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Viscosity and transient electric birefringence study of clay colloidal aggregation
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We study a synthetic clay suspension of laponite at different particle and NaCl concentrations by measuring
stationary shear viscosity and transient electrically induced birefringence~TEB!. On one hand the viscosity
data are consistent with the particles being spheres and the particles being associated with large amount bound
water. On the other hand the viscosity data are also consistent with the particles being asymmetric, consistent
with single laponite platelets associated with a very few monolayers of water. We analyze the TEB data by
employing two different models of aggregate size~effective hydrodynamic radius! distribution:~1! bidisperse
model and~2! log-normal distributed model. Both models fit, in the same manner, fairly well to the experi-
mental TEB data and they indicate that the suspension consists of polydisperse particles. The models also
appear to confirm that the aggregates increase in size vs increasing ionic strength. The smallest particles at low
salt concentrations seem to be monomers and oligomers.
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I. INTRODUCTION

Laponite@1–4# is a widely studied synthetic clay that be
longs to the family of swelling 2:1 clays@5#. All dehydrated
clays have a layered silicate mesostructure. The 2:1 clays~or
smectites! thus consist of 1 nm thick and charged~negative
surface charge and a smaller positive edge charge! meso-
sheets, which in the dehydrated state stack~like decks of
cards! by sharing charge-compensating cations. Laponite
particularly interesting model system because of the me
monodisperse size of the colloidal platelets~25–30 nm di-
ameter, see Fig. 1!. This is different from natural and othe
synthetic clays, which in general have a polydisperse dis
bution of micrometer sized platelets. Introductions desc
ing the crystallographic structures and providing prec
definitions of both natural and synthetic clays, includi
laponite ~a synthetic hectorite!, may be found in severa
books@5,6#.

The addition of salt-containing water to these mesosco
platelet systems gives rise to interesting colloidal dispers
‘‘phase’’ diagrams. Four separate regions~phases! of physi-
cal complexity have been suggested from experimental
servations of clay-electrolyte-concentration diagrams
laponite: isotropic liquid~IL !, isotropic gel~IG!, nematic gel,
and flocculation@2#.

Traditional theory of Derjaguin, Landau, Verwey, an
Overbeek@7,8#, where both van der Waals and double-lay
forces are considered, provides the simplest available m
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capable of describing this complex behavior. Transitions a
aggregate structures within stable phases may thus be
cussed in terms of an interaction potential between in
vidual platelets. This is achieved by adding the electroly
independent van der Waals attraction and the double-la
repulsion as characterized by an electrolyte-concentrat
dependent Debye screening length@9#. The sum of these two
forces yields different local potential minima, with regard
platelet-platelet interactions, which may be changed by va
ing the ionic strength.

The IL phase is a suspension of Brownian particles, an
made up of single platelets and/or larger aggregates of
eral laponite platelets suspended in water. The size and c
pactness of these aggregates may depend on electrolyte
centration via the Debye screening length. The aggregate
this phase are, in general, too small to scatter visible li
appreciably, thus yielding a transparent liquid with a visco
ity that may be changed by varying the salt-clay concen
tion. This phase can be made birefringent by applying h
electric fields, as will be evident from the present work.
low concentrations the liquid seems to be Newtonia
whereas upon approaching the IL-IG line the IL phase c
display non-Newtonian and thixotropic behavior. The agg

ity
.

FIG. 1. Schematic illustration that shows the geometry and
mensions of a laponite platelet. The surface charges are indicate
negative charges~4! and smaller positive charges~1! at the edges.
©2002 The American Physical Society07-1
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gate structure becomes a gel when the clay concentra
becomes sufficiently large@4#, possibly signaling a glas
transition@10#.

In the present paper we report on experimental studie
laponite samples within the low clay-concentration regim
i.e., in the IL phase. We study samples at different clay a
NaCl concentrations by means of two techniques, visco
try, thus measuring the effective hydrodynamic volume
the suspended particles, and by transient electric induce
refringence~TEB! measurements, thus obtaining informati
about rotational diffusion. Combining our data from the
two techniques we attempt to extract information ab
shape and size distribution of the laponite aggregates in
IL phase. The TEB technique is widely used in studying
rotational motion of macromolecules in solution@11#, and
has also been used for studying natural clays@12#.

