montmorillonite of

different ages. These samples are designated as SAC (Salt added After Clay mineral).

These mixtures are stirred for thirty minutes after the addition of salt to ensure homog-

enization. All samples are kept under vacuum conditions (pressure of 160 mmHg for

two minutes) to remove trapped air bubbles from the suspensions.

4.3 Results and discussion

Tactoid size distribution of Na-montmorillonite is estimated by measuring the atten-

uation spectrum (attenuation coefficient αv vs frequency ω) and sound speed using a

DT-1200 acoustic spectrometer from Dispersion Technology Inc. [28]. Details of the
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Figure 4.1: Attenuation spectrum measured for a φw = 4% w/v Na-montmorillonite suspen-
sion at age tw = 45 hours. The solid line is the bimodal fit to the experimental data. The inset
shows the bimodal PSD estimated by theoretical fitting. The dotted lines in the inset are guides
to the eye.

experimental setup and the measurement methods are provided in Chapter 2. The at-

tenuation spectra are measured for different ages, tw, and particle concentrations, φw,

of Na-montmorillonite suspensions by varying the ultrasound frequency in logarithmic

steps in the range 3 to 99.5 MHz and for 12 different sample gaps ranging from 5 mm

to 20 mm. The samples are continuously pumped through the cell to prevent sedimen-

tation. Prior to these experiments, the sample cell is calibrated for acoustic diffraction

using Milli-Q water. All the experiments reported here are performed at 25 ◦C.

For the clay suspensions studied here, the unimodal approximation does not fit

the attenuation spectrum properly, especially in the low frequency regime (Fig. 3.6

of Chapter 3). We therefore estimate bimodal particle size distributions (PSDs) from

the measured attenuation spectra using a combination of theory and an analysis algo-

rithm detailed in Chapter 2 (Section 2.2.1). The validity of the bimodal size distribu-

tion has already been established in the context of suspensions of both Laponite and

Na-montmorillonite in Chapter 3 [29]. A representative attenuation spectrum and es-

timated bimodal PSD using Eqns. 2.1 − 2.7 of Chapter 2 is shown in Fig. 4.1 for a
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Figure 4.2: Ultrasound attenuation spectra measured for 3% w/v Na-montmorillonite (�)
and 3% w/v Laponite ( ) suspensions at age tw= 24 hours.

4% w/v Na-montmorillonite suspension at tw = 45 hours. The bimodal PSD for this

sample is characterized by lower median size of d1 = 48 nm and higher median size

d2 = 558 nm with a relative volume fraction φ2 = 11% of particles in the higher mode.

The values of the parameters that have been used in Eqns. 2.1 − 2.6 to estimate PSDs

are listed in Table 2.1 of Chapter 2.

The coefficient of viscous attenuation, αv, decreases with decreasing particle size

for an identical concentrations of particles. This has been reported in the literature,

for example, in a 10% w/v colloidal suspension of silica particles (Ludox) of sizes

11 nm - 31 nm [28]. We also verify this behavior for suspensions of Laponite and

Na-montmorillonite particles, both of which have the same average thickness of 1 nm

and average diameters of 30 nm and 425 nm, respectively (Fig. 4.2). The densities

of these two clay minerals are very close (2.53 g/cc and 2.61 g/cc). However, the

attenuation in 3% w/v Na-montmorillonite suspensions (� in Fig. 4.2) is much higher

than that observed in the 3% w/v Laponite suspensions ( in Fig. 4.2) due to the higher
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Figure 4.3: (a) Ultrasound attenuation spectra and (b) estimated bimodal particle size distri-
butions (PSDs) measured in 1% w/v (�), 3% w/v (#), 3.5% w/v (4), 4% w/v (5) and 7% w/v
(3) suspensions of Na-montmorillonite of age tw= 166 hours. The solid lines in (a) correspond
to the bimodal fits to the experimental data.
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lateral size of the Na-montmorillonite particles. Under an acoustic field, the motion of

the bigger particle is associated with a higher phase lag. This results in the observed

higher values of αv in the viscous attenuation regime.

We use the changes in the values of αv to monitor the exfoliation kinetics of Na-

montmorillonite tactoids in aging suspensions of different concentrations characterized

by different tw values. Fig. 4.3 (a) shows the attenuation spectra measured for suspen-

sions of age tw = 166 hours and Na-montmorillonite concentrations φw in the range

1 − 7% w/v. It is seen that αv increases monotonically with increasing clay concentra-

tion in the entire ultrasound frequency range (3 − 99.5 MHz) investigated here. The

bimodal size distributions of clay particles in the suspensions estimated from these at-

tenuation spectra are shown in Fig. 4.3 (b). These distributions clearly show that both

the median sizes (d1 and d2) increase monotonically with increasing φw. This indicates

that the degree of exfoliation of clay tactoids decreases with increasing φw.

To understand the kinetics of the exfoliation process with time, the evolutions of the

normalized attenuation coefficients αvw (= αv/φw) with tw, at a typical ultrasound fre-

quency f = 53.6 MHz, for φw values in the range 1− 7% w/v, are shown in Fig. 4.4(a).

It indicates two different φw-dependent regimes of tactoid exfoliation. For φw < 4%

w/v (�, # and 4 in Fig. 4.4(a) correspond to φw = 1, 3 and 3.5% w/v respectively),

αvw decreases rapidly and reaches stationary values. The rate of decay of αvw in these

samples increases with decreasing φw. This indicates faster exfoliation of mineral lay-

ers from tactoids in samples with lower φw. In contrast, for φw ≥ 4% w/v (5 and 3 in

Fig. 4.4(a) correspond to φw = 4 and 7% w/v respectively), no significant changes in

αvw are observed except at the initial ages after sample preparation. The plateau value

of αvw increases with increase in φw, indicating that the exfoliation mechanism slows

down with the increase in φw.

A clearer picture of the exfoliation state is obtained when particle sizes are esti-

mated for suspensions with different clay concentrations and ages. For the sake of

simplicity, only the d1 value, which approximately accounts for 90% of the clay min-

eral content, is plotted in Fig. 4.4(b) against sample ages. After decreasing initially,
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Figure 4.4: Evolutions of (a) the specific attenuation coefficient αvw (=αv/φw) at an ultra-
sound frequency of 53.6 MHz and (b) the lower median size d1 with age tw for 1% w/v (�),
3% w/v (#), 3.5% w/v (4), 4% w/v (5) and 7% w/v (3) Na-montmorillonite suspensions. The
dotted lines are guides to the eye.
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Figure 4.5: Frequency dependence of storage modulus G′ (solid symbols) and loss modulus
G′′ (empty symbols) of Na-montmorillonite suspensions at φw = 3% w/v (�), 4% w/v (#) and
7% w/v (4) at age tw = 24 hours. An oscillatory shear strain amplitude of 0.5% was applied
in these experiments. The samples are pre-sheared using a large oscillatory stress (60 Pa at an
angular frequency ω of 10 rad/s) for one minute to achieve a reproducible starting point for
all experiments. After inducing shear-melting by this process, all samples are left undisturbed
to evolve for 3 hours before performing the frequency sweep experiments. The details of the
rheometer used can be found in Section 2.2.5 of Chapter 2.

no significant change in d1 values is seen for the two samples with φw = 4% w/v and

7% w/v at tw ≥ 24 hours (denoted by 5 and 3 in Fig. 4.4(b). We have investigated the

viscoelastic properties of these suspensions at tw = 24 hours using frequency sweep

measurements that are performed by varying the angular frequency from 0.1 rad/s to

100 rad/s at a very small strain amplitude of 0.2% (Fig. 4.5). Interestingly, we find

that φw = 4% w/v lies close to the glass transition concentration φ j and the soft glassy

response of this sample can be observed from the frequency sweep data (# in Fig. 4.5).

It is seen in this figure that for the samples with φw = 4% w/v and 7% w/v, the elastic

moduli G′ of the suspensions are almost frequency independent and much larger than

the corresponding viscous moduli G′′. It is also noted in this regime that the measured

G′′ values are weakly dependent on the applied shearing frequencies. These are typi-

cal signatures of soft glassy rheology [30]. The suspension with Na-montmorillonite

concentration of 3% w/v (i.e. φw < φ j) does not show any elastic response, with G′′
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Figure 4.6: The graphical solutions of Eqn. 3.1 of Chapter 3 for different ESDs ds = d1
at tw = 320 hours obtained for clay concentrations φw = 1% w/v (red), 3% w/v (blue), 3.5%
w/v (magenta), 4% w/v (gray) and 7% w/v (green). An average lateral size of d = 425 nm

is used for the calculations. Here, y1 = arctan
√

( d
t )2 − 1 is plotted using dashed line and

y2 = 2
3 .

d2
s

d2 .
√

( d
t )2 − 1 is plotted using solid lines. The thicknesses calculated here for different

φw is plotted in Fig. 4.7.

(� in Fig. 4.5) showing an almost power law dependence that is typical of a liquid-like

sample and not of a soft glass.

We have reported the exfoliation behavior of synthetic Laponite suspensions in

Chapter 3. In this chapter, we argued that the strong intertactoid repulsive interactions

at the jamming concentration φ j restricts the complete exfoliation of the remaining tac-

toids in Laponite suspensions. Interestingly, it is seen in the present study that even

when the sample concentration is less than φ j (=4% w/v) the values of αvw and d1

measured for 3% w/v and 3.5% w/v (denoted by # and 4 in Fig. 4.4) reach plateaus

at higher ages, at values that are much higher than those for 1% w/v sample (� in

Fig. 4.4). We next extract the average thickness t of Na-montmorillonite tactoid from

the measured values of the equivalent spherical diameters (ds = d1) of the lower mode,

d1, using the formalism developed in Chapter 3 based on the Jennings−Parslow rela-

tion (Eqn. 2.1 of Chapter 2) [29, 31]. The average lateral size of d = 425 nm measured
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Figure 4.7: Variation of Na-montmorillonite tactoid thicknesses estimated from the equiva-
lent spherical sizes d1 at tw = 320 hours using Jennings-Parslow relation (Eqn. 3.1 of Chapter
3). The average diameter of 425 nm for the tactoids is measured using field effect scanning
electron microscopy (FESEM) as shown in Fig. 3.8 of Chapter 3.

using SEM (Fig. 3.8 of Chapter 3 ) is used in Eqn. 3.2 of Chapter 3 to calculate t by

employing graphical methods (Fig. 4.6). The average thickness t of tactoids calculated

is seen to increase with Na-montmorillonite concentration even below φw = 4% w/v

(Fig. 4.7). This clearly indicates that complete exfoliation of the tactoids is not accom-

plished below the jamming transition φ j and that, in addition to repulsive interactions,

there is the possibility of other dominant physicochemical factors that can influence

tactoid exfoliation.

The conductivity of Na-montmorillonite suspensions is next measured using a high

frequency ac electric field. Details of the conductivity measurement method can be

found in Chapter 2 (Section 2.2.3). The contribution to the conductivity K comes from

the hydrated Na+ counterions that are dissociated during the exfoliation of the tactoids

in the aqueous suspension. Fig. 4.8 shows a decrease in the normalized conductivity

σw (=K/φw) with φw at age tw = 320 hours. For complete exfoliation, the value of

σw is expected to remain constant with changes in φw. This observation verifies our

previous result, reported in Fig. 4.4 and Fig. 4.7, that the degree of exfoliation (or the

113



4. Exfoliation and stability of clay tactoids in aqueous suspensions: Dependence on
ionic conditions

Figure 4.8: Normalized conductivity σw(= K/φw) measured for different concentrations φw

of Na-montmorillonite suspensions of age tw = 320 hours.

dispersibility) decreases at higher concentrations of clay mineral.

It has been mentioned earlier that the observed slowdown in the exfoliation kinetics

above φ j can be attributed at least partially to the large repulsive inter-particle interac-

tions. It is also to be noted that as the exfoliation process progresses, the concentration

of the dissociated Na+ ions increases. As a consequence, the osmotic pressure differ-

ence between the intra-tactoid regime and the bulk water medium decreases, which is

also expected to contribute to the observed slowdown of the exfoliation kinetics in the

samples of φw = 3% w/v and 3.5% w/v reported earlier (# and 4 in Fig. 4.4). To inves-

tigate the effects of the Na+ counterions present in the bulk medium on the exfoliation

kinetics of tactoids, the counterion concentration is increased by adding salt (NaCl)

in the suspension. A suspension is prepared by adding 3% w/v Na-montmorillonite

powder in a 30 mM brine solution (NaCl in water). Fig. 4.9 compares the attenuation

spectrum of this SBC (Salt added Before Clay mineral) sample (#) with that of a 3%

w/v suspension without any added salt (�) at tw = 24 hours. The higher attenuation in

the SBC sample with added salt indicates a smaller degree of exfoliation in this sample

and is evident from the estimated PSDs plotted in the inset of Fig. 4.9. This verifies

that the presence of counterions in bulk water can slow down the tactoid exfoliation
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Figure 4.9: Ultrasound attenuation spectra measured at tw = 24 hours in 3% w/v Na-
montmorillonite suspensions with 0 mM NaCl (�), a 3% w/v Na-montmorillonite suspension
prepared in a 30 mM brine solution (#), and when 30 mM NaCl is added 24 hours after dis-
persing 3% w/v Na-montmorillonite (4). The solid lines are bimodal fits to the experimental
data. The inset shows the estimated PSDs for the three different cases. The dotted lines in the
inset are guides to the eye.

process by reducing the osmotic pressure of counterions between bulk water and the

inter-tactoid spaces.

We monitor the evolution of the tactoid size distributions of the sample with exter-

nally added salt at different sample ages tw and then compare with the data obtained

for sample without added salt. Fig. 4.10 shows the evolution of PSDs for 3% w/v

Na-montmorillonite SBC sample with 30 mM salt for three typical ages. The PSDs

of this sample shift to lower average sizes, indicating the gradual exfoliation with age.

To understand the exfoliation kinetics of the tactoids in the presence of salt, the age-

dependences of attenuation coefficients αv measured at a typical ultrasound frequency

f = 53.6 MHz and the corresponding lower median values d1 are plotted in Fig. 4.11.

In the suspension with 3% w/v Na-montmorillonite (� in Fig. 4.11), the values of αv

and d1 decrease with tw due to the slow exfoliation of the tactoids. It can be seen from

these data that the breakup process becomes extremely slow after tw = 250 hours. For

the SBC sample in which Na-montmorillonite powder is added to a premixed brine
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Figure 4.10: PSDs at some representative ages, tw= 0 hour (�), 135 hours (#) and 388 hours
(4) of 3% w/v Na-montmorillonite suspension prepared by adding the clay mineral in 30 mM
brine solution. This sample is designated as SBC (Salt added Before dispersing Clay mineral).

solution (# in Fig. 4.11), the values of αv and d1 decrease at the initial ages and then

almost saturate after tw = 100 hours. However, the d1 value for this sample is always

higher than the 3% w/v sample without any added salt (� Fig. 4.11). The presence

of excess counterions in the aqueous phase of the SBC sample is expected to cause

a decrease in the osmotic pressure difference between the intra-tactoid space and the

bulk medium, which slows down the diffusion of the intercalated Na+ counterions.

On the one hand, the addition of counterions reduces the inter-tactoid repulsions by

directly screening the exposed surface charges of the tactoids. On the other hand, it si-

multaneously suppresses the intra-tactoid repulsions by reducing the osmotic pressure

difference, thereby resulting in a significant slowing down in the exfoliation process in

the SBC sample.

It is also interesting to investigate the exfoliation state of Na-montmorillonite sam-

ples at different ionic conditions, for example, where counterions (NaCl) are added

after dispersing the clay mineral powder in deionized water. For this, the attenuation
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Figure 4.11: Evolution of (a) attenuation coefficient αv at ultrasound frequency f = 53.6
MHz with age tw of a 3% w/v Na-montmorillonite suspensions with 0 mM salt (�), a 3% w/v
Na-montmorillonite suspension prepared in a 30 mM brine solution (#), 30 mM salt added
after dispersing 3% w/v Na-montmorillonite at tw = 24 hours (indicated by a solid arrow; 4)
and 30mM salt added after dispersing the clay mineral at age tw = 252 hours (3; indicated by
a dashed arrow).
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spectrum is measured for a suspension, designated as SAC-24, in which 30 mM salt is

added to an already dispersed 3% w/v Na-montmorillonite suspension of age tw = 24

hours (4 in Fig. 4.9). It is seen in the inset of Fig. 4.9 that the average particle size in

the SAC-24 sample increases slightly when compared to the sample with no added salt,

but is much smaller than that in the SBC sample even though both the SAC and the

SBC samples contain identical concentrations of Na-montmorillonite and added salt.

Clearly, a sample with no salt is expected to undergo significant exfoliation at tw = 24

hours. Thus, for the SAC-24 sample, the addition of salt in the bulk medium at tw = 24

hours is expected to cause a redistribution of the native Na+ ions that are dissociated

from the tactoids. Some of the Na+ ions can get attracted to the electrically negative

surfaces of the silicate layers in an attempt to acquire electrostatic equilibrium. This

can, in addition to flocculation, result in a deswelling process, in which some of the

clay mineral layers may reorganize into a tactoid structure [32]. The subsequent tw

dependences of αv at frequency f = 53.6 MHz and the corresponding d1 values for the

SAC-24 sample are plotted in Fig. 4.11(a) and Fig. 4.11(b) respectively (data denoted

by 4s). Both αv and d1 increase slowly upto tw = 62 hours, before they reach plateau

values where further exfoliation stops. A similar experiment is performed by adding

30mM salt to an already dispersed 3% w/v aqueous Na-montmorillonite suspension of

age tw = 252 hours. This sample is designated by SAC-252. The subsequent evolutions

of αv and d1 with tw for this sample are shown by3 in Fig. 4.11(a) and Fig. 4.11(b) re-

spectively. In this case, both αv and d1 increase upto tw = 277 hours before they reach

plateau values. This behavior again supports our previous argument that the addition of

salt in an already dispersed Na-montmorillonite suspension encourages the formation

of tactoids under the influence of reverse osmotic pressure. Most importantly, it is also

simultaneously seen, throughout the range of tw accessed here, that the values of αv and

d1 for both the SAC samples (having identical compositions) (4 and 3 in Fig. 4.11)

are always lower when compared with the SBC sample (# in Fig. 4.11) prepared in

a premixed brine solution. The degree of exfoliation in the SBC sample is therefore

always lower than in the SAC samples. Na-montmorillonite tactoids in the 3% w/v
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Figure 4.12: Evolution of total vibration current (ITVI) normalized by ultrasound pressure
gradient in an electroacoustic setup (Fig. 2.4 of Chapter 2) with observation time ts since
stirring of the suspensions is stopped. The samples are prepared by adding Na-montmorillonite
to a 30 mM brine solution (SBC;#) and by adding 30 mM salt at tw = 24 hours after dispersing
Na-montmorillonite in water (SAC-24; 4). The Na-montmorillonite concentrations in both
cases are 3% w/v. Insets (a) and (b) images of the SBC and SAC-24 samples respectively in
the electroacoustic setup at tw = 171 hours.

sample have higher exfoliation at tw = 252 hours than at tw = 24 hours (� in Fig. 4.11).

