
0,

PHYSICAL REVIEW E 66, 021401 ~2002!
Dissociation of thixotropic clay gels
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Laponite dispersions in water, at moderate ionic strength and highpH, are thixotropic: depending on
previous history, they can be fluids or gels. The mechanisms of the fluid-gel and gel-fluid transitions have been
examined through ionic analysis of the aqueous phase, static light, and small-angle neutron scattering, rheo-
logical experiments, and centrifugation. The results indicate that the particles attract each other in edge-to-face
configurations. These attractions cause the particles to gather in microdomains, which subsequently associate to
form very large fractal superaggregates, containing all the particles in the dispersion. A gel state is obtained
when the network of connections is macroscopic. This network is destroyed by the application of sufficient
strain, but it heals at rest. The addition of peptizers weakens the edge-to-face attractions, and makes the healing
times much slower.
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I. INTRODUCTION

This study focuses on the nature of interactions betw
nanometric clay particles in aqueous dispersions. The m
rial used for this work was an aqueous dispersion of lapon
which is a synthetic clay of the hectorite type@1#. This clay
consists of particles that are shaped as thin disks~or plate-
lets!, with an average diameter of 30 nm, and an aver
thickness of 1 nm@1,2#.

In aqueous dispersions, the particles are ionized, wit
large number of negative charges along the faces of
platelets, and a few positive charges along the edges@1#.
These surface charges are compensated by Na1 counterions,
which are distributed next to the negative surface char
and also in a diffuse layer surrounding each particle. T
main interactions between particles are electrostatic inte
tions between these anisotropic charge distributions. In a
tion there are also weak van der Waals attractions and
cluded volume repulsions.

The aqueous dispersions of laponite particles have
usual properties. At moderate volume fractions (0.5%,fn

,3%), they form gels that are capable of suspending la
solid particles. These gels are easily broken by app
forces. When large continuous deformations are applied,
give way to a fluid state. Upon cessation of flow, this flu
state is retained for a while. Finally, the material heals slow
and becomes a gel again. This behavior is called thixotro
It is the basic reason for the use of laponite in many pract
applications@1#.

The mechanism of gel formation and the nature of p
cesses that cause thixotropy in clay dispersions have b
much debated@2–30#. In particle dispersions, there are tw
general mechanisms that may cause gel formation. The
one originates from interparticle attractions or adhesion
this case, the particles aggregate to form a connected
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work that extends throughout the material. This mechan
is most commonly found in protein gels@31# and also in gels
made of aggregated mineral particles@32,33#. The second
one originates from interparticle repulsions. In this case, s
idlike behavior originates from the lack of free volume: ea
particle becomes unable to move because every loca
around it is already occupied by another particle@27–
29,34,35#.

In laponite dispersions, evidences for both mechanis
have been found, but in different regions of the phase d
gram @15–17,25–29#.

At very low ionic strengths~1024 mol l21 and below!, the
electrostatic interactions are very long-range type. Inde
the Debye length,k21, is comparable to the particle diam
eter. In these conditions, the anisotropy of the charge dis
bution around each particle becomes unimportant. The
ticles interact through overlap of their ionic diffuse layer
which yields repulsions with a rangek21. When the volume
fraction of particles is sufficiently low, the ionic layers do n
overlap, and the particles can move~fluid state!. When this
volume fraction is high enough, the ionic layers are forced
overlap, and the particles become unable to move~gel state!
@27–29#. The critical volume fraction that separates the flu
from the gel can be evaluated as@36#

fn* 50.64
3

2

H

2R

1

~H/2R1k21/R!3 50.48
HR2

~H/21k21!3 ,

whereR is the particle radius andH its thickness. Typically,
for a sodium ion concentration of 1024 mol l21, the Debye
lengthk21 is 30 nm, and the critical volume fraction isfn*
50.4%.

In this regime, when the ionic strength is raised, the io
screening becomes more efficient, the Debye lengthk21 is
shorter, and the critical volume fractionfn* is higher. This is
indeed observed in laponite dispersions at very low io
strengths: in the phase diagram, the fluid-to-gel bound
shifts to higher volume fractions when the ionic strength
©2002 The American Physical Society01-1
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raised from 1025 to 1024 mol l21 @28#. This shift is typical
of gels formed by interparticle repulsions; indeed, the hig
ionic strength reduces these repulsions and makes free
ume available for particle motions. Other experiments c
firm that, in this regime, gel formation is caused exclusiv
by repulsions between particles: in particular, light scatter
experiments demonstrate that the gel can be completely
mogeneous, and therefore free of any aggregation pro
@27,29#. In this regime, the colloidal gel has also been cal
a colloidal glass, because motions are inhibited through l
of free volume, as in glass@27,29#.

At moderate ionic strengths~1023 mol l21 and above!,
the electrostatic interactions are of short range. In these
ditions, the anisotropy of the charge distribution around e
particle controls their interactions. These interactions may
repulsive in some configurations of the particles~e.g., in the
parallel ‘‘stacked plates’’ configuration!, and attractive in
others~e.g., in the ‘‘house-of-cards’’ structure!. At these ionic
strengths, it is found that the particles tend to aggreg
spontaneously, forming microdomains that have a higher
ticle density than the surrounding medium and sizes on
order of 1mm @21#. At very long times, these microdomain
become interconnected and build a fractal aggregate s
ture, up to length scales of many micrometers. Simu
neously, the dispersion becomes a gel, with mechanical p
erties that depend on the fractal dimension of the aggrega
Concentrated dispersions become gels relatively fast, d
dispersions much slower or not at all. Accordingly, a flu
to-gel boundary has been determined. In the phase diag
this boundary shifts to lower volume fractions when the io
strength is increased@15#, which is a further indication tha
gel formation results from an aggregation process. Inde
the higher ionic strength reduces repulsions that would o
erwise prevent aggregation of particles. A variation of t
salt induced aggregation is the aggregation promoted by
release of Mg21 ions, which may occur in dispersions equi
brated at lowpH @26#.