The goal of the present study is twofold:~1! extract infor-
mation about aggregate volumes and shapes in laponite
pensions, and~2! investigate the possibilities and limitation
of using TEB measurements combined with viscometry
order to characterize such complex colloid aggregate
tems.

The paper is organized as follows: Section II gives a sh
introduction to intrinsic viscosity and in Sec. III we discu
some general aspects of rotational diffusion and biref
gence. In Sec. IV we present the sample preparation and
experimental setup, and in Sec. V we discuss the experim
tal data from the viscosity and the TEB measurements
view of two different models with regard to the distributio
of the aggregate sizes. Section VI is a summary.

II. INTRINSIC VISCOSITY OF RIGID PARTICLES

The intrinsic viscosityis defined as@13#

@h#5 lim
c→0

h rel21

c
, ~1!

wherec is the laponite concentration, and the relative visc
ity equals

h rel5
h8

h
, ~2!

whereh8 is the macroscopic viscosity~water and laponite!
andh is the water viscosity. Eq.~2! can be linearized to

h rel511@h#c, ~3!

which obviously has the correct limit of zero laponite co
centration, whereh rel51.

It can be shown that@h# for a compact macromolecule o
aggregate of arbitrary shape can be described by the heu
expression@13,14#

@h#5n~dV̄11V̄2!, ~4!

wheren is the dimensionless Simha factor containing all t
shape dependence. The parametersV̄1 andV̄2 are the partial
specific volumes of water~1.0 cm3/g! and solute, respec
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tively. The V̄2 is the change in solution volume per un
solute mass added, at the limit of zero solute concentrat
The d is the hydration ratio i.e.,d grams of bound water pe
gram solute~aggregate!.

The Simha factor in Eq.~4! equals 2.5 for a sphere an
increases with increasing asymmetry, i.e.,n>2.5. For the
Laponite used in this present studyV̄250.37 cm3/g. A
change in@h# can then arise as the result of a change inn,
changed hydration factord, or a combination of such
changes. However, if the particle geometry is known, andV̄1

and V̄2 in Eq. ~4! are known, the intrinsic viscosity is thu
implicitly a measure of the hydration of the particles~aggre-
gates!.

It should be noted that it is not possible to determine
size of the particles only from a intrinsic viscosity measu
ment. For example, a mixture of spheres with different si
will give the same@h# as a monodisperse solution of sphere
provided that the hydration ratios of the spheres in the t
cases are the same.

III. BIREFRINGENCE OF RIGID PARTICLES

When no external forces influence the orientation of
particles, they will be randomly oriented and in thermod
namic equilibrium. If the particles for some reason have
specific orientation at a given time, thermal~Brownian! mo-
tion will make the system decay to this equilibrium. It can
shown that the birefringence relaxation time of a dilute s
lution of identical particles, can have as many as five rel
ation times@15#. All these decay times are known function
of the rotational mobility tensor@15,16#, but for most particle
geometries it is not possible, using experimental data, to
tain reliable estimates of more than two decay times.

In the analysis of the TEB data we will restrict ourselv
to models with geometries that makes it adequate to use
one decay time. To induce the birefringence it is common
use electric field pulses that are rectangular as function
time, but in order to analyze the properties of the parti
electric dipoles it is also useful to employ double puls
where the electric field of the second pulse is reversed r
tive to the first pulse@17,18#.

In the case when the system is dominated by two dist
types of particles, i.e., abidispersemodel, each type of par
ticles may have its own relaxation time. The birefringen
signal at timet can then be described by

Dn~ t !

Dn~0!
5a1 expS 2

t

t1
D1a2 expS 2

t

t2
D , ~5!

whereDn(0) is the birefringence at timet50, anda1 anda2
represent the relative contribution to the total birefringen
from each of the two particle types, respectively. This mo
is used in Sec. V B. However, Eq.~5! can also be interpreted
as representing a system of monodisperse anisotropic
ticles for which the five relaxation times of the particles
reduced to two times because of the particle symmetry.

For a rigid body, with one axis of rotational symmetry, th
birefringence relaxation time is given byt5(6D (rot))21
7-2
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VISCOSITY AND TRANSIENT ELECTRIC . . . PHYSICAL REVIEW E 65 021407
@15,16#, whereD (rot) is the macroscopic rotational diffusio
coefficient. The Nernst-Einstein relation@19#, valid for dilute
solutions, relatesD (rot) to the rotational friction tensorz (rot)

@20#

D ~rot!5
kBT

z~rot! , ~6!

where kB is the Boltzmann constant andT is the absolute
temperature. The rotational friction for a sphere of radiusr s

equalszs
(rot)58phr s

3 @13#, whereh is the viscosity of water.
This yields a birefringence relaxation time

t5
z~rot!

