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ABSTRACT: We study aging behavior of an aqueous suspension of Laponite as a
function of concentration of Laponite, concentration of salt, time elapsed since
preparation of suspension (idle time), and temperature by carrying extensive
rheological and conductivity experiments. We observe that temporal evolution of
elastic moduli, which describes structural build-up and aging, shifts to low times for
experiments carried out for higher concentration of Laponite, higher concentration of
salt, greater temperature, and longer idle time while preserving the curvature of
evolution in the solid regime (elastic modulus greater than viscous modulus).
Consequently appropriate shifting of evolution of elastic modulus in the solid regime
leads to aging time−idle time−salt concentration−Laponite concentration−temper-
ature superposition. The existence of such a superposition suggests the generic nature
of microstructure buildup irrespective of mentioned variables in the explored range.
The behavior of shift factors needed to obtain the superposition indicate that the
energy barrier associated with structural buildup decreases with an increase in idle time and temperature and decreases linearly
with an increase in concentration of Laponite and that of salt. The conductivity experiments show that ionic conductivity of the
suspension increases with increasing Laponite concentration, salt concentration, temperature, and very importantly the idle time.
We also analyze the interparticle interactions using DLVO theory that suggests an increase in idle time, temperature, and salt
concentration increases the height of the repulsive energy barrier while it decreases the width of the same when particles
approach each other in a parallel fashion. However when particles approach each other in a perpendicular fashion, owing to
dissimilar charges on edge and face, the energy barrier for the attractive interaction is expected to decrease with an increase in idle
time, temperature, and salt concentration. Analysis of rheological and conductivity experiments suggests a strong influence of
attractive interactions on the low energy structures in an aqueous suspension of Laponite.

I. INTRODUCTION

Smectite clay minerals are an important class of colloidal
materials with immense academic importance and wide ranging
applications.1,2 Smectite clays have an oblate shape (layered
like) with an aspect ratio in the range 25−1000.1 Particularly
clays embedded in aqueous media are used as rheology
modifiers in industries such as petroleum, healthcare, cosmetic,
etc.3 Therefore, it is not surprising that rheological and phase
behaviors of clays have been very active areas of research over
the past several decades.1,2,4−17 In the recent literature, a
synthetic clay mineral called Laponite has received significant
attention due to its rich physical behavior and industrial
applications. In addition, an aqueous Laponite suspension
shows time dependence evolution of its microstructure and
physical properties that is reminiscent of physical aging in
molecular, spin, and colloidal glasses.18,19 In this work we carry
out extensive rheological and conductivity studies on an
aqueous suspension of Laponite and analyze various distinct
characteristic features of aging observed in this system.
Physical aging is a natural tendency of those materials that,

owing to kinetic constraints, have fallen out of thermodynamic
equilibrium.20 In a physical aging process, a material explores its
phase space and undergoes time dependent evolution in order
to progressively attain lower energy microstructures.21 There
are many soft materials such as concentrated suspensions and

emulsions, cosmetic and pharmaceutical pastes, colloidal gels,
clay suspensions, foams, etc. that demonstrate physical aging
and have enormous academic and industrial importance.22

Physical aging is, in principle, a reversible phenomenon. The
application of a deformation field reverses the effects of aging
by rejuvenating the material to higher energy levels.23,24

Physical aging is analyzed by monitoring the affected physical
properties of the material that show time dependent change. In
soft materials, the light scattering techniques are commonly
used to probe the structure and evolution of the mobility of the
constituents of materials,25−30 which also leads to the relaxation
time of the same. Bulk rheological techniques are also used to
monitor evolution of viscoelastic properties such as elastic and
viscous modulus which get strongly affected by physical
aging.31−33 Recently microrheological techniques have also
been used to analyze soft glassy materials.34−36 For various soft
materials that are thermodynamically out of equilibrium,
including aqueous Laponite suspension, ample literature is
available that employs scattering as well as rheological
techniques to study the aging behavior. However, since the
effect of aging in soft glassy materials can be reversed by
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application of deformation field alone, rheological techniques
are crucial for studying these phenomena.18,31,37−39

Laponite (hydrous sodium lithium magnesium silicate,
Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]−0.7) is a synthetic layered
silicate clay mineral available as a white powder. A Laponite
particle has a disk like shape with a diameter in the range 25−
30 nm with a thickness of 1 nm.40 In dry form Laponite
particles are present in stacks with sodium ions residing in the
interparticle gallery. When dispersed in aqueous medium
sodium ions dissociate rendering a permanent negative charge
on the faces of Laponite disks. The edge of the Laponite
particle, which is composed of hydrous oxides of magnesium
and silica, is reported to acquire a positive charge at low pH
(below the pH of around 11).41 Overall Laponite particles
share edge-to-face attractive interactions while face-to-face
repulsive interactions among each other. Addition of a salt such
as NaCl enhances the concentration of cations and anions in
the suspension which shield the charges on the particle thereby
reducing repulsion among the particles. The addition of
Laponite to water, typically beyond 2 wt %, increases its
viscosity and elastic modulus by several orders of magnitude
over a short duration.31 The microstructure of Laponite
suspension and its time dependency that is responsible for
such enormous increase in viscosity is, however, not completely
understood even after more than 15 years of research on this
topic.42−44 The issue of contention is whether the micro-
structure of Laponite is an attractive gel (interconnected
particles through positive edge−negative face con-
tact)16,30,42,45−47 or a repulsive glass (particles in a self-
suspended state in a liquid media owing to repulsion among
them).15,48−50 Some reports claim the existence of both states
over a certain concentration regime.51 Interestingly, several
groups have observed Laponite disks to show anisotropic
orientation in a suspended state.6−9,13 Recently our group
reported that anisotropy originates at the air−suspension
interface and percolates into the bulk as a function of time.52

The aging behavior of a Laponite suspension can be
rheologically monitored by applying a small amplitude
oscillatory shear to a shear melted suspension so as to record
evolution of elastic (G′) and viscous (G″) moduli as a function
of time.39,44,53,54 However, it has been observed that, unlike
many soft materials that show complete reversal of aging when
a strong deformation field is applied, the evolution of
viscoelastic properties in an aqueous suspension of Laponite
is only partly reversible over a time scale of days.19,37,39,44

