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Long-term gelation of laponite aqueous dispersions
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The origin of the long-term gelation of clay suspensions was recently questioned. We have investigated this
problem by looking at the chemical stability of the laponite solid particles as a function of the preparation, the
long-term storage, and the age of the suspensions. Under ambient atmosphere, Mg21 is released from the
laponite, suggesting that carbon dioxide from the atmosphere promotes acidification of the dispersions, result-
ing in a progressive laponite dissolution and a slow increase of the ionic strength. These factors induce a
sol-gel transition, leading to the observation of fractal aggregates above the micrometric length scale. Such an
evolution is not observed if the samples are carefully handled under N2 atmosphere for a long period of time.
In these circumstances, the suspensions stay free of Mg21 and undergo a fluid-solid transition along a defined
transition line in the plane~volume-fraction–ionic-strength!. In this situation, one interesting question concerns
the unusual coincidence between a mechanical transition and an incomplete nematic transition.
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INTRODUCTION

In recent years, the suspensions of colloid platelike c
particles of laponite have been the subject of intense inv
tigations. Of prime importance was the study of the morph
ogy effect of the colloidal particles, and their anisotropy,
the occurrence of phase transitions@1–5#. Many methods
were used in order to clarify the mechanisms of gelation
these suspensions, the structure of the gel phase, and
rheological properties. Recently, Gabrielet al.have observed
typical nematic liquid-crystal textures for laponite suspe
sions in the gel or solid phase@6#. At low particle concen-
tration, in the sol or liquid phase, the suspensions obse
between cross-polarizers appear isotropic. In the gel ph
two successive domains are observed: an optically isotr
gel at low particle concentration and a permanent nem
one at a higher concentration. This study focused on
nematic liquid-crystal texture of laponite but it did not sh
light on the structure of the nonbirefringent gel phase and
the nature of the sol-gel transition.

The sol-gel transition of laponite suspensions was a
investigated using Monte Carlo simulations@7,8#. Each
charged particle of laponite and its double layer was con
ered to be a rigid point quadrupole. The numerical calcu
tions showed a sol-gel transition when the particle conc
tration was increased. The structure of the model
suspension was found to be compatible with the ‘‘house
cards’’ structure, proposed some years ago by Van Olp
@9#, in which the particles are edge to face with each ot
and without any direct contact. However, no experimen
evidence exists of such structure in the case of laponite
pensions and the computed phase diagram does not re
duce the salt effect.

The large scale of the structure of the gel phase~above 1
mm, wave vectorQ,1024 Å ! was also investigated b

*Author to whom correspondence should be addressed. Electr
address: mourchid@cnrs-orleans.fr
571063-651X/98/57~5!/4887~4!/$15.00
y
s-
l-

f
the

-

ed
se
ic
ic
e

n

o

-
-
-
l
f
n
r
l
s-
ro-

means of static light scattering~SLS! measurements by Pi
gnon et al. @10,11#. These authors confirmed the gene
feature of the previously published data at largeQ ~.1024

Å! @1,3#. Their insight concerned the evolution of the sca
tering intensity at very large length scale, over a large per
after sample preparation. It was shown that the suspens
of laponite, prepared beyond a critical volume fraction a
aged more than ten days, exhibit a fractal behavior of dim
sion D, at micrometric scales@11#. Above the sol/gel transi-
tion point, the data show two distinct gel structures with tw
different fractal dimensions. Just after the transition po
and below a critical concentration value, the structure of
gel becomes fractal withD increasing regularly from 0 for
fresh samples and reaching 1 for suspensions aged more
100 days. It was noted that as the fractal structure grows,
mechanical properties of the sample evolve to those of a
For suspensions having concentration above the crit
value, the fractal dimension increases with the age of
suspensions but seems to stabilize around 1.8 for suspen
having aged 300 days or more. The 1.8 fractal dimensio
close to the classical value for the three-dimensional~3D!
cluster-cluster aggregation@12,13#.

The results of Pignonet al. have similarities to those o
Kroon et al. @14,15#. These authors observed long-ter
changes in the mechanical comportment of laponite susp
sions by performing a dynamic light scattering~DLS! on
suspensions of different ages. By recording the time evo
tion of the second moment of the scattering intensity, Kro
et al. observed that at a particular time after preparation,
measured function changes from a smooth value charact
tic of a fluidlike structure to widely scattered values. Th
delay coincides with the gelation time at which the transiti
from a liquid to a gel phase occurs. It was shown that
gelation time increases exponentially as the clay concen
tion decreases, becoming longer than 2000 hours for c
concentrations below 2 wt. %. Thus, their study was limit
to suspensions with higher clay concentrations. It was a
reported that a stock sample of 1 wt. % concentrat
showed a gel structure after a period of one year, indica
ic
R4887 © 1998 The American Physical Society
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a very low threshold for the sol-gel transition. Interesting
enough, these authors proposed to consider the laponite
lation as a glass transition.