6kBT
5

4ph

3kBT
r s

3. ~7!

Equation~7! relates the birefringence relaxation time to t
effective hydrodynamic radius for rotation of a sphere.

IV. EXPERIMENT

A. Sample preparation

Laponite RD powder as purchased from Laporte Abs
bents~UK!, was added to NaCl containing water. ThepH in
the salt-water was adjusted to 10 before addition of lapo
powder in order to prevent decomposition of the platel
themselves@2,21#. The samples were then stirred for tw
days, using a magnetic stirrer, before each sample was pl
in a sample tube. Small sample portions were then ta
from the tubes and the experiments reported here were
formed. All investigated samples were 1–1.5 months o
with two exceptions. Samples AA and AB discussed bel
were both 6 months old.

It is important to note that laponite suspensions are kno
to show slow long-term aging effects@22#. This is probably
due to decomposition of individual platelets, and thereby d
integration of the aggregates, when the suspension sam
are not sealed from air. Such scaling was not carried out
the present samples. The effect of aging is, therefore,
pected to be significant for the aggregates characterized h
Nevertheless, our samples were prepared and stored in
peatable manner.

FIG. 2. Schematic illustration of the TEB experimental setu
Brief description in Sec. IV C; for further details see, e.g., Re
@17,18,25#.
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The present samples were not filtered, as was done
emphasized recently by Nicolai and Cocard@21# for their
light scattering studies. Our samples could thus contain so
large impurities reported in some cases to dominate st
light scattering experiments@21#, but both TEB and viscosity
measurements are less sensitive to such impurities than s
light scattering.

B. Viscometer

The viscosity was measured using a rotational co
cylindrical viscometer~CONTRAVES Low Shear 30! with a
Couettegeometry, which consists of a static rod, measur
the torque, in a concentric rotating cup filled with the su
pension. For a further introduction to the instrumental se
and the theoretical aspects of the rheology, see e.g.,
Wazer et al. @23#. The temperature in the suspension w
fixed to 20 °C throughout the experiment by a thermos
~Haake D8!. The torque signal from the rod was sampled a
transformed to viscosity by a instrumentation data progr
~LABVIEW ! @24#.

C. TEB setup

The setup for the TEB instrument is shown in Fig. 2. T
light source is an argon laser~Omnichrome 543-AF! oper-
ated at wavelength 488 nm. The monochromatic light is
larized at an angle of 45°, relative to the electric field, a
passes through the Kerr cell where the sample is located
the Kerr cell the aggregates are exposed to a pulsed ele
field in the horizontal direction~see Fig. 2!. The distance
between the parallel electrodes is 4 mm. The optical ani
ropy caused by the electric field makes the light exiting
Kerr cell, temporally, elliptically polarized.

When the principal axis of the analyzer is oriented p
pendicular to the polarizer, the light intensity measured
the photomultiplicator~PM! is proportional to the square o
the birefringenceDn ~quadratic detection!. The PM voltage
is displayed on a digital storage oscilloscope~Tektronix TDS
620!.

.

.

FIG. 3. Relative viscosity@see Eq.~2!# vs laponite weight con-
centration at three different NaCl concentrations. The concentra
parameterc is weight laponite per unit volume of water. Th
straight line corresponds to a linear least-squares fit of the lin
interval of the relative viscosityh rel5110.23c.
7-3
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AUDUN BAKK et al. PHYSICAL REVIEW E 65 021407
The temperature in the Kerr cell was fixed to 20
throughout the experiment by a thermostat~Haake D8!. Dur-
ing the experiment the temperature was checked by a p
num thermometer. The temperature rise was found to
about 0.8 °C after a typical series of six pulses with 0.25
pulse length, 2.5 s intervals, and using an applied voltag
850 V.

For further technical details on TEB experiments see R
@17,18,25#.