Shahin and Joshi44 observed that under large amplitude
oscillatory shear (shear melting protocol in an oscillatory
mode) an aqueous suspension of Laponite demonstrates a
plateau of complex viscosity after a sufficient time of shearing,
which has a higher value for samples kept idle over a longer
duration since the preparation of the suspension (we represent
this time as idle time). In addition, the temporal evolution of G′
and G″ after shear melting is stopped shifts to lower times for
experiments carried out on higher idle times. It was concluded
that the structure formed by Laponite particles in a suspension
cannot be completely destroyed by application of shear
suggesting irreversibility in aging over a duration of days.39,44

This observation suggests that the shear melted sample on a
higher idle time is in a more matured (low energy) state.
Furthermore, for suspensions having a greater concentration of
salt (NaCl) or experiments carried out at a higher temperature,
the evolution of G′ is also observed to shift to lower times
suggesting the rate of formation of the structure to be faster

with an increase in the two mentioned variables.31,37,44,55 In this
paper we extend this work and analyze the effect of different
concentrations of Laponite, different concentrations of salt for
each concentration of Laponite, and temperatures on the aging
behavior at various idle times by carrying out extensive
rheological experiments. We simultaneously perform con-
ductivity studies as a function of the same variables and
estimate interparticle interactions using DLVO theory for the
Laponite suspension. We believe that both of these studies give
complementary information leading to new insights into
various features of aging dynamics in this system.

II. MATERIAL AND EXPERIMENTAL PROTOCOL

In this work we have used smectite hectorite clay Laponite RD
procured from Southern Clay Products Inc. White powder of Laponite
was dried at 120 °C for 4 h before mixing with deionized water having
pH 10 and predetermined amount of NaCl. The pH was maintained
by addition of NaOH. Mixing was carried out using an ultra turrex
drive for a period of 45 min. Subsequent to mixing, suspensions were
stored in sealed polypropylene bottles at room temperature. In this
work we have used five Laponite concentrations: 2, 2.4, 2.8, 3.2, and
3.5 wt %. For each concentration of Laponite, suspensions were
prepared with five concentrations of salt (NaCl) in the range 0.1−7
mM of externally added Na+ ions (a concentration of 0.1 mM is
achieved merely by NaOH used to maintain pH; therefore, this
concentration corresponds to a no salt situation). We carried out the
rheological, ionic conductivity, and complexometric titration experi-
ments on these 25 samples on various days elapsed since preparation
of the suspensions up to 21 days (idle time) at an interval of 3 days
(for some samples we also carried out experiments up to 60 days).
Complexometric titration56 experiments using EDTA were carried out
to confirm the stability of these suspensions at regular interval. These
experiments did not show the presence of Mg2+ ions for any sample
over the above-mentioned period, thereby ruling out the possibility of
Mg2+ leaching from the Laponite particles.56,57

Rheological experiments were performed using a stress controlled
rheometer AR 1000 (Couette geometry with a bob diameter of 28 mm
and a gap of 1 mm). The procedure employed in the rheological
experiments is described in Figure 1. For every experiment, at a

specific idle time (mentioned in days) a fresh sample was loaded in the
Couette geometry using an injection syringe, and proper care was
taken to avoid entrapment of air bubbles. After attaining thermal
equilibrium the sample was shear melted using an oscillatory stress of
60−80 Pa (varied depending on the concentration of Laponite) and a
frequency of 0.1 Hz. The time at which shear melting was stopped
marks the beginning of aging time (tw = 0). Subsequent to shear
melting, aging experiments were carried out by applying a small
amplitude oscillatory shear stress with magnitude 10 Pa at a frequency
of 0.1 Hz. An evolution of the viscoelastic properties of a suspension
was monitored as a function of aging time (tw). It should be noted
that, owing to a time dependent increase in elastic modulus and
viscosity, the rheological linear response regime undergoes continuous
broadening as a function of aging time. However estimation of the
linear response regime poses some practical difficulties for samples

Figure 1. Schematic representing the experimental protocol employed
for the rheological experiments.
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having a small age. When the time scale associated with the stress
sweep experiment is larger than the age of the sample, evolution of
viscoelastic properties takes place over the duration of the experiment
forbidding the estimation of the linear response regime. At higher ages,
the aging experiments were indeed carried out in the linear response
regime. Interestingly, irrespective of the age of the sample, the strain
response to the stress controlled experiments was always close to
harmonic justifying usage of G′ and G″ as discussed before in greater
detail.39,44,58 For all of the above-mentioned concentrations, aging
experiments were carried at 10 °C.
We also measured the ionic conductivity (Cyberscan PC 6000) of

all of the samples at regular intervals since preparation of suspensions
up to 18 days. In order to measure conductivity, suspension samples
were shear melted using an injection syringe with a needle having a 0.5
mm diameter and 30 mm length. In this process,the soft solid shear
melts and forms a liquid. Our experience suggests that, within
experimental uncertainty, thte extent of shearing does not show any
effect on the conductivity. However, as expected, for a low viscosity
sample, the conductivity meter shows a steady state over a shorter
duration. For significantly aged samples, measurement of an accurate
value of conductivity becomes difficult because of the high viscosity of
the suspension. Moreover, under these conditions, measurement of
the ionic conductivity as a function of temperatures becomes more
difficult owing a faster increase in viscosity of the suspension at high
temperatures.
In addition to the experiments at different Laponite and salt

concentrations, we also studied the effect of temperature in the range
10−40 °C on the evolution of viscoelastic properties of a 2.8 wt %
Laponite suspension with five concentrations (0.1−7 mM) of NaCl.
The temperature dependence was studied over idle time duration from
3 days up to 60 days at regular intervals. In all of the rheological
experiments a thin layer of low viscosity silicon oil was applied on the
free surface to prevent evaporation.

