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Rheological and Electrokinetic Properties of Sodium
Montmorillonite Suspensions

I. Rheological Properties and Interparticle Energy of Interaction
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In this article, we describe the rheology of Na montmorillonite
suspensions as a function of pH, at constant ionic strength. The
observed behavior is discussed quantitatively in terms of the po-
tential energy of interaction between particles, keeping in mind the
anisotropic nature of clay particles. The extended DLVO model that
includes electrostatic, van der Waals, and polar acid–base contri-
butions to the total energy is used. It is found that face-to-face in-
teractions are virtually independent of pH, whereas edge-to-edge
interactions are most attractive at the isoelectric point of edges
(pH∼ 7). The most significant variations occur in face-to-edge po-
tential energy, with strong attractions at pH< 7. Steady-state vis-
cometry showed that the yield stress decreases up to an order of mag-
nitude between pH 3 and pH 7, with a much slower rate of decrease
in the 7–11 pH interval. Concerning oscillatory measurements, it is
found that both the elastic (G′) and viscous (G′′) moduli are practi-
cally independent of frequency. It is also demonstrated that G′>G′′,
the difference being larger at acid pH values. These results, in addi-
tion to potential energy calculations, suggest the existence of an elas-
tic, coagulated structure up to pH 7, whereas as the pH is increased
such structure is more relaxed because of electrostatic repulsions.
Similar conclusions are reached when creep–recovery data are
analyzed. C© 2000 Academic Press

Key Words: sodium montmorillonite suspensions; zeta potential,
surface free energy; DLVO theory; viscosity; suspension rheology;
yield stress; viscoelastic behavior.
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INTRODUCTION

From1 both the fundamental and applied points of view, th
is a growing interest in the characterization of the proper
of concentrated suspensions, probably the most interesting
perse systems in the industrial field. However, the knowledg
the internal structure of such suspensions and of the electric
ble layer surrounding each particle is not an easy task, the
so if the colloidal units are not homogeneous in size and sh
This happens to be the case with the clay suspensions st
1 To whom correspondence should be addressed. Fax: 34-958-253
E-mail: generi6@ugr.es.
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in this work. The consequences that could derive from this k
of basic studies in very different areas of technology are evi
and range from oil drilling fluids to the control of contamina
adsorption and transport in soils and natural waters (1–10)

Although interpretation of their results is not always ea
two techniques are most useful for the characterization
concentrated suspensions. These are rheological and diel
measurements. They can provide (particularly if used join
information about both the internal structure and the par
interaction, as well as about the electrical properties, of
solid/liquid interface. In this part of the series, the rheolog
behavior of sodium montmorillonite suspensions is investig
and correlated with calculations of the interaction energy
tween the particles. The second part in this series is devot
low-frequency dielectric dispersion measurements in the s
suspensions.

The basic idea of this contribution is that the rheology of
suspensions can be quantitatively related to electric and
modynamic properties of the interface and, in a more qualita
way, to their dielectric behavior. Few works have been publis
to our knowledge, on the correlation between the respons
colloidal systems to an oscillating mechanical shear (oscilla
rheometry) and to an alternating electric field (dielectric d
persions), despite its potential applications (2), that have
checked in the pharmaceutical research.

On the other hand, a much more thorough investigation
been reported on the explanation of the rheological prope
of disperse systems on the basis of the analysis of interp
cle interactions (9, 11–14), in the light of the classical DLV
theory. Here we intend to further study the relations exis
between the rheology of clay systems (consisting of lami
polydisperse particles) and the face-to-face, face-to-edge
edge-to-edge interactions for different pH’s, taking into
count not only the electrostatic and van der Waals contr
tions but also the so-called hydration forces (15, 16) in
frame of the extended DLVO theory of suspension stabi
In the accompanying paper (17), we analyze to what ex
these features appear in the dielectric behavior of the sus
sions.
7 0021-9797/00 $35.00
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ESTIMATION OF THE INTERACTION ENERGY BETWEEN
CLAY PARTICLES IN AQUEOUS MEDIA