V. DISCUSSION

A. Viscosity

In Fig. 3 we plot the relative viscosity@see Eq.~2!# vs the
laponite concentration for three different NaCl concent
tions ~0, 0.1, and 1.0 mM!. At low laponite concentrations
(c,8 mg/ml) one sees a typical linear dependence of
relative viscosity, while for large Laponite concentratio
(c.8 mg/ml) it raises abruptly. The latter is possibly due
a onset of gelation of the clay suspension@2#. In the linear
regime we do a linear least-squares fit, where the inclina
of the relative viscosity equals the intrinsic viscosity@see Eq.
~3!#. We thus obtain@h#52361 cm3/g for 0 and 0.1 mM
@NaCl#, and @h#52663 cm3/g for 1.0 mM @NaCl#. As the
difference is small between the various salt concentrati
we obtain the value

@h#52361 cm3/g, ~8!

based upon the linear part of the relative viscosity data a
salt concentrations.

We may define a critical particle concentrationc* where
there is one platelet per cube with side lengths that equal
nm, i.e., the diameter of a laponite platelet, and these cu
occupy the entire volume. This yieldsc* '85 mg/ml. In the
present experiments the largest Laponite concentration
mg/ml, i.e.,c!c* .

One difficulty associated with using Eq.~4! is that we do
not know the value ofd, because the hydration depends
the geometry of the associated particles. This association

FIG. 4. Schematic examples of different models of laponite p
ticle association. The different models shown are~a! dispersed sus-
pension that consists of noninteracting single laponite platelets~b!
noninteracting stacks of platelets,~c! interacting stacks of platelets
and~d! ‘‘house of cards’’ configuration. For a further discussion
the different models see, e.g., van Olphen@5#.
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again depend upon the laponite concentration and the i
strength of the solution. Figure 4 gives examples of differ
models of particle association. The ‘‘house of cards’’ co
figuration in Fig. 4~d! has likely a larged compared to, e.g.
the single platelets in Fig. 4~a!.

Assuming a spherical shape of the aggregates, the Si
factor n in Eq. ~4! equals 2.5, as stated in Sec. II. Inserti

@h#523 cm3/g, n52.5, V̄151.0 cm3/g, and V̄2
50.37 cm3/g into Eq. ~4!, yields a hydration ratiod58.8,
i.e., 8.8 g of water per gram of laponite platelets. The lap
nite platelet has a density 2.7 g/cm3, thusd58.8 yields that
the hydrated water volume, associated to each laponite p
let, is on average approximately 24 times the volume o
platelet. In other words, the viscosity experiment, based u
a spherical geometry of the aggregates, shows that ag
gates are associated with a large amount of water. The la
may indicate a kind of ‘‘house of card’’@5# association of the
platelets, as shown in Fig. 4~d!, but we stress that this con
clusion may be an artifact due to the assumed spherical s
of the aggregates.

In light of the measured intrinsic viscosity@h#
523 cm3/g @see Eq.~8!#, it is interesting to compare this to
that of an aggregate system where each plateleton average
occupies a cylindrical volume with diameter and heig
equivalent to its own volume, i.e., 25 nm. This means t
one laponite platelet~see Fig. 1! is associated with a wate
volume that is 24 times its own volume, which is the sam
estimate as obtained from the spherical approximation u
above.

However, the source of the intrinsic viscosity describ
by Eq.~4! may also be an asymmetric shape of the partic
which will give a larger Simha factor@13# and consequently
a smaller hydration ratiod in Eq. ~4!. Thus, asymmetry im-
plies a more dense packing of the aggregates compare
spherical aggregates, when a constant intrinsic viscosit
assumed.

Assuming an asymmetric particle shape is further mo
vated by, e.g., Avery and Ramsay@26#, Rosta and von
Gunten@27#, and Nicolay and Cocard@21# who concluded
that the smallest particles in a laponite suspension w
monomers@21,26# and/or oligomers@21,27#. In this respect it
is interesting to investigate the maximum asymmetry tha
reconcilable with a ‘‘realistic’’ minimum of hydration. We
assume a monolayer of water molecules with thickness 2.
around each laponite platelet, independent of whether
single or in an aggregate. This gives a hydration ratiod
50.2. Inserting thisd50.2 into Eq. ~4! implies a Simha
factor n540, which corresponds to an axial ratio 25 for a
oblate ellipsoid@13#. This is interesting because an axial rat
25 is approximately the ratio between the diameter and th
ness of a single laponite platelet, which indeed can be
proximated by an oblate ellipsoid.