III. RESULTS

We begin by discussing the results of a rheological study. Before
starting the aging experiments all of the samples were shear
melted until the complex viscosity of the respective suspension
attained a steady state plateau. This steady state plateau of
complex viscosity demonstrated a higher value for experiments
carried out on greater idle times indicating the inability of the
strong shear deformation field to destroy the structure formed
during aging irrespective of the concentration of Laponite and
that of salt. Subsequently, shear melting was stopped and the
suspension was allowed to age. It is usually observed that shear
melting carried out at different stress levels does not affect the
subsequent aging if the applied stress completely rejuvenates
the material. Therefore any excessive or otherwise shear
melting/history the material is subjected to while loading the
sample is erased in the shear melting protocol. Cessation of the
shear melting step marks the beginning of aging time (tw = 0).
Similar to that observed for the 2.8 wt % concentration
system,44 evolution of G′ typically follows a two-step evolution
for other concentrations as well. Usually for experiments carried
out on low idle times or with lesser salt concentrations,
suspensions are observed to be in a liquid state (G′ < G″)
immediately after the shear melting is stopped. On the other
hand, for experiments carried out on higher idle times or with a
greater concentration of salt, the suspension directly enters a
solid state after the shear melting (G′ > G″). In the liquid
regime, G′ shows a stronger enhancement as a function of aging
time compared to that of G″ and eventually crosses the same.
The point of crossover (G′ = G″) is represented as a liquid−
solid transition in the literature.32 It should be noted that this
point of transition does depend on the applied frequency (or a
time scale of probe),39 as also observed for glass transition in

molecular glasses.59 In the solid state (G′ > G″), G′ increases
with a weaker dependence on aging time and G″decreases after
showing a maxima. We also perform aging experiments at
different frequencies. Interestingly, G′ does not show any
dependence on frequency beyond G′ > G″. However G″ shows
a weak decrease with frequency in the solid state.
As mentioned before, evolution of G′ and G″ for experiments

on Laponite suspension carried out at higher idle times and
with greater concentration of salt shift to lower aging times.
The representative behavior for a 3.5 wt % suspension is
plotted in Figure 2. It can be seen that the curvature of the

evolution of G′ beyond the crossover is self-similar, which leads
to an aging time−idle time superposition for various
concentrations of salt as shown in Figure 3a. Various
superpositions of G′ at different concentrations of salt also
share self-similar curvature in the solid state (G′ > G″) and
produce aging time−idle time−salt concentration superposition
for all of the explored concentrations of Laponite. We report
these superpositions in Figure 4a. Similar to the effect of idle
time and salt concentration, evolution of the elastic (and
viscous) modulus at higher Laponite concentration shifts to
lower aging times. In order to get the aging time−idle time−salt
concentration superposition at various Laponite concentrations
shown in Figure 4a, we have primarily carried out the
horizontal shifting of all of the G′ evolutions. The vertical
shift factor is required for salt concentration dependent shifting,
though the value of Vs is observed to be of the order of unity
(vertical shift factor VL shown in Figure 4a is merely used to
show the superpositions for various Laponite concentrations
clearly). The horizontal shift factors (ht) associated with idle
time shifting (shown in Figure 3b) were observed to increase
with the increase in idle time. The salt concentration dependent
horizontal shift factors (HS) plotted as a function of
concentration of salt for various concentrations of Laponite
are shown in Figure 4b. It can be seen that the shift factors
show an exponential dependence on salt concentration
represented by ln(HS) ≈ CS, irrespective of the Laponite
concentration in the explored range of 2−3.5 wt %. It should be
noted that various shift factors discussed in this work are not
independent and separable from others and do depend on
values of other variables. For example, in Figure 3a, ht =
H(CL,CS,ti,T), where CL = 3.5 wt % and T = 10 °C, and is
plotted as a function of CS and ti in Figure 3b. Similarly in
Figure 3a, HSht = H(CL,CS,tiR,TR), where tiR = 18 day and TR =

Figure 2. Evolution of storage (symbols) and loss moduli (lines) on
different idle times (ti) for a suspension having 1 mM salt and 3.5 wt %
Laponite.
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10 °C and is plotted as a function of CS for different CL for the
specific values of tiR and TR.
Although the evolution of G′ does demonstrate excellent

superposition in the solid state (region of weak evolution of G′
at higher aging times, G′ > G″), in the liquid state (region of
strong evolution of G′ at lower aging times, G′ < G″) the
quality of superposition is poor. The primary reason for this
could be the inability of oscillatory flow experiments to access
the evolution of viscoelastic behavior in the liquid region.60

This point can be understood better by considering the
rheological behavior of an aqueous suspension of Laponite to
be represented by a single mode Maxwell model (a spring and
dashpot in series) with time dependent elasticity and viscosity.
For a Maxwell model, G″ = G′/(ωτ), where ω is frequency of
oscillations and τ is characteristic (or dominating) relaxation
time.59 The relaxation time, which is very small in the liquid
regime increases as a function of time (typically relaxation time
shows exponential dependence on aging time in the liquid
regime).19,53 As a result the point at which the relaxation time
becomes of the order of reciprocal of frequency (τ ≈ 1/ω), G′
crosses over G″. Consequently in the liquid regime (G′ < G″),
the relaxation time undergoes a substantial increase over a
period of one oscillation (1/ω). Therefore oscillatory flow
experiments tend to average the variation in viscoelastic
properties over the duration of one cycle and thereby induce
error while probing the evolution of G′ and G″. The further the
material in the liquid region is from crossover (G′ = G″), the
greater the error is.60

Similar to that of G′, the evolution of G″ also shifts to lower
aging times for experiments carried out for higher idle times
and for higher concentrations of Laponite and salt. However,

G″ shows a very peculiar behavior as a function of
concentration of Laponite. In Figure 5 we plot G″ for various

concentrations of Laponite having 5 mM salt and an idle time
of 6 days. It can be seen that the slope with which G″ decreases
on a double logarithmic scale (after the crossover G′ = G″)
becomes weaker with an increase in the concentration of
Laponite. Such broadening of the maxima for experiments
carried out on greater idle times was reported recently.53 The
present observation of broadening with an increase in the

Figure 3. (a) Time−aging time superpositions of the storage modulus
for various salt concentrations having 3.5 wt % Laponite. From right to
left: 0.1, 1, 3, 5, and 7 mM salt concentrations. Evolutions on various
idle times are horizontally shifted on ti = 18 day evolution to obtain
superpositions for different salt concentrations. (b) Horizontal shift
factor required to obtain the superposition is plotted as a function of
idle time (ti) for storage modulus data shown in Figure 2a.

Figure 4. (a) Aging time−idle time−salt concentration superpositions
for evolution of G′ for various Laponite concentrations. From right to
left: 2, 2.4, 2.8, 3.2, and 3.5 wt %. The curves have been shifted
vertically with respect to concentration of Laponite for better clarity.
(b) Dependence of the horizontal shift factor based on salt
concentrations used for obtaining the superposition shown in panel
a. Line fitted to the data represents ln(Hs) ∝ Cs. The shift factor data
has been shifted vertically with α = 1, 10, 102, 5 × 103, and 105 for 2,
2.4, 2.8, 3.2, and 3.5 wt %, respectively, for better clarity.