As a result, the SAC-252 sample has lower αv and d1 compared to that in the SAC-24

sample. However, the tactoid reformation process does not lead to identical PSDs for

the SAC-24 and SAC-252 within the experimental time. This is presumably due to the

irreversibility that arises due to kinetic arrest of the exfoliated layers with age [33].

The observations concerning the exfoliation behavior of the tactoids in the presence

of counterions reported above are further verified by monitoring the gravitational sta-

bility of the Na-montmorillonite suspensions using an electroacoustic setup (Fig. 2.4

of Chapter 2). The total vibration current (ITVI), which arises from ultrasound induced

dipole moments in both the clay particles and salt molecules in these suspensions [34],

is measured by keeping the flat surface of the elctroacoustic probe in contact with the

top surface of clay suspension (insets of Fig. 4.12). The magnitude of ITVI is very

sensitive to the particle concentration near the probe surface kept in contact with the

top surface of the sample column. The evolution of the magnitude of ITVI as a function
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Figure 4.13: Evolution of total vibration current (ITVI), normalized by ultrasound pressure
gradient, in an electroacoustic setup (Fig. 2.4 of Chapter 2) with observation time ts for 3%
w/v Na-montmorillonite suspensions with Cs = 60 mM prepared in SBC (#) and SAC (O)
conditions. The vertical dashed line shows the position of the delay time τd = 23 hours for the
SAC sample.

of observation time ts is plotted in Fig. 4.12 for the samples with added salt. It can

be seen from this figure that the value of ITVI for the SBC sample (#) is less com-

pared to the SAC-24 sample (4) at ts = 0 when the stirring of the sample is stopped

inside the electroacoustic setup after adding salt. As the bulk solutions have identical

salt concentrations, this result can be explained if the number of smaller tactoids, and

hence the layer-water interfacial area, in the SAC-24 sample is higher than in the SBC

sample. With increasing ts, a sedimentation front appears (inset (a) of Fig. 4.12) for

the SBC sample. Since the electroacoustic probe sets up a stable oscillatory pressure

gradient along the vertical direction of the sample chamber, the sedimentation front

passes through consecutive half wavelength regions having alternating directions of

the pressure gradient during its downward movement under gravity. As a result, the

sedimenting particles have opposite orientations of induced dipole moments, leading
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to the observed oscillation in ITVI with ts for the SBC sample (# in Fig. 4.12). The

presence of a sedimentation front in the SBC sample therefore indicates the formation

of an unstable gel structure. It has already been verified here that the degree of exfo-

liation of tactoids in the SBC sample is less due to the prior presence of counterions

(Fig. 4.11(b) and inset of Fig. 4.9). As a result, the strands of the network structure

in this sample are heavy and the local yield stresses can be easily exceeded, leading

to the eventual collapse of the network structure. In contrast, no change in the ITVI

value is observed with time ts in the SAC-24 sample (4 in Fig. 4.12), indicating the

absence of migration of the Na-montmorillonite particles under gravity. Since the 3%

w/v sample does not show a glass transition at sample age tw = 24 hours (� in Fig. 4.5),

the most likely reason for kinetic arrest for this low concentration sample is the for-

mation of stable system-spanning network structures due to the aggregation of the

tactoids. As discussed earlier, the SAC-24 sample (4 in Fig. 4.12) has a higher number

of exfoliated entities and smaller tactoids than the SBC sample (# in Fig. 4.12). This

gives rise to an enhanced network density in the SAC sample, resulting in the high

dispersion-stability observed under gravity (inset (b) of Fig. 4.12). The gravitational

stability test of 3% w/v Na-montmorillonite suspensions is repeated for 60 mM added

salt (Fig. 4.13). Two samples are prepared by adding Na-montmorillonite to a 60 mM

brine solution (SBC sample) and by adding 60 mM salt at tw = 24 hours after dis-

persing Na-montmorillonite in water (SAC sample). It can be seen here that the SAC

sample (O in Fig. 4.13) exhibits higher stability with higher ITVI values than the SBC

sample (# in Fig. 4.13). The SAC sample with 60 mM added salt shows transient gel

collapse in which the suspension remains stable for a delay time τd = 23 hours before

collapse, with the collapse phenomenon being associated with the oscillations of ITVI .

On the contrary, the SBC sample with 60 mM salt shows negligible gravitational sta-

bility and exhibits oscillations in the measured ITVI values immediately after stirring

is stopped in the measuring cell. This data obtained here again confirms that the SAC

sample is more likely to form a stable gel.

The state of exfoliation of tactoids has a strong effect on the viscoelasticity of the
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Figure 4.14: Frequency sweep rheological measurements of gel samples when gelation is
induced by adding 30 mM salt at ages 0 hour (�), 24 hours (#) and 192 hours (4) to 3% w/v
Na-montmorillonite suspension. G′ and G′′ are the elastic and viscous moduli respectively.

Na-montmorillonite gels studied here. To illustrate this, gelation is induced in 3%

w/v Na-montmorillonite suspensions by adding 30 mM salt at different tw values. It

can be seen from Fig. 4.14 that all three samples prepared in this way and denoted as

SAC-0, SAC-24 and SAC-192 show soft solid behavior, with G′ > G′′, a frequency

independent G′ and a weakly frequency dependent G′′. It is further observed that the

values of both moduli increase when gelation is induced by adding salts to samples

of higher ages tw. It has already been established that the number of smaller tactoids

increases with tw due to exfoliation in 3% w/v sample (# in Fig. 4.4). The addition

of salt in the 3% w/v sample at higher tw therefore gives rise to an enhanced network

density for the gels (4 in Fig. 4.12). This results in the larger values of the mechanical

moduli observed for gels prepared at higher tw. This observation further supports the

data reported for samples SAC-24 (4) and SAC-252 (3) in Fig. 4.11(b), where it is

seen that adding salt later to a Na-montmorillonite sample of higher tw values results in

smaller values of d1 due to the growing irreversibility of tactoid reformation with age.
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4.4 Conclusions

This chapter presents a study of the exfoliation state (the dispersibility) of aqueous sus-

pensions of the natural clay Na-montmorillonite at different clay concentrations and

ionic conditions using ultrasound attenuation and electroacoustic methods. It is shown

here that below the sample jamming transition concentration of 4% w/v, the tactoids

undergo an exfoliation process, with the tactoid thickness decreasing with increasing

age of the sample (�, # and 4 in Fig. 4.4). Above the jamming concentration (5 and

3 in Fig. 4.4), the exfoliation process becomes extremely slow due to the strong repul-

sive interactions that exist between the tactoids. This hinders further exfoliation of the

tactoids into single layers in the suspension, resulting in a substantial number of tac-

toids that are composed of more than one layer. Interestingly, incomplete exfoliation

of tactoids is also clearly observed below the jamming concentration. This indicates

that repulsive interactions may not be the sole factor responsible for the existence of

tactoids. As the Na+ counterions dissociate from the intra-tactoid space during exfo-

liation, the osmotic pressure difference between the bulk and the intra-tactoid spaces

decreases as the hydrated counterion concentration increases. This can have a reverse

effect on the exfoliation kinetics, with exfoliation becoming less likely at higher ages

and clay mineral concentrations. To verify this, Na-montmorillonite powder is dis-

persed in brine water. It is found that the presence of counterions in the medium

hinders the exfoliation process ( # in Fig. 4.9 and Fig. 4.11). These results support

previous X-ray diffraction observations of the restricted crystalline swelling of Na-

montmorillonite in concentrated NaCl solutions [35]. The counterion concentration is

also increased by adding salt to the bulk medium after dispersing Na-montmorillonite

powder. It is noted that the median sizes of the particles in these suspensions increase

before eventual saturation (4 and 3 in Fig. 4.11). This indicates that the exfoliated

layers aggregate to form tactoids initially due to the reverse osmotic pressure that is

generated by the addition of counterions after the clay mineral exfoliation. Such a

tactoid reformation process in Na-montmorillonite suspensions due to the addition of
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CaCl2 after dispersing the clay mineral powder has been seen earlier in X-ray scatter-

ing measurements [36]. However, the tactoid reformation process observed here is not

fully reversible since the addition of identical amounts of salt at different time inter-

vals after dispersing Na-montmorillonite does not lead to identical size distributions

of tactoids (4 and 3 in Fig. 4.11). This result is indirectly confirmed by measuring

the elastic and viscous moduli of Na-montmorillonite gel networks that are formed by

adding salt to the samples at various ages after the clay mineral powder is dispersed

in deionized water. The magnitudes of both the moduli are seen to increase for the

samples in which salt is added later.

The effects of counterions on the exfoliation process are further verified using elec-

troacoustics by monitoring the gravitational stability of Na-montmorillonite suspen-

sions characterized by different counterion conditions. When the clay mineral powder

is dispersed in brine water, the suspension becomes very unstable under gravity (# in

Fig. 4.12). On the other hand, when an identical amount of salt is added well after dis-

persing the clay mineral powder in water (4 in Fig. 4.12), the suspension is found to be

highly stable. These results are interpreted in terms of the formation of stable system-

percolating network structures or gels due to the presence of the smaller tactoids in the

second sample. These data clearly indicate that the presence of counterions in the dis-

persing water medium slows down the tactoid exfoliation process. Hence, in addition

to the important contribution of the interparticle repulsive interactions, the results re-

ported in this article show that the osmotic pressure difference of hydrated counterions

between the bulk aqueous medium and the intra-tactoid spaces plays a very important

role in the tactoid exfoliation and reformation process.
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5
Effect of electrolyte on the

microstructure and yielding of

aqueous suspensions of colloidal

clay

5.1 Introduction

Various bulk properties such as viscoelasticity [1], yielding and thixotropy [2, 3],

stability and aging dynamics [4–8] of clay suspensions originate from the complex

self organization of charged anisotropic clay platelets driven by DLVO interactions

[9, 10]. Depending on the clay and salt concentrations, and age of suspensions, these

interactions lead to various phases such as gels, glasses and nematic liquid crystals
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[11, 12]. In the glassy phase, the interactions between platelets are dominated by

screened Coulomb repulsions and the viscoelasticity and yielding behaviors originate

from the caging of each platelet by its neighbors [13]. The gel phase, on the other

hand, is a volume spanning network structure in which two platelets are connected by

an attractive bond, with the strengths of the bonds determining their viscoelasticity and

yielding behavior.

The nature of platelet association for attractive bond formation, and therefore the

origin of the observed rheological behavior of Na-montmorillonite gels, has been widely

debated in the literature [14–18]. Based on the DLVO theory and rheological measure-

ments in suspensions of low platelet concentrations, it was predicted that at a low salt

concentration and in a dispersing medium of pH< 7, attractive bond formation oc-

curs through the association of the negative faces of the platelets with their positive

edges. On the other hand, bond formation through edge-face, face-face and edge-

edge interactions are predicted at varying salt concentrations in a dispersing medium

of pH> 7 [9, 19]. The coagulation process becomes more complicated with increasing

platelet concentration in the presence of salt and a house of cards (HoC) structure is

frequently invoked to explain the nature of gel networks [20–25]. Surprisingly, the

experimental evidence of such predicted microstructures is very limited. There have

been some studies to visualize the underlying microscopic structures using scanning

electron microscopy (SEM) [26] and transmission X-ray microscopy (TXM) [18, 27]

for different conditions of sample preparation. These studies confirm the existence of

either edge-edge or face-face microscopic configurations of platelets in the presence

of salt. However, these studies do not systematically investigate the variation of the

microscopic structures, and their influence on the strength and stability of clay gels,

with changing salt concentration.

In this chapter, we address this issue by studying the rheology, stability properties

and microstructures of 5% w/v Na-montmorillonite suspensions at their natural pH val-

ues after systematically varying the externally added salt concentration from 10 mM to

800 mM. The clay concentration chosen here is above the glass transition concentration

130



5.2 Sample preparation and experimental methods

(4% w/v) for Na-montmorillonite as reported in Chapter 4. Clay particles therefore do

not sediment under gravity in the salt-free 5% w/v suspension of Na-montmorillonite

studied here. In the presence of salt, we find that the viscoelastic moduli and the yield

stress of arrested phases (gels) in this suspension increase upto a peak value at a critical

salt concentration and subsequently decrease due to the progressive increase in salt in-

duced interparticle attractive interactions. The microscopic association of the platelets

in gels with varying salt concentration is directly visualized using cryogenic scanning

electron microscope (cryo-SEM). This shows a transition of the gel morphology, domi-

nated by overlapping coin (OC) and house of cards (HoC) associations of clay particles

to a new network structure dominated by face-face coagulation of platelets, across the

critical salt concentration. The variation of the strength of the gels estimated from the

rheological measurements is then interpreted in terms of the observed microstructures

and changes in gel morphology. The influence of the morphology on the stability of

the gels under gravity is further assessed using electroacoustics.

5.2 Sample preparation and experimental methods

We use Na-montmorillonite of Nanomer PGV grade with CEC value of 145±10%

meq/100g procured from Nanocor Inc [28]. Details of the clay structure can be found

in Chapter 1 (Section 1.6). The clay mineral is hygroscopic in nature. The Na-

montmorillonite powder is therefore baked for 24 hours in an oven kept at a tem-

perature of 120◦C to remove moisture. A stock suspension of 8% w/v is then prepared

by dispersing the dry powder in highly deionized Milli-Q water under vigorous stir-

ring conditions using a magnetic stirrer. The suspension is homogenized by stirring it

for three hours and then stored in a sealed polypropylene bottle for seven days. The

stock suspension is next used to prepare 5% w/v clay suspensions with different ionic

strengths by adding predetermined quantities of NaCl solutions. The mixture of clay

and salt solution is next stirred for three hours using a magnetic stirrer. The resul-

tant suspensions are kept in vacuum for two minutes to remove air bubbles trapped in
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Figure 5.1: Change of natural pH with added salt concentration Cs in a freshly prepared 5%
w/v Na-montmorillonite suspension.

the viscous medium. Samples with different salt concentrations, Cs, are then stored

for four days in sealed glass vials before using them for rheological measurements,

cryo-SEM imaging and electroacoustic measurements. The pH of these suspensions

are maintained at their natural values that arise due to addition of Na-montmorillonite

clay in water. The pH measurements are done using a CyberScan Eutech electrode

(Model-ECFG7252001B) at a temperature of 25◦C. The addition of salt leads to a

slight decrease in the pH value of the suspension and has been shown in Fig. 5.1. It is

seen that the pH of the suspension always remains above 8.8 in the salt concentration

range investigated here.

Rheological measurements are performed in an Anton Paar MCR 501 rheometer

working in a stress-controlled oscillatory mode. Details of the instrument can be found

in Chapter 2 (Section 2.2.5). For each rheological experiment, a Couette geometry is

filled carefully with 4.7 ml of sample using a syringe. The filling process partially

rejuvenates the sample. The free surface of the sample is covered with a thin layer of

silicone oil of viscosity 5 cSt to prevent evaporation of water. A well defined exper-

imental protocol, as shown in the inset of Fig. 5.2, is used for all the measurements.
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Figure 5.2: Variation of the elastic modulus G′ (empty symbols) and viscous modulus G′′

(solid symbols) with time during the shear melting process performed by applying a stress of
50 Pa at an angular frequency of 6 rad/s for 5 mins to 5% w/v Na-montmorillonite suspensions
with 20 mM (� and �) and 300 mM ( and#) salt concentrations. It is seen that elastic moduli
of both the samples reach zero after 30 s of starting the shear melting process. Inset shows the
experimental protocol used for strain amplitude sweep rheological measurements.

After filling the measurement geometry, the samples are shear rejuvenated by apply-

ing a large oscillatory stress of amplitude 50 Pa with an angular frequency of 6 rad/s.

The application of this high shear stress liquifies the samples, leading to a zero elastic

modulus G′ and very small values of the viscous modulus G′′ (Fig. 5.2). The samples

are left to evolve for three hours after the cessation of the shear melting process at

age tw = 0. During this period, the suspensions undergo a spontaneous phase transi-

tion from a liquid-like state (G′ < G′′) to a kinetically arrested state (G′ > G′′), with

the viscoelastic moduli evolving continuously with age tw as shown for 5% w/v Na-

montmorillonite samples with two typical salt concentrations 10 mM (N and 4) and 20

mM (� and �) in Fig. 5.3. Increasing the amount of salt results in faster approach to the

kinetically arrested state. After tw = 3 hours, a strain amplitude sweep test is carried

out by varying strain amplitude, γ, in the range of 0.1 − 100% at a constant angular
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Figure 5.3: Evolution of the elastic modulus G′ (filled symbols) and viscous modulus G′′

(empty symbols) as a function of the aging time tw of 5% w/v Na-montmorillonite suspensions
with salt concentrations 10 mM (N and 4) and 20 mM (� and �). The arrow shows the cross-
over position between G′ and G′′ for the sample with 10 mM salt. To monitor the aging of
the suspensions, a small oscillatory strain of amplitude γ = 0.2% at an angular frequency of 6
rad/s is applied and the tw dependence of G′ and G′′ of the samples is measured. The applied
strain γ, which is very weak and much smaller than the yield strain, is not expected to interfere
with the spontaneous aging process.

frequency of 6 rad/s (inset of Fig. 5.2). To determine the static yield stresses of gels,

controlled shear stress flow curve measurements are performed by varying shear stress

in the range 0.1 − 100 Pa at sample age of tw = 3 hours. Flow curve data are obtained

with a fixed time setting by allowing 5 s for each data measurement. All experiments

reported here are carried out at a temperature of 25◦C.

Cryo-SEM characterization of clay samples are performed using a field effect scan-

ning electron microscope (FESEM) from Carl Zeiss at an electron beam strength of 2

KeV. Details of this setup and sample preparation method for cryogenic characteriza-

tion are described in Chapter 2 (Sections 2.2.6 and 2.2.8).

Stability characterization of clay suspensions in the presence of salt is performed

using an electroacoustic setup described in Chapter 2 (Section 2.2.2). The setup si-

multaneously measures the ICVI induced by clay particles and IIVI induced by salt ions.

The total electroacoustic signal is a vector sum of ICVI and IIVI and measured as the
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Figure 5.4: Variation of elastic modulus G′ ( ), viscous modulus G′′ (#) and elastic stress,
σel = G′γ (N) with strain amplitude, γ, for 5% w/v Na-montmorillonite with 20 mM added salt
at tw = 3 hours. The solid line is a linear fit to the σel vs γ data. The value of σy is shown by
the horizontal dashed line.

total vibration current (IIVI) [29].

5.3 Results and discussion

The bulk mechanical behavior of Na-montmorillonite suspensions, with varying salt

concentration Cs, is measured by performing strain amplitude sweep tests. Fig. 5.4

shows representative data of a strain amplitude sweep experiment at an angular fre-

quency of 6 rad/s for a 5% w/v clay suspension with Cs = 20 mM at tw = 3 hours. At

small values of applied strain (γ), i.e., in the linear viscoelastic (LVE) regime, G′ > G′′,

with both the moduli being independent of strain amplitudes. The plateau values of G′

and G′′ are designated by G′pl and G′′pl respectively. On further increase in γ, the sample

starts yielding due to the irreversible rearrangement of Na-montmorillonite platelets.