Still, the precise mechanism of this aggregation is
known: the debate about the aggregate structure, i.e., h
of cards or stacked plates, has been going on for deca
Moreover, a central question for the applications of lapon
is how the aggregation process may or may not cause
thixotropy of the gels, i.e., their ability to become fluids up
continuous deformation, and to heal back to the gel s
when left to rest.

Here we examine gel formation and dissociation in
regime of moderate ionic strength, aiming at a more prec
determination of interactions between particles. For this p
pose, we modify the surface charges around the clay part
by adding peptizers. Then, we compare the original lapo
dispersions with a dispersion containing peptizers. Th
peptizers are salts in which the anions can bind to posi
surface charges on edges of platelet shaped particles. In
way they reduce the edge-to-face attractions, by making
edges less positively or even negatively charged. This sh
reduce the occurrence of edge-to-face links between
ticles. Moreover, these added salts also increase the ge
electrostatic screening. They have the same effects as si
salts, i.e., increasing free volume but also making nons
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cific associations easier. Thus, the addition of peptizers
laponite dispersions could change the nature of interact
between clay particles, going from specific edge-to-face
tractions to nonspecific repulsions or attractions.

In a first step, we examine the effect of peptizers on io
compositions of the aqueous phase that disperses the
ticles. The modifications of ionic content during swelling a
aging of the dispersions are evaluated. Next, the structur
the dispersions, i.e., the spatial distributions of particles
determined through small-angle neutron and static light s
tering. Then rheometric measurements are performed
shear deformations. They characterize the transient resp
of the dispersions to an applied shear rate, their yield st
and their stress level maintained during steady shear fl
and the recovery of the gel structure after destructuration
shear flow. Finally, the connectivity of the dispersions is e
amined through centrifugation experiments that cause the
gregates to separate from the aqueous phase.

The results are also used to make a model for the netw
of interparticle links, and for the changes that are brought
peptizers to this network. In this way, a qualitative interp
tation for the thixotropy of laponite dispersions can be p
posed.

II. MATERIALS AND METHODS

A. Materials

In this study we used the synthetic clay, laponite XL
manufactured by Laporte Industries. Its chemical compo
tion is 66.2% SiO2, 30.2% MgO, 2.9% Na2O, and 0.7%
Li2O, corresponding to the following chemical formula@10#:

Si8@Mg5.45Li 0.4H4O24#
0.72Na0.7

0.71 .

This clay is made of small platelet or disk-shaped p
ticles with an average diameter 2R530 nm and a thickness
H51 nm @1,2#. The density of the particle isrp
52.53 g cm23 @4#. Each particle has a central layer made
Mg21 cations in octahedral coordination to oxygen atoms
hydroxyl groups; this central layer is sandwiched betwe
two silicate layers where the silica atoms are in tetrahed
coordination to oxygen atoms@1#. The total thickness of
these three layers is about 1 nm@1#. Some of the Mg21 sites
of the central layer are substituted with Li1 cations. This
creates a charge inbalance, which is compensated by1

counterions located at the surface of the outer layers.
In water, these Na1 counterions are hydrated and releas

in a diffuse layer surrounding the particle. Consequently,
platelet carries a negative surface charge, which amoun
about 700 charges per particle, or a surface charge densi
0.7 electron nm22 on each face. The edges of the platele
however, carry some Mg-OH sites which are weak bases
pH,11, some of these groups bind protons and then bec
positively charged Mg-OH2

1 sites. According to the manu
facturer, the number of these charges is on the order o
charges per particle, which gives a linear charge density
1.4 charge nm21 @1#. Finally, at highpH, some of the surface
sites may become ionized as SiO2 groups.
1-2
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The result of all these ionization processes is that
faces of the platelets carry a strong negative charge, w
the edges carry a positive charge, thereby making an e
to-face interaction favorable@37#.

Peptizers are commonly used to control these edge
face interactions@1#. The peptizer used here was tetrasodiu
diphosphate~abbreviated to tspp hereafter!, obtained from
Prolabo. Its chemical formula is Na4P2O7, 10H2O and its
molecular mass is 446 g mol21. In water, it releases P2O7

42

groups which bind to the Mg-OH2
1 sites on the edges of th

platelets. Consequently, the aggregation of the particle
delayed, and the dispersion remains fluid for a longer ti
interval after preparation. Peptizer concentrationsCp are
given as percentages of the mass of dry clay.

The dispersions were prepared in two ways, depending
the final clay concentration. For the more concentrated
persions, the peptizer was dispersed in a solution of dou
distilled water and sodium chloride with an initial ion
strength of 1023 mol l21, using ultrasounds at a frequency
20 kHz and a power level of 350 W for a period of 10 s. T
dry clay was then added and mixed using ultrasounds
frequency of 20 kHz and power level of 350 W for a peri
of 10 min. The volume fractions obtained by this meth
were fn53.3% with Cp50%, andfn56 – 8% with Cp
56%. For the less concentrated dispersions, the peptizer
the dry clay were stirred with a mixer in the same init
solution during, respectively, 5 min and 30 min.