All of these recent investigations raise some questi
concerning the phase diagram of laponite suspensions
we have previously reported@1#. They suggest that our mea
surements were taken too rapidly and before reaching the
phase, leading to an overestimation of the critical concen
tion of the transition@10,11,14,15#. At the same time the
structure of the gel phase became disputable, dependin
some kinetic history, which can be different from group
group. From our experiments, we generally observed
aged suspensions prepared at low particle concentrat
;1 wt. %, do not gel at low ionic strength. However, w
have found that some suspensions exhibit a rapid gela
time, less than two months, when other samples of the s
concentration remain in a liquidlike phase even one y
later. All of these observations raise interesting questions
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the long-term evolution of the laponite suspensions and
mechanism behind it. For this purpose, we started a stud
the long-term gelation of laponite suspensions by check
the evolution of the chemical composition of the samp
aged between 0 and 300 days. This chemical analysis
correlated with the mechanical behavior of each sample
with the structural evolution as probed by static light scatt
ing.

EXPERIMENTAL PROCEDURE

The suspensions investigated are those of laponite R
hectorite synthetic clay, dispersed in doubly distilled wate
pH 10 by addition of NaOH. This choice of thepH is chosen
since the dissolution of the clay particles is avoided due
the very low concentration of hydrogen ions, prohibiting t
release of silicate, Na1, Li1, and Mg21. At lower pH values,
laponite dissolves according to the following equation@16#:
Si8Mg5.45Li 0.4H4O2 4Na0.7112H118H2O→0.7Na118Si~OH!415.45Mg2110.4Li1. ~1!
a
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The chemical analysis of the laponite powder reveals
existence of a small amount of calcium corresponding t
maximal concentration of 1024M ~assuming a complete dis
solution of Ca21! in suspensions prepared at 1 wt. %. So
suspensions were purged with N2, sealed and stored in
glove box in a N2 atmosphere. Other suspensions we
sealed and stored at room atmosphere.

The analysis of dissolved Mg21 was carried out using
complexometric titrations@17#. The method is based on th
formation of Mg21-eriochrome blackT complex. The sus-
pension color change, associated with the formation of
complex, is from blue to red. The color remains blue
suspensions free of Mg21. The concentration of Mg21 is
determined by titrating with ethylenediamine tetra-ace
acid ~EDTA!. At the end point the color changes from red
pure blue.

In order to measure the scattering intensity in the ve
low-Q range, we have used a setup comparable to the
built by Rouw et al. @18#. A laser beam at 6328 Å was d
rected onto the sample contained in an optical cuvette
1-mm-length path. The scattered light was collected b
rotatable mirror, located very close to the cuvette, and
rected towards a photomultiplier. The linearity of the pho
multiplier was checked using several neutral optical-den
filters. Scattering of diluted suspensions of monodisperse
tex particles, having a diameter ranging from 2000 to 20 0
Å, was used to validate the accuracy of our experimen
setup. Successive light-scattering spectra were recorded
each suspension studied, by changing the illuminated p
on the sample. The final curve was averaged over all of
recorded spectra.

RESULTS AND DISCUSSION

As already mentioned, two sets of laponite suspensi
were prepared with the samepH (pH510), but having dif-
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ferent solid fractions. The first set of samples~set 1! was
purged with N2 after preparation, sealed, and stored in
glove box under N2 atmosphere. The second set~set 2! was
sealed and stored in an ambient atmosphere. The amou
Mg21, due to the dissolution of the laponite particles, and
mechanical behavior of each sample are reported in Fig
for the suspensions atC51 wt. % solid concentration. Ini-
tially, all these samples were in a liquidlike state. All su
pensions that contain Mg21 were part of set 2. The suspen
sions with a zero magnesium concentration have never b
exposed to the atmosphere. All the samples containing m
than 531024M Mg21 formed a viscoelastic gel. Interestin
enough is the evolution observed for the samples1: it re-
mained a liquid for a period of 170 days and the determi

FIG. 1. Determination of the concentration of magnesium io
as a function of the age of the suspensions atC51 wt. % and
1024M initial ionic strength~NaOH!. ~d! samples0, part of set 1,
is liquid; ~m! samples1 was part of set 1 until first analysis.~s, h,
and n!, part of set 2, are gels. The horizontal line is the limit
gelation. The continuous line is drawn as a guide.
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tion of Mg21 did not show any chemical dissolution of th
particles ~absence of Mg21!. After this first analysis, the
sample was stored in an ambient atmosphere for 19 days
second analysis, it showed a non-negligible concentratio
Mg21 associated with the formation of a very viscous s
pension.