In this nonlinear regime, G′ decreases monotonically while G′′ reaches a peak at the
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Figure 5.5: Variation of plateau value of elastic modulus G′pl (�) and yield stress σy (#)
with increasing salt concentration Cs. The inset shows the change in ratio of the viscoelastic
moduli G′pl/G

′′
pl (4), measured in the linear viscoelastic regime, versus Cs.

point of crossover between G′ and G′′. Finally, at very high strains, the sample ex-

hibits fluid-like behavior which is indicated by G′′ > G′. Similar behavior of the stress

moduli under high applied strains in the nonlinear regime was also observed previ-

ously in simulation and experimental studies [30, 31].The yield stress, σy (indicated

by horizontal dashed line in Fig. 5.4), is calculated from the stain amplitude sweep data

following the method described by Laurati et al. [31]. In this method, the elastic stress

σel = G′γ (N in Fig. 5.4) is plotted versus γ, which helps to separate the contribution of

the viscous stress from the total stress. At low γ values, the elastic stress vs strain data

is fitted to σel = G′γ. The value of σy is defined as the magnitude of σel at which the

measured value of σel starts deviating more than 3% from the theoretically calculated

value. For the sample in Fig. 5.4, a yield stress σy = 6.8 Pa is calculated.

The variations of G′pl and σy with varying salt concentration Cs are shown in

Fig. 5.5. Both the quantities increase monotonically with Cs upto Cs ≈ 150 mM,

before decreasing with further addition of salt. The inset of Fig. 5.5 shows that G′pl is
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Figure 5.6: Shear stress vs shear rate profile measured in controlled shear stress (CSS) mode
for 5% w/v Na-montmorillonite suspensions with salt concentrations 20 mM (�), 80 mM (#),
150 mM (4), 200 mM (3) and 400 mM (/). The vertical dotted lines show the positions of the
yielding points for the samples. The inset shows the variation of static yield stress with the salt
concentrations, Cs.

approximately sixty times higher than G′′pl for samples with Cs > 10 mM. This indi-

cates that the suspensions are essentially elastic in the linear viscoelastic regime, even

though the strength of the underlying microstructures of the suspensions, which is es-

timated form the σy and G′pl values, decreases for Cs > 150 mM. The observation in

Fig. 5.5 therefore indicates a transition in the sample morphology at Cs = 150 mM.

To compare the data obtained in the strain sweep experiments reported above, we

determine the static yield stresses of gels at different salt concentrations by performing

flow curve measurements in controlled shear stress (CSS) mode. The data are shown

in Fig. 5.6 for 5% w/v Na-montmorillonite gels with Cs varying in the range 20-400

mM. At low shear rate values, the shear stress varies almost linearly with shear rate

(or effectively with strain) for all gel samples. This indicates solid-like response of the

gels. The point where the stress value deviates from the linear regime can be defined
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as the static yield stress which is indicated by vertical dotted lines in Fig. 5.6 for the

different samples investigated here. The static yield stress thus measured increases

with Cs, upto a peak value at Cs = 150 mM, and then decreases at higher Cs (inset

of Fig. 5.6). A very similar trend for the yield stress was seen in the strain sweep

measurements reported in Fig. 5.5.

We next investigate the salt induced morphological changes of Na-montmorillonite

gels using cryo-SEM. Fig. 5.7 shows representative cryo-SEM micrographs of 5% w/v

Na-montmorillonite gels with Cs varying in the range 10-500 mM. Honeycomb-like

three dimensional network structures, with a systematic change in morphology and

sizes of the polydisperse pores (voids left after sublimating the water molecules during

the cryo-SEM sample preparation step), can be observed in all these samples. The

branches of the gel networks observed here are thicker than the thickness of a single

platelet (∼1 nm) due to the presence of vitrified water on their surfaces. A close in-

spection of the honeycomb structures formed by 5% w/v Na-montmorillonite at 20

mM salt (Fig. 5.7 (b)) reveals that the average length of the branches is larger than the

average lateral size of 425 nm (Chapter 3) of the Na-montmorillonite platelets. A mag-

nified image of this sample is provided in Fig. 5.8 (a) which clearly shows that many

of the branches have holes on their surfaces. This indicates that the platelets on each

branch are connected in overlapping coin (OC) configurations, as predicted by Jonsson

et. al. using Monte Carlo simulations in a system of clay platelets at low salt concen-

trations [32, 33]. In the OC configuration, the positive edge of a platelet attaches to the

negative basal surface near the edge of another platelet in a parallel fashion, thereby

forming longer sheets (branches of the network) through attractive bonds (Fig. 5.8(b)).

The positive edges of two such sheets (the branches) attach to the negative faces of a

third sheet comprising platelets which are also in OC configurations. Such attachments

lead to the formation of an attractive network-junction of three branches as indicated

in Fig. 5.8. We note here that such honeycomb-like network formation is not very

dominant in the case of the sample with 10 mM salt (a magnified image is shown in

Fig. 5.9) due to the presence of high face-face repulsions.
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Figure 5.7: Representative micrographs obtained using cryo-SEM for 5% w/v Na-
montmorillonite suspensions with Cs = 10 mM (a), 20 mM (b), 50 mM (c), 100 mM (d),
150 mM (e), 200 mM (f), 300 mM (g) and 500 mM (h). The scale bars represent 2 µm.
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Figure 5.8: (a) Magnified view of a representative micrograph obtained using cryo-SEM
for 5% w/v Na-montmorillonite suspension with Cs = 20 mM. (b) Schematic depiction of
the microscopic arrangement of platelets showing overlapping coins (OC) in suspension in the
presence of salt. The red color on the edges indicates positive charges and the yellow color on
the basal surface indicates screened negative charges.

We use the cryo-SEM micrographs to quantify the pore (void) size distributions,

porosity and branch thicknesses of all the gels studied in this chapter. Porosity is de-

fined as a ratio of the total void area to the total area of the 2D projection of the gel

structure. The image analysis tools used here and the details of the calculation of the

porosity and network branch thickness are at the end of this chapter (section 5.5). Rep-

resentative distributions of pore sizes and branch thickness, w, are shown in Fig. 5.10

(a) and (b) respectively for 5% w/v Na-montmorillonite samples with cs = 50 mM.

It is to be noted that the pore sizes and thicknesses measured here are, respectively,

smaller and larger than the actual sizes due to the presence of vitrified water on the

network. However, since the sublimation time (12 min) after fracturing the vitrified

samples is same for all the suspensions, an equal sublimation-depth is expected for all
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Figure 5.9: Magnified cryo-SEM micrograph showing gel structure in a vitrified sample of
5% w/v Na-montmorillonite with 10 mM added salt.

Figure 5.10: (a) Pore size distribution and (b) branch thickness w distribution calculated
from eight SEM micrographs of a 5% w/v Na-montmorillonite sample with 50 mM salt mapped
on a 2D plane using ImageJ.
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Figure 5.11: (a) Plot of average pore size (�) of the gel network as a function of salt con-
centration Cs. Inset shows the variation of porosity (4) with Cs. (b) Plot of network-branch
thickness, w, (#) as a function of Cs. The image analysis is performed using ImageJ.

the samples studied using cryo-SEM. When Cs is increased systematically upto 100

mM, the average pore size (� in Fig. 5.11(a)) increases, while the porosity (4 in the in-

set of Fig. 5.11(a)) and branch thickness w (# in Fig. 5.11(b)) of the gels remain almost

unchanged. It can therefore be concluded that for Cs ≤ 100 mM, the participation of

platelets in the OC configurations increases. As Cs is increased to 100 mM, the num-

ber of network-junctions simultaneously decreases, while the lengths of the individual

branches of the network increases with Cs. This was clearly observed in Fig. 5.7(a),

(b), (c) and (d). Interestingly, at Cs = 150 mM, the average pore size (� in Fig. 5.11(a))

decreases, while the porosity (4 in inset of Fig. 5.11(a)) and w (# in Fig. 5.11(b)) re-

main unchanged. This reduction in pore size at Cs = 150 mM (cryo-SEM micrograph

in Fig. 5.7 (e)) arises due to the participation of a substantial number of platelets in
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Figure 5.12: Schematic depiction of (a) house-of-card (HoC) arrangement of circular
platelets and (b) face-face aggregation of platelets leading to band-type structures in the sus-
pension in the presence of salt. The red color on the edges indicates positive charges and the
yellow color on the basal surface indicates screened negative charges. The grey color indicates
complete charge screening.

house-of-cards (HoC) configurations, apart from the OC configurations discussed ear-

lier. In such HoC configurations, the positive edge of a platelet attaches attractively

to the central negative part of the basal surface of another platelet (Fig. 5.12(a)). The

coexistence of HoC and OC configurations can be seen in a magnified micrograph in

Fig. 5.13 for a sample with Cs = 150 mM. Thus, at this salt concentration, the lengths

of the network branches decrease and number of network junctions increases due to the

participation of a substantial number of platelets in HoC configuration. This can be ob-

served in Fig. 5.11(a). It is to be noted that the coexistence of such configurations was

predicted earlier in simulations of clay suspensions at high salt concentrations [33].

Since the addition of salt in the dispersing medium leads to a decrease in the Debye

screening length, the spillover of negative potential from the basal surface onto the

positive edges of platelets decreases with increase in salt concentration [34–36]. The

effective potentials on the edges of the platelets are expected to be positive at Cs = 10

mM. This leads to the formation of a gel network at this salt concentration as seen in

Fig. 5.7(a). With increasing Cs, the magnitude of the effective positive potentials on
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Figure 5.13: Magnified cryo-SEM micrograph showing gel structures comparing OC and
HoC configurations in a vitrified sample of 5% w/v Na-montmorillonite with 150 mM added
salt.

the platelet edges increases until the long-range effects of the negative charges of the

basal surface becomes negligible due to screening. As a result, the number of attractive

bonds and their strengths in OC and HoC configurations increase with Cs (Fig. 5.7(a),

(b), (c), (d) and (e)). This contributes to the growing G′pl and yield stresses of the gels

upto Cs = 150 mM (Fig. 5.5 and inset of Fig. 5.6).

At Cs > 150 mM, the average pore size (� in Fig. 5.11(a)) and w (# in Fig. 5.11(b))

increase with increasing Cs. The total void space simultaneously deceases slightly (4

in the inset of Fig. 5.11(a)). These features, and a close inspection of the micrographs

(a representative magnified image of the sample in Fig. 5.7 (g) is shown in Fig. 5.14),

reveal that due to the considerable screening of negative charges on the basal surfaces,

the face-face aggregation process due to van der Waals attractions becomes dominant

at very high salt conditions [32]. Such parallel aggregation of platelets for low clay

and high salt concentrations was also observed indirectly using ultrasound attenuation

spectroscopy in our earlier study [37]. The face-face aggregation occurs very randomly

and leads to elongated and thicker branches known as band structures (a schematic

depiction in Fig. 5.12(b)) [38–40]. These band-type branches further connect at their

ends and eventually form a kinetically arrested network characterized by a honeycomb
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Figure 5.14: Magnified cryo-SEM micrograph showing gel structures in a vitrified sample of
5% w/v Na-montmorillonite with 300 mM added salt. The arrows shows the branches formed
by random face-face stacking (band structure) of clay platelets.

Figure 5.15: SEM micrograph showing incomplete network structures in a vitrified sample
of 5% w/v Na-montmorillonite with 600 mM added salt.
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Figure 5.16: Evolution of total vibration current (ITVI), normalized by the ultrasound pres-
sure gradient in an electroacoustic setup versus observation time ts. Here, ts = 0 is defined
as the time when the stirring of the sample is stopped inside the electroacoustic setup. The
samples are 5% w/v Na-montmorillonite with Cs= 0 mM (O), 200 mM (�), 300 mM (/), 400
mM (4), 600 mM (#) and 800 mM (�).

structure. This can be clearly observed in the cryo-SEM micrographs presented in

Fig. 5.7(f),(g),(h). Incomplete network formation is also observed at very high salt

concentrations, e.g. at Cs = 500 mM (Fig. 5.7(h)) and for a sample with 600 mM salt

(Fig. 5.15) due to the strong face-face aggregation of a considerable fraction of clay

platelets.

The observed decrease in G′pl and yield stresses reported earlier (Fig. 5.5 and inset

of Fig. 5.6) when Cs is increased beyond 150 mM can be attributed to the considerable

increase in the pore sizes and thicknesses of the network branches which is observed

in Fig. 5.11. In this salt concentration regime, the excluded volume due to the basal

charge repulsions decreases substantially with increasing Cs. In addition, the strength

of the attraction between the branches of the network also increases. As a result,

applied strains promote irreversible aggregation of the thick branches. This process
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leads to a higher pore size, larger branch thickness and decreasing network connectivity

with increases Cs, leading to the observed decrease in G′pl and σy. When these samples

are subjected to small stresses, the coagulation of network branches under stress can

lead to the collapse of the gel network, with the yielding happening at lower γ values

as the network branches become increasingly thicker.

We verify the stability of the gels under gravity by measuring the total vibration

current (ITVI) using an electroacoustic setup described in Chapter 2 (Section 2.2.2).

Fig. 5.16 shows the variation of ITVI with observation time ts, measured for 5% w/v

Na-montmorillonite gels for a Cs range between 0 mM and 800 mM. The suspension

with no added salt (O in Fig. 5.16) is highly stable under gravity due to the kinetic

arrest of the constituent clay platelets. Surprisingly, we find no change in ITVI values

measured over two weeks for samples with Cs ≤ 300 mM (3 and� in Fig. 5.16). This

confirms that the gels observed in Fig. 5.7(a)-Fig. 5.7(g) are highly stable under gravity.

The sample with Cs = 400 mM (4 in Fig. 5.16) exhibits a small decrease in ITVI after

ts = 20 hours. The suspensions with Cs > 400 mM (# and � in Fig. 5.16) show

irregular oscillations in ITVI values with observation time ts due to the intermittent

collapse of the gel structures. When the sedimentation front collapses downward, it

passes through consecutive half wavelength regions having alternating directions of

the ultrasound pressure gradient set by the the electroacoustic probe along the sample

height. As a result, the particles on the sedimenting front have opposite orientations of

induced dipole moments at different ts, leading to the observed oscillation in ITVI with

ts. This behavior indirectly confirms that gels with Cs = 600 mM and 800 mM salt

are not stable under gravity. Due to the large pore sizes and thick network branches of

these samples (Fig. 5.7 (h) and Fig. 5.11), the weights of the branches exceed the local

yield stresses of the network, resulting in the observed gel collapse.
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5.4 Conclusions

In this chapter, we present our results on the influence of NaCl on the microstructures,

viscoelasticity, yielding and stability of Na-montmorillonite gels at a clay concentra-

tion, 5% w/v, at which the suspension is expected to exhibit a glassy phase in the ab-

sence of salt [37]. Microscopic observations using cryogenic scanning electronic mi-

croscopy (cryo-SEM) reveal that at low salt concentrations, the clay platelets form long

sheet structures (network branches) through attractive overlapping coin (OC) configu-

rations predicted in a simulation study recently [32]. These sheets (branches) join at

their ends to form crosslinked ribbons (network-junctions), giving rise to honeycomb-

like network structures (Fig. 5.7 (a), (b), (c)). Interestingly, we find that platelet par-

ticipation in the OC configurations in the network-branch increases with increase in

salt concentration in the range of 10-100 mM. This leads to higher pore sizes without

any change in the branch thickness w of the gels (Fig. 5.11). With further increase of

Cs upto 150 mM, the thickness of the network branches remains unchanged but the

pore size of the gels decreases with Cs due to the participation of a substantial num-

ber of clay platelets in the HoC configurations, besides the usual OC configurations

(Fig. 5.7(d)). Such a coexistence of OC and HoC at higher salt concentration was also

predicted in an earlier simulation study [33]. Our rheological measurements (Fig. 5.5

and inset of Fig. 5.6) further suggest that strength of the attractive bonds due to such

platelet configurations increases with increasing Cs upto a value of 150 mM.

At Cs > 150 mM, the van der Waals attraction between platelets becomes dominant

due to the high screening of the basal negative charges by the Na+ ions. Under these

conditions, the platelets coagulate in a face-to-face orientation randomly, leading to

the formation of elongated structures known as ‘band-type structures’ that have been

predicted in the literature ([38, 40]). These elongated bands further connect at their

ends, with the emergence of kinetically arrested honeycomb structures (Fig. 5.7(e), (f),

(g)). The pore sizes and branch thicknesses w of the gel networks increase with Cs due

to the increase in the face-face bond formation of the platelets (Fig. 5.11). The strength

of the gels decreases with Cs (Fig. 5.5 and inset of Fig. 5.6) in this salt concentration
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regime due to a decrease in the repulsive excluded volume and a simultaneous increase

in the attraction between the branches of gel network. This leads to the collapse of the

gels under applied strains. It is also seen, using systematic electroacoustic measure-

ments, that the gels exhibit considerable stability under gravity upto Cs = 300 mM

(Fig. 5.16). At Cs > 300 mM, the gels become unstable due to irreversible branch

coagulation, with the gel network eventually collapsing under gravity.

In conclusion, the present study elucidates the link between the bulk rheological

and stability behaviors of natural Na-montmorillonite gels and their underlying mi-

croscopic structures. Apart from the significant importance of this study for various

rheological applications of Na-montmorillonite, we believe that the results presented

here will facilitate our understanding of the suspension behavior of other clays such as

Laponite and Kaolinite in the presence of salt. Since soil is composed of many natu-

ral clay minerals, our results are also extremely useful in the understanding of many

geophysical phenomena such as landslides, and the formation of quicksand and river

deltas [41, 42].