Laponite dispersions were stored in large quantities~1 kg!
in tightly closed jars, in order to minimize exposure to a
bient air. Thus, thepH evolution was governed by clay dis
solution only during the swelling of the clay. As a result, t
pH increased and stabilized to an equilibrium value n
pH 10.

Changes were observed in the viscoelastic properties
structural characteristics of the gels over time. This is due
part, to the osmotic swelling caused by repulsion betw
the double layers and also to the progressive organizatio
the particles into fractal aggregates over larger length sc
@21#. In order to take into account these structural and m
chanical changes in the dispersions, the timetp that elapsed
between the end of preparation and the test will always
indicated in the remainder of this text.

B. Ionic analysis

The composition of the aqueous phase that dispersed
particles was analyzed in the following way. Dispersio
were centrifuged at an acceleration of 50 000ga ~with ga
59.81 m s22! for at least 14 h. This time corresponds
permanent conditions where all the particles have sett
The supernatants were recovered and used for the analys
sodium and magnesium ions. The measurements were
formed at the ESIGEC laboratory in Chambe´ry, using an
atomic absorption spectrometer. This consists of an appro
ate burner for an acetylene/air flame and a hollow cath
lamp with a wavelengthl5589 nm. For the sodium analy
sis, the supernatants were diluted, in conformity with curr
standards, with a solution of nitric acid, thus reducing thepH
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to about 2. For the magnesium analysis, they were dilu
with a solution of lanthanum chloride and chlorhydric aci

The conductivity andpH of the supernatants were als
measured with classical instruments at a temperature
25 °C.

C. Scattering techniques

The structure of the dispersions was examined thro
static light scattering~SLS! and small-angle neutron scatte
ing ~SANS!. These experiments measure a scattered inten
I as a function of a scattering vectorQ. For isotropic
samples, only the magnitudeQ of the scattering vector is
relevant, and is determined by the wavelength of the incid
radiation,l, the refractive index of the scattering medium,n,
and the scattering angle,u, according to

Q5S 4pn

l D sinS u

2D .

The SLS measurements covered a range of scattering
tors extending from 431025 to 531024 Å21 and the SANS
measurements covered an additional range extending f
1023 to 1021 Å21. Thus, this combination made it possib
to obtain structural information ranging from the size of
particle~a few nanometers! to that of the largest structures~a
few micrometers!.

The small-angle neutron scattering measurements w
carried out at the Institut Laue-Langevin in Grenoble, us
the D11 multidetector@38#, at a wavelength of 6 Å. The
distances between the detector and the sample were fixe
2.5, 10, and 35.7 m with beam collimations of 2.5, 10, a
40.5 m, respectively. The measurements were performe
1-mm-thick Suprasil quartz cells. The radial mean of t
total scattering intensity was then calculated using class
integration software.

The laser bench developed and built at the Laboratoire
Rhéologie @39–41# was used for the static light scatterin
measurements. It consists of a 2-mW laser beam~He-Ne!
with a wavelength of 6328 Å, and a Fresnel lens~focal dis-
tance 122 mm and diameter 127 mm! acting as a scattering
screen. A beam stop cuts off beam transmission. The dete
is a video camera with a 7523582 pixel charge coupled
device sensor. A shutter was used to vary the acquisition t
from 1

50 to 1
10 000 s. The results were analyzed by means

image processing and a program for carrying out class
integration operations.

The samples were placed between two glass slides
parallel-sided cell. They had a constant thickness of 0.3 m
such that the transmission measurements gave satisfa
results (I transmitted/I incident50.95) regardless of the volum
fraction. Two kinds of measurements were performed. Fi
the structure at rest was determined for both dispersions.
samples were left to rest in the cell for 10 min., as they m
have suffered mechanical stresses and partial loss of s
ture during the placement between the slides. Succes
measurements were performed at different times after
samples had been installed to check that this period was
ficiently long for the results not to be affected by any po
1-3
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sible structural reorganization. Then, the changes occur
as the dispersions recover their structure, after applyin
constant shear rate, were monitored.

D. Rheometric techniques

The rheometric behavior of the laponite dispersions un
shear was studied using a Weissenberg-Carrimed-type
trolled speed rotating rheometer. The tests were carried o
a temperature of (2261) °C. Several rheometric procedure
were used.

Start-up shearing tests were performed with cone-p
configurations of various dimensions. The tools, made
steel or plexiglas, were covered with glass paper of 200mm
roughness, except around the central part of the cone, s
to reduce interface effects and particularly slip phenome
Torsion bar torque sensors were used. The atmosp
around the sample was saturated with water to avoid eva
ration during the measurement@42#. In these start-up tests,
constant shear rate was suddenly applied to the sam
whose initial state is controlled. The transient response un
stress was recorded until steady conditions were achie
The stress levels for the steady regime were then use
establish flow curves for the dispersions under shear.

Dynamic tests described in earlier works@18,21# were
also performed to evaluate the response of thixotropic g
The structure of the sample was destroyed by prelimin
shearing at a constant rate of 50 s21 during 5 min. Shearing
was stopped and structural recovery was monitored by m
suring the change in elastic modulusG8 and viscous modu-
lus G9 at a fixed frequency of 0.1 Hz and strain of 5%. T
frequency and strain were chosen in such a way that
material remained within the linear viscoelastic domain a
the measurement time was short in comparison with the t
taken for the material to recover its structure@21#.