A fundamental contribution to the energy of interaction b
tween colloidal particles in suspension is electrostatic. Sod
montmorillonite (NaMt) particles are laminar in shape a
their surface charge is not homogeneously distributed: face
faces bear a negative charge generated by substitution of la
ions and hence essentially independent of the compositio
the aqueous medium, and edge surfaces have a pH-depe
charge. We consider both types of surfaces as flat plates (ph
is the face surfaces, phase 2 corresponds to the edges, and p
is the dispersion medium). The interaction energy per unit are
calculated using the HHF model (18), based on the assump
of constant, moderate surface potentials (ψ01, andψ02) and is
more appropriate for surface-to-surface distancesH larger than
∼10 nm (9):

Vi 3 j = εκ

8π

[(
ψ2

0i + ψ2
0 j

)
(1− cothκH )+ 2ψ0iψ0 j cosechκH

]
.

[1]

Above,ε is the dielectric constant of the medium,κ is the recip-
rocal Debye length, and subscripts (i, j ) equal (1, 1), (1, 2), and
(2, 2) for face-to-face, edge-to-face, and edge-to-edge inte
tions, respectively. The best approximation to eitherψ0i orψ0 j

in Eq. [1] is the diffuse-layer potential, but, since it is usua
unknown, the zeta potential,ζ , is a reasonable alternative for n
very highly charged surfaces.

The Lifshitz–van der Waals contribution to the potential e
ergy can be obtained, for two large parallel plates separate
a distanceH , from the equation (19)

VLW
i 3 j = −

Ai 3 j

12πH2
, i, j = 1, 2, [2]

where Ai 3 j is the Hamaker constant corresponding to van
Waals interaction between phasesi and j in the liquid medium
3. Interestingly, this constant can be determined if the LW co
ponent of the surface free energy of each phase,γ LW

k (k= 1, 2,
3) is known (16).

Ai 3 j = −24πH2
0

[(
γ LW

i γ LW
3

) 1
2 + (γ LW

j γ LW
3

) 1
2

− (γ LW
i γ LW

j

) 1
2 − γ LW

3

]
, [3]

where H0 is the minimum separation distance (forH < H0,
strong Born repulsion would appear). The best approxima
to H0 is 1.58Å (20) for very different systems.

As mentioned above,γ LW
k is the Lifshitz–van der Waals com

ponent of the surface free energy or surface tension,γk, of
phasek. Following the thermodynamic approach of Van O

(16), γk consists of two additive contributions, related, respe
tively, to van der Waals and electron–acceptor/electron–do
ET AL.
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(or acid/base in Lewis sense)

γk = γ LW
k + γ AB

k , [4]

the latter being the result of the electron–donor (γ−k ) and
electron–acceptor (γ+k ) characters of the material:

γ AB
k = 2

√
γ+k γ

−
k . [5]

The acid/base component of the surface free energy gives
in turn to another source of interaction between the partic
VAB

i 3 j , sometimes known as structural or hydration forces. Wh
the surfaces involved are hydrophilic (as it happens to be
case with clays), a repulsive short-range interaction results
depends exponentially on the distanceH ,

VAB
i 3 j = VAB

i 3 j (H0) exp

[
H0− H

λ

]
, [6]

whereλ is the correlation length of water molecules, a go
estimation of which is 1 nm for hydrophilic surfaces (16). T
preexponential factor in Eq. [6] can also be calculated fr
the electron–donor and electron–acceptor components of
surface free energy of the phases involved (16):

VAB
i 3 j (H0) = 2

⌊√
γ+3
(√
γ−i +

√
γ−j −

√
γ−3
)
+
√
γ−3
(√
γ+i

+
√
γ+j −

√
γ+3
)
−
√
γ+i γ

−
j −

√
γ−i γ

+
j

⌋
. [7]