Thus, the viscosity experiment does not exclude the p
sibility that the suspension consists of oblate particles t
have axial ratios up to around 25, e.g., laponite monome

B. Bidisperse model„model 1…

The experimental TEB data for four different samples a
shown in Fig. 5. It is assumed that the fluctuations of the d

r-
7-4
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FIG. 5. Birefringence vs timet for four differ-
ent samples. The experimental data are fitted
studying two different models: the bidispers
model in Sec. V B and the log-normal model i
Sec. V C. The corresponding parameters a
listed in Tables I and II. Note that for the inserte
plots the axis of the birefringence is logarithmi
while the t-axis is linear.
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in the TEB experiment are the a result of instrument no
and not intrinsic to the samples. One source of error is
PM tube with an absolute error of60.05 V. This will make
the analysis for large times, where the relaxation signa
small, uncertain. The error estimates of the least-square
for the bidisperse model and log-normal model are prese
in Table I and II, respectively.

The simplest possible fit to the TEB data is obtained
using two exponential functions with different birefringen
decay times as in Eq.~5!. The two relaxation timest1 and
t2 , correspond to two effective hydrodynamic radiir 1 and
r 2 , respectively. We have assumed a spherical aggregate
ometry. The relation betweent andr for a sphere is given in
Eq. ~7!. The obtained parameter estimates are presente
Table I. We find that increase of the salt concentration res
in longer relaxation times, as seen in Table I.

We note from Table I that the standard deviation is sm
despite the relatively large instrument error. This is proba
due to the large amount of data available for each sam
However, samples numbers 28 and 29 exhibit a large s
dard deviation of the parameterr 2 , but note that the corre
sponding amplitudesa2 are small.

We now look at the shortest relaxation times at low s
concentrations (@NaCl#<0.1 mM). For spherical particle
this corresponds to a mean value^r 1&523 nm. It would be
interesting to calculate the corresponding size of a part
with an axial ratio that corresponds to a hydrated lapon
platelet. If we assume one monolayer of water with thickn
2.5 Å attached to the platelet with diameter 25 nm and he
1 nm, this corresponds to an hydration axial ratiop'17.
Employing data given in Ref.@13# we find that the diamete
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of this particle is about 30 nm if we assume the shape to
that of an oblate ellipsoid.

By doing the same analysis as in the previous paragr
and usingp525, which was the largest possible asymme
calculated from the viscosity experiment, we also get a
ameter around 30 nm. Thus, from the viscosity experim
together with the fit of the bidisperse model to the TEB d
we may conclude that the smallest particles in the suspen
have diameters in the range 20–35 nm, and that the diam
increases with increasing asymmetry of the particles. If
further assume that the individual platelets do not deco
pose, we conclude that the smallest particles at low salt c
tent are individual platelets as Avery and Ramsay@26#, and
Nicolay and Cocard@21# concluded.

It is interesting to note that the effective hydrodynam
radius for the smallest aggregates are approximately one
of the larger ones for the corresponding pairs, i.e.,r 2 /r 1

'2 in Table I. This means that we have some small agg
gates and some large aggregates. Figure 5 shows the pa
eter fitting for some of the sample data. The fit is satisfact
in view of the simplicity of the model. However, it is mor
realistic to expect adistribution of the particle sizes. In the
next section we will show that the TEB data also can
approximated by a log-normal distribution.

C. Log-normal distributed model „model 2…

The exponential fits in the preceding section suggest
there may be a broad distribution of the colloid particle s
for some of the samples. Next we, therefore, tried to fit
TEB data, with regard to the size of the aggregates, on
7-5
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Gaussian distribution, but we found that this did not wo
well in general. However, we found that the TEB data
well onto a log-normal distribution, with regard to the radi
of the aggregates. The log-normal probability distribution
a quantityr, with meanr s , and standard deviations reads

p~r !5
1

A2psr
expS 2

ln2 ~r /r s!

2s2 D , ~9!

which is asymmetric and has a longer tail than the norm
distribution, as shown in Fig. 6. It should also be noted t
the Gaussian distribution is somewhat unphysical in light
a probability larger than zero forr ,0, in contrast to the
log-normal distribution that is only defined forr>0.