Figure 5. Evolution of the loss modulus for a suspension having 5 mM
salt and an idle time of 6 days with varying Laponite concentrations.
From top to bottom: CL = 3.5, 3.2, 2.8, and 2.4 wt %. The respective
concentration curves have been shifted in both horizontal and vertical
directions to describe the phenomenon more clearly.
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Laponite concentration (over 2.4 to 3.5 wt %) is witnessed
irrespective of the concentration of salt present in the
suspensions. On the other hand, G″ of 2 wt % suspension
shows a different behavior as shown in Figure 6. For this

concentration evolution of G″ demonstrates either a very weak
decrease or a plateau after the crossover. However, unlike a
prominent decrease in G″ observed for high concentrations of
Laponite, at high aging time, G″ in a 2 wt % suspension can be
seen to be increasing with the aging time.
We also study the evolution of the viscoelastic response at

different temperatures for a 2.8 wt % suspension with different
concentrations of salt over a period up to 60 days after
preparation of the same. In Figure 7a,b, we plot the evolution of
G′ and G″ for a 2.8 wt % Laponite suspension at different idle
times and salt concentrations. The plot shown in Figure 7a
describes the evolution of G′ and G″ for a suspension without
any externally added salt (0.1 mM) having an idle time of 18
days. It can be seen that evolution of G′ and G″shifts to lower
aging times with increase in temperature. In figure 7b, we plot
aging behavior of a 9 days old 2.8 wt % 5 mM suspension. In
this case suspension directly enters the glassy state (G′>G″)
owing to faster aging dynamics in the presence higher amount
of externally added salt. In figure 8, we have plotted
temperature dependence of 2.8 wt % suspension at 5 salt
concentrations for experiments carried out on day 12. On the
other hand, in Figure S1 we have plotted evolution of
temperature dependence as a function of idle time (day 6 to
day 60) for a 2.8 wt % suspension having no salt (0.1 mM). As
shown in Figure 6−8, in the solid state, G′ follows the same
trend of shifting to lower aging times at higher temperatures
while preserving the curvature. However, evolution of G″ does
not follow the same trend and shows weaker decrease for
experiments carried out at higher temperatures. In Figure 9 we
plot −d ln G″/d ln tw for samples having 2.8 wt % Laponite and
different concentrations of salt as a function of the reciprocal of
temperature, which clearly shows a weaker slope at higher
temperatures. In the solid state, self-similar curvatures
associated with G′ suggest the possibility of superposition
upon horizontal shifting. In Figure 7a,b, we represent this
superposition by gray symbols. The corresponding shift factors
aT are plotted as a function of the reciprocal of temperature in
Figure 7c.
The self-similar curvature of G′ in the solid state (G′>G″)

irrespective of concentration of Laponite shown in Figure 4a
and that of as a function of temperature shown in Figure 7 lead

to an aging time−idle time−salt concentration−Laponite
concentration−temperature superposition. This superposition
is plotted in Figure 10 which contains 61 evolution curves
obtained for different system variables. It should be noted that
in order to get the superposition we need only horizontal
shifting as a function of idle time, Laponite concentration, and
temperature, whereas the vertical as well as horizontal shifting is
required for salt concentration variation. In the inset of Figure
10, we plot the horizontal shift factor (HL) as a function of
Laponite concentration. Similar to that observed for salt
concentration, the horizontal shift factor associated with
Laponite concentration shows an exponential dependence
represented by ln(HL) ≈ CL.
We now discuss the results of the conductivity experiments.

As discussed in the Introduction, particles of Laponite in an
aqueous media share attractive as well as repulsive interactions
among each other. As an apparent quantification of repulsive

Figure 6. Evolution of G′ (filled symbols) and G″ (lines) plotted as a
function of aging time on various idle times (ti) for a suspension
having 2 wt % Laponite and 5 mM salt. From right to left: ti = 6, 9, 12,
15, and 18 days.

Figure 7. Evolution of G′ (filled symbols) and G″ (open symbols)
plotted as a function of aging time for different temperatures for (a) no
salt system having 2.8 wt % Laponite and an idle time of 18 days. (0.1
mM) and (b) 2.8 wt % Laponite and 5 mM salt and an idle time of 9
days (black, 10 °C; red, 20 °C; blue, 30 °C; and green, 40 °C). The
open gray symbols show the aging time−temperature superposition of
G′. The corresponding shift factors are plotted with respect to the
reciprocal of temperature in panel c.
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interaction, the electrostatic (Debye) screening length
associated with the opposite faces of Laponite and its temporal
evolution, if any, may help in understanding the origin of
irreversibility in this system. Debye screening length can be
obtained with the knowledge of the concentration of cations
and anions present in the aqueous media. In order to estimate
the same, we measure the conductivity of samples over a span
of idle times up to 18 days as a function of concentration of
Laponite and that of salt. For some samples we also measure
conductivity as a function of temperature. The inset in Figure
11 shows the ionic conductivity of the 3.5 wt % Laponite
suspension having various salt concentrations measured at
different idle times. As expected, the conductivity of samples
having a greater amount of NaCl is higher. In the inset of
Figure 12, we plot conductivity as a function of concentration
of Laponite having no externally added salt.61 Conductivity can
be seen to be increasing with an increase in Laponite
concentration owing to an enhanced counterion concentration.
However, very importantly, the conductivity can be seen to be

continuously increasing with idle time over the explored range
of 18 days in both of the insets of Figures 11 and 12. Since
complexometric titrations have confirmed the absence of Mg2+

ions in the suspensions, a continuous increase in ionic
conductivity over 18 days may be attributed to slow
dissociation of Na+ counterions from Laponite particles. With
knowledge of conductivity, the Debye screening length can be
obtained by using the expression62

Figure 8. Evolution of storage (closed symbols) and loss (open symbols) moduli at various temperatures for a system having 2.8 wt % Laponite and
ti = 12 days. (a) 0.1, (b) 1, (c) 3, (d) 5, and (e) 7 mM salt (black squares, 10 °C; red circles, 20 °C; blue up triangles, 30 °C; and green down
triangles, 40 °C).

Figure 9. Variation of the slope of the loss modulus with an increase in
temperature for various idle times and salt concentrations.