5.5 Analysis of cryo-SEM images using ImageJ

software

The cryo-SEM micrographs shown in Chapter 5 are analyzed using ImageJ (version:

1.49q) to calculate porosity, pore size distribution and thickness w of branches of the

gel network. A cryo-SEM micrograph presents a three dimensional network structure

in two dimensions with a range of pixel gray-values (intensity values). For a particular

image, we manually adjust the threshold value of gray-scale using ImageJ in such a

way that only the boundaries of the pores remain bright in the 2D plane. The image

is then converted to binary form as shown in Fig. 5.17. In this figure, the dark pixels

correspond to voids spaces. Thus, the total area of dark pixels gives the total area

of void spaces in the binary image. The ratio of dark area to the total area of the
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Figure 5.17: A 2D projected binary image obtained using ImageJ software for a 5% w/v Na-
montmorillonite gel with Cs = 50 mM. The total area of the micrograph is shown by the yellow
rectangle. The boundary of a pore is indicated by a closed red line. The distance between the
tips of the green arrows gives the branch thickness w.

binary image gives the porosity value. To calculate sizes of the individual pores, each

pore on the binary image is manually selected using the ImageJ pointer, as shown by

a red boundary in Fig. 5.17. The total area within this red boundary gives the pore

size. The thickness (shown by green arrows in Fig. 5.17) of a branch of the network is

calculated manually using the ImageJ pointer. Such measurements are repeated over

several micrographs of the same sample to get good statistical averages of porosity,

pore sizes and branch thickness. Fig. 5.10 of Chapter 5 shows a representative plot

of pore size and thickness distributions for a 5% w/v Na-montmorillonite gel with

Cs = 50 mM.
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6
Sedimentation kinetics of weak clay

gels

6.1 Introduction

All materials on earth are subject to gravitational forces which may affect the aggre-

gation and stability behaviors of suspensions of particles with considerable density

mismatch with the background medium [1–7]. Gravitational stability of various kinet-

ically arrested phases such as clay colloidal glasses and gels [8–11] therefore depends

on the competition between the strengths of their microstructures and their gravita-

tional weights [12–16]. This is an important factor for the various technological ap-

plications of clay suspensions as thickeners and stabilizers [17–19], and also for many

clay-related geophysical phenomena such as quicksands and river delta formation and

landslides [20–22]. Influence of gravity becomes considerably important when kineti-

cally arrested phases in clay suspensions have weak structures [23, 24]. Interestingly,
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6. Sedimentation kinetics of weak clay gels

such competition between the gravity and mechanical strengths of clay suspensions

can be controlled externally by changing salt and clay concentrations, and is the focus

of discussion in this chapter.

In Chapter 4, we have shown that the stability of clay gels at high clay concentra-

tion can be enhanced by adding salt to a clay suspension that is prepared in deionized

water, rather than by adding the clay mineral to a previously mixed salt solution. In this

chapter, we report a detailed study of the stability behavior of Na-montmorillonite clay

platelets and their aggregates in dilute aqueous suspensions under different ionic con-

ditions using light transmission method and electroacoustics. It is observed that dilute

salt-free suspensions, with clay concentration below the glass transition concentration,

are not stable under gravity. Addition of salt to the suspensions leads to the formation

of weak gels. Stability of these gels are studied by directly tracking the collapsing gel-

interface. We find that adding salt after dispersing the clay mineral does indeed result

in more stable gels even in very dilute suspensions. However, these weak gels are seen

to exhibit transient collapse after a finite delay time. Furthermore, the velocity of the

collapsing gel is seen to oscillate with increasing gel age, with the average magnitude

of the velocity increasing upto a peak value before decreasing subsequently. With in-

creasing salt concentration, the delay time for transient collapse decreases, while the

peak value of the collapse velocity increases.

The phenomenon of transient collapse was first observed by Poon el. al. in 1993

[25] and has been a subject of intense research since then. In the last two decades,

the transient collapse phenomenon of colloidal gels has been studied in depletion gels

[23, 26–28] and in colloidal gels flocculated at their secondary minima [29, 30]. How-

ever, a complete understanding of the microscopic origin of transient collapse remains

elusive. Our study, using a combination of rheological measurements, ultrasound at-

tenuation spectroscopy and cryogenic scanning electronic microscopy, reveals that the

continuous restructuring and association of the clay platelets in overlapping coin con-

figurations lead to increase in the widths and lengths of the gel network strands. We

argue that a competition between the gravitational stresses on these network strands
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and the local yield stresses plays an important role in determining the stability of gels

formed from charged colloidal clay particles.

6.2 Sample preparation

Na-montmorillonite of Nanomer PGV grade with CEC value of 145±10% meq/100g

procured from Nanocor Inc [31] is used for this work. Details of the structure of this

clay particle can be found in Chapter 1 (Section 1.6). The clay mineral is hygroscopic

in nature. The clay powder is therefore baked for 24 hours in an oven at 120◦C to re-

move absorbed moisture for good reproducibility of data. The powder is next dispersed

in water using a magnetic stirrer under vigorous stirring conditions. Three batches of

samples are prepared at different ionic conditions as noted below:

Samples without salt: Clay powder is dispersed in highly deionized Milli-Q water

of resistivity 18.2 MΩ.cm. The suspension is stirred for seven days before using it for

experiments.

SBC sample: Clay powder is dispersed in brine solution. The brine solution is

prepared by adding a predetermined amount of NaCl in Milli-Q water. The mixture is

kept under stirring conditions for seven days before experiments. We designate such a

sample as SBC (Salt added Before Clay).

SAC sample: A predetermined amount of salt is added after seven days to a clay

suspension prepared in a salt-free condition. The mixture is further stirred for three

hours before experiments. We designate such a sample as SAC (Salt added After Clay).
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6. Sedimentation kinetics of weak clay gels

Figure 6.1: Variation of the transmitted intensity (Itr) along the height h of the cuvette for
a 0.8% w/v Na-montmorillonite suspension at ages ts = 0, 21, 59, 95 and 185 hours (bottom
to top). Here, h = 0 is at the bottom of the sample column and ts = 0 is defined as the
time when the stirring of the sample in the cuvette is stopped. The arrow heads indicate the
positions of the top surfaces of the sediment at different ts. The solid lines are the exponential
fits [Itr(h) = I0 + I′exp(h/h′0)] to the data. Here, h′0 is a length scale characterizing the particle
concentration gradient. The inset (a) shows an image of the sample acquired at ts = 59 hours
using the CCD camera. The variation of h′0 with ts is shown in the inset (b).

6.3 Results and Discussion

6.3.1 Optical and rheological studies of sedimentation of

dilute clay gels prepared at different ionic conditions

We first monitor the stability of clay platelets in dilute aqueous salt-free suspensions

using the light transmission method at 25±0.1◦C. Details of the setup and experimental

procedure are given in Chapter 2 (Section 2.2.2). The clay samples are loaded inside a

sedimentation cell (rectangular glass cuvette) immediately after preparation. The sam-

ple age ts = 0 is measured from the moment at which the loading process of a sample

is completed. Fig. 6.1 shows the variation of the transmitted intensity (Itr) along the
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height, h, of the cuvette for a 0.8% w/v aqueous suspension of Na-montmorillonite

clay at several ages, ts. Here, h = 0 is at the bottom of the sample cuvette. At age

ts = 0, Itr remains almost constant with varying h. This indicates that the clay platelets

are distributed uniformly in the suspension. For ts > 0, Itr increases with h. A rep-

resentative CCD image of the sample acquired at ts = 59 hours is shown in the inset

(a) of Fig. 6.1. The Itr vs h data can be fit to Itr(h) = I0 + I′exp(h/h′0), where I0, I′

and h′0 are the fitting parameters. h′0 is a length scale characterizing the intensity gradi-

ent, and therefore is a measure of the particle concentration gradient, along the sample

height. At low h, a sharp change in Itr can be observed due to the deposition of the clay

platelets at the bottom of the sample cuvette. The positions where the Itr data deviate

from the exponential fits correspond approximately to the clay sediment heights and

are indicated by arrow heads in Fig. 6.1. At larger h, the exponential variation of Itr

with h indicates a continuously varying concentration of platelets along the height of

the sample. As a result of the wide size distribution of the clay platelets (Fig. 3.8 of

Chapter 3), the bigger platelets settle faster than the smaller ones. The smaller particles

diffuse out over larger length scales with increasing ts, giving rise to a gradual increase

in h′0 with age as observed in the inset (b) of Fig. 6.1. The absence of any distinct in-

terface between the supernatant and the clay rich region [inset (a) of Fig. 6.1] confirms

the absence of a gel phase [32, 33].

Due to the high concentration of negative charges on the basal surfaces and the

wide lateral sizes of Na-montmorillonite platelets, there is a small spillover of negative

potential onto the positive edges of the platelets in suspensions of pH > 7 [34–36].

As a result, the effective potential on the edges are also negative. Hence, the Na-

montmorillonite platelets in dilute suspensions, such as the ones reported in Fig. 6.1,

do not show any aggregation and sediment under gravity. However, a salt-free aque-

ous suspension of Na-montmorillonite clay platelets exhibits strong stability above the

glass transition concentration (4% w/v). This is probed by measuring colloidal vibra-

tion current ICVI with age, ts, at the top surface of the sample in an electroacoustic

setup (Section 2.2.2 of Chapter 2). The data are shown in Fig. 6.2. For samples with
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Figure 6.2: Evolution of the colloidal vibration current (ICVI) measured in the electroacous-
tic setup (Fig. 2.4) versus the age ts of Na-montmorillonite suspensions with clay concentra-
tions of 1% w/v (�), 3% w/v (#), 4% w/v (4), 5% w/v (O), 7% w/v (�) and 8% w/v (3).

clay concentrations below 4% w/v, the clay particles sediment under gravity. This can

be seen from the exponentially decreasing ICVI values with increasing ts (� and # in

Fig. 6.2). For concentrations ≥ 4% w/v, the clay suspensions are stabilized by long

range repulsive interactions and form kinetically constrained, structurally disordered

soft glasses [37, 38], which renders the particles increasingly stable under gravity. This

can be seen from the values of the ICVI which remain almost constant with changing ts

(4, O, / and 3 in Fig. 6.2).

We next investigate the aggregation and stability behaviors of dilute clay suspen-

sions in the presence of added salt. Attractive interactions between the clay platelets in

a 0.8% w/v Na-montmorillonite suspension are induced by the addition of salt to the

medium which results in the reduction of the Debye screening lengths characterizing

the Na-montmorillonite platelets in the suspensions. CCD images captured at different

ages (ts) of a 0.8% w/v Na-montmorillonite suspension (SAC) with 60 mM salt, pre-

pared by adding the salt to the suspensions after dispersing clay powder in deionized
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Figure 6.3: Variation of the transmitted intensity (Itr) with sample column height, h, of a
0.8% w/v Na-montmorillonite suspension (SAC) with 60 mM salt at ages ts = 0.5 hours (�),
3 hours (#), 10 hours (4) and 95 hours (3). The corresponding CCD images of the gel at
different ts are shown in the insets (a), (b), (c) and (d). The vertical dotted lines in the main
figure indicate the positions of the interface between the supernatant and the collapsing gel at
different ts.

water, are shown in the insets of Fig. 6.3. At ts = 0.5 hours, the transmitted intensity,

Itr, remains constant with varying h (� in Fig. 6.3), indicating that the clay particles

are uniformly distributed along the sample height. At higher ts, a distinct interface be-

tween the clear supernatant and the clay rich phase appears in the suspension, with the

transmitted intensity through the supernatant reaching 100% at decreasing values of h

with increasing sample age. The positions of the interface at different ages are shown

by dotted lines in Fig. 6.3.

Representative time evolution data of the normalized positions h/h0 of the inter-

faces in 0.8% clay suspensions with 40 mM salt, prepared at two different ionic con-

ditions (SBC and SAC), are shown in Fig. 6.4. Here, h0 is the total sample height. It

is seen in this figure that the sample designated as SBC (�), prepared by dispersing
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Figure 6.4: Variation of the normalized height, h/h0, of the interface between the clear
supernatant and the collapsing gel versus age, ts, in a 0.8% w/v Na-montmorillonite sus-
pension (SBC), prepared by adding clay powder in 40 mM brine (�) and a 0.8% w/v Na-
montmorillonite suspension (SAC), prepared by adding 40 mM salt after dispersing the clay
powder (#). Here, h = 0 is at the bottom of the sample column and ts = 0 is defined as the
time when stirring of the sample is stopped in the cuvette. The delay time, τd = 9 hours, for
the onset of collapse of the SAC sample is indicated by the vertical dotted line. The insets (a)
and (b) show the CCD images acquired at ts = 10 hours of the SBC and SAC gels respectively.

clay powder at a concentration of 0.8% w/v in a 40 mM salt solution, is highly unsta-

ble under gravity, with the normalized interface height (h/h0) decreasing continuously

with ts. On the other hand, the sample designated as SAC (# in Fig. 6.4), prepared by

adding 40 mM salt in a 0.8% w/v clay suspension, remains stable under gravity for a

finite delay time, τd = 9 hours, during which the interface remains in a quiescent state.

At ts > τd, the interface height of the SAC sample decreases rapidly with ts due to a

transient collapse phenomenon and eventually saturates at longer times.

To understand the microstructures of these suspensions, we perform frequency

sweep rheological experiments for samples at ts = 30 min by varying the imposed

oscillatory frequency in the range 0.1−50 rad/s at a strain amplitude of 0.1%. The

frequency sweep measurement could not be extended to very low frequencies for the

SBC gel due to the unstable nature of this sample. The SAC gel, in comparison, is
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6.3 Results and Discussion

Figure 6.5: Frequency dependence of the storage modulus G′ (solid symbols) and the loss
modulus G′′ (empty symbols) of the SBC sample (#), prepared by dispersing 0.8% w/v Na-
montmorillonite clay powder in 40 mM salt solution and the SAC sample (�), prepared by
adding 40 mM salt to a 0.8% w/v Na-montmorillonite suspension. An oscillatory shear strain
of amplitude 0.1% was applied in these experiments.

stable for a very long duration, allowing data collection even for very small oscillatory

frequencies. It is seen from Fig. 6.5 that the elastic modulus G′ is much higher than

the viscous modulus G′′ for both the samples. Furthermore, G′ is almost independent

of the applied oscillatory frequency, whereas G′′ is weakly dependent on frequency for

frequency values less than 10 rad/s. These are typical rheological signatures exhibited

by kinetically arrested colloidal particles in suspension [39]. Since the clay concen-

tration (0.8% w/v) investigated here is well below the glass transition concentration

(4% w/v) (Fig. 6.2) [37], the observed kinetic arrest clearly arises from the formation

of gel network structures that are facilitated by attractions between the clay platelets

induced by the added salt. Indeed, the formation of clay gels has been verified by us

using direct visualization methods and will be discussed in detail later.

To understand the observed stability behavior of these gels prepared at identical

clay and salt concentrations, we estimate the particle size distributions (PSDs) of the
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Figure 6.6: Ultrasound attenuation spectra measured in the frequency range of 3−99.5 MHz
at ts = 0 for a 0.8% w/v Na-montmorillonite suspension (SBC sample), prepared by adding
the clay powder in 40 mM brine (�), and for a 0.8% w/v Na-montmorillonite suspension (SAC
sample), prepared by adding 40 mM salt after dispersing the clay powder in water (#). Solid
lines are theoretical fits to the attenuation spectrum using Eqns. 2.1 − 2.6 (Chapter 2) for a
unimodal size distribution of the clay particles. The inset shows the corresponding particle size
distributions of the two samples. It is seen that dS BC = 54 nm and dS AC = 41 nm are the
median values for the equivalent spherical sizes of the particles in the suspensions prepared in
SBC (�) and SAC conditions (#) respectively.

clay particles in their suspensions using the ultrasound attenuation method described

in Chapter 2 (Section 2.2.1). The size measurements are performed while stirring the

suspensions using a magnetic stirrer to avoid sedimentation of the particles. Fig. 6.6

shows the measured attenuation spectra in the ultrasound frequency range 3−99.5 MHz

for 0.8% w/v Na-montmorillonite suspensions with 40 mM salt concentration prepared

for the two different ionic conditions (SBC and SAC) described earlier. The attenuation

spectra are fitted to the theoretical estimates for the attenuation spectra (solid lines in

Fig. 6.6) considering a unimodal size distribution (Eqns. 2.1 − 2.6 of Chapter 2). The

particle size distributions thus estimated from these spectra are plotted in the inset of

Fig. 6.6. It is seen that the equivalent spherical median sizes are dS BC = 54 nm for the
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6.3 Results and Discussion

SBC sample (� in Fig. 6.6) and dS AC = 41 nm for the SAC sample (# in Fig. 6.6). The

average thickness of tactoids in the SBC sample is therefore higher than in the SAC

sample. The lower degree of exfoliation of tactoids in the SBC sample arises due to the

presence of salt in the dispersing medium during the preparation stage. The salt present

in the water reduces the osmotic pressure difference of the hydrated Na+ counterions

between the intratactoid spaces and the bulk medium. This inhibits the diffusion of the

native Na+ counterions from the intertactoid spaces into bulk water, thereby reducing

the rate of exfoliation of the clay tactoids and leading to larger particle sizes in the

SBC sample [37]. Owing to large dS BC values, the gravitational stress on the SBC

gel network dominates over the local yield stress and eventually leads to the rapid

gravitational collapse of the gel immediately after stirring is stopped. In contrast, the

degree of exfoliation in the SAC sample (# in Fig. 6.6) is higher, resulting in a larger

number of exfoliated particles in this suspension compared to the SBC sample. Hence,

the network connectivity in the SAC sample is expected to be higher. At the same

time, the gravitational stress on the gel network in the SAC sample is comparatively

weaker due to the smaller sizes of the constituent particles. In contrast to the SBC gel,

a quiescent or steady state of the SAC sample can therefore be observed upto a delay

time τd = 9 hours (# Fig. 6.4).

The sedimentation data for 0.8% w/v Na-montmorillonite suspensions prepared

under SAC conditions with varying salt concentrations Cs are shown in Fig. 6.7. All

samples here exhibit quiescent regimes followed by collapse regimes. When Cs is

increased, the delay time τd decreases (inset of Fig. 6.7), indicating faster collapse of

the gels. To better describe the collapse process, we calculate the velocity, vint, of the

collapsing interface (Fig. 6.8) from the Itr versus ts data (Fig. 6.7) for different Cs. The

value of vint at any ts value is estimated by calculating slope between two consecutive

h/h0 values in Fig. 6.7. Irregular oscillations in the values of vint with ts can be seen

during collapse. It is seen that the average magnitude of vint increases with ts and shows

a peak before decreasing at higher ts. It is also observed that the peak shifts to lower ts

for higher salt concentrations. This observation will be discussed later.
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6. Sedimentation kinetics of weak clay gels

Figure 6.7: Evolution of the normalized heights, h/h0, of the interface between the clear
supernatant and the collapsing gel versus age, ts, of 0.8% w/v Na-montmorillonite suspensions
(SAC) with salt concentrations of 20 mM (�), 30 mM (#), 40 mM (4), 50 mM (O) and 60
mM (3). Gelation is induced in these samples by dispersing clay powder in deionized water
and then adding salt. The inset shows the variation of the delay time, τd, with varying salt
concentrations. The vertical dashed lines indicate the positions of the delay time, τd, for the
different salt concentrations.

To monitor the evolution of the mechanical strengths during the sedimentation of

the gels with age, we performed rheological measurements with a cylindrical measur-

ing head of length 25 mm and diameter 16.6 mm. The sample is kept in a cylindrical

container of inner diameter 27.6 mm and length 42 mm. The measuring head is inserted

into the sample upto 25 mm from the top surface of the sample so that the flat surface

of the measuring head remains outside the sample. This avoids deposition of clay par-

ticles on the flat surface of the measuring head during the sedimentation process. The

details of the rheometer used can be found in Chapter 2. After loading the sample,

an oscillatory strain of amplitude 1000% and angular frequency 10 rad/s is applied for

two minutes to shear-melt the sample. The variation of the elastic modulus G′ with ts

is next measured by applying a small oscillatory strain of amplitude 0.1% and angular

frequency 10 rad/s to samples prepared under SAC conditions with salt concentrations
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6.3 Results and Discussion

Figure 6.8: Plot of the collapse velocity, vint, of the interface with age ts for 0.8% w/v Na-
montmorillonite suspensions (SAC) at salt concentrations 20 mM (�), 30 mM (#), 40 mM (4),
50 mM (O) and 60 mM (3). The error bars quantify the systematic errors that arise from the
detection of the interface using the optical method described earlier.