EXPERIMENTAL

Materials

Since the starting material is a natural bentonite (fro
Almerı́a, Spain) it bears a variety of exchangeable cations c
pensating the structural negative charge of the crystal lattice
order to make surface studies in clay minerals as reproduc
and repeatable as possible (whatever the sample origin), the
step was homoionization of the particles, i.e., the substitutio
all exchangeable cations by only one species, Na+ in our case.
The homoionization procedure included stirring 50 g powde
the clay fraction<2µm with 250 ml of a 1 M NaCl solution for
1 h. The solids were separated from the solution by centrifu
tion and redispersed in the latter; this was repeated five times
then the particles were repeatedly centrifuged and redispers
Milli-Q water (Milli-Q Academic, Millipore, France) until the
conductivity of the supernatant was bellow 10µS/cm. Finally,
the particles were dried at 100◦C and stored in polyethylene
containers. The specific surface area of dry NaMt was meas
by means of N2 adsorption using the BET multipoint metho
in a Quantasorb Jr (Quantachrome, USA). The value obtain
54.1 m2/g, is very similar to that reported by different autho
(21, 22).

c-
nor

A bulk chemical analysis of the clay was performed by X-ray
fluorescence. The results are displayed in Table 1, together with
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TABLE 1
Bulk Chemical Composition Percentage of Original Bentonite (Taken from Ref. 4) and Sodium Montmorillonite (NaMt) Obtained

by X-Ray Fluorescence Analysis

Compound SiO2 Al2O3 MgO Fe2O3 Na2O K2O TiO2 MnO2 CaO P2O5 H2O Other

Bentonite 58.52 20.19 6.70 2.70 1.35 0.61 — — 1.08 — 8.98 —

NaMt 61.715 19.549 5.439 2.995 3.265 0.279 0.178 0.047 0.033 0.009 — 5.8

ls

)

w
e
a
d

y
ls

in

z

e

f
(2
c

c
d
d
s
a

u

in
n-
ob
ples
rate

ing

-

ve
um
e
cu-

stud-
ess
per

,

as

n-
those reported in (4) for the original, untreated bentonite. A
a Perkin–Elmer (USA) instrument was used to obtain the s
face composition by XPS. The following elements and perce
age abundances were detected: O (61.92%), Si (20.42%
(7.76%), C (5.14%), Na (2.37%), Mg (1.91%), and Fe (0.48%
Both types of analyses demonstrate that the homoionization
rather effective, since Na+ is the only exchangeable cation d
tected in significant amount on the surface. Other exchange
ions such as K+ or Ca2+ were totally absent and only showe
up (in small amounts) in the bulk analysis.

Analytical quality SiO2 and Al2O3 powders were supplied b
Riedel de Ha¨en (Germany), and all other chemicals were a
high purity from Panreac (Spain).

Electrophoretic Mobility

Electrophoretic mobility measurements were performed
Malvern Zetasizer 2000 at 25.0± 0.5◦C. Given the polydisper-
sity of the size and shape of the powders measured, the
potentials were estimated in all cases by means of the sim
Helmholtz–Smoluchowski equation (21). All suspensions w
prepared in 10−2 M NaCl solutions with variable pH’s ranging
between 3 and 11.

Surface Free Energy

The technique used to gain information about the surface
energy of NaMt was advancing contact angle measurement
using a Ram´e-Hart 100-07-00 (USA) goniometer. The conta
angles,θ , of three probe liquids of knownγ LW, γ+, andγ−

(diiodomethane, ethylene glycol, and water; see Ref. 16) w
measured. The clay solid surface was prepared by drying a
centrated (4% w/v) NaMt suspension uniformly spread on a
clean microscope glass slide. The powder was previously
persed in a 10−2 M NaCl solution during 24 h, since that wa
the ionic strength in all experiments. The solids were separ
by centrifugation and redispersed in water. These aqueous
pensions were placed on the slides and dried at 80◦C.