Figure 10. Aging time−idle time−salt concentration−Laponite
concentration−temperature superposition for G′. The superposition
contains 61 curves obtained at different idle times, Laponite
concentrations, salt concentrations, and temperatures. Only the data
beyond the crossover of G′ over G″ is considered for the
superposition. The black line passing through superposition represents
G′ ≈ ln(tw). The inset shows the horizontal shift factors HL used to
obtain the superposition as a function of concentration of Laponite.
The straight line through the data plotted on semilogarithmic scale
demonstrates ln(HL) ≈ CL.
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where ε0 is permittivity of free space, εr is relative permittivity,
kB is the Boltzmann constant, zi is the ionic charge number for
the ith ion (NaCl is a 1:1 electrolyte), e is the electron charge,
and ni is the total number density of the ith ion. In order to
evaluate the denominator, we need to calculate the number
density of Cl− and Na+ ions. Since Cl− ions are present in the
suspension only through externally added NaCl, its concen-
tration is the same as that of NaCl. On the other hand, the
concentration of Na+ ions can be estimated from the ionic
conductivity and is given by σ = e(μNanNa + μClnCl),

63 where
mobilities of Na+ and Cl− ions are μNa = 5.19 × 10−8 m2/sV
and μCl = 7.91 × 10−8 m2/sV.64

In Figure 11 we plot the Debye screening length estimated
for the 3.5 wt % Laponite suspension as a function of salt
concentration and idle time, whereas in Figure 12 we plot the
same as a function of concentration of Laponite and idle time
for a no salt system. It can be seen that the higher the
concentration of salt, the lower the Debye screening length
associated with a particle. Interestingly changing the concen-
tration of externally added Na+ ions from 0.1 to 7 mM causes a
decrease in Debye screening length of around 10−12% on any
studied idle time. Similarly the Debye screening length is
observed to decrease with an increase in concentration of

Laponite. Finally and very importantly, the Debye screening
length is observed to be decreasing as a function of idle time
over the duration of 18 days in all suspension samples due to
the continued dissociation of counterions. This proposal of
continuous dissociation of counterions from the Laponite
particle, in addition to complexometric titration experiments,
can also be supported by estimating the maximum possible
conductivity achievable for a suspension assuming all of the
counterions have been dissociated. Since a single particle of
Laponite of 25 nm diameter contains around 1000 unit crystals,
the net negative charge on a Laponite particle is around 700
electronic charges.3,65 As a result, the maximum possible Na+

ion concentration of a suspension, in addition to the known
amount of NaOH and NaCl added to the same, is 700 ions per
particle. In Figure 13a,b, we show that the measured value of

conductivity on day 18 is significantly smaller than the
maximum possible conductivity. We also measure the
conductivity of a suspension as a function of temperature by
equilibrating the same with a temperature bath on a mentioned
idle time. Interestingly, as shown in Figure 14, the conductivity
can be seen to be increasing as a function of temperature.
Consequently the Debye screening length is expected to
decrease at a higher temperature.

IV. DISCUSSION

Laponite particles in an aqueous medium share complex
interactions among each other due to its anisotropic shape,
dissimilar charges on the edge as well as the faces, and
screening of these charges due to the presence of ions in the
liquid media. These interactions may lead to repulsion between

Figure 11. Debye screening length for the 3.5 wt % Laponite
suspension having different concentrations of salt as a function of idle
time. The inset shows the ionic conductivity for the same.

Figure 12. Debye screening length for various Laponite concen-
trations having no salt as a function of idle time. The inset shows ionic
conductivity for the same.

Figure 13. Ionic conductivity plotted as a function of (a) salt
concentration for the 3.5 wt % Laponite suspension and (b) the
concentration of Laponite for no externally added salt (0.1 mM). Solid
symbols represent the measured ionic conductivity at an idle time of ti
= 18 days, and open symbols represent the theoretically calculated
maximum possible conductivity.
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the faces and attraction between the edges and the faces of the
particles. In addition, there could be van der Waals attraction
among the particles. All these interactions and shape effects are
responsible for microstructure of Laponite suspension, which
evolves as a function of time causing changes in its viscoelastic
character. According to various light scattering and rheological
studies, in glassy (nonergodic) state relaxation time of Laponite
suspension is known to have a power law dependence on aging
time given by τ = Aτm

1−μtw
μ ,19,27,37,38,53,66 where τm represents the

microscopic time scale associated structural reorganization
(also represented as unit time with which structure builds). The
power law dependence of the relaxation time on the aging time
is known to be a generic feature of different types of glassy
materials.20,60,67−69 In Laponite suspension, dynamics of the
system can be well represented by considering Laponite
particles to be arrested in energy wells, typically represented
as cages in the literature.66 Under such a situation, mere
thermal energy is not sufficient for the particle to escape the
cages.60,70 However, suspension can experience structural
reorganization due to particles undergoing activated barrier
hopping or by undergoing motion remaining inside the cage.
Both of these events take the suspension to progressively low
energy state as a function of time. Assuming that all of the
particles occupy the energy wells having same depth E, the
relaxation time can be considered to have Arrhenius depend-
ence on E given by τ = τm exp(E/kT).60 The dependences of
relaxation time on E as well as aging time leads to E = kT ln A +
μkT ln(tw/τm). If b is the characteristic length-scale associated
with the suspension, a scaling relation for the elastic modulus of
the suspension was recently proposed by Shahin and Joshi53

and is given by

β
β

μ
β

τ′ = = +G E b
k T

b
A

k T

b
t/ ln ln( / )3 B

3
B
3 w m (2)

where β is a proportionality constant. If we assume that the
viscoelastic behavior of a suspension is given by a single mode
Maxwell model, the viscous modulus of the same can be written
as53

ω τ μ τ″ = ′ − −G G A tln ln ln( ) ln( / )m w m (3)

Equation 2 suggests that the evolution of G′ depends on aging
time (tw) normalized by the microscopic time scale (τm). τm can
be assumed to have Arrhenius dependence given by τm = τm,0
exp(U/kBT), where U is energy barrier related to the
microscopic movement within the cage. (It should be noted
that E is the depth of the energy well associated with the cage,

and U is the activation barrier associated with the microscopic
time scale. In Figure 15 we have represented this scenario using
a schematic.)