20 mM, 30 mM, 40 mM and 60 mM. These data are shown in Fig. 6.9. It is seen that G′

increases monotonically upto age ts = tr (indicated by arrows in Fig. 6.9 for different

salt concentrations). This is followed by a slight decrease in G′, with the data showing

oscillations as ts is increased further. However, the average magnitude of G′ increases

with ts. The variations of tr (time at which the first oscillation in G′ is observed) and

the delay time, τd, measured from the interface collapse profile (Fig. 6.7) are plotted in

the inset of Fig. 6.9. These two characteristic times show very good agreement for all

Cs values. This suggests that during the quiescent period (ts < τd), G′, and hence the

yield stress of the gel, both increase. However, a mechanical failure of the gel network

occurs at ts = tr ∼ τd, leading to transient collapse.

When Cs is increased, the platelets constituting the gels are expected to aggregate

faster through the formation of stronger attractive bonds [40]. The weights of the gel

strands increase substantially as a result, accelerating the transient collapse of the gels
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6. Sedimentation kinetics of weak clay gels

Figure 6.9: Evolution of the elastic modulus, G′, with age, ts, of 0.8% w/v Na-
montmorillonite (SAC) suspensions at salt concentrations 20 mM (�), 30mM (#), 40 mM
(4) and 60 mM (3). Here, ts = 0 is defined as the time at which the shear melting of the
sample is stopped in the measuring cell. The moduli are measured by applying an oscillatory
strain of amplitude 0.1% and angular frequency of 10 rad/s. The arrows indicate the positions
of the delay times, tr, at which G′s start exhibiting oscillations for all four salt concentrations.
The inset shows the plot of tr (�) and τd ( ) with varying salt concentration.

(inset of Fig. 6.9). Once the transient collapse is initiated, the gel strands approach

each other. This gives rise to even faster platelet aggregation. This, in turn, leads

to an increase in the gravitational stress on the gel network, with the velocity of the

collapsing interface increasing sharply with ts as observed in Fig. 6.8. However, due to

gel compaction and the formation of progressively stronger bonds between the particles

in the network, the yield stress also increases simultaneously during the sedimentation

process and eventually overcomes the gravitational stress. This results in a decreasing

interface velocity at large ts values. The competition between the gravitational and

yield stress on the gel gives rise to a repetitive process of mechanical failure and build

up of the gel structure in the collapse regime and results in the observed oscillations of

vint and G′ at ts > tr ∼ τd.

To understand the mechanical failure of the gel network with age, we directly study
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6.3 Results and Discussion

Figure 6.10: Representative micrographs obtained using cryo-SEM for 0.8% w/v Na-
montmorillonite suspensions (SAC) with Cs = 20 mM (left panel) and 40 mM (right panel)
at ages ts = 11 hours, 48 hours and 138 hours (top to bottom). The scale bars represent 2 µm.
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6. Sedimentation kinetics of weak clay gels

the variation of the microscopic structures of the aging gels using a cryogenic scanning

electron microscope (cryo-SEM) described in Chapter 2 (Sections 2.2.6 and 2.2.8).

Fig. 6.10 shows the cryo-SEM micrographs of the weak SAC gels formed with Cs =

20mM and 40 mM at ts = 11 hours, 48 hours and 138 hours. It is seen from these

images that the clay platelets form highly disordered network structures. It is clearly

observed that the average lengths and widths of the network strands are higher than the

average lateral size of each clay platelet (425 nm reported in Chapter 2). This indicates

that the platelets in the network structures are connected in overlapping coin (OC) con-

figurations [41]. The gel structure formation dominated by OC association of platelets

in the similar salt concentration range but at a higher clay concentration (5% w/v) is

discussed in detail in Chapter 5. In an OC configuration, the positive edge of a platelet

is attached to the negative basal surface near the edge of another platelet in a parallel

fashion (Fig. 5.8 of Chapter 5). It is also clearly visible from the images in Fig. 6.10

that the widths and lengths of the network strands grow with age as an increasing

number of platelets participate in network formation through OC configurations. This

suggests that the gels restructure continuously due to thermal fluctuations and reorient

in a way that eventually leads to the formation of stronger attractive bonds [42]. As a

result, the elastic modulus, and hence the yield stress, increase continuously with age

upto a time tr ∼ τd as observed in the rheological measurements earlier (Fig. 6.9). On

the other hand, due to the increase in the dimensions of the network strands as observed

in Fig. 6.10, the gravitational stresses on the network strands increase simultaneously

with ts. At ts = τd, the gravitational stresses overcome the local yield stresses of the

gels leading to mechanical failure and the subsequent collapse of the gels as presented

in Fig. 6.7 and Fig. 6.9. In the SBC gel samples, on the other hand, the network strands

are thicker and longer, and the gravitational stresses typically always exceed the local

yield stress, resulting in accelerated gel collapse (Fig. 6.4).
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6.3 Results and Discussion

Figure 6.11: Evolution of the total vibration current (ITVI) measured in the electroacoustic
setup with increasing ts for 3% w/v Na-montmorillonite suspension with salt concentration of
30 mM prepared in SBC condition ( ) and for 3% w/v Na-montmorillonite suspensions (SAC)
with salt concentrations of 30 mM (�), 60 mM (O) and 100 mM (3). The vertical dotted line
shows the position of the delay time τd = 22 hours for the sample with 60 mM salt.

6.3.2 Electroacoustic studies of stability of concentrated clay

gels prepared at different ionic conditions

For comparison purpose, the stability of clay gels with higher particle concentrations

is studied using an electroacoustic method that is suitable for monitoring the small

collapse heights in gels of higher clay concentrations. Fig. 6.11 shows the variation

of the total vibration current ITVI measured in the electroacoustic setup ( Section 2.2.2

of Chapter 2) for 3% w/v Na-montmorillonite suspensions with varying Cs prepared

in different ionic conditions (SBC and SAC). It is seen that ITVI for the SAC gel with

Cs = 30 mM (� in Fig. 6.11) remains almost unchanged with ts. This indicates that the

gel is highly stable in the experimental time window. For the SAC gel with Cs = 60

mM (O in Fig. 6.11), ITVI remains constant upto a delay time τd = 22 hours. The
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6. Sedimentation kinetics of weak clay gels

subsequent decrease in ITVI with increasing ts is accompanied by oscillations. Such

oscillations in ITVI is due to the downward movement of the collapsing gel interface

through consecutive half wavelength regions having alternating directions of the ultra-

sound pressure gradient which is set up by the electroacoustic probe along height h.

The SAC gel with Cs = 60 mM therefore exhibits transient collapse after a delay time

τd = 22 hours. For an SAC gel with Cs = 100 mM (3 in Fig. 6.11), oscillations in

ITVI start immediately due to the very unstable nature of this gel. In contrast to the

3% w/v Na-montmorillonite SAC gel with Cs = 30 mM (� in Fig. 6.11), the 3% w/v

Na-montmorillonite SBC gel with Cs = 30 mM ( in Fig. 6.11) collapses rapidly after

preparation, leading to oscillations in ITVI at very low ts. Similar stability behaviors of

SAC and SBC gels prepared with identical salt concentrations were already observed

in Fig. 6.4 for 0.8% w/v Na-montmorillonite gels with 40 mM salt in light transmis-

sion experiments. Moreover, it can be seen in Fig. 6.11 and Fig. 6.7 by comparing

data for samples prepared with identical salt concentrations (60 mM) that the 3% w/v

Na-montmorillonite SAC gels exhibit better stability (τd > 178 hours for 30 mM salt

and τd = 20 hours for 60 mM salt, Fig. 6.11) when compared to the 0.8% w/v Na-

montmorillonite SAC gels (τd = 22 hours for 30 mM salt and τd = 1.5 hours for 60

mM salt, Fig. 6.4).

6.4 Conclusions

In this chapter, we present the aggregation and stability behaviors of highly polydis-

perse and charge-anisotropic clay particles of Na-montmorillonite in aqueous suspen-

sions at a concentration (0.8% w/v) well below that required to achieve the glass transi-

tion. We show that these platelets are not stable in salt-free aqueous suspensions in the

dilute concentration regime and sediment under gravity with a particle concentration

gradient along the sample height that gets more pronounced with sample age (Fig. 6.1).

We next investigate the stability of gels formed by inducing attractive interactions

between the clay platelets in a dilute concentration regime by directly monitoring the
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gel interface in optical transmission experiments. Attraction is induced by screen-

ing the negative charges on the basal surfaces of the platelets by adding salt in the

medium. The gels prepared by dispersing clay powder in NaCl solutions are not sta-

ble under gravity and collapse immediately with a distinct interface between the clear

supernatant and a clay-rich sediment (the SBC gel indicated by � in Fig. 6.4). In con-

trast, we report remarkable enhancement of the stability of the suspensions if identical

amounts of salt are added to the clay suspensions after adding the clay powder to water

(the SAC gel indicated by # in Fig. 6.4). We further observe that the SAC gel is stable

for a finite delay time and eventually exhibits transient collapse under gravity with a

sharp interface height that decreases with increasing ages (Fig. 6.4).

In the collapse regime, the velocity of the collapsing interface exhibits oscillations

with sample age (Fig. 6.8). The average velocity of the interface increases with age

upto a peak value before decreasing at higher ages. With a systematic increase in the

salt concentration, the delay time for transient collapse decreases (Fig. 6.7), while the

average collapse velocity increases (Fig. 6.8). The microscopic mechanism involved

in the observed transient collapse is investigated using rheological measurements and

with direct visualization of the gel microstructures using cryogenic scanning electron

microscopy. It is seen that the elastic modulus G′ of the gel increases with sample age

upto a time tr (Fig. 6.9), indicating the growing attractive strength of the gel network.

The G′ data shows oscillations at ages higher than tr for all salt concentrations investi-

gated here. The times, tr, at which the oscillations in G′ start are found to be in good

agreement with the delay times τd for transient collapse (inset of Fig. 6.9).

The direct visualization of the microscopic structures at different salt concentra-

tions and ages of the gels confirms that the gels undergo microscopic restructuring

with time (Fig. 6.10), thereby attaining higher elastic moduli and, therefore, higher

yield stresses with age since preparation. During the restructuring process, an increas-

ing number of platelets is seen to participate in network formation through overlap-

ping coin (OC) configurations. This leads to increase in the lengths and widths of

the network strands. The gravitational stress on the gel strands increases as a result
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6. Sedimentation kinetics of weak clay gels

and eventually overcomes the local yield stress after a delay period. This leads to the

mechanical failure of the network strands and the subsequent transient collapse of the

gels. During the collapse, the gravitational stresses on the gel network increase further

due to the coarsening of the gel strands as they approach each other. This results in a

further increase in the velocity of collapse. The processes of gradual gel compaction

during sedimentation and the continuous restructuring lead to a substantial increase in

the local yield stresses of the gel network. A condition eventually arises in which the

yield stresses characterizing the network strands overcome the gravitational stresses,

resulting in a decrease in collapse velocity at higher ages (Fig. 6.8). Such competition

between the local yield stresses and the gravitational stresses on the gel network strands

during gel collapse leads to oscillations in the interface collapse velocity (Fig. 6.8), and

in the elastic modulus (Fig. 6.9).

It is important to conclude by noting that our study of the stability behavior of clay

suspensions at a higher clay concentration (3% w/v) in the presence of added salt using

electroacoustic methods (Section 2.2.2 of Chapter 2) shows similar stability behaviors

for both SBC and SAC gels (Fig. 6.2) as observed in the dilute concentration regime

studied here. However, it is seen for the 3% w/v gel that its yield stress dominates over

the gravitational stress for relatively longer time durations due to the higher network

connectivity and the slower rearrangement processes at higher clay concentrations.

In conclusion, the present study elucidates the influence of the salt concentration

and preparation conditions on the stability of weak gels of Na-montmorillonite. The

results obtained in case of weak gels are also compared with data obtained for concen-

trated gels. Our observations of the collapse behavior in salt-stabilized colloidal clay

particle suspensions demonstrate the ubiquity of the transient collapse phenomenon

previously only observed in depletion gels [23, 26–28] and in colloidal gels floccu-

lated at their secondary minima [29, 30].
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7
Stress relaxation in clay

suspensions in linear and nonlinear

viscoelastic regimes

7.1 Introduction

When a step strain is applied to a purely viscous liquid, the induced stress relaxes

immediately, whereas a purely elastic solid stores the induced stress as elastic energy

[1]. In viscoelastic materials, the induced stress dissipates slowly, over a time scale that

depends on the underlying microstructures and the applied shear [1, 2]. In case of aging

materials such as aqueous clay suspensions, the stress relaxation process also depends

on the competition between the deformation field and the structural recovery due to the

inherent aging process [3, 4]. Therefore, the stress relaxation in these systems usually
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follows nonexponential decays, a study of which can provide important information

about the underlying microscopic structures and dynamics of the constituent particles

[5, 6].

There have been few studies on the stress relaxation behavior of aging clay sus-

pensions. Bandyopadhyay et al. showed that the induced stress relaxes following two-

step decays in 3.5% w/v Laponite suspensions at pH=10 (adjusted using NaOH) when

nonlinear step strains are applied [7]. The slow mode of the relaxation process exhibits

stretched exponential decay which can be modeled using the Kohlrausch-Williams-

Watt (KWW) function [8]. Recent studies by Joshi et al. showed that the stress

relaxation process of Laponite clay suspensions does not follow the Boltzmann su-

perposition principle in real time domain due to the spontaneous aging process [9, 10].

However, relaxation behavior of these materials can be superposed when the real time

domain is translated to the an effective time domain [3].

As discussed in Chapter 1, the aqueous suspensions of Laponite exhibit different

phases such as glasses and gels when the age of the suspensions, clay and salt concen-

trations are varied [11]. A recent study by Angelini et al., which used a combination of

dynamic light scattering (DLS), small angle X-ray scattering (SAXS), simulations and

dilution experiments, reported that a 3 wt% Laponite suspensions exhibits a smooth

transition from a repulsive glass to an attractive glass after a spontaneous aging time of

3-4 days [12]. In the attractive glass phase, particles are found to be in a disconnected

house of cards arrangement due to the bonding between particles. The influence of

the attractive interactions in a salt-free Laponite suspension was also demonstrated by

Saha et al. by performing DLS and conductivity measurements for a wide range of

clay and salt concentrations [13]. The influence of the interparticle interactions be-

tween the Laponite particles in suspensions on their stress relaxation process is still

poorly understood.

In this chapter, we report studies on the stress relaxation behavior of aging Laponite

suspensions in both the linear and nonlinear viscoelastic regimes for varying idle times
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(time duration of sample storage after preparation) and aging times after shear reju-

venation. We find that the relaxation process follows a single-step decay under linear

step strains. The KWW function is used to determine the average relaxation times at

varying age and step strains in this regime. It is found that the relaxation time decreases

with increasing magnitude of the step strain in the linear viscoelastic regime. On the

contrary, under a nonlinear step strain, the stress relaxation follows a single-step decay

below a critical age, twc, while above twc, the relaxation follows a two-step decay. The

single-step decay below twc follows a power-law decay at short times, while the slower

decay process above twc is modeled using a KWW function. Finally, we compare the

relaxation processes that are seen in salt-free and predominantly repulsive Laponite

suspensions with Laponite samples with predominantly attractive interactions between

the constituent particles due to the presence of salt in the aqueous medium.

7.2 Sample preparation

Laponite of XLG grade, supplied by Southern Clay Products, is used for this work.

The structural information of this clay mineral is provided in detail in Chapter 1 (Sec-

tion 1.6). To change the counterion concentration in clay suspensions, NaCl, supplied

by Labort Fine Chem. Pvt. Ltd, is used. To ensure identical sample compositions in

every experiment, the clay mineral powder is heated in an oven at a temperature of

120◦C for 24 hours to remove absorbed moisture before it is dispersed in highly deion-

ized Milli-Q water under vigorous stirring conditions. The mixture is stirred for three

hours using a magnetic stirrer to ensure a homogeneous distribution of the aggregates.

The samples are next stored in polypropylene syringes in air tight conditions. All rheo-

logical experiments are performed using the Anton Paar MCR 501 rheometer. Details

of this setup can be found in Chapter-2.
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Figure 7.1: Schematic diagram of the experimental protocol used for stress relaxation stud-
ies.

Figure 7.2: Variation of the elastic modulus G′ (�) and viscous modulus G′′ (#) with time
during the shear melting process performed by applying a strain amplitude of 2000 % at an
angular frequency of 10 rad/s for 5 mins to 3% w/v Laponite suspension of idle time td = 60
days.
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Figure 7.3: Typical data showing the evolution of elastic modulus G′ and viscous modulus
G′′ with age tw in a 3% w/v Laponite suspension of idle time td = 60 days.

7.3 Experimental results and discussion

The experimental protocol used for all stress relaxation experiments is shown in Fig. 7.1.

After preparation, samples are stored in an undisturbed condition for different time du-

rations, defined as idle time td, before loading the sample in the measuring cell of the

rheometer. Here, td = 0 is defined as the time at which stirring of sample is stopped.

The process of loading the sample into the measuring cell partially shear rejuvenates

the sample. To avoid any shear history dependence on the rheological behavior, all

samples are shear melted inside the measuring cell by applying an oscillatory strain of

amplitude 2000% for five minutes at an angular frequency ω = 10 rad/s. The appli-

cation of this high strain liquifies the samples, leading to a substantial decrease in the

viscoelastic moduli with G′′ > G′ as can be seen in Fig. 7.2.

When the shear melting strain is removed, the particles in suspension start rearrang-

ing to achieve their minimum interparticle interaction potential. This is manifested as

an evolution of the viscoelastic moduli with age tw as shown in Fig. 7.3 for a 3% w/v

Laponite suspensions. Here, tw = 0 is defined as the time at which shear melting of

sample is stopped inside the measuring cell. The evolution of the elastic modulus G′
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Figure 7.4: Variation of elastic modulus G′ (�), viscous modulus G′′ (#) and elastic stress,
σel = G′γ (4) with strain amplitude, γ, measured at an angular frequency of 6 rad/s in a salt-
free 3% w/v Laponite suspension of td = 60 days and tw = 30 min. The solid line is a linear
fit to the σel vs γ data. Vertical and horizontal dotted lines indicate the position of yield strain
γy = 5.6% and yield stressσy = 50.2 Pa respectively. The details of the method for determining
the yield values from the amplitude sweep experiment is discussed in Chapter 2 and can also
be found in the literature [16].

and viscous modulus G′′ are monitored by applying an oscillatory strain of strain am-

plitude 0.05% at a constant angular frequency ω = 6 rad/s. The applied strain ampli-

tude is extremely small, well within the linear viscoelastic regime and is not expected

to destroy sample microstructures [14, 15]. It is seen in Fig. 7.3 that immediately after

the shear melting process, the suspensions approach kinetic arrest with elastic modulus

G′ substantially higher than the viscous modulus G′′ for the time range investigated. It

is also noted that the crossover of G′ and G′′ lies outside the experimental time win-

dow. Subsequently, G′ increases with age tw, while G′′ decreases which tw, indicating

that the suspension evolves to form a strong elastic material.