From the contact angles of the three liquids, Young’s eq
tions like (16)

2
√
γ LW

S γ LW
L + 2

√
γ+S γ

−
L + 2

√
γ−S γ

+
L = γL(1+ cosθ ) [8]
were written for each liquid, and the system of equations w
solved in the unknownsγ LW

s , γ+s , andγ−s .
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Rheological Measurements

The rheological analysis of 5% (w/v) NaMt suspensions
10−2 M NaCl was performed, for different pH values, in a co
trolled stress (Bohlin CS-25, UK) rheometer with a cup and b
(CSS 25) measuring system. Prior to each experiment, sam
were presheared with a 10-Pa stress for 30 s and left to equilib
during 180 s.

Three types of experiments were performed:

(a) Steady-state shear stress–shear rate (σ − γ̇ ) measure-
ments. All samples were subjected to a shear ramp rang
between 0.0352 and 20 Pa in 60 linearly spaced steps.

(b) Dynamic (oscillatory) measurements.The elastic,
G′(ω), and viscous,G′′(ω), moduli were measured for fre
quencies between 10−2 and 102 Hz, with a stress amplitude
σ0= 0.2 Pa. This stress is well below the critical one, abo
which the viscoelastic behavior is nonlinear. The maxim
deformationγc, attained by the system prior to getting into th
nonlinear region, is related to the cohesive energy of the floc
lated structure by (14, 24)

Ec = 1

2
G′γ 2

c , [9]

whereG′ is the elastic modulus in the linear region.

(c) Transient (small-deformation) measurements.The vis-
coelastic characteristics of NaMt suspensions can also be
ied in the time domain (14, 25). To that aim, a constant str
σ = 0.2 Pa is applied and the compliance, or deformation
unit stress,

J(t)= γ (t)

σ
[10]

is measured during T= 120 s. At t=T, the stress is removed
and the recovery curve is also determined.

RESULTS AND DISCUSSION

Zeta Potential

The zeta potential of NaMt particles is plotted in Fig. 1
a function of pH (at constant ionic strength 10−2 M NaCl). As
observed,ζ is negative for the whole pH interval, and it is esse

astially pH independent in good agreement with results published
by other authors that suggested that edges play a negligible role
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FIG. 1. Zeta potential of montmorillonite (NaMt), Al2O3, and SiO2 pow-
ders as a function of pH in the presence of 10−2 M NaCl. The curve labeled
NaMt edges was calculated as1

3(ζSiO2 + 2ζAl2O3).

in determining the electrokinetics (dominated by the const
negative charge of faces) of smectites (26–29). This fact is
pected from our knowledge that only about 1% of the total s
face area of montmorillonite can be ascribed to edges (28, 3

However, edges may be essential in determining the struc
of concentrated clay suspensions. That means that we nee
have an estimation of the zeta potential of edges as a functio
pH. Heath and Tadros (27) proposed that the isoelectric poin
such surfaces must be close to that of kaolinite, i.e., pHiep∼ 7.
Other authors (9) have reported that pH∼ 6 is a better approx-
imation, based on experimental data on bentonite coagulat
We adhere to the assumption made in Ref. (28); that is, the
potential of edges must be related to those of silica and alum
given the similarity between their surface groups. If we ma
the assumption thatζedge= 1

3(ζSiO2 + 2ζAl2O3), the zeta potential
of edges will change with pH as shown in Fig. 1, where it can
seen that pHiep∼ 7 for those surfaces, in agreement with Heath
and Tadros’ suggestion (27).

Surface Free Energy

Using the experimental values of the contact angleθ of di-
iodomethane (29.8± 0.8◦), water (17± 1◦), and ethylene gly-
col (8± 1◦) on NaMt, Eq. [8] allowed us to obtainγ LW

s , γ+s ,
and γ−s for NaMt, as shown in Table 2. Based on the sam
assumptions as above, values calculated for the bulk sampl
sentially correspond to face-type surfaces and theγ components

for edges could thus be calculated as a weighted mean of th
of SiO2 and Al2O3 (γedge= 1/3(γSilica+ 2γAlumina)), the latter
T AL.
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being taken from Ref. (31). Table 2 shows that both faces
edges are almost completely monopolar and electron–don
nature, as deduced from the fact thatγ−S 6= 0 andγ+S ≈ 0.