In the glassy domain, evolution of G′ can usually be
described by G′ = B + G0 ln(tw/τm) as shown by the curvature
of the superposition described in Figure 10. Therefore, the
power law index μ can be represented by53

μ β= b G k T/( )3
0 B (4)

where parameter G0 does not depend on either the
concentration of Laponite or the temperature as no vertical
shifting is required with respect to both these variables to get
the comprehensive superposition of G′ as shown in Figure 10.
(Vertical shift factor based on Laponite concentration used is
Figure 4 is just to show the respective superpositions more
clearly. This shift factor has not been used in Figure 10.)
Equation 3 qualitatively predicts that, in the glassy regime, G″
decreases with increasing aging time if the third term on the
right side dominates the first term. According to this term [−μ
ln(tw/τm)], ln G″ is expected to vary as a function of ln tw with
slope −μ. According to eq 4, μ is proportional to b3. If b is
considered to be the average interparticle distance given by b =
(πR2h/ϕv)

1/3, where ϕv is the volume fraction of Laponite in
suspension, R is the radius (∼12−15 nm), and h is the
thickness (∼1 nm) of the Laponite particle,44,51 we get μ ≈ G0/
(ϕvkBT). This suggests that ln G″ plotted as a function of ln tw
should decrease more steeply for lower concentrations of
Laponite. Interestingly, as shown in Figure 5, we indeed
observe that ln G″ decreases more steeply with a decrease in
concentration of Laponite. In addition, eqs 3 and 4 also suggest
that μ should decrease with an increase in temperature.
Remarkably, we also observe this behavior as shown in Figures
7b and 9. For the 2 wt % Laponite suspension, G″ is observed
to be increasing as a function of aging time in the glassy domain
as shown in Figure 6. Since G′ is a continuously increasing
function of aging time, increase in G″ (=G′/(ωτ)) suggests that
the increase in τ is weaker than that of G′ for the 2 wt %
Laponite suspension.

Figure 14. Ionic conductivity of an aqueous suspension of Laponite as
a function of temperature for a 3.5 wt % 0.1 mM suspension on day 13
and for a 2.8 wt % 0.1 mM suspension on day 60.

Figure 15. Schematic representing a particle under consideration
arrested in a cage-like environment. Irrespective of glass-like or gel-like
microstructure, the cage can be represented as an energy well having
depth E. The particle undergoes microscopic motion of structural
rearrangement within the cage with time scale τm such that E goes on
increasing as a function of time. τm is assumed to have Arrhenius
dependence on temperature τm = τm,0 exp(U/kBT), where U is the
energy barrier associated with structure formation. Since τm sets the
time scale of enhancement of energy depth E, it evolves as E = E(tw/
τm).

Langmuir Article

dx.doi.org/10.1021/la302544y | Langmuir 2012, 28, 15674−1568615681



In Figure 10 we observe a comprehensive superposition of
elastic modulus irrespective of changes in the studied variables.
On the other hand, G″ does not show self-similar evolution as a
function of Laponite concentration, temperature, and idle time.
However as discussed before, G′ can be directly related to the
energy well depth E by considering the former to be energy
density (G′ = βE/b3). Self-similarity in G′, therefore, means
self-similarity with which system explores low energy states
thereby indicating a microstructure buildup of the aqueous
suspension of Laponite is generic with respect to change in
Laponite concentration, that of salt, aging time, and temper-
ature. The major difference with respect to all of these variables
is the time scale of aging (τm) related to these variables (the
time scale of aging is the same as that associated with structural
reorganization). Interestingly eq 2 qualitatively describes the
dependence of G′ on aging time (tw) normalized by the time
scale of aging (τm). The latter is assumed to show Arrhenius
dependence [τm = τm,0 exp(U/kBT)]. In Figure 10, in order to
plot a comprehensive superposition, the aging time is
multiplied by horizontal shift factors associated with Laponite
concentration (HL), salt concentration (HS), idle time (ht), and
temperature (aT). Since the reference temperature is TR = 10
°C, the reference salt concentration is CSR = 5 mM and the
reference idle time is tiR = 18 day, we can represent the product
of shift factors as HLHShtaT = H(CL,CSR,tiR,TR). Overall, for
arbitrary reference points, we can write ln(τm) ≈ U/kT ≈

−ln[H(CL,CS,ti,T)]. In addition, it can be seen from Figure 4b
and the inset of Figure 10 that ln[HS] ≈ CS and ln[HL] ≈ CL,
respectively. Consequently U decreases linearly with the
concentration of Laponite and that of salt respectively in the
explored range. Moreover, as shown in Figure 3b, ht is observed
to increase with idle time, suggesting U also decreases with idle
time. The effect of temperature is more complicated than the
other three variables. Since an increase in temperature increases
the conductivity of the suspension as shown in Figure 14, it
directly affects the energy barrier so that U decreases with
increasing temperature. On the other hand temperature also
expedites the dynamics by the thermal activation term in the
assumed Arrhenius dependence. Overall, the superposition of
the rheological aging data described in Figure 10 clearly shows
that the energy barrier associated with structural buildup
decreases with idle time and temperature and decreases linearly
with an increase in the concentration of Laponite and that of
salt.
In addition to the rheological study, the measurement of

conductivity and the estimation of Debye screening length gives
an independent approach to analyze interactions among
Laponite particles as a function of the studied variables. Figures
11, 12, and 14 show an increase in ionic conductivity as a
function of the concentrations of Laponite and salt, idle time,
and temperature. For these variables, except the salt
concentration, enhanced conductivity is due to dissociation of
Na+ ions from the Laponite particles. Greater dissociation of
Na+ ions from the face of the Laponite particle decreases the
Debye screening length as shown in Figures 11 and 12. On the
other hand, such dissociation makes the face of the Laponite
particle more electronegative. Therefore in order to analyze the
effect of progressive dissociation of Na+ ions from the faces on
Laponite particles on the energetic interaction (attractive and
repulsive) between the same, we solve DLVO theory for the
Laponite suspension. According to DLVO theory the free
energy per unit area is given by a sum of double layer repulsion

and van der Waals attraction.62 The free energy per unit area
between two layers of 2:1 clay (planner surfaces) is given by1
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where n is the number of ions per unit volume, d is half distance
between the two plates, AH is the Hamaker constant (1.06 ×

10−20 J for Laponite71), and Δ is the thickness of unit layers
between the same plates (6.6 A).1 Furthermore, γ = tanh(zeΦ0/
4kBT), where z is the valence of ion and Φ0 is the electric
potential on the surface. In eq 5, the first term on the right-
hand side represents double layer repulsion and the second
term represents van der Waals attraction between the two
layers.
In order to compute the free energy using eq 5, we assume

complete delamination of all of the Laponite particles. The
number of sodium ions dissociated per particle is given by (nNa
− n0)/nP, where n0 is the concentration of Na+ ions due to
external sources (externally added NaOH or NaCl) and nP is
number of particles per unit volume. In eq 5 the number of ions
per unit volume is therefore related to electric potential on the
surface (Φ0) by Φ0 = e(n − n0)/(2ALnP), where AL is area of
one face of the Laponite particle. In Figure 16 we plot the total

free energy per unit area along with the respective contribution
from double layer and van der Waals interactions for the 3.5 wt
% Laponite suspension without externally added salt for idle
times 3, 12, and 18 day. It can be seen that van der Waals
attraction is significantly weaker compared to the double layer
repulsion except when particles are very close to each other.
Interestingly with an increase in idle time, owing to a higher