E. Centrifugation

The effect of centrifugation on laponite dispersions w
studied using a Heræus centrifuge with a range of accel
tions extending up to 50 377ga . The tests were run at a tem
perature of 20 °C for an acceleration of 50 000ga , at which
the liquid and solid phase, referred to, respectively, as
supernatant and deposit, were separated. An initial state
given to the dispersions during the filling of the centrifug
tion tubes. Using a syringe with a shear rate of about 5021

induced the destructuration of the dispersions. Centrifuga
runs were started instantaneously after the filling of
tubes.

Several procedures were used to characterize the dis
sions of laponite under compression. The depth of the de
its was plotted as a function of time, in order to determ
the mechanical strength of these dispersions. The mass o
matter was weighed, precisely to within 0.1 mg, by dryi
the supernatants at a temperature of 120 °C. The mean
ticle mass and volume fractions of, respectively, the sup
natant and the deposit could thus be deduced.
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III. RESULTS

A. Ionic composition of the aqueous phase

The interactions of particles in the laponite dispersions
influenced by the ionic composition of the aqueous pha
monovalent cations can screen the repulsions due to ove
of ionic layers, and they are known to cause fast flocculat
when their concentration exceeds 1022 mol l21 @15#. Also,
divalent cations can cause even more efficient screening
bridge particles together, leading to gel formation or flocc
lation @26#. Therefore, it is extremely important to know a
curately the ionic composition of the aqueous phase that
perses the particles.

The composition of this aqueous phase is determined
~i! dissociation of added salts,~ii ! dissolution of the laponite
particles, and~iii ! absorption and ionization of CO2 from
ambient air. The dissolution of laponite is known to be s
nificant at neutral to lowpH, and it may be accelerated
carbonic acid makes the dispersions acidic. As explai
above, precautions were taken to minimize exposure to
bient air, but this possibility was checked anyway. This d
solution proceeds through the following reaction@10#:

Si8Mg5.45Li 0.4H4Na0.7112H118H2O→0.7Na1

18Si~OH!415.45Mg2110.4Li1.

Accordingly, the availability of H1 ions would cause the
release of magnesium and sodium ions. Conversely, the
solution of laponite in a closed vessel will use H1 ions and
therefore cause thepH to rise until the dissolution stops fo
lack of H1. In our experiments, large amounts of lapon
dispersions were kept in closed jars. ThepH was then found
to rise to about 10, as expected for a closed vessel~Fig. 1!.

The concentration of H1 ions that were available from th
distilled water at pH 5 used for the preparation i
1025 mol l21. According to the reaction scheme, the conce
tration of released ions is 4.531026 mol l21 for Mg21 ions
and 631027 mol l21 for Na1 ions. These amounts of re
leased ions are quite small. They can be compared with
total amounts of these ions in solution, which may origina
from other sources~e.g., added salts!.

FIG. 1. pH versus age of laponite dispersions at different v
ume fractions and peptizer concentrations.
1-4
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The measured concentrations of magnesium ions~Fig. 2!
show a steady decrease with time, which may be cause
the precipitation of Mg(OH)2 at high pH. In dispersions
with no added peptizer, the initial concentration of Mg21

ions was 4.531024 mol l21 and it decayed to 1024 mol l21

in 20 days. This behavior is opposite to that observed
Mourchid and Levitz@26# for samples kept in contact with
ambient atmosphere, where the Mg21 concentration started
at the same level but then rose to 1023 mol l21 over a year,
as the samples became gels. Therefore the behavior of
persions that are kept in closed jars is not caused by
release of Mg21 ions: there is, initially, a small amount o
such ions that originate from salts produced by the synthe
and these ions are progressively eliminated through prec
tation. For dispersions with added peptizers, the concen
tions of Mg21 ions are much higher, starting at 1022 mol l21

and decaying to 1023 mol l21 in 20 days. These higher con
centrations obviously result from complexation of magn
sium ions by the peptizers. Again, these ions play no role
the gel formation process.

The concentrations of sodium have been measured
show no substantial change during the aging of the dis
sions. They are equal to 6.531023 mol l21 in dispersions
without peptizer, and 231022 mol l21 in dispersions that
contain 6% of peptizers. These ions must originate from s
that were produced by the synthesis, or from the peptiz
These concentrations are enough to produce substa
screening of interparticle repulsions: the corresponding
bye lengths are 4 nm for dispersions without peptizers an
nm with peptizers, i.e., much less than the average inter
ticle distance.

According to the phase diagram established by Mourc
et al. @15#, concentrated dispersions without any peptizer
in a gel state when the ionic strength is below 1022 mol l21,
and in a flocculated state when it is above this limit. Ho
ever, our dispersions with added peptizers have an io
strength that is much in excess of this limit. Yet these disp
sions are either homogeneous fluids or transparent gels,
no sign of phase separation. The peptizer, therefore, prev
moderately concentrated systems from flocculating.

FIG. 2. Magnesium ions concentration versus age of lapo
dispersions at different volume fractions and peptizer concen
tions.
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The evolution of the total ionic concentrations was a
monitored through conductivity measurements~Fig. 3!. The
results show very little evolution over a period of 20 day
thereby confirming that no substantial dissolution takes pl
in the conditions of our experiments.

In conclusion, the dissolution of laponite particles in w
ter at highpH releases few ions. Changes in ionic conce
trations are thus too small to cause a substantial chang
the interactions of particles, and cannot be the cause of
served sol-gel transitions.