Potential Energy of Interaction

Having obtained the zeta potentials and surface free ene
of both faces and edges, the potential energies of interac
face to face (F–F), face to edge (F–E), and edge to edge (E
were calculated. These correspond toV131,V132, andV232, re-
spectively, in Fig. 2, where the relative contributions of each t
of interaction (AB, LW, EL) can be distinguished. The Hamak
constants for van der Waals forces were calculated using Eq
and Table 2, and the values obtained were

A131= 7.5× 10−21 J (F–F)

A132= 7.3× 10−21 J (F–E)

A232= 6.6× 10−21 J (E–E).

The curves in Fig. 2 show some general features (repul
short-range interaction; attractive van der Waals interactio
all cases, with a strength and range not affected by the surf
involved), but it is most interesting to focus on the changes
EL contribution with pH. Thus, Fig. 2a (F–F) shows a repuls
that slightly increases with pH, due to the increase in|ζ | ob-
served in Fig. 1. That trend is quite different in the case of E
interaction (Fig. 2b): in this case, it is worth mentioning that t
EL interaction is attractive at pH 5, slightly repulsive at neut
pH, and strongly repulsive at pH> pHiep. Finally, in the edge-
to-edge (E–E) interaction (Fig. 2c), the negligible electrosta
repulsion at pH 7 is the only remarkable feature.

The overall interaction is plotted in Fig. 3 for the edge-to-fa
interaction: whatever the pH, the curves show a rather dee
tractive minimum, more important at acid pH values as a con
quence of attractive electrostatic interactions between faces
edges at such pHs. Note that hydrophilic AB repulsion limits
distance of maximum approach between particles to∼10 nm.
Furthermore, such distance increases slightly with pH, so
thing that should manifest in the internal structure of the ge

Figure 4 is intended to be a summary of the results by p
ting the minimum values,Vmin, of Vi 3 j as a function of pH. Note
how face-to-face interactions are virtually independent of p

TABLE 2
Surface Free Energy Components of Bulk Sodium Montmoril-

lonite (NaMt), Silica (SiO2), Alumina (Al2O3), and Sodium Mont-
morillonite Edges (Calculated)

Material γ LW (mJ/m2) γ+ (mJ/m2) γ− (mJ/m2)

NaMt 44.2± 0.4 0.0± 0.1 60.6± 0.5
SiO2

a 40.9± 0.1 0.1± 0.1 62.4± 0.1
Al2O3

a 43.7± 0.1 0.0± 0.1 80.5± 0.1
NaMt (edges) 42.8± 0.1 0.1± 0.1 74.5± 0.1

ose

a Taken from Ref. (31).
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FIG. 2. Potential energy of interaction (per unit surface area) between montmorillonite particles as a function of their separation,H . Acid–base (AB), Lifshitz–

van der Waals (LW), and electrostatic (EL, for different pH values) contributions. (a) Face-to-face interaction, (b) edge-to-face interaction, (c) edge-to-edge
interaction.
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FIG. 3. Total interaction energy (per unit surface area) between edges
faces of clay particles as a function of their separation distance, for differen
values.
FIG. 4. Minimum value of the potential energy of interaction (F–F, E–
and E–E) as a function of pH.
ET AL.

and
pH

whereas edge-to-edge ones are most attractive at the iep.
doubtedly, the most significant variations occur in edge-to-fa
potential energy: at basic pH it is comparable to E–E and F–F,
at pH< 7 a strong attraction is predicted that should lead to
“house-of-cards” gel structure proposed for concentrated c
suspensions in sufficiently high ionic strengths (≥5× 10−3 M,
see Refs. 26, 27, and 32).