Figure 16. Free energy per unit area between two layers of 2:1 clay
(planar surfaces) from DLVO theory plotted as a function of half the
distance between the clay layers for the 3.5 wt % Laponite suspension
(without any externally added salt) at different idle times. The black
line (smallest peak and weakest decay, σ = 628 μS/cm and 1/κ = 3.8
nm) represents day 3, the blue line (middle line, σ = 820 μS/cm and
1/κ = 3.3 nm) represents day 12, and the red line (highest peak and
fastest decay, σ = 1106 μS/cm and 1/κ = 2.9 nm) represents day 18.
The inset shows the variation of free energy per unit area for the
double layer interaction, van der Waals interaction, and their sum as a
function of half the distance between the clay layers normalized by the
Debye screening length for the 3.5 wt % Laponite suspension (without
any externally added salt) on day 3.
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value of coefficient γ2 arising from a greater negative surface
potential (Φ0), the height of the repulsive barrier that particles
need to cross in order to approach each other in parallel fashion
increases. On the other hand, the width of the repulsive barrier
becomes narrower as a function of idle time due to stronger
exponential decay (e−2kd) caused by a decrease in the Debye
screening length 1/κ). We expect a qualitatively similar
behavior as shown in Figure 16 when the idle time is replaced
by temperature. For the case of externally added salt (CS), the
increase in CS, for the same extent of dissociation of
counterions, will decrease the Debye screening length further
without affecting the value of the coefficient γ2. However since,
κ ≈ n0.5 the coefficient of the double layer repulsion term
(nkBT/κ) given by eq 5, will still scale as nkBT/κ ≈ n0.5. This
would, therefore, lead to an increase in the height of the
repulsive barrier while making its width narrower with an
increase in CS when particles approach each other in a parallel
fashion. Therefore the scenario will be qualitatively similar to
that described by Figure 16 when the increase in idle time is
replaced by an increase in T as well as CS.
The results of the rheological study suggest a decrease in the

energy barrier for structure formation with an increase in idle
time, salt concentration, and temperature (time scale associated
with increase in G′ shifts to lower times with increase in ti, CS,
and T). Therefore, although the height of the repulsive energy
barrier is increasing, the fact that the width of the same is
shrinking (reduction in Debye screening length) with an
increase in ti, CS, and T is intuitively in disagreement with the
proposal of low energy structures being repulsion dominated.
In order to quantitatively probe effect of repulsive interactions
on the low energy structure, we analyze the time scale
associated with structure formation at which material undergoes
a liquid−solid transition with respect to the Debye screening
length. In Figure 18, we plot aging time at which G′ crosses
over G″ as a function of the normalized Debye screening length
(the Debye screening length divided by the average
interparticle distance 1/(bκ)) for 1 and 3 mM salt
concentration suspensions having different Laponite concen-
trations (For 2.4, 2.8, 3.2, and 3.5 wt % suspension, value of b is
approximately 42, 40, 39, and 37 nm, respectively). We
represent this crossover time by tw*. As mentioned before, if we
assume the material behavior to be represented by a time
dependent single mode Maxwell model, the point at which G′
crosses over G″ corresponds to τ = 1/ω. Since, in all of the
experiments we have employed fixed ω = 0.1 Hz, tw* represents
the time at which the dominating relaxation time of the
suspension reaches a level of 10 s. It can be seen in Figure 16
that the Debye screening length is around or less than 10% of
that of the average interparticle distance. For a given
concentration of Laponite and salt, points from right to left
suggest an increase in idle time, which causes a decreases in the
Debye screening length (or increase in electronegative surface
potential) as shown in Figures 11 and 12. Figure 17 shows that
tw* continuously decreases with a decrease in Debye screening
length. Furthermore, for a given concentration of Laponite, an
increase in CS shifts the dependence of tw* on 1/(bκ) to lower
values of tw*. If low energy structures are repulsive in origin, we
would have expected tw* to be a decreasing function of 1/(bκ),
contrary to experimental observation. In addition, the overall
behavior described in Figure 17 suggests that the concentration
of Laponite and that of salt affect the dynamics independently
in addition to the Debye screening length. In purely repulsive
interactions, we would have expected tw* to demonstrate a

superposition as a function of 1/(bκ) irrespective of various
system variables.
While undergoing thermal motion, rather than approaching

in a parallel fashion, if two Laponite particles approach each
other in a perpendicular fashion or from the sides as shown in
the schematic in Figure 18, owing to dissimilar charges on the

edge and on the face, we intuitively expect the repulsive energy
barrier to reduce with an increase in the negative surface
potential (Φ0) and/or a reduction in the Debye screening
length. Interestingly, this proposal agrees well with the findings
of the rheological study. When particles approach each other in
a perpendicular fashion, they form a house of cards structure,
whereas when they approach each other from the sides, they
form an overlapping coin configuration. Interestingly, a very
recent Monte Carlo simulation study inspired by Laponite
suspension reports a mixture of both of these configurations.16

Although simply based on rheological and conductivity results
it is difficult to comment on the precise microstructure, various
results discussed in this paper make it amply clear that low
energy structures associated with an aqueous suspension of
Laponite are influenced by attraction among Laponite particles.
In the literature it is clearly established that addition of

Figure 17. Aging time at cross over (tw*) of G′ and G″ is plotted
against the normalized Debye screening length for various Laponite
concentrations [square, 2.4 wt %; circles, 2.8 wt %; triangles, 3.2 wt %;
and stars, 3.5 wt %]. Filled blue symbols represent the 1 mM NaCl
concentration, and open black symbols represent the 3 mM
concentration.