B. Structure according to scattering experiments

A general view of the modifications in structure produc
by the addition of peptizers can be seen in the scatte
curves shown in Fig. 4. These scattering curves have b
obtained by combining small-angle neutron and static li
scattering data so that the magnitudes of the slope of the
sets of data matched each other in a log-log graph. The w
vector domain covered by the data extends from interpart
dimensionsQ51021 Å21 to the largest organized structure

te
a-

FIG. 3. Conductivity versus age of laponite dispersions at d
ferent volume fractions and peptizer concentrations.

FIG. 4. Small-angle neutron scattering and static light scatte
of laponite dispersions at rest made using different peptizer con
trations.fn53.33% andtp515 days.
1-5
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Q5431025 Å21. The curves of dispersions without pe
tizer are from our previous work@21#; the curves of disper-
sions with peptizers are additional ones. They show rem
able features: the peptizer has no effect on the interpar
and intraparticle organization at the small scales observe
small-angle neutron scattering, but it does change the o
nization at the large scales observed by static light scatter

1. Structure at small length scales

We examine here the right part of the Fig. 4 where
wave vectorQ is larger than 1023 Å21, for laponite disper-
sions at volume fraction of 3.33%.

At high wave vector values (Q.331022 Å21), it ap-
pears that, for both dispersions, the scattering intensity
SANS at small length scales follows aQ22 power law. This
decay is characteristic of the scattering intensity of disco
particles with no preferential orientation.

Then, at Q values corresponding to distances betwe
neighboring particles~Q5331022 to 331023 Å21, d
521– 210 nm!, the scattering curves show a plateau. T
plateau is due to interparticle interferences. According
density fluctuations must be suppressed in this domain
wave vectors, i.e., the number density of particles is unifo
over the corresponding scales. Note that no scattering pe
observed at the interparticle distance. This is typical of
pulsive correlations between anisotropic objects that have
orientational correlations. Interestingly, the addition of pe
tizers has absolutely no effect on the scattering curves in
range ofQ. Consequently, the correlations of positions a
orientations of neighboring particles are the same, regard
of whether or not peptizers have been added.

Finally, at smaller wave vector values (Q,3
31023 Å21, d.210 nm), the scattered intensity is high
than the intensity of the plateau. This scattering excess o
nates from fluctuations in the number density of particl
i.e., the alternation of dense areas~microdomains! and less
dense ones~voids! @21#.

2. Large-scale aggregation

The organization of the dispersions at still larger scale
reflected in the light scattering data. We examine here the
part of the Fig. 4 where the wave vectorQ is smaller than
531024 Å21, for laponite dispersions at volume fraction
3.33%.

The high wave vector part of the light scattering curves
a continuation of theQ23 power law already observed in th
small-angle neutron scattering results. This scattering is
duced by the alternation of dense microdomains and vo
as mentioned above, and theQ23 power law indicates tha
these microdomains do not have an odd shape, e.g., the
neither anisotropic nor fractal. The largest size of these
crodomains is indicated by the lowest boundary of theQ23

power law; it is 3–4mm for dispersions with and withou
peptizers, respectively.

At the lowest wave vector values (Q,231024 Å21), the
structural organization becomes a mass fractal~Figs. 4 and
5!. The fractal dimension~noted D f in the following! of
these superaggregates is given by the slope of the scatt
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curves. The exponent of the power law changes with
addition of peptizers. In the case of dispersions that con
peptizers, the slope is close toQ21, corresponding to a linea
organization. In the case of dispersions that contain no p
tizer, the slope is close toQ22, corresponding to a dense
aggregation of the microdomains. Furthermore, Fig. 5 sho
the effect of the clay volume fractions on the slope of t
scattering intensity, in this domain of wave vectors. All the
scattering curves have been obtained at identical aging ti
after the preparation of the dispersions. For this set ag
time, it appears that the power law changes from a very w
slope to a steeper slope, with higher volume fractions
both dispersions with and without peptizers. This reflect
higher rate of aggregation of the microdomains when
overall volume fraction is higher.

Accordingly, the large-scale structure of the dispersion
made by the aggregation of microdomains into superag
gates that have a fractal structure. The rate of this aggre
tion is considerably reduced by the addition of peptizers.

C. Mechanical properties under flow

The addition of peptizers to laponite dispersions has sp
tacular effects on their mechanical behavior. At the volu
fractions used here~1.2% and 1.6%!, dispersions with no
peptizer added behave as physical gels, whereas disper
with peptizers behave as viscous fluids. This overall app
ciation needs to be qualified in order to define in which wa
these dispersions behave as gels or fluids. For this purp
several types of experiments have been performed:~i! mea-
surements of the resistance to steady shear flow,~ii ! evalua-
tion of the thixotropic behavior by measurements of the tr
sient response to constant shear rate, and~iii ! measurements
of the resistance to small amplitude deformations while
system is relaxing after the cessation of shear flow.

1. Steady shear flow properties

Laponite dispersions can be forced to flow by the app
cation of sufficient strain. Their stress levels in steady sh

FIG. 5. Static light scattering of laponite dispersions at r
made using different peptizer concentrations and different volu
fractions.tp515 days.~a! Cp50% tspp,~b! Cp56% tspp.
1-6
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flow are represented in Fig. 6. These curves show the in
ence of peptizers on the shear stresses of the disper
when a constant shear rate is applied.

It appears that dispersions that contain no peptizer fol
stress curves with a minimum. These results have alre
been analyzed by Pignon, Piau, and Magnin@18#. The stress
levels at very low shear rates tend toward a yield stress v
corresponding to the dynamic yield stress of the gelled
persions. The stress plateau is associated with a partic
mode of deformation, in which all shear is localized in a th
layer of the sample. At high shear rates, the stress incre
and shear is homogeneous throughout the bulk of the sam

In contrast, the dispersions containing peptizers flow m
easily, especially so at lower shear rates where the st
levels are reduced by more than one order of magnitude.
dynamic yield stress is reduced~at intermediate peptizer con
centrations! or nonexistent~at the highest concentration!. In
that case the gel-like behavior has completely vanished.