To estimate the linear viscoelastic (LVE) regime of the samples used in this study,

we have performed oscillatory strain amplitude sweep experiments by sweeping strain

amplitude, γ, in the range 0.1% − 100% at a constant angular frequency ω = 6 rad/s.

Representative data for a salt-free 3% w/v Laponite suspension of td = 60 days and
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tw = 30 min are plotted in Fig. 7.4, which shows the variation of G′ (�), G′′ (#) and

σel = G′γ (4) as a function of strain amplitude γ. At small values of applied strain

amplitude γ, G′ > G′′, with both the moduli being independent of γ, thereby indicating

the LVE regime of the sample. On further increase in γ, the sample starts yielding due

to the irreversible rearrangement of Laponite particles. In this nonlinear regime, G′

decreases monotonically while G′′ reaches a peak at the point of crossover between

G′ and G′′. Finally, at very high strains, the sample exhibits fluid-like behavior which

is indicated by G′′ > G′. The yield strain, γy, and yield stress, σy of this sample

are calculated from the stain amplitude sweep data following the method described in

section 2.2.5(b) of Chapter 2. The method can also be found in the literature [16].

At low γ values, the elastic stress vs strain data is fitted to σel = G′γ (solid line in

Fig. 7.4). The value of γy is defined at which the measured value of σel starts deviating

more than 3% from the theoretically calculated value. The values of γy = 5.6% and

σy = 50.2 Pa are indicated by the vertical and horizontal dotted lines in Fig. 7.4. The

linear viscoelastic regime for this sample therefore lies upto γy = 5.6%.

Figs. 7.5 (a) and (b) show the stress relaxation behavior in 3% w/v Laponite sus-

pensions of idle time td = 60 days on the application of step strains γs = 2% and 5%

respectively, at varying waiting times tw. Both the γs values used here are within the

linear viscoelastic regime (Fig. 7.4). Stress relaxes following a single-step decay at all

tw values. For tw ≤ 15 min, it is seen that the stress values approach plateaus. However,

for all tw ≥ 30 min, the stress plateau remains outside the experimental time window.

We use Kohlrausch-Williams-Watt (KWW) function to model the stress relaxation

behavior shown in Fig. 7.5. This function has a stretched exponential form and is

suitable for describing time dependent relaxation processes in glassy materials which

exhibit a wide distribution of relaxation time scales [8]. The KWW function, which

was also used previously to model the slower mode of stress relaxation in 3.5% w/v

Laponite suspensions [7] is given below:

σ = Ce−(t/t1)b
(7.1)
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Figure 7.5: Decay of shear stresses σ in a salt-free 3% w/v Laponite suspensions of td = 60
days when linear step strains (a) γs = 2% and (b) γs = 5% are applied at tw= 5 min (�), 15 min
(#), 30 min (4), 45 min (O), 60 min (3), 75 min (�) and 180 min (�). Solid lines are fits to
KWW function (Eqn. 7.1).
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where C is the intercept at t = 0 and can be interpreted as the induced stress upon

application of step strain in case of single-step decay, t1 is the average time scale of

the relaxation process and b is a stretching exponent with a value between 0 and 1.

The KWW function also describes the second decay of the intensity autocorrelation

function in dynamic light scattering (DLS) experiments very well [13, 17, 18].

We fit the stress relaxation curves to Eqn. 7.1 [solid lines in Figs 7.5 (a) and (b)] for

several tw and γs values. It is seen that data for samples of tw ≤ 30 min could be fitted

to a stretched exponential function (Eqn. 7.1) over several decades in time, t. At higher

t (for example, above 200 s for sample of age tw = 5 min), the stress data deviates from

KWW behavior. This is due to a competition between the stress relaxation and buildup

mechanism through the aging process, with the latter becoming quite important at

high sample ages. When stress induced at the microscopic level (at the dimension of a

cage for glass microstructure) becomes smaller than the microscopic yield stresses of

cages, the aging process takes over with particles exploring deeper potential wells in

the potential landscape [4, 19]. As a result, the relaxation process becomes extremely

slow at higher t. This can be seen in our data for tw < 30 min (Fig. 7.5 (a) and (b)).

Fig. 7.6 present the variation of average relaxation time t1 with tw for γs=2% (�),

3% (#) and 5% (4). The values of t1 show a power law increase with tw, which can be

described by the relation t1 ∼ tαw where α = 2.34± 0.06 , 2.48± 0.07 and 2.5± 0.06 for

step strains 2%, 3% and 5% respectively. With increase in tw, particles in a suspension

occupy lower potential wells by a cooperative rearrangement process, which results

in an increase in the elastic modulus of the sample (Fig. 7.3). This results in slower

rearrangement process, thereby increasing the relaxation time, t1, with tw (Fig. 7.6).

Application of higher step strains induce higher stresses, which can be seen from the

plot of intercept, C, as function of ts (inset (a) of Fig. 7.6). However, the induced

stress relaxes faster at higher step strains, which is seen in the plot of relaxation time

t1 as a function of γs in the inset (c) of Fig. 7.6. This indicates that the application

higher strains makes the particle rearrangement process faster, even though initially,

the induced stress is higher. The stretching exponents for all samples remain within
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Figure 7.6: Plot of average relaxation time t1, intercept C [inset (a)] and exponent b [inset
(b)] versus tw obtained by fitting the KWW function (Eqn. 7.1) to stress relaxation data acquired
experimentally for step strains γs = 2% (�), 3% (#) and 5% (4) applied to 3% w/v Laponite
suspensions of td = 60 days. Solid lines are power law fits to the t1 vs tw data. Variation of t1
with step strain, γs, is plotted in the inset (c) for tw = 5 min (3), 30 min (�) and 75 min (�).

the range 0.21 − 0.29 [inset (b) of Fig. 7.6].

tw(min) ν (γs = 10%) ν (γs = 20%)
5 0.18 0.20
10 - 0.18
15 0.13 0.16
30 0.11 0.15

Table 7.1: Values of exponents ν obtained from the power law fits to the stress versus
time data for γs = 10% and 20% in Figs. 7.7 (a) and (b).

Figs. 7.7 (a) and (b) show the stress relaxation behavior in 3% w/v Laponite sus-

pensions of idle time td = 60 days on the application of step strains γs = 10% and

20% respectively, at varying waiting times tw. These step strains lie in the nonlinear

viscoelastic regime of the sample (Fig. 7.4). Single-step decay of induced stresses can
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Figure 7.7: Decays of shear stresses σ in salt-free 3% w/v Laponite suspensions of td = 60
days when step strains (a) γs = 10% and (b) γs = 20% are applied at tw= 5 min (�), 10 min
(P), 15 min (#), 30 min (4), 45 min (O), 60 min (3), 75 min (�) and 180 min (�). Dashed
lines are power law fits to the σ vs t data at low t values. Solid lines are fits to the KWW
function (Eqn. 7.1). The vertical arrows indicates the extent (tp) of the power law behavior of
stress relaxation for different γs and tw values. The inset shows the plot of tp as a function of
tw for step strains γs = 10% (�) and γs = 20% ( ).
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Figure 7.8: Plot of average relaxation time t1, intercept C [inset (a)] and exponent b [inset
(b)] versus tw obtained by fitting the KWW function (Eqn. 7.1) to stress relaxation data for step
strains γs = 10% (�) and 20% (#) applied to 3% w/v Laponite suspensions of td = 60 days.
Solid lines are guides to the eyes.

be observed upto tw ≤ 30 min for both the step strains γs = 10% (Fig. 7.7 (a)) and

γs = 20% (Fig. 7.7 (b)). Complete decay of stresses for these samples cannot be seen

within the experimental time window. However, it can be seen that stress approaches

a plateau for the tw = 5 min data (� in Figs. 7.7 (a) and (b)). On the other hand, at

tw ≥ 45 min, the samples exhibit two-step stress decays with well separated relaxation

regimes in the experimental time window. For the tw ≤ 30 min data reported here, it

is seen that stress decays following a power law (σ = At−ν) at short times for at least

two decades in time (shown by dotted lines in Figs. 7.7 (a) and (b)). The time (tp) upto

which stresses decay following a power law is indicated by the vertical arrows in Figs.

7.7 (a) and (b) for varying γs and tw values. The variation of tp as a function of tw is

plotted in the inset of Fig. 7.7 (b). It can be seen from this figure that the extent of

power-law decay increases with sample age upto tw = 30 min for both the step strains.

The fast mode of the two-step decay cannot be modeled using any standard function.
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Figure 7.9: Decay of stresses σ in 3% w/v Laponite suspensions of td = 60 days when step
strains γs = 2% (#), 3% (4), 5% (O), 10% (3) and 20% (�) are applied at tw= 75 min. σa and
σb are the stress values at times ta and tb respectively. Solid lines are fits to the KWW function
(Eqn. 7.1). The inset shows the variation of average relaxation time t1 with step strains γs.

However, the slower mode of the stress relaxation curves of samples of tw ≥ 45 min

can be modeled by the KWW function (Eqn. 7.1) as shown by solid lines in Figs. 7.7

(a) and (b). The average relaxation time t1, the intercept C and the exponent b obtained

from the KWW fits are plotted as the functions of tw in Fig. 7.8. It is seen that the

average relaxation times increase with tw for both the nonlinear strains applied. The

C values show weak decrease with increase in tw (inset (a) of Fig. 7.8). On the other

hand, exponents b increase weakly with increasing tw (inset (b) of Fig. 7.8).

To compare the stress relaxation behaviors of 3% w/v Laponite suspensions under

different step strains, we have replotted the stress relaxation data in Fig. 7.9 for varying

γs at a fixed age tw = 75 min. As discussed earlier, a clear transition from a single-step

decay to a two-step decay of stresses can be observed with increasing γs. Moreover,

induced stresses exhibit monotonic increase with the increasing magnitude of γs as can

be seen by comparing stress data at ta = 0.08 s indicated by a dotted line in Fig. 7.9. To
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Figure 7.10: Variation of elastic modulus G′ (�), viscous modulus G′′ (#) and elastic stress,
σel = G′γ (4) with strain amplitude, γ, measured at an angular frequency of 6 rad/s in a salt-
free 3% w/v Laponite suspension of td = 3 days and tw = 30 min. The solid line is a linear
fit to the σel vs γ data. Vertical and horizontal dotted lines indicate the position of yield strain
γy = 4.9% and yield stressσy = 21.4 Pa respectively. The details of the method for determining
the yield values from the amplitude sweep experiment is discussed in Chapter 2.

estimate the average decay rate of the fast modes for step strains γs = 10% and 20%,

we calculated the quantity, ξ = (σb − σa)/(tb − ta) where σa and σb are the stresses

at times ta and tb respectively. We find, ξ(10%) = 0.32 Pa/s and ξ(20%) = 0.62 Pa/s

when the ξ is calculated for ta=0.08 s and tb = 60.8 s (vertical dotted lines Fig. 7.9).

The rate of stress decay of the first mode is therefore higher at larger step strains in

the nonlinear regime, indicating a faster yielding of the microstructures under higher

strains. The inset of Fig. 7.9 shows the variation of t1 obtained from the KWW fits to

the stress relaxation data for different strain values. It is clearly seen in this figure that

the relaxation time, t1, decreases monotonically with γs in the linear regime (γs ≤ 5%),

while it increases with the increase in γs in the nonlinear regime (γs ≥ 10%). Such an

increase in the relaxation times with increasing nonlinear step strains was also observed

in a previous study in 3.5% w/v Laponite suspensions [7].

We have performed stress relaxation experiments in the nonlinear regime of salt-

free 3% w/v Laponite suspensions of lower idle time td = 3 days at a step strain

γs = 40% and for varying tw values. The applied step strain value (γs = 40%) is much
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Figure 7.11: (a) Decay of shear stressesσ in salt-free 3% w/v Laponite suspensions of td = 3
days when a nonlinear step strain γs = 40% is applied at tw= 5 min (�), 30 min (#), 1 hour
(4), 3 hours (O) and 12 hours (3). Dashed lines are power law fits to the σ vs t data at low t
values. The vertical arrows indicates the time (tp) upto which the power law holds for different
tw values. (b) The data for tw=12 hours is replotted. The solid line is a fit of the slower mode of
the decay to the KWW function (Eqn. 7.1) with a stretching exponent b = 0.182 ± 0.003 and
relaxation time t1 = 8582 s. The inset shows the plot of tp as a function of tw.
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larger than the yield strain γy = 4.9% and can be seen from the strain amplitude sweep

data presented in Fig. 7.10. Fig. 7.11 (a) shows that the relaxing stress follows a single-

step decay with power law behaviors at lower t for samples of age tw ≤ 3 hours (2, #,

4, O). The times tp upto which the power law behavior holds for different tw values are

indicated by the vertical arrows in Fig. 7.11 (a). For the sample idle time td = 3 days,

we see that the extent of the power law decay regime increases with sample age, tw, for

the younger samples (inset of Fig. 7.11 (b)) and absent for tw = 12 hours. A similar

behavior of tp was also observed in salt-free 3% w/v Laponite suspensions of idle time

td = 60 days upto sample age tw = twc = 30 min (inset of Fig. 7.7 (b)). It is to be noted

that the critical age ( twc = 3 hours) upto which the samples of lower idle time td = 3

days exhibit power law decay of stress is higher than that for the samples of higher

idle time td = 60 days. For a sample of tw = 12 hours, a two-step decay of stress can

be observed (3 in Figs. 7.11 (a) and (b)). The transition from a single-step decay to

a two-step decay regime therefore shifts to higher tw value for samples with lower idle

time td. The slower mode of the stress relaxation curve for the sample of tw = 12 hours

can be modeled by the KWW function with a stretching exponent b = 0.182 ± 0.003

and relaxation time t1 = 8582 s (Fig. 7.11 (b)).

We next investigate the stress relaxation behavior of 3% w/v Laponite suspensions

in the presence of 5 mM NaCl under linear and nonlinear step strains. The sample

used here is of idle time td = 3 days and age tw = 15 min. The sample exhibits kinetic

arrest with G′ > G′′ immediately after the shear melting process. The underlying

microstructure in this sample is expected to be attraction dominated due to the presence

of 5 mM salt [11, 20]. A yield strain of γy = 8.8 % of this sample at tw = 15 min is

estimated using strain amplitude sweep experiment as shown in Fig. 7.12. Fig. 7.13

shows stress relaxation behavior of the 3% w/v Laponite gel with 5 mM salt at tw = 15

min. The suspension shows a single-step decay under a step strain γs = 1% (� in

Fig. 7.13), which lies within the linear viscoelastic regime (Fig. 7.12). The decay

curve can be fitted to the KWW function (Eqn. 7.1) with a stretching exponent b =

0.362 ± 0.001.
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Figure 7.12: Variation of elastic modulus G′ (�), viscous modulus G′′ (#) and elastic stress,
σel = G′γ (4) with strain amplitude, γ, measured at an angular frequency of 6 rad/s in a 3%
w/v Laponite suspension with 5 mM salt of td = 3 days and tw = 15 min. The solid line is a
linear fit to the σel vs γ data. Vertical and horizontal dotted lines indicate the position of yield
strain γy = 8.8% and yield stress σy = 67.5 Pa respectively. The details of the method for
determining the yield values from the amplitude sweep experiment is discussed in Chapter 2.

Figure 7.13: Decay of shear stresses σ in 3% w/v Laponite suspensions with 5 mM salt of
td = 3 days when step strains γs = 1% (�) and 50% (#) are applied at tw= 15 min. The solid
lines are fits to the KWW function (Eqn. 7.1).
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Addition of 5 mM salt to a 3% w/v clay suspension produces a volume spanning

gel network in which clay platelets are linked by attractive bonds [11, 21]. Stress re-

laxation in the linear regime of the gel suspension occurs via rearrangements of the

particles of the gel network facilitated by thermal fluctuations [22]. Since the relax-

ation behavior in the linear regime can be modeled using the KWW function (� in

Fig. 7.13), it indicates that the process of particle rearrangement of the gel network

has a wide distribution of time scales. The suspension exhibits a two-step decay upon

application of a nonlinear step strain γs = 50% (# in Fig. 7.13). The short-time relax-

ation behavior of the sample could not be modeled satisfactorily with any theoretical

prediction. However, the slow mode can be fitted to the KWW function with a stretch-

ing exponent b = 0.301 ± 0.002. The fast decay in the stress relaxation is expected to

arise from bond breaking in the gel network. This results in the formation of glass-like

random structures reminiscent of attractive glasses under high strains [11, 23]. The

subsequent second decay of stress happens through the slow rearrangement of the clay

platelets.

We next measure the stress relaxation behavior in 10 months old (td = 10 months)

salt-free suspensions of 1.5% w/v Laponite at tw = 15 min. For this clay concentration,

the process of kinetic arrest in a freshly prepared sample is much slower than in the

samples of high concentrations [18]. It has been shown in a previous study that a salt-

free Laponite suspension at this concentration undergoes an equilibrium gel transition

over a time scale of a few months [11]. However, the present sample undergoes kinetic

arrest (G′ > G′′) immediately after the cessation of the shear melting process as can

be seen from the time evolution data shown in the inset of Fig. 7.14. The fast process

of kinetic arrest indicates that the microstructures of this sample are dominated by

attractive interparticle interactions. The yield strain measured using oscillatory strain

sweep experiment for this sample is γy = 10.2% (Fig. 7.14). Fig. 7.15 shows the

stress relaxation behavior of these suspensions at tw = 15 min under varying step

strains. Single-step decay can be observed for γs = 1% and 10%, while the suspensions

exhibit two-step decay under nonlinear step strains of γs = 20% and 50%. However,
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Figure 7.14: Variation of elastic modulus G′ (�), viscous modulus G′′ (#) and elastic stress,
σel = G′γ (4) with strain amplitude, γ, measured at an angular frequency of 6 rad/s in a salt-
free 1.5% w/v Laponite suspension of td = 10 months and tw = 15 min. The solid line is a
linear fit to the σel vs γ data. Vertical and horizontal dotted lines indicate the position of yield
strain γy = 10.2% and yield stress σy = 13.9 Pa respectively. The details of the method for
determining the yield values from the amplitude sweep experiment is discussed in Chapter 2.
The inset shows the evolution of G′ and G′′ with age tw after the shear melting of the sample is
stopped at tw = 0.

the induced stress at γs = 50% (3 in Fig. 7.15) is lower than the value for γs = 10% (#

in Fig. 7.15), indicating considerable shear melting of sample under very high strains.