Viscometry

Figure 5 is a log–log plot of shear stress vs shear rate d
for NaMt suspensions with pH between 3 and 11. A simple
sual inspection of this figure shows that, mainly for pH≤ 7, a
non-newtonian behavior of the suspensions is found: a minim
stress,σy, is needed for the suspensions to flow. As mention
above, we have used two methods to estimate the yield str
the results are depicted in Fig. 6, together with the maxim
viscosity (ηmax) of the suspensions. “σy (Bingham)” corresponds
to the fitting of a Bingham equation (σ = σy+ ηγ̇ ), and “σy” is
the stress for whichηmax is measured in each case. Both estim
tions of the yield stress change similarly with pH:σy decreases
(up to an order of magnitude) when the pH is increased fr
F, FIG. 5. Rheograms (shear stress,σ , versus shear rate, ˙γ ) of NaMt suspen-
sions as a function of pH.
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FIG. 6. Yield stress,σy, and maximum apparent viscosity,ηmax, of NaMt
suspensions as a function of pH. Data labeledσy (Bingham) were obtained by
fitting the rheograms in Fig. 5 to a Bingham equation, and those labeleσy

correspond to the maximum viscosity.

3 to 7, and a much slower decrease is found in the pH 7
interval. A similar trend is observed forηmax that diminishes in
about four orders of magnitude for the whole pH range. This
in qualitative agreement with recent data by Bennaet al.(29) on
the rheology of different bentonite suspensions.

The results in Figs. 5 and 6 appear to be in qualitative ag
ment with our calculations of interaction energy (see, spec
cally, Fig. 4): the edge-to-face interaction seems to be dete
nant of the sharp decrease in bothσy andηmaxand the subsequen
slow variation in the basic pH region. In the following paragrap
we try to confirm whether other rheological quantities agree w
this hypothesis.

Oscillatory Measurements

Figure 7 shows the elastic modulusG′ (at a frequency of
1 Hz) as a function of the amplitude of the oscillatory she
stress for different pH values. Theσ0 range for whichG′ is
constant determines the viscoelastic linear region of the syste
it is clear that the maximum stress that the suspensions
withstand before acquiring a nonlinear viscoelasticity is low
the higher the pH. The structure can be broken more easily w
the medium is basic, i.e., when all electrostatic interactions

repulsive. Furthermore, the elastic component of the comp
modulus decreases by almost two orders of magnitude betw
AY SUSPENSIONS 113
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pH 3 and pH 11, again confirming that the gel-like structu
of the clay particles is less stiff the more basic the mediu
Using Eq. [9] with the mean value ofG′ in the linear range, the
cohesive energy density,Ec, plotted in Fig. 8 was calculated as
function of pH: as observed, there is a pronounced monoton
decrease inEc with pH in the whole interval. All these facts
can be qualitatively explained in view of the interaction ener
calculations, mainly in the case of face-to-edge. Apparen
aggregates formed as a consequence of the latter attraction
determinant of the structure of the suspensions. This can
further confirmed if the relationship betweenG′ (Fig. 7) and
Vmin (Fig. 4) is analyzed. This can be done by plottingG′ (in
the linear region) againstVmin for face-to-face, face-to-edge, an
edge-to-edge interactions, as shown in Fig. 9. Note thatG′ is a
monotonously increasing function of|Vmin| in the two former
cases, whereas no correlation seems to exist withVmin (edge-to-
edge), a clear consequence of the small fraction of edge sur
area as compared to that of faces.

The frequency dependencies of the elastic (G′) and viscous
(G′′) moduli are shown in Fig. 10: both moduli are virtual
independent of frequency below∼1 Hz, but, G′>G′′, the

FIG. 7. Elastic modulus (real part of the complex modulus) as a function
een
the amplitude of the applied shear stress, for different pH values. All data were
obtained for a frequency of 1 Hz.
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FIG. 8. Cohesive energy (per unit volume of aggregate) in NaMt susp
sions, as a function of pH. Ionic strength, 10−2 M NaCl.