These results indicate that the network of mechan
links that produces the solidlike behavior of pure lapon
dispersions has been weakened or dissociated by the add
of peptizers. At this stage, the nature of these connection
not known: they may be chemical links between particle s
faces, or physical forces with no direct contact between p
ticles.

2. Thixotropy

The thixotropic behavior of laponite dispersions is illu
trated by two kinds of results: destruction of the network
shear, and recovery after the cessation of shear. Figu
represents the transient response of dispersions when a
stant shear rate of 0.1 s21 is applied. In order to have a
controlled initial state of the dispersions, a shear rate of
s21 has been previously applied during 5 min and the disp
sions have been let to rest during 5 min.

Dispersions that contain no peptizer follow a curve ch
acteristic of gelled dispersions. At short times, stress
creases linearly with time: the sample deformation is elas
Then, stress is maximal and is related to the yield stres

FIG. 6. Steady flow curve of laponite dispersions at differe
peptizer concentrations at a temperature of 2261 °C. fn51.2%
and tp525 days.
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the dispersion. Beyond this maximum, the dispersion beg
to flow and the stresses are relaxed until a steady reg
This decrease corresponds to breakdown of the network@24#.

For dispersions that contain peptizers, the transient
sponse is different and characteristic of viscoelastic disp
sions. The maximum in stress disappears by adding pep
ers. However, at short times, the deformation of t
dispersions produces a weak elastic response and at
times, the steady regime is also established.

Figure 8 presents the recovery of the mechanical respo
in dispersions that were sheared at 50 s21 during 5 min, and
abruptly brought to rest. In dispersions that contain no p
tizer @Fig. 8~a!#, the cessation of flow is followed almos
instantly by recovery to a state where the elastic modulusG8
is superior to the viscous modulusG9. This mechanical re-
sponse is representative of a solidlike behavior. Then b
moduli evolve according to two characteristic times. Initial

t FIG. 7. Transient response of laponite dispersions at shear
of 0.1 s21 after shearing at 50 s21 during 5 min followed by a rest
period of 5 min, at a temperature of 2261 °C. fn51.6% andtp

553 days.

FIG. 8. Dynamic shear, with small strain~0.05! and fixed fre-
quency ~0.1 Hz!, and fractal dimension of Laponite dispersion
after shearing at 50 s21 during 5 min, at a temperature of 2
61 °C. fn51.6% andtp553 days.~a! Cp50% tspp, at restD f

51.8, ~b! Cp56% tspp, at restD f51.4.
1-7
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the elastic modulus increases quickly and the modulus
viscous dissipation decreases just as quickly. In a furthe
min, the material strengthens to a point whereG8 is rela-
tively large (1.73103 Pa) and nearly 50 times larger tha
G9. Subsequently, the evolution is slower. A mechanical a
structural analysis of this evolution has been given by
gnon, Magnin, and Piau@24#.

In contrast, the mechanical response of the dispers
that contain peptizers shows that they have an essent
viscous behavior after shearing@Fig. 8~b!#. The elastic modu-
lus is inferior to the viscous modulus. After a relatively lon
time, about 80 min, both moduli cross and the dispersi
are still very weak solids. A strong solid is never reached
experimental time scales. The elastic modulus changes
gressively over the two characteristic times observed for
dispersion without peptizers. Beyond this characteristic tim
the structure is modified over very long times.

In parallel, Fig. 8 shows also the change in the frac
dimensionD f in time, during this recovery of the network
The dispersions that contain no peptizer reform their c
nected structure very quickly. At short times after sheari
the fractal dimension is slightly lowered by shear flow and
long times it tends to the fractal dimension at rest (D f
51.8). In contrast, after a preliminary shearing has be
stopped, the dispersions that contain peptizers presen
fractal organization.D f increases slowly with time and tend
to its value at rest, which is equal to 1.4 at the aging time
our experiments.

This mechanical recovery of the dispersions measures
extent to which a network of mechanical connections
been reestablished. The implication from these results is
dispersions that contain no peptizer are quickly able to
form a fully connected network, because many mechan
links have been preserved. Conversely, dispersions that
tain peptizers have a hard time reconstructing a suffic
number of mechanical paths, because the proportion of
sociated links is too high.

D. Behavior in centrifugation

In a centrifugation field, both types of dispersions sett
to form concentrated deposits. Their behavior under centr
gation depended on their initial state because they w
forced to flow through a syringe in order to fill the centrif
gation tubes. Dispersions that contained no peptizer w
gels when the centrifugation was started, whereas dispers
that contained peptizers were viscous fluids at the onse
centrifugation.

1. Settling of gelled dispersions

The behavior of dispersions without peptizers was exa
ined in a centrifuge field at an accelerationA550 000ga .
This behavior is characterized by the change in the dep
volume in time. Figure 9 shows that the gel was progr
sively compressed, leaving a growing supernatant at the
of the centrifugation tubes. It has been verified that this
pernatant was, from the start, practically void of particles

These results match the well-known behavior of agg
gated dispersions in which all particles form a connec
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network. Consequently, the dispersions without peptize
initially gelled, contain neither free particles nor small di
connected aggregates. Indeed, if the original dispersions
contained free particles or small aggregates, these wo
have sedimented only very slowly, and the mass of dry wa
in the supernatant would not have been equal to zero.