Relaxation data in the linear regime (γs ≤ 10%) and the slow relaxation mode for

γs = 50% are fitted to the KWW function (Eqn. 7.1). The relaxation time t1 estimated

from the KWW fits decreases (inset (a) of Fig. 7.15), while the intercept C increases

(inset (b) of Fig. 7.15) with the increase in γs in the linear regime. A similar relaxation

behavior under linear step strains is also observed in case of salt-free 3% w/v Laponite

suspensions of td = 60 days (Fig. 7.9) earlier. It is to be noted that the shape of

the slower mode of relaxation for γs = 20% changes and cannot be fitted to KWW

function. Clearly, the complex dynamics of the gel sample under this step strain value

needs further systematic investigations.
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Figure 7.15: Decay of shear stressesσ in salt-free 1.5% w/v Laponite suspensions of td = 10
months when step strains γs = 1% (�), 10% (#), 20% (4) and 50% (3) are applied at tw= 15
min. The solid lines are fit to the KWW function (Eqn. 7.1). The insets (a) and (b) shows the
variation of average relaxation time t1 (�) and inetrcept C ( ) as a function of step strains γs.

7.4 Conclusion

In this chapter, we explore the stress relaxation behavior of Laponite clay suspensions

of different idle times td, ages tw after shear melting, and for changes in clay and salt

concentrations. Our data for stress relaxation behaviors of 3% w/v Laponite suspen-

sions of td = 60 days (Fig. 7.5)(a), 3% w/v Laponite gel (salt concentration= 5 mM)

of td = 3 days (Fig. 7.13) and 1.5% w/v Laponite suspensions of td = 10 months

(Fig. 7.15) in linear viscoelastic regime show that the stress relaxation process always

follows a singe step decay which can be modeled using the KWW function (Eqn. 7.1).

The relaxation time, t1 in the salt-free Laponite suspensions exhibits a power law in-

crease with increase in the sample ages, tw (Fig. 7.6). No distinction between the stress

relaxation behaviors of glassy samples and gel samples could be made from our data.

It is believed that the slow rearrangement of particles correlated over large spatial ex-

tents contributes to the stress relaxation behavior of glassy materials in their linear
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viscoelastic regime. Application of step strain within the linear regime facilitates par-

ticle hopping between particles [24]. On the other hand, relaxation in gel samples can

occur due to the rearrangement of particles in the gel network.

On application of nonlinear step strains, the salt-free 3% w/v Laponite suspension

exhibits single-step stress relaxation process upto twc = tw = 30 min for a sample with

idle time td = 60 days (Fig. 7.7) and upto twc = tw = 3 hours for sample with idle

time td = 3 days (Fig. 7.11), before showing two-step stress relaxation at higher tw

values. The relaxation curves follow a power law at the initial stages of the decay.

Moreover, the extent of the the power law decay is seen to increase with the tw upto twc

in the single-step relaxation regime (inset of Fig. 7.7(b)). The power law-like initial

decays of the stresses reported here are reminiscent of the stress relaxation behavior

previously observed in critical gels [25–28], strong silica gels in the nonlinear regime

[22] and during entanglement to disentanglement transition under nonlinear strains in

solutions of block copolymers [29]. The relaxation times of the slower mode of the

stress relaxation under nonlinear step strains are estimated using the KWW function

(Figs. 7.7 (a) and (b)). Our further analysis of the t1 obtained from the KWW fits

at varying step strains shows that the relaxation time decreases with the increase step

strains in the linear regime. On the contrary, the relaxation time increases with the

applied step strains in the nonlinear viscoelastic regime (inset of Fig. 7.9). Such a

strain induced sluggishness of the relaxation behavior under high step strains in the

nonlinear regime was also observed in a previous study [7].

Recent studies by Angelini et al. showed that the microstructures of a salt-free 3

wt% Laponite suspensions becomes strongly attraction-dominated over a time scale of

3 days due to the gradual cooperative rearrangement of the clay platelets [12]. Fur-

ther study in our group by Saha et al. on Laponite suspensions of varying clay and

salt concentrations demonstrated that the role of attractive force between edges and

basal surfaces of platelets could not be ignored even in a salt-free 3% w/v Laponite

suspension when it approaches the glass transition [13]. In our case, the experiments

are performed with shear melted samples. However, the kinetic arrest process is very
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fast in shear melted suspensions as they evolve to achieve their lowest free energies

characterized by edge-face alignment of particles in an incomplete shear rejuvenation

process [30–32]. The power law-like stress relaxation in the single-step relaxation

regime upto twc (inset of Fig. 7.7(b)) could presumably arise due to growing attractive

interactions between particles in these samples. The fast mode of the relaxation pro-

cess in the two-step regime could be due to the attractive bond breaking of underlying

microstructures. The subsequent relaxation of stress can be attributed to the slow re-

arrangement of particles [23]. Our further study shows that induced stress follows a

two-step decay under nonlinear step strains in 3 days old 3% w/v Laponite gel with

5 mM salt and in 10 months old 1.5% w/v Laponite suspensions, both of which are

expected to have structures that are attraction dominated.
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8
Influence of aggregate sizes on the

aging behavior and viscoelasticity of

clay suspensions

8.1 Introduction

A freshly prepared clay suspension undergoes spontaneous aging dynamics which is

manifested in the increasing viscoealastic moduli and relaxation times with sample

age [1, 2]. When a high shear stress above the yield value is applied to the sample,

it reverses the aging process resulting in a decrease in the relaxation time of the par-

ticles [3, 4]. However, the influence of the shear on the exact nature of yielding and

the subsequent aging after shear melting process is still poorly understood. Virgile

et al. reported using diffusing wave spectroscopy that an application of a very high
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shear rejuvenates the soft glassy samples, however, a moderate amount of shear leads

to the over-aging of samples [5]. When the shear melting stress is removed, the col-

loidal suspension again exhibits spontaneous aging. The subsequent aging dynamics

in a shear rejuvenated sample was seen to depend strongly on the critical time for ki-

netic arrest [6]. When the shear melting stress is applied before the critical time, the

sample follows the same standard dynamics observed in a freshly prepared sample.

However, when the shear melting stress is applied to the sample after the critical time,

the shear rejuvenated sample exhibits faster aging dynamics. This fact is further in-

vestigated in detail by Shahin et al. using rheological measurements in samples of

different storage times (idle time) [7, 8]. It is shown in this study that clay suspensions

exhibit faster approach to kinetic arrest at higher idle times, which is attributed to the

incomplete rejuvenation of the sample at higher idle times. Furthermore, the incom-

plete shear rejuvenation is interpreted in terms of the caging potential which increases

due to particle rearrangement with increase in the idle time. This makes it more diffi-

cult to completely shear melt a sample with increasing sample idle time at a constant

shear melting stress. As a result, the subsequent evolution of viscoelastic moduli after

the shear melting process is faster with increasing idle time. A recent study by An-

gelini et al. using dynamic light scattering and X-ray photon spectroscopy shows that

the intensity autocorrelation function of a freshly prepared 3 wt% Laponite suspension

follows a stretched exponential decay [9]. On the contrary, the autocorrelation function

exhibits compressed exponential behavior when the sample is shear rejuvenated after

3.5 days. Under application of a high shear melting stress, a coexistence of the liquid-

like and solid-like regimes is observed in a two days old 3 wt% Laponite suspension

by Gibaud et al. in recent studies using a combination of rheological, ultrasound ve-

locimetry and direct visualization methods [10, 11]. The dimension of the solid-like

aggregates decreases with increasing shear rates and with duration of shear. However,

the microscopic structure of these aggregates is not completely known. Partial shear

rejuvenation under step strains is also reported in the literature [12]. Another recent

study by Angelini et al. showed that a clay suspension exhibits a transition from a
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glassy phase stabilized by interparticle repulsions to an attractive glass with increasing

sample age [13]. The microstructures of this attractive glass is dominated by a discon-

nected house of cards structure. Therefore, the possibility of the presence of edge-face

attractive bonds in the microscopic structure of the aggregates that arise from the shear

rejuvenation process cannot be neglected. We further note that influence of the varying

initial aggregate size distributions on the aging and subsequent yielding behaviors has

never been reported in the literature.

In this chapter, we present a preliminary work on the aging and yielding behaviors

of Laponite suspensions when the samples are shear melted by a filtration method

using cellulose membranes of submicrometer pore sizes. The filtration of Laponite

suspensions having soft solid behavior through the membrane with varying flow rates

and pore sizes is expected to produce different aggregate size distributions. The aging

behaviors of these samples are monitored by the time evolution of the viscoelastic

moduli, while the linear viscoelasticity and yielding are characterized using oscillatory

strain sweep experiments. We observe that with increasing flow rates of filtration and

decreasing membrane pore sizes, that is, with increasing shear rates on the samples, the

shear melted samples undergo a faster aging process that results in higher viscoelastic

moduli and yield values.

8.2 Sample preparation

Laponite of XLG grade, supplied by Southern Clay Products, is used for this work. The

structural information of this clay mineral is given in Chapter 1 (Section 1.6). To main-

tain an identical sample composition for each experiment, the clay mineral powder is

heated in an oven at a temperature of 120◦C for 24 hours to remove absorbed mois-

ture before it is dispersed in highly deionized Milli-Q water under vigorous stirring

conditions. The mixture is stirred for three hours using a magnetic stirrer to ensure a

homogeneous distribution of the aggregates. The samples are next stored in polypropy-

lene syringes in air tight conditions at room temperature. The sample-filled syringes
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Figure 8.1: Variation of the viscous modulus G′′ with time when an oscillatory stress of
amplitude 50 Pa at an angular frequency of 1 rad/s is applied to samples filtered with flow rates
of (bottom to top) 0.05, 0.2, 0.3, 1, 2 and 3 ml/min. The samples show zero elastic moduli G′

under this oscillatory stress.

are then left in an undisturbed condition for different time durations, denoted as idle

time, before shear melting the samples at varying flow rates using filtration membranes

of different pore sizes. For the filtration of samples, Millipore Millex-HV syringe-

driven filters are used. The filtration flow rate is precisely controlled using a syringe

pump procured from Chemyx Inc. The sample is directly collected in the rheological

measurement cell during the filtration process. The filtered sample is then immedi-

ately transferred to the rheometer unit for further experiments. A clay concentration

of 3.5% w/v is used for all experiments reported here. The rheological experiments

are performed using the Anton Paar MCR 501 rheometer. Details of this setup can be

found in Chapter-2.
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8.3 Experimental results and discussion

The time duration of the filtration process varies with the filtration flow rates. The

filtered samples undergo an aging process before the completion of the filtration step.

To minimize the aging effect during filtration, all samples are further subjected to high

shear oscillatory stress of amplitude 50 Pa for 15 minutes at an angular frequency

ω = 1 rad/s inside the measuring cell of the rheometer. During this step all samples

remain in liquid like states with zero elastic modulus, G′, and finite viscous modulus,

G′′, as can be seen in Fig. 8.1. The viscous modulus under the high stress exhibits

weak increase with time, possibly due to the aging effect. It is also seen in this figure

that the samples filtered with lower flow rates exhibit lower values of G′′ under the

high shear stress. Since the filtration of the sample at a higher flow rate is expected

to produce lower aggregate sizes, the results in Fig. 8.1 indicate that the viscosity of

samples in the liquid state increases with decreasing aggregate sizes.

On the cessation of the oscillatory shear melting stress, the particle aggregates in

suspension start rearranging to achieve their minimum interparticle interaction poten-

tial. This is manifested as an evolution of the viscoelastic moduli (G′ and G′′) with age

tw as shown in Fig. 8.2 for 3.5% w/v Laponite suspensions filtered with flow rates in

the range of 0.05−3 ml/min. Here, tw = 0 is defined as the time at which shear melting

of sample is stopped inside the measuring cell. The evolution of the elastic modulus G′

and viscous modulus G′′ are monitored by applying an oscillatory strain of amplitude

0.5% at a constant angular frequency ω = 0.6 rad/s. The applied strain amplitude is ex-

tremely small, well within the linear viscoelastic regime and is not expected to destroy

sample microstructures [14, 15]. It is seen in Fig. 8.2 that G′ and G′′ initially exhibit

strong dependence on the age tw. Such dependence becomes weak with the age of the

suspensions. It is also seen in that all samples exhibit clear transition from a liquid-like

state (G′ < G′′) to a kinetically arrested state (G′ > G′′) with sample age at tw = tc.

The crossover time, tc = 1601 s, for a representative flow rate of 0.05 ml/min (squares

in Fig. 8.2) is denoted by a vertical dotted line in Fig. 8.2. For the flow rate values

≥ 0.3 ml/min, a broad peak in G′′ appears with age at tw = tp (shown by arrow heads in
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Figure 8.2: Evolution of elastic modulus G′ (filled symbols) and viscous modulus G′′

(empty symbols) with age, tw, of 3.5% w/v Laponite suspensions of idle time 9 days filtered
through a membrane of pore size of 0.45 µm with varying flow rates in the range 0.05 − 3
ml/min. The vertical dotted line shows the position of the crossover time, ttr = 1061 s, between
G′ and G′′ of the sample filtered at flow rate of 0.05 ml/min (squares). The arrow heads shows
the position tp of the peaks in G′′ for samples filtered with flow rates ≥ 0.3 ml/min.

Figure 8.3: Plot of the crossover time, ttr, as a function of flow rate during filtration of 3.5%
w/v Laponite suspensions though memebrane of pore size of 0.45 µm.
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Figure 8.4: Variation of elastic modulus G′ (�), viscous modulus G′′ (#) and elastic stress
σel = G′γ (4) with strain amplitude, γ, measured at an angular frequency of 6 rad/s for a 3.5%
w/v Laponite suspension of idle time of 9 days filtered through a membrane of pore size of 0.45
µm with flow rate of 0.3 ml/min and evolved for tw = 3 hours. The solid line is a linear fit to the
σel vs γ data. Vertical and horizontal dotted lines indicate the position of yield strain γy = 4%
and yield stress σy = 5.8 Pa respectively. The details of the method for determining the yield
values from the amplitude sweep experiment is discussed in Section 2.2.5(b) of Chapter 2.

Fig. 8.2). The variation of the tc, the value of the moduli Gc = G′ = G′′ at tw = tc and

tp are plotted in Fig. 8.3. It is seen in this figure that the positions of the tc and tp shift

to lower ages with increase in the flow rates used for sample filtration. Moreover, the

critical value of the moduli (Gc) at the transition point increases with the increase in

flow rate values. This behavior indicates that the rearrangement process which drives

the systems to kinetically arrested states is faster in suspensions with lower aggregate

sizes which are obtained by filtering the samples at higher flow rates.

We next perform oscillatory strain amplitude sweep experiments to find the influ-

ence of the filtration rate on the linear viscoelasticity and yielding behavior of the shear

melted samples. A representative strain amplitude sweep data is shown in Fig. 8.4 for

a 3.5% w/v sample of idle time 9 days filtered using a membrane of pore size 0.45 µm

at a flow rate of 0.3 ml/min and subsequently evolved for tw = 3 hours. At small values
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Figure 8.5: Plot of the plateau values of the elastic modulus, G′pl (�) and viscous modu-
lus, G′′pl (#), yield stress, γy (3) and σy (4) vs flow rate of filtration of 3.5% w/v Laponite
suspensions of idle time of 9 days and evolved for tw = 3 hours.

of applied strain (γ), both the moduli G′ (� in Fig. 8.4) and G′′ (# in Fig. 8.4) remain

independent of the strain amplitudes, while the plateau value G′pl of elastic modulus is

much larger than the plateau value G′′pl of the viscous modulus. On further increase in

γ, the sample starts yielding due to the irreversible rearrangement of particles in the

suspension under high strains. In this nonlinear regime, G′ decreases monotonically

while G′′ reaches a peak at the point of crossover between G′ and G′′. Finally, at very

high strains, the sample exhibits fluid-like behavior which is indicated by G′′ > G′.

The yield strain, γy, and yield stress, σy of this sample are determined from the linear

fit (solid line in Fig. 8.4) to the elastic stress, G′el (4 in Fig. 8.4) vs strain data. The

details of the method for determining the yield values from this fit are discussed in

Section 2.2.5(b) of Chapter 2. The values of γy = 4% and σy = 5.8 Pa are indicated by

the vertical and horizontal dotted lines for the representative data plotted in Fig. 8.4.

The plots of the G′pl, G′′pl, σy and γy as functions of flow rates are shown in Fig. 8.5.

Monotonic increases in G′pl, γy and σy are observed with increasing flow rate. This

again confirms that suspensions of lower aggregate sizes give rise to stronger soft solid

materials.

We next monitor the evolution of the vicoelastic moduli for samples filtered with

varying pore sizes at constant flow rates. The shear rate on samples passing though

the membrane pores increases when the pore sizes of membrane is decreased, keeping
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Figure 8.6: Evolution of elastic modulus G′ (filled symbols) and viscous modulus G′′

(empty symbols) with age, tw, of 3.5% w/v Laponite suspensions of idle time of 1 hour filtered
through membranes of pore sizes 0.22 µm (squares), 0.45 µm (circles) and 0.8 µm (triangles)
at a constant flow rate of 3 ml/min. The vertical dotted lines indicate the positions of tc for dif-
ferent flow rates. The inset shows the variation of crossover time, tc (3) and values of moduli
at the crossover point, Gc (�) with pore sizes.

the overall flow rate constant. It is therefore expected that suspensions filtered with the

smaller pore size will have smaller aggregate size distribution due to the higher shear

rates on the aggregates [11]. The evolutions of the elastic modulus G′ and viscous

modulus G′′ with age tw are shown in Fig. 8.6 for shear melted 3.5% Laponite suspen-

sions of idle time of 1 hour filtered with membranes of pore sizes 0.22 µm (squares),

0.45 µm (circles) and 0.8 µm (triangles) at a flow rate of 3 ml/min. A clear transition

from a liquid-like (G′ < G′′) regime to the solid-like (G′ > G′′) regime can be observed

for all the samples. Unlike the samples filtered at higher idle times, samples filtered at

lower idle times do not exhibit peaks in G′′ with age. This can be seen by comparing

data (� in Fig. 8.2 and # in Fig. 8.6) for samples of different idle times filtered with

a membrane pore size of 0.45 µm with a flow rate of 3 ml/min. The variations of the

crossover time (tc) and the values of the moduli at the crossover point (Gc) with the
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Figure 8.7: Variation of elastic modulus G′ (filled symbols), viscous modulus G′′ (empty
symbols) with strain amplitude, γ, measured at an angular frequency of 6 rad/s for a 3.5% w/v
Laponite suspension of idle time of 1 hour filtered through a membrane of pore size of 0.22 µm
(triangles), 0.45 µm (circles) and 0.8 µm (squares) with flow rate of 3 ml/min and evolved for
tw = 3 hours. The plot of elastic stress, σel = G′γ (3) as a function of γ is shown only for the
pore size of 0.45 µm for clarity. The solid line is a linear fit to the σel vs γ data. Vertical and
horizontal dotted lines indicate the position of yield strain γy = 6.4% and yield stress σy = 1.2
Pa respectively for this experiment.

varying pore sizes are shown in the inset of Fig. 8.6. It is seen in this figure that Gc ex-

hibits weak dependence on the pore sizes, while tc shifts to higher ages with increasing

pore sizes. These results again confirm that the suspensions filtered with higher shear

rates undergo a faster aging process due to the smaller initial aggregate sizes.