The log-normal distribution was fitted to the square ro
of the voltage from the PM, which is proportional to th
birefringenceDn(t), wheret is the time. When we assum

TABLE I. Parameters associated with the various samples w
a sum of two exponential decays is used~model 1!. Parameterst i

and r i are the corresponding pairs of the relaxation times and
effective hydrodynamic radii, respectively,a2 /a1 is the amplitude
ratio of the birefringence,r m is the weighted mean ofr 1 and r 2 , c
equals mass laponite per unit volume of water, and@NaCl# is the
salt concentration. The standard deviation~SD! is written as6SD.

Sample
t1

~ms!
r 1

~nm!
t2

~ms!
r 2

~nm! a2 /a1

r m

~nm!
c

~mg/ml!
@NaCl#
(mM)

21 3.8 16 55 37 1.3 28 1.0 0
61 62

20 2.4 13 40 33 1.4 25 1.5 0
61 61

18 2.5 13 50 36 0.67 22 2.5 0
61 62

11 68 40 240 62 1.5 53 6.0 0
62 62

41 24 29 320 68 0.58 43 8.0 0
61 62

30 55 37 200 58 3.2 53 1.0 0.1
67 63

29 14 25 1010 99 0.20 37 1.5 0.1
61 620

28 8.2 20 850 94 0.11 18 2.0 0.1
61 694

27 2.3 13 59 39 0.35 20 2.5 0.1
61 63

AB 29 30 390 72 2.1 58 2.5 0.5
62 62

39 97 46 1170 100 0.85 71 1.0 1.0
62 62

38 57 37 790 92 0.58 57 1.5 1.0
61 63

37 82 43 650 86 1.7 70 2.0 1.0
61 61

AA 140 52 680 88 1.8 75 2.5 4.0
63 61
02140
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an exponential decay of the birefringence, aggregate radiur,
and relaxation timets , the birefringence reads

Dn~ t !;E
0

`

dr p~r !e2t/ts, ~10!

and ts is the birefringence relaxation time for a sphere~s!.
The ts is given by lettingt→ts in Eq. ~7!.

The parameter fit is presented in Table II, from which it
clear that we have in general, a broad particle size distri
tion, i.e., large standard deviationss. In Fig. 5 we see that
the log-normal approximation is almost equivalent to t
bidisperse model for these samples, with regard to the fi
the TEB data.

An interesting observation was that for sample num
39, an applied Kerr cell voltage of 850 V for 0.5 ms was n
enough to align the aggregates, because the birefringe
signal seemed not to be saturated att50, i.e., when the elec-
tric field was switched off. If we applied the same voltage f
1.5 ms the birefringence amplitude became saturatedt
50. However, the relaxation birefringence signal~after t
50! associated with a pulse length of 1.5 ms applied
sample number 39 appears to be almost equivalent to
birefringence signal associated with a pulse length of 0.5
Nevertheless, it would in a future experiment be interest
to investigate the samples using different applied volta
and pulse lengths, which effectively can act as a part
filter.

It is worth noting that the log-normal distribution has al
been applied to describe the polydispersity of the diame
of magnetic cores in ferrofluids@28#. Furthermore, Ivanov
@29# showed that the continuous behavior of this parti
distribution can be substituted by a bidisperse model, w
the majority of the particles have the smaller radius.

One source of error in the experiments reported here
that we do not know whether the rotational motion of t
aggregates in the Couette geometry deform the aggreg
permanently, and thus giving rise to another configurat
than before the experiment. In future experiments it wo
be interesting to first test the samples in the TEB devi
whereupon one should measure the viscosity, and finally
the sample back into the TEB device in order to check
influence of the flow on the aggregates in the viscomete
might also be interesting to check flow induced birefringen
in order to investigate the latter effect.

The log-normal distribution for four different samples
drawn in Fig. 6, all showing the characteristic long tail. B
cause these distributions yielded the best fit to the TEB d
this may tell us that the samples have some large aggreg
that make the distribution asymmetric compared to a Gau
ian distribution@21#. In Fig. 6 we also see the effect of
relatively small standard deviation for sample numberAA
(s50.24), where in this particular case the log-normal d
tribution could be approximated by a normal distribution. W
note for the log-normal distributed model, as for the bid
perse model, that for some of the samples the fit to exp
mental data for long times is only fair. Thus, we cannot ru
out the presence of some large particles which we are
able to account for within our present models.

n

e
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TABLE II. Parameters associated with the log-normal distribution~model 2!. Parameterr s is the mean
value of the effective hydrodynamic radius, with a standard deviations. Parametersc and @NaCl# are
explained in Table I. The standard deviation~SD! is written as6SD.