The presence of calcium can interfere during the colo
metric titrations. However, the amount of Ca is well belo
the measured ionic concentration and cannot explain the
increase of the ionic strength.

Two conclusions can be drawn.~i! Magnesium ion con-
centration in laponite suspensions increases for all sus
sions having been exposed to the ambient atmosphere.~ii ! A
viscoelastic gel phase is observed above some Mg21 concen-
tration.

The structure of the viscoelastic gels was examined
SLS. Figure 2 shows the light-scattering intensity of tw
different samples withC52.3 and 3.5 wt. % at an ionic
strength~NaCl! of 231023M and 631023M , respectively.
Also shown in this figure is the SLS intensity of a thi
sample withC51.5 wt. % and 1024M initial ionic strength
~NaOH!. The chemical analyses established that the first
the second gels, prepared by the osmotic stress method
stored in a N2 atmosphere, were free of magnesium io
while the third one atC51.5 wt. %, which was part of set 2
contained 1023M Mg21. This last sample was initially liq-
uid, and the SLS intensity was very weak. To recall,
show in Fig. 2 the small-angle x-ray scattering curve, pre
ously recorded for a suspension of 3.85 wt. % solid conc
tration at 1022M ionic strength~NaCl! @1#. The effect of the
presence of magnesium in the suspensions is observab
the SLS data in theQ range from 531025 to 5
31024 Å 21. The viscoelastic gels, free of magnesium ion
show a divergence in the scattering intensity going asQ23,
in agreement with the previously reported data obtained
the Q range from 531024 to 231023 Å 21 @1,3#, and fol-
lowed by a plateau at very smallQ. The sample containing
Mg21 exhibits a nearlyQ22 divergence up toQ→0, and this

FIG. 2. Static light-scattering measurements on laponite sus
sions. ~s, h! viscoelastic gels free of magnesium atpH510;
age550 days,C52.35, and 3.5 wt. %;@NaCl#5231023 and 6
31023M , respectively.~d! viscoelastic gel at 1.5 wt. %;@Mg21#
51023M ; pH510, and age5280 days.~- - -!: small-angle x-ray
scattering data for a viscoelastic gel at 3.85 wt. %;@NaCl#
51022M , pH510. The continuous line is the form factor of lapo
nite.
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result is in good agreement with the data reported by Pig
et al. for aged suspensions of the same particle concentra
@11#.

These experiments show a direct relationship between
presence of magnesium ions and the mechanical and s
tural behavior of the aged suspensions. The presence of m
nesium is due to the dissolution of laponite particles. As
congruent dissolution requires the presence of hydrogen
@16#, it seems that contamination of the suspensions by
mospheric carbon dioxide is sufficient to promote the ac
fication of the samples. Thompson and Butterworth show
that a very low H1 concentration, with apH of the suspen-
sions ranging between 8 and 9, promotes the dissolutio
the laponite particles@16#. These results support our me
surements concerning the role of exposure to ambient at
sphere and the resulting effect in structural and mechan
properties.

Our investigation questions the temporal evolution of t
gelation. Let us consider the phase diagram of laponite s
pensions. We have shown previously that at a solid conc
tration of 1 wt. % the transition occurs for an ionic streng
of 331023M with monovalent ions@1#. A simple view of
Fig. 1 leads to an estimation of the Mg21 concentration at
which the gelation occurs: roughly 531024M . This value
allows for the determination of the corresponding ion
strength given byI 5Scizi

2. The sum considers all the coun
terions of concentrationci and valencyzi . If we consider the
contribution of the ions resulting from the dissolution of th
particles~Na1, Li1, and Mg21!, and the contribution of the
initial ionic strength, we find a final ionic strength of 2.
31023M . This value is very close to the one estimated fro
the phase diagram@1#. This resulting ionic strength of the
suspensions can explain the long-term gelation of lapon
using the phase diagram. However, the structure of the
is different, depending on the presence of magnesium io
One should remember the effect of divalent ions in colloid
suspensions. It is known that the presence of these kind
ions induces ionic correlations that promote attractive int
actions between the colloidal particles@19#. This phenom-
enon can explain the fractal structure of aged samples
served in laponite suspensions in the very-low-Q domain. It
is worth noting that clay suspensions having divalent co
terions are unstable and flocculate rapidly.