Hence, it follows that the original gelled dispersions co
tained a fully connected network of particles. The strength
interparticle interactions that maintain this fully connect
network must be consistent with these results.

2. Settling of viscous dispersions

The behavior of dispersions that contain peptizers w
also examined in a centrifuge field at an accelerationA
550 000ga . Figure 9 shows that this behavior was oppos
to that of the gelled dispersions. A small deposit was form
at the bottom of the centrifugation tube while most partic
initially remained in the supernatant. This deposit grew l
early with time, and then it reached the same volume as
obtained with the other dispersions. Subsequently it w
compressed to its equilibrium volume in the centrifugati
field. Meanwhile the supernatant became progressively
pleted of particles. This is the normal behavior of a flu
dispersion, where individual objects sediment slowly fro
the supernatant to the deposit.

From this behavior, the average size and density of
objects that sediment could be determined according to
sedimentation laws. In the linear range of the sedimenta
curve ~Fig. 9!, the sedimentation rate may be calculated a

Vsa5

(
i 51

n21
V~ t i 11!2V~ t i 21!

S~ t i !~ t i 112t i 21!

n21
,

wheren is the number of points in the linear range,V(t i) and
S(t i) are, respectively, the deposit volume and the section
the tube at a given time. Farrow and Warren@43# have shown
that the average diameterD of the objects is

FIG. 9. Deposit volume of laponite dispersions of initial volum
fraction 1%, at an acceleration of 50 000ga . tp520 days.
1-8
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D5A 18mVsa

~ra2r l !A
,

whereA is the acceleration,m the viscosity of the aqueou
phase,ra andr l the density of the objects and the aqueo
phase, respectively.ra is determined by

ra5
rp1~Cas21!r l

Cas
,

whererp is the density of a particle~Laponite clay in this
case! and Cas50.62Vsed/V0f0 the ratio of the volume of
aggregates to the volume of solids. In this relation,Vsedis the
volume of the deposit,V0 andf0 are, respectively, the vol
ume and the volume fraction of dispersions at initial stat

We have checked the validity of these relations by cen
fuging dispersions of repelling particles with known diam
eters. These particles used for this calibration were collo
spheres of silica manufactured by du Pont de Nemours~Lu-
dox dispersions@44#!. They are fairly monodisperse, wit
core diameters of 22 nm. They are dispersed in an alka
medium ~sodium hydroxide!, which reacts with the silica
surface to produce a negative charge. Due to this nega
charge, the particles repel each other and the dispersion
stable at alkalinepH. The initial volume fraction of the dis-
persions was 34%.

Using the same relations, we found that the objects
sediment in laponite dispersions with added peptizers h
an average diameterD531 nm and an averaged densityra
51074 kg m23. This density corresponds to the mass fra
tion of one particle in the volume of its associated sphere
diameter 2R.

Accordingly, the addition of peptizers weakens the int
particle forces to the point where the interparticle network
fully dissociated by the flow, at the scale of the particle si
and does not recover within the time scale of the centrifu
tion experiment.

IV. DISCUSSION

The aim of this work was to determine the mechanism
thixotropy in laponite dispersions, i.e., the transformatio
by which the behavior of the dispersions can change fr
gel-like to fluid, when they are subjected to sufficient stra
and also change back from fluid to gel-like, when they
left to rest. In order to solve this problem, we can rely on t
sets of results: the results of structural experiments, wh
describe how the particles are organized with respect to e
other in the dispersions, and the results of shear and cent
gation experiments, which depend on how they are c
nected to each other.

A. Structure

According to scattering experiments, the laponite disp
sions prepared at moderate ionic strengths are organize
cording to a hierarchy of spatial scales. We describe
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hierarchy starting with the shortest scales~high Q values in
the scattering curves! and ending with the longest scales~low
Q values!.

At very short scales, the relevant distances are distan
between each laponite particle and its nearest neighbors
the concentrated dispersions investigated in this work, th
distances are in the range 10–30 nm, and correspondQ
values between 331022 and 231022 Å21. At this point,
the scattering curves, which have aQ22 decay at higherQ,
turn to a plateau that extends from 331022 to 2
31023 Å21 ~Fig. 4!. This plateau indicates that the intensi
is depressed with respect to the single particle intensity.
comparing the intensity scattered by the dispersions with
single particle intensity, we have calculated the structure f
tor of the dispersions@21#. This structure factor shows
depression in the range 131022– 231023 Å21, indicating
that the concentrations fluctuations are suppressed over
range of distances~i.e., a few interparticle distances!. The
simplest way to describe that short range order is as a liq
like order, where each particle sits in a cage formed by
nearest neighbors.

At intermediate scales~Q values ranging from 231023 to
231024 Å21 in Fig. 4!, the intensities are much above th
single particle intensities. This excess scattering origina
from the alternation of lumps and voids, i.e., at that scale
particles are aggregated into microdomains. In this range
behavior of the intensity is aQ23 power law; this indicates
that the microdomains are dense~i.e., they are not mass frac
tals!. Again, the addition of peptizers has no effect at the
scales: therefore the microdomains are the same, regar
of whether or not the dispersions contain peptizers.