The viscoelasticity and yielding behavior of the samples filtered with varying pore

sizes are next characterized using oscillatory strain amplitude sweep experiments (Fig. 8.7).

For all the samples, the elastic modulus G′ and viscous modulus G′′, measured at tw = 3

hours, show qualitatively similar behaviors such as reported in Fig. 8.4 for samples fil-

tered with varying flow rates. The yield strains and the yield stresses of these samples

are determined using the method described above. Fig. 8.8 shows the G′pl, G′′pl, σy and
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Figure 8.8: Plot of the plateau values of the elastic modulus, G′pl (�) and viscous modulus,
G′′pl (#), yield stress, and σy (4) and γy (3 in the inset) vs membrane pore sizes. These values
are determined from the strain amplitude sweep experiments shown in Fig. 8.7.

γy determined from the strain amplitude sweep data (Fig. 8.7), decrease with the in-

crease in the pore sizes. This behavior again confirms that samples with lower initial

aggregate sizes exhibit higher viscoelasticities and yield stresses.

8.4 Conclusion

In this chapter, we report the influence of the initial aggregate sizes on the aging ki-

netics, viscoelasticity and yielding behavior of shear melted 3.5% w/v Laponite sus-

pensions at different idle times. The different initial aggregate sizes are obtained by

filtration of the kinetically arrested samples using filtration membranes with varying

pore sizes and flow rates. When the flow rate of filtration is systematically increased

(Fig. 8.3) and membrane pore size is decreased (inset of Fig. 8.6), it is seen that the evo-

lutions of the viscoelastic moduli (G′ and G′′) with age after the filtration of samples

become faster and the transition time to change from liquid-like behavior to solid-like
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behavior shifts to lower ages. The plateau values of the viscoelastic moduli, yield

strains and yield stresses determined from oscillatory experiments exhibit monotonic

increase with increase in the filtration rate (Fig. 8.5) and with the decrease in the mem-

brane pore sizes (Fig. 8.8).

The imposed shear rate on the samples increases with the increasing flow rates of

filtration and decreasing pore sizes of membranes. It is shown in the literature that

increasing the shear rate beyond the linear viscoelastic regime of the sample results in

smaller aggregate sizes in the suspension [11]. Our results therefore indicate a suspen-

sion with smaller aggregate sizes undergo faster rearrangement processes facilitated by

thermal fluctuations, which results in enhanced aging dynamics in these suspensions.

However, the nature of the resulting microstructures due to the rearrangement process

in the filtered samples at different idle times is not clear from our data. In summary,

this work demonstrates the enhancement of the aging process and the sample viscoelas-

ticity when a kinetically arrested clay suspension is subjected to progressively higher

shear melting stresses that are above the yield value. However, for a complete un-

derstanding of such behavior, further dynamical studies using light scattering must be

performed systematically for samples with varying clay concentrations, ages and idle

times.
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9
Summary and future directions

This thesis presents experimental studies of the dispersibility of clay tactoids in

various nonequilibrium phases, such as glasses and gels, of aqueous clay suspensions,

and their rheological and stability properties using the synthetic clay mineral Laponite

and the natural clay mineral Na-montmorillonite as model charge-anisotropic particles.

The focus of this thesis has been to link the bulk properties of clay suspensions to

the time and composition dependent dynamical processes and microscopic structures

of clay suspensions. Various bulk properties such as aging, viscoelasticity, yielding,

stress relaxation are studied using a rheometer, while stability under gravity is studied

using table top experimental setups developed based on a light transmission method

and electroacoustics. On the other hand, some microscopic processes, such as clay

tactoid exfoliation and clay particle transport under gravity, are indirectly monitored

using ultrasound attenuation spectroscopy and electroacoustics, while the microscopic

structures of clay suspensions are studied directly using scanning electron microscopy

and atomic force microscopy.

Chapter 1 contains a brief description of the background information required for

understanding the experimental results presented in this thesis. Colloidal particles

and the interactions between them in suspension are discussed in the context of hard

219



9. Summary and future directions

spheres and charged colloidal particles. Some common features such as glass and gel

transitions exhibited by typical colloidal suspensions and their viscoelastic and stabil-

ity behaviors are discussed. Significance of colloidal suspensions as model systems

to understand the molecular glass transition process and some similarities between

jammed colloidal suspensions and supercooled liquids are further highlighted. The soft

glassy rheology (SGR) model for soft solid materials and the sedimentation stability

of colloidal gels are further discussed. This is followed by the structural description of

the clay minerals Laponite and Na-montmorillonite which are used in this thesis work.

Clay tactoid exfoliation processes at dilute concentrations and the formation of electric

double layers on the charged and shape anisotropic clay particles are discussed. Equi-

librium conformations between two clay platelets at varying degrees of charge screen-

ing proposed in the literature are also presented. We next discuss the phase behavior of

clay suspensions reported in the literature at varying clay and salt concentrations, and

ages of suspensions. This is accompanied by a discussion on the rheological behaviors

of soft glassy materials and various models proposed in the literature.

A detailed description of the experimental methods used in this thesis work is pre-

sented in Chapter 2. This includes the technique and relevant theory for ultrasound

attenuation spectroscopy which is used in this thesis for estimating particle size dis-

tributions of clay particles in suspensions, two complementary tabletop experimental

setups based on light transmission and electroacostics, rheological measurement meth-

ods, high frequency conductivity measurement, atomic force microscopy and scanning

electron microscopy that were used to visualize the microstructures of dried and vitri-

fied samples.

The time-dependent exfoliation process of clay in aqueous suspensions has a di-

rect influence on the jamming transition, rheological and stability behavior and aging

dynamics of clay suspensions. Moreover, having a good degree of exfoliation of clay

tactoids is very important for their potential technological applications in clay-polymer

nanocomposites, ion exchange and rheological thickeners. In Chapter 3, we have used

non-destructive ultrasound attenuation spectroscopy (UAS) to monitor the degree of
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exfoliation of tactoids by estimating the size distributions of clay particles. We have

used atomic force microscopy to measure the lateral sizes of platelets. Ultrasound

attenuation spectra (plot of ultrasound attenuation coefficients as a function of ultra-

sound frequency) are measured at varying clay concentrations and ages of Laponite

suspensions. The particle size distributions in these samples are further determined by

fitting the experimental attenuation spectrum to the theoretical attenuation spectrum

calculated based on the theory of viscous attenuation of ultrasound. We next develop

a methodology using Jennings-Parslow relation for estimating the average number of

platelets in clay tactoids from the spherical equivalent sizes obtained in the ultrasound

attenuation measurements. We find that a substantial fraction of the aggregates in sus-

pension are actually tactoids that are composed of more than one platelet. This is in

contrast to the general belief that clay disperses into individual platelets in the concen-

tration range where their suspensions exhibit glassy behavior. We conclude that the

incomplete fragmentation of the clay tactoids arises from the rapid enhancement of the

intertactoid screened Coulombic repulsion. Our further measurements of viscoelastic

moduli of clay suspensions during the aging process show a good correlation between

the tactoid exfoliation and kinetic arrest processes.

More ultrasound experiments are reported in Chapter 4 for salt-free suspensions

of the natural clay Na-montmorillonite. We have shown here that the complete ex-

foliation of tactoids is not achieved even below the jamming concentration of these

suspensions. This observation is next verified indirectly by measuring the conductiv-

ity of suspensions of varying clay concentrations. These measurements indicate that

besides the intertactoid repulsive interactions, osmotic pressure of the hydrated Na+

counterions in the intertactoid space (bulk medium) has a crucial influence on the in-

complete exfoliation process. This is verified by monitoring the exfoliation process in

various ionic conditions using UAS. It is seen that when the clay mineral is dispersed

in a premixed salt solution, the tactoid exfoliation process becomes extremely slow

and the tactoids show a substantially lower degree of exfoliation compared to the tac-

toids in a salt-free suspension. We also observe a signature of an irreversible process
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of tactoid reformation when counterion concentration is increased in the suspension

by adding salt. Finally, electroacoustic and rheological measurements are performed

to assess the influence of tactoid exfoliation on the stability and viscoelasticity of the

arrested phases formed under different ionic conditions.

The influence of the osmotic pressure of the counterions on the exfoliation process

has been established by us for Na-montmorillonite clay which is a superior attenuator

of ultrasound compared to the smaller Laponite platelets. Since Laponite is structurally

similar to the Na-montmorillonite, it is expected that exfoliation kinetics of Laponite

tactoids in suspension will exhibit identical behavior. However, it is worth performing

similar experiments in Laponite suspensions to find the time scale of the exfoliation

process at different ionic conditions. This information would be very important for

their use as model gels as well as for their technological applications. A complemen-

tary measurement can be performed using synchrotron based SAXS to monitor the

tactoid exfoliation process with age of clay suspensions prepared with the identical

protocol described here. The rate of diffusion of hydrated Na+ counterions into the

bulk water from the intratactoid space depends on the lateral sizes of the tactoids. This

leads to a slower exfoliation process for tactoids of higher lateral sizes. This can be

seen in Chapters 1 and 2 by comparing data for Laponite and Na-montmorillonite.

However, a systematic study has not been undertaken here. It would be interesting to

investigate the exact nature of the lateral size dependence of the exfoliation rate by us-

ing samples of carefully size-segregated tactoids from a highly polydisperse clay such

as Na-montmorillonite.

In Chapter 5, we have elucidated the link between the bulk rheological and sta-

bility behaviors of natural Na-montmorillonite gels and their underlying microscopic

structures. The rheological behavior of clay gels at varying NaCl salt concentrations

is measured using oscillatory strain amplitude sweep and controlled shear stress flow

measurements. When the salt concentration in the dispersing medium is increased

systematically, viscoelasticity and yield stress of the suspension increases upto a peak

value at a critical salt concentration and decreases monotonically for further increase
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in the salt concentrations. This monotonic rheological behavior with varying salt con-

centration signifies a morphological change in the suspension microstructures. We

directly visualize the microscopic structures of these kinetically arrested phases us-

ing cryogenic scanning electron microscopy (cryo-SEM). We observe the existence of

honeycomb-like network morphologies over a wide range of salt concentrations. The

association of clay platelets in the form of overlapping coins (OC), house of cards

(HoC) and face-face aggregations on the gel network are identified by calculating the

pore sizes and network-branch thicknesses using ImageJ and also by direct inspection

of the microstructures in the cryo-SEM micrographs. This analysis shows a transition

of gel morphology, dominated by overlapping coin (OC) and house of cards (HoC)

associations of clay particles at low salt concentrations to a new network structure

dominated by face-face coagulation of platelets, across the critical salt concentration.

The influence of the network morphology on the stability of these gels under gravity

is further assessed using electroacoustics. It is seen that the gels remain stable for a

wide salt concentration range above the critical concentration where particles undergo

face-face aggregation due to the van der Waals attraction. However, further increase in

the salt concentration leads to large pore sizes and very thick network-branches which

collapse under gravity.

The observation of morphological transitions by varying salt concentrations re-

ported here must be complemented using synchrotron source X-ray scattering in future

studies. This will help in accurate estimation of the network branch thicknesses at var-

ious salt concentrations. The microscopic process of the yielding of clay glasses and

gels is still poorly understood. Simultaneous rheological and scattering measurements

can be undertaken to elucidate the nature of the yielding process. It is believed that the

effective potential on the edges of Na-montmorillonite platelets is negative due to the

spillover effect of basal negative potential. Such spillover strongly depends on the lat-

eral sizes of the platelets. The rheological and phase behaviors of Na-montmorillonite

platelets of sizes for which such spillover effect is negligible must be performed. This
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will help in the understanding of several novel phases reported for Laponite suspen-

sions such as empty liquids and equilibrium gels [Ruzicka et al., Nature Materials,

2011, 10, 56 − 60]. A transition of a repulsive glass to an attractive glass in a salt-free

Laponite clay suspensions has been reported in the literature [Angelini el al., Nature

communication, 2014, 5, 4049(1) − 4049(7)]. However, a direct evidence of such a

proposal is still lacking. Experiments must be performed to find signatures of such

transitions in Laponite and Na-montmorillonite suspensions following an approach

similar to the one described in Chapter 5.

Chapter 6 presents the aggregation and stability behaviors of highly polydisperse

Na-montmorillonite platelets in aqueous suspensions at a dilute concentration well be-

low that required to achieve the glass transition. It is seen that these platelets are not

stable in salt-free aqueous suspensions in the dilute concentration regime and sediment

under gravity with a particle concentration gradient along the sample height. We next

investigate the stability of weak gels formed by inducing attractive interactions be-

tween the clay platelets in the dilute concentration regime by directly monitoring the

gel interface in optical transmission experiments. We observe that the gels prepared

by dispersing clay powder in NaCl solutions are not stable under gravity and collapse

immediately with a distinct interface between the clear supernatant and a clay-rich

sediment. In contrast, we find remarkable enhancement of the stability of the suspen-

sions if identical amounts of salt are added to the clay suspensions after adding the

clay powder to water. These gels remain stable for a finite delay time and eventually

exhibit transient collapse under gravity with a sharp interface height that decreases

with increasing sample ages. In the collapse regime, the velocity of the collapsing

interface exhibits oscillations with sample age. Moreover, the average velocity of the

interface increases with age upto a peak value before decreasing at higher ages. When

the salt concentration is increased systematically, the delay time for transient collapse

decreases, while the average collapse velocity increases. Our rheological measure-

ments show that the elastic moduli of the gels increase with sample age upto the delay
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time before exhibiting oscillations at higher ages. The microscopic mechanism in-

volved in the observed transient collapse is studied with direct visualization of the gel

microstructures using cryogenic scanning electron microscopy. It is seen that the gel

network undergo microscopic restructuring with time, thereby attaining higher elastic

moduli and, therefore, higher yield stresses with age since preparation. During the

restructuring process, an increasing number of platelets is seen to participate in net-

work formation through overlapping coin configurations. This leads to increase in the

lengths and widths of the network strands. On the other hand, the gravitational stresses

on the gel strands increase with the increase in the dimensions of the network strands.

From the rheological and direct microscopy observations, we conclude that the tran-

sient collapse of weak gels and the subsequent oscillations in the collapse velocity arise

due to the competition between the local yield stresses and the gravitational stresses

on the gel network strands. Our further study using electroacoustic shows that the de-

lay time for transient collapse increases significantly with the increase in the particle

concentration in the gels.

The interaction between the gels and the walls of sedimentation cell is very impor-

tant for the stability of gels. In future, it would be worth understanding the effect of

such interactions by varying hydrophilicity and roughness of the walls of the sedimen-

tation cell. Furthermore, it is also important to understand the influence of the initial

heights and diameters of the samples on gel stability. An effort could also be made

to model the platelet aggregation and restructuring rates during collapse. This could

be combined with the existing poroelastic models of collapsing gels to quantitatively

understand the stability of clay gels.

Chapter 7 presents the stress relaxation behavior of shear melted Laponite suspen-

sions for varying particle and salt concentrations, sample idle times (time since prepa-

ration), suspension ages and applied step strains. When the step strain values lie in the

linear viscoelastic regime, both the salt-free and gel samples exhibit stress relaxation

with a singe-step decay which can be modeled using the Kohlrausch-Williams-Watt

(KWW) function. The average relaxation times estimated from the KWW fits are seen
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to follow a power law increase with the age of the suspension in this regime. On the

other hand, for step strain values in the nonlinear regime, a transition from a single-step

to a two-step decay of stress is observed with sample age in the salt-free clay suspen-

sions. The single-step decay of the relaxation could not be modeled using a single

function in this regime. However, initial decay of the relaxation could be fitted to a

power law. The extent of the power law fits is seen to increase with sample age upto a

critical age above which the relaxation exhibit two-step decays. When the relaxation

process is repeated for a salt-free Laponite suspension of lower idle time, it is found

that the extent of the power law fits shift to higher ages of the sample. Such a power

law decay of the induced stress was previous reported in the literature for critical gels

[Broderix et al., Physical Review E, 2001, 64, 021404]. It is also observed in this

study that the relaxation time decreases with increase in the step strain in the linear

viscoelastic regime. On the contrary, the relaxation time increases with increase in

step strain in the nonlinear viscoelastic regime. Such an increase in the relaxation time

for higher applied strains is counter intuitive and is assumed to be due to the strain-

induced hardening process. Interestingly, we find similar two-step decay process of

stress in gels samples under nonlinear step strains. The influence of the interparticle

attractive interactions on the age-dependent phase behavior of freshly prepared clay

suspensions in salt-free condition was previously reported in the literature [Angelini

el al., Nature communication, 2014, 5, 4049(1) − 4049(7) and Saha et al., Langmuir,

2015, 31, 3012 − 3020]. The stress relaxation behavior reported in this chapter in-

dicates that the influence of attractive interaction cannot be ignored in shear melted

salt-free Laponite suspension at very large idle times. However, a systematic study of

the relaxation time at varying clay and salt concentrations should be performed both

in freshly prepared and shear melted samples using a combination of rheological and

scattering measurements to verify these results over a larger range of physicochemical

parameters that influence the rheology of Laponite suspensions.
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Chapter 8 presents a preliminary study showing the influence of the initial aggre-

gate size distribution on the aging dynamics and rheology of glassy colloidal clay sus-

pensions. In this work, we have varied the initial size distribution of clay particles in a

concentrated suspension by shear melting the aging samples of different idle times with

varying flow rates of filtration using porous membranes of different pore sizes. The ag-

ing dynamics and jamming phase transitions of the resulting suspensions are studied

uisng oscillatory rheological measurements. It is observed that the evolutions of the

viscoelastic moduli with age after filtration of the samples become faster, with the time

required to achieve kinetic arrest shifting to lower ages when the flow rate of filtration

is increased and the membrane pore size is decreased systematically. The viscoelastic

moduli in the linear viscoelastic regime, the yield strains and yield stresses determined

from oscillatory rheology experiments exhibit monotonic increases with increase in

the filtration rate and with decrease in the membrane pore sizes. These results indicate

that a suspension with smaller aggregate sizes undergoes faster rearrangement pro-

cesses facilitated by thermal fluctuations, which results in enhanced aging dynamics in

the suspensions.

The exact nature of the microstructure that arises from the shear melting process

is not completely understood from the present study. A detailed study by varying the

clay concentrations, sample ages and idle times is required to determine the depen-

dence of the aging dynamics on these parameters. Moreover, experiments should also

be performed in suspensions in the presence of salt. This will elucidate the role of

interparticle attractions on the observed behavior. Quantification of the aggregate sizes

in suspensions filtered with varying pore sizes and filtration rates can be performed

using scanning electron microscopy. The aging dynamics of the suspensions following

the shear melting process can be studied using dynamic light scattering. Moreover, si-

multaneous rheological and scattering experiments using X-rays would be very helpful

in uncovering the underlying mechanisms and aggregate microstructures.
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