FIG. 9. Elastic modulus (average ofG′ in the linear region of Fig. 7) as a

function of the absolute value of the minimum interaction energy face-to-fa
face-to edge, and edge-to-edge.
T AL.

n-

FIG. 10. Real (a) and imaginary (b) components of the complex modulus

ce,NaMt suspensions as a function of frequency, for different pH values. Amplitude
of the applied stress, 0.2 Pa.
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difference being more important at acid pH values when
gel structure is expected to be stiffer. This confirms that,
stated by Tadros (14), a highly elastic, coagulated structure o
inated by a continuous network must characterize the sus
sions in such conditions. This structure becomes more relaxe
the pH increases, in good agreement with potential energy
culations.

Creep–Recovery Data

Figure 11 shows our experimental results for the complia
function J(t), defined by Eq. [10], both in creep (t ≤ 120 s) and
recovery (t > 120 s) conditions. In these curves the differenc
between the various pH values are clear: the creep deforma
is much larger for basic than for acid pHs, and furthermo
the systems need longer times to reach a constant deform
during recovery. Both regions must be characteristic of syst
with weak links in their internal structure, as compared to stro
ones in acid solutions. This can also be easily observed if
recovery attained by the systems upon removing the stre
calculated as

δJ = 100
J(120)− J(240)

J(120)
[11]

and plotted as a function of pH (Fig. 12). The fact thatδJ is ap-
FIG. 11. Compliance functionJ(t) as a function of time and pH. A 0.2-Pa
stress step is applied att = 0 and removed att = 120 s.
AY SUSPENSIONS 115
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FIG. 12. Percentage recoveryδJ as a function of pH.δJ was calculated
from data in Fig. 11 as described in Eq. [11].

proximately 100% for pH 3 and below 50% at pH 9 indicate
behavior close to that of an elastic solid in the former conditio
and more similar to a viscous fluid in the latter.

The continuous lines drawn in Fig. 11 correspond to fitti
the creep–recovery data to a Kelvin–Voigt model, a mechan
description of a viscoelastic fluid that simulates the latter a
series association of a spring of elastic constantJ0 and a viscous
damper of constantη0, together with a number of Kelvin–Voig
solids (each a parallel association of a springJi and a damper
ηi ). The creep curves are then described as (25, 33, 34)

J(t) = J0+ t

η0
+

N∑
i

Ji [1− exp(−t/ti )]

ti = Ji

ηi
, i = 1, . . . , N, [12]

whereas the recovery is given by

γr = T

η0
+

N∑
i

Ji
(
eT/ti − 1

)
e−t/ti , [13]

where the stress is applied fort ≤ T and removed att = T .
The fittings in Fig. 11 were performed with just on

Kelvin–Voigt solid (N= 1 in Eqs. [12] and [13]) and the fitting

parameters are detailed in Table 3. The columnJ0 represents the
instantaneous unit deformation att = 0; that is, the instantaneous
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TABLE 3
Fitting Parameters of the Creep–Recovery Data in Fig. 12,

with N = 1 in Eqs. [12] and [13]

Creep Recovery

pH J0 (1/Pa) η0 (Pa/s) J1 (1/Pa) t1 (s) η0 (Pa/s) J1 (1/Pa) t1 (s)

3 0.008 — 0.004 10.1 — 0.004 37.2
5 0.045 16000 0.009 28.1 10000 0.062 48
7 0.230 2200 0.042 20.0 2000 0.232 225
9 0.629 2000 0.121 18.2 700 2.591 701

elastic response of the system. Note thatJ0 is also the initial
recovery produced atT = 120 s, upon ceasing the stress. T
strong increase observed inJ0 when the pH is changed betwee
3 and 9 is the manifestation