At larger scales still~Q values below 231024 Å21!, the
scattered intensities are still higher, but the behavior of
scattering curves is different, and it does depend on pept
concentration, laponite volume fraction, and sample histo
The higher intensity indicates that the microdomains
themselves aggregated, forming a set of superaggregates
extend over macroscopic distances~beyond 30mm!. The
power laws are betweenQ21 andQ22, indicating that these
superaggregates are mass fractals. The variation of the e
nents with aging indicates that the aggregation process
ceeds over very long time scales. The variation with pepti
concentration indicates that the rate of aggregation
strongly reduced, or inhibited by the addition of peptizers

The effects of mechanical treatment on these structu
have been investigated. We found that the exponents
characterize the structures of the superaggregates
changed by the application of shear~Fig. 8!. In dispersions
that were examined shortly after strong mechanical tre
ment, the intensity is flat at lowQ values, indicating that the
microdomains are disconnected from each other. Then,
ing rest time, the exponents rise again, indicating that
microdomains reassociate and form superaggregates, w
are tenuous at first, and later become branched and bus

B. Connections

According to centrifugation experiments, gelled disp
sions contain a fully connected network of particles~there
1-9



-
ro
s

u
b
u

e
gh
th

in

s
e

n
ar
he
tim
on

Fi
n

i-
te
o

hi

at
s
l-
b

e
pu
a
s

le
t

is
a

of a
by

the
high
and
as
vi-

own
he
may
ar-
m
ssed

ths
-
on-
rm a
is-

sses
face
tiz-
the
the
the

face
e-

tiz-
be
e-

d to
di-

ns

that
on-

ac-

MARTIN, PIGNON, PIAU, MAGNIN, LINDNER, AND CABANE PHYSICAL REVIEW E66, 021401 ~2002!
are very few free particles!. According to scattering experi
ments, this network is made by the connection of mic
domains into superaggregates, and of superaggregate
each other.

These dispersions can be forced to flow by applying s
ficient strain; therefore the network can be disrupted
shear. This fluidlike behavior can be maintained if contin
ous shear is applied~long time limit in Fig. 7!. However, in
dispersions that contain no peptizers, the network is form
again~in less than 1 s! as soon as the dispersions are brou
to rest, and consequently the fluid state is lost. Indeed,
mechanical response of these dispersions shows a dom
elastic modulus right after the end of shear@Fig. 8~a!#.

In dispersions that contain peptizers, the fluid state la
for longer times, and a fluidlike behavior was observ
through measurements of the mechanical response@G8
,G9 in Fig. 8~b!#. This was also confirmed by centrifugatio
experiments, where slow sedimentation of individual p
ticles was observed over similar time scales. However, w
the dispersions were kept at rest for extended lengths of
~over 53103 s!, it was found that the continuous aggregati
processes generated a new network of superaggregates@ris-
ing exponents of the scattering curves, presented in
8~b!#, and the mechanical response became predomina
elastic again (G8.G9).

Accordingly, the thixotropy of laponite dispersions orig
nates from the forced disruption of the network of connec
particles, and the spontaneous reconnection of this netw
during rest. The main effect of peptizers is to slow down t
reformation process.

C. Interactions

These results raise some questions concerning the n
of interactions that make it possible to disrupt the network
easily, and to have it reform slowly, but completely. In co
loidal dispersions, the interactions between particles may
either repulsive or attractive. In laponite dispersions mad
moderate ionic strength, there are evidences for both re
sive and attractive interactions. The repulsive interactions
demonstrated by the depression of the scattering curve
the range ofQ values ~231023– 231024 Å21 in Fig. 4!
corresponding to distances between neighboring partic
The attractive interactions are demonstrated by the rise in
scattering curves at lowerQ values. We have analyzed th
excess scattering as being produced by dense microdom
which are themselves connected into superaggregates~Q23

power law in the range 231023– 231024 Å21, followed by
id
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another power law at lowerQ values!. The centrifugation
experiments also confirm that the dispersions are made
fully connected network of superaggregates, separated
voids that contain practically no free particles.

The repulsive interactions, evidenced by the plateau in
scattering curves, are always presenting dispersions of
volume fractions, regardless of peptizer concentration
aging. They must originate form excluded volume effects,
in other colloidal dispersions. The attractive interactions, e
denced by the excess scattering at lowQ, are disrupted by
the effects of peptizers and mechanical treatment~the excess
scattering is reduced, and the exponent is changed, as sh
in Fig. 8!. Peptizers are ions that bind specifically to t
edges of the laponite platelets. Therefore, the peptizers
inhibit some edge-to-face attractions of neighboring p
ticles. Accordingly, the formation of the network results fro
edge-to-face attractions, which are weakened or suppre
by the adsorption of peptizers on the edges.

V. CONCLUSION

In laponite dispersions made at moderate ionic streng
~above 1023 mol l21! and highpH, the particles are aggre
gated into dense microdomains, which are themselves c
nected into superaggregates. These superaggregates fo
network that controls the mechanical properties of the d
persions.

The interactions that cause these aggregation proce
are electrostatic attractions between particles in edge-to-
configurations. They are weakened by the addition of pep
ers that bind to the positively charged surface sites on
edges of the platelets and weaken their association with
negatively charged sites on the faces of the platelets. In
absence of peptizers, the network that results from edge-
interactions can be disrupted by shear, but it reforms imm
diately when shear is interrupted. In the presence of pep
ers, the network forms slowly, and the fluid state can
retained for extended lengths of time after the end of m
chanical treatment. These liquid-gel transitions correspon
the network crossing the percolation threshold in either
rection.

Thus, the thixotropic behavior of laponite dispersio
~i.e., a mechanical response that depends on history! origi-
nates from the changes in a network of superaggregates
extends throughout the dispersion; this behavior can be c
trolled by manipulating the balance of repulsive and attr
tive interactions of the particles.
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