Figure 18. Schematic of a scenario when two Laponite particles, owing
to thermal motion, approach each other (a) in a perpendicular fashion
and (b) from the sides.
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monovalent salt such as NaCl in aqueous suspension of
Laponite increases dominance of attraction.42,43,51 In this paper
we extend this proposal and state that the increase in Laponite
concentration, temperature, and very importantly the time
elapsed since preparation of Laponite suspension (idle time)
also lead to the microstructures that are influenced by
attraction.
In the discussion so far we assumed complete delamination

of Laponite particles in a short time followed by a slow but
progressive dissociation of counterions. This was considered to
be a cause for enhancement in ionic conductivity as a function
of time. However, such an increase in conductivity could also
be attributed to the slow delamination of Laponite particles
(delamination to be a rate determining step), in which the
dissociation of counterions can be considered to be faster. In
this case the electronegative surface potential (Φ0) can be
assumed to remain constant throughout the process. However,
dissociation of counterions would certainly increase n thereby
leading to qualitatively the same free energy scenario as shown
in Figure 16. The important difference would be the increase in
effective particle density as a function of time, which through
attractive interactions could lead to enhanced shear modulus.
Shahin and Joshi44 had reported the partly irreversible nature

of aging in aqueous suspensions of Laponite. We feel that
physicochemical effects such as an irreversible increase in the
ionic conductivity as a function of idle time, which progressively
reduces the width of repulsive barrier (thereby enhancing rate
at which attractive interactions may form) among the Laponite
particles and an inability of high shear to rejuvenate the evolved
microstructure are responsible for irreversible aging in aqueous
suspensions of Laponite. Recently Shahin and co-workers
observed very strong anisotropic orientation near the air−
Laponite suspension interface by observing birefringence when
kept in between crossed polarizers.52 The anisotropic
orientation and its penetration into the bulk were observed
to be getting pronounced as a function of concentration of
Laponite, concentration of salt, temperature, and idle time.
Interestingly, the same variables are responsible for faster aging
in this system. We therefore believe that anisotropic orientation
near the interface and its penetration in the bulk are related to
enhanced conductivity (or reduced Debye screening length or
repulsion) in the suspension. In addition, we feel that results
discussed in this paper are in agreement with the experiments
of Ruzicka and co-workers,72 who observed dissolution of a
young (around 2−3 days) Laponite suspension having 3 wt %
concentration (upon addition of deionized water).73 However,
for older samples (∼7 day) the suspension did not dissolve but
underwent swelling when deionized water was added on top.72

They proposed that repulsion is prevalent among the particles
in the initial period, whereas attraction develops in the Laponite
suspension over long durations. The present study provides a
plausible explanation to this observation.

V. CONCLUSION

In this work we carry out an extensive study of the aging
behavior of an aqueous suspension of Laponite using
rheological and conductivity measurements, as a function of
concentration of Laponite (2−3.5 wt %), concentration of salt
(NaCl, 0.1−7 mM), and temperature (10−40 °C) at regular
intervals up to 60 days after preparation of the suspension
(represented as idle time). We observe that rheological
experiments carried out on greater idle times do not rejuvenate
the suspension to the same initial state upon application of

strong shear suggesting irreversibility in structural build-up.
Furthermore, evolution of elastic and viscous moduli (and their
crossover), subsequent to shear melting, shift to smaller aging
times for experiments carried out on greater idle times, higher
concentrations of salt as well as that of Laponite, and
temperature. Self-similar evolution of the elastic modulus,
which shows monotonic increase with aging time, leads to aging
time−idle time−salt concentration−Laponite concentration−
temperature superposition in the solid regime. The existence of
such a comprehensive superposition suggests the generic nature
of the microstructure buildup upon change in the above-
mentioned variables over the explored range. On the other
hand, in the solid regime a viscous modulus is observed to
decrease as a function of aging time with a more pronounced
slope for experiments carried out at lower temperatures and on
suspensions having a lower concentration of Laponite. Our
simple scaling model qualitatively explains this behavior.
Variation of shift factors necessary to get the superposition of
the elastic modulus suggests that the energy barrier associated
with structure formation goes on decreasing with temperature
and idle time and particularly decreases linearly with an increase
in concentration of Laponite and that of salt. Interestingly, the
conductivity experiments carried out on suspensions show a
continuous increase in conductivity and therefore a continuous
decrease in Debye screening length as a function of idle time.
Analysis of interparticle interaction using DLVO theory
suggests that when particles approach each other in a parallel
fashion, the height of the repulsive energy barrier increases
while narrowing its width with increasing idle time, temper-
ature, and salt concentration. However since the edge and face
of the Laponite particle have dissimilar charges, attraction
between the same is expected to increase when particles
approach each other in a perpendicular fashion. Analysis of
rheological and conductivity data, therefore, strongly indicates
the influence of attractive interactions in forming the low
energy structures in an aqueous suspension of Laponite.
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Physics, Springer-Verlag: New York, 2002.
(64) Haynes, W. M. CRC Handbook of Chemistry and Physics, 91st
ed.; CRC Press: Boca Raton, FL, 2010.
(65) Cummins, H. Z. Liquid, glass, gel: The phases of colloidal
Laponite. J. Non-Cryst. Solids 2007, 353, 3891−3905.
(66) Bandyopadhyay, R.; Liang, D.; Yardimci, H.; Sessoms, D. A.;
Borthwick, M. A.; Mochrie, S. G. J.; Harden, J. L.; Leheny, R. L.
Evolution of particle-scale dynamics in an aging clay suspension. Phys.
Rev. Lett. 2004, 93, 228302.
(67) Cloitre, M.; Borrega, R.; Leibler, L. Rheological aging and
rejuvenation in microgel pastes. Phys. Rev. Lett. 2000, 85, 4819−4822.
(68) Derec, C.; Ducouret, G.; Ajdari, A.; Lequeux, F. Aging and
nonlinear rheology in suspensions of polyethylene oxide-protected
silica particles. Phys. Rev. E 2003, 67, 061403.
(69) Sibani, P.; Kenning, G. G. Origin of end-of-aging and subaging
scaling behavior in glassy dynamics. Phys. Rev. E 2010, 81, 011108.
(70) Sollich, P.; Lequeux, F.; Hebraud, P.; Cates, M. E. Rheology of
soft glassy materials. Phys. Rev. Lett. 1997, 78, 2020−2023.
(71) Laxton, P. B.; Berg, J. C. Relating clay yield stress to colloidal
parameters. J. Colloid Interface Sci. 2006, 296, 749−755.
(72) Ruzicka, B.; Zulian, L.; Zaccarelli, E.; Angelini, R.; Sztucki, M.;
Moussaïd, A.; Ruocco, G. Competing Interactions in Arrested States of
Colloidal Clays. Phys. Rev. Lett. 2010, 104, 085701.
(73) In these dissolution experiments, no shear melting was
employed by Ruzicka and co-workers unlike the case with rheological
experiments reported in this paper.

Langmuir Article

dx.doi.org/10.1021/la302544y | Langmuir 2012, 28, 15674−1568615686