Sample
r s

~nm! s
c

~mg/ml!
@NaCl#
(mM)

21 2462 0.7160.09 1.0 0
20 2361 0.6560.06 1.5 0
18 1761 0.7360.03 2.5 0
11 5261 0.2360.01 6.0 0
41 3362 0.7060.05 8.0 0
30 5361 0.1860.03 1.0 0.1
29 3264 0.760.1 1.5 0.1
28 2764 0.960.2 2.0 0.1
27 1461 0.7260.04 2.5 0.1
AB 6162 0.6160.08 2.5 0.5
39 8065 0.760.1 1.0 1.0
38 5661 0.4460.02 1.5 1.0
37 7161 0.4660.02 2.0 1.0
AA 7561 0.2460.02 2.5 4.0
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The large standard deviation seen in Table II indicates
we have a polydisperse particle size distribution. This is s
stantiated by a look at the amplitude ratios in Table I, wh
fluctuates around 1 and where the corresponding pair
radii have a ratio around 2. Thus, we come to the sa
conclusion as Nicolay and Cocard@21# in their static and
dynamic light scattering experiments, i.e., that the lapon
particles are polydisperse. Here we note that Rosta and
Gunten@27# come to the opposite conclusion, i.e., that t
suspension is more or less monodisperse.

VI. SUMMARY AND CONCLUSION

We study a laponite clay suspension at different lapon
and salt concentrations by shear viscometry and by T
measurements. This is to the authors’ knowledge the
reported TEB study of laponite. Two different models of t
distribution of the aggregate sizes are considered:~1! bidis-

FIG. 6. Log-normal distribution of the samples that correspo
to Fig. 5, wherer is the effective hydrodynamic radius of the a
gregates. The distribution has been normalized to unity.
02140
at
-
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of
e

e
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e
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perse model and~2! log-normal distributed model.
The viscosity data show, when assuming that the agg

gates are spherical, that we have a ‘‘house of cards’’@5#
association of the laponite platelets, i.e., the aggregates
associated with a large amount of hydrated water. Howe
the viscosity data may also be interpreted as being du
asymmetrical aggregates with a smaller hydration ratio t
the spherical aggregates. In this respect we show that
possible to interpret the viscosity data as oblate ellipso

FIG. 7. Effective hydrodynamic radius for the log-normal di
tributed model of the aggregate sizes in the upper plot, and
effective hydrodynamic radius for the bidisperse model associa
with the two relaxation timest1 andt2 in the lower plot. Data from
Tables I and II are used. The experimental data points with ‘‘3’’
correspond to samplesAA and AB, which were 6 months old, as
stated in Sec. IV A.
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particles with an asymmetry up to 25, e.g., single lapon
platelets.

The two models were fitted to experimental data obtain
using TEB technique, and the models seem to fit the exp
mental data fairly well in most cases. This means, for
samples studied, that the simplistic bidisperse model is
most equivalent to the log-normal distribution. Most of t
samples show, in view of the log-normal model, that we ha
a broad particle size distribution. This is the same conclus
as Nicolay and Cocard@21#, and the opposite of Rosta an
von Gunten@27#, who performed light scattering exper
ments. However, from the available data it cannot be ru
out that the apparent lack of fits, for some long time ta
may suggest a particle size distribution that includes so
larger laponite aggregates that cannot be covered within
present models.

Both models show that the aggregates increase in s
from a hydrodynamic point of view, when the salt conce
tration is increased, as seen in Fig. 7. Furthermore,
present experiments do not confirm or rule out the possib
of a correlation between particle size and laponite concen
tion. The smallest particles in the suspensions consist of o
one or a very few laponite platelets at low salt concen
tions, as also Avery and Ramsay@26#, Rosta and von Gunten
y-
.
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@27#, and Nicolay and Cocard@21# concluded.
Finally we note that the present laponite samples were

made, filtered, or stored~scaled from air! in the same con-
trolled manner as recent light scattering studies by Nico
and Cocard@21#.

In a future work it would be important to prepare th
samples in a different way and also to study other synth
clay suspensions such as fluorohectorite. In light of the br
asymmetric tails of the log-normal distribution for most
the samples reported here, it would be of considerable in
est and importance to study suspension samples for w
the large aggregates are filtered out successively.
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