CONCLUSION

The long-term gelation of laponite suspensions was
plained by involving a long-term mechanism leading to t
formation of glassy systems having a fractal structure. O
results confirm the reported long-term gelation mechani
However, we show that chemical modification of the collo
dal particles can play a central role in the evolution of t
colloidal system. In an ambient atmosphere, dissolution
the particles increases the ionic strength and promotes
liquid-solid transition. At the same time, the release of div
lent cations can promote aggregative processes leading t
observation of mass fractal structures above some micro
ters.

In a N2 atmosphere, when the suspensions remain fre
Mg21, we have previously shown that suspensions of la
nite undergo a fluid-solid transition without any chemic

n-
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modification of the solid particles. The phase diagram rai
several interesting questions that are not completely set
It appears that the fluid-solid transition, without phase se
ration, is observed in the same regime in which perman
birefringence properties appear and in which a pseudopla
is observed for the osmotic pressure. This coincidence
key point to explain. The first-order phase transition th
seems to be missed is probably an isotropic-nematic tra
tion. What is the origin of this frustration? Why does a
ill-defined nematic transition occur at the same time a
mechanical transition? Such a situation is unusual for an
tropic colloids~V2O5, for example@20#!.

To summarize, laponite suspensions are certainly inter
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ing materials, and a model, to study anisotropic colloid
dispersions of charged particles. However, they are very s
sitive to pH. This effect was already pointed out by Thom
son and Butterworth by studying the consequence of lowpH
~below 9! on the chemical stability of the particles. Our stud
shows that one must take extreme care in their prepara
and their storage.

ACKNOWLEDGMENTS

We thank D. Bowen from Nottingham Trent Universit
for his help in carrying out the complexometric titration
within the framework of his project done at CRMD.
nd

ce

al

G.

.

il-
@1# A. Mourchid, A. Delville, J. Lambard, E. Le´colier, and P. Lev-
itz, Langmuir11, 1942~1995!.

@2# A. Mourchid, A. Delville, and P. Levitz, Faraday Discuss.101,
275 ~1995!.

@3# M. Morvan, D. Espinat, J. Lambard, and Th. Zemb, Colloi
Surf., A 82, 193 ~1994!.

@4# J. D. F. Ramsay and P. J. Lindner, J. Chem. Soc., Fara
Trans.89, 4207~1993!.

@5# N. Willenbacher, J. Colloid Interface Sci.182, 501 ~1996!.
@6# J.-C. P. Gabriel, C. Sanchez, and P. Davidson, J. Phys. Ch

100, 11 139~1996!.
@7# M. Dijkstra, J. P. Hansen, and P. A. Madden, Phys. Rev. L

75, 2236~1995!.
@8# M. Dijkstra, J. P. Hansen, and P. A. Madden, Phys. Rev. E55,

3044 ~1997!.
@9# H. van Olphen,An Introduction to Clay Colloid Chemistry

~Wiley, New York, 1977!.
@10# F. Pignon, J.-M. Piau, and A. Magnin, Phys. Rev. Lett.76,

4857 ~1996!.
ay

m.

t.

@11# F. Pignon, A. Magnin, J.-M. Piau, B. Cabane, P. Lindner, a
O. Diat, Phys. Rev. E56, 3281~1997!.

@12# P. Meakin, Phys. Rev. Lett.51, 1119~1983!.
@13# M. Kolb, R. Botet, and R. Julien, Phys. Rev. Lett.51, 1123

~1983!.
@14# M. Kroon, G. H. Wegdam, and R. Sprik, Europhys. Lett.35,

621 ~1996!.
@15# M. Kroon, G. H. Wegdam, and R. Sprik, Phys. Rev. E54,

6541 ~1996!.
@16# D. W. Thompson and J. T. Butterworth, J. Colloid Interfa

Sci. 151, 236 ~1992!.
@17# A. I. Vogel, A. I. Vogel’s Textbook of Quantitative Chemic

Analysis, 5th ed.~Longmans, Green, London, 1989!.
@18# P. W. Rouw, A. T. J. M. Woutersen, B. J. Ackerson, and C.

De Kruif, Physica A156, 876 ~1989!.
@19# R. J. M. Pellenq, J. M. Caillol, and A. Delville, J. Phys. Chem

B 101, 8584~1997!.
@20# P. Davidson, C. Bourgaux, L. Schoutteten, P. Sergot, C. W

liams, and J. Livage, J. Phys. II5, 1577~1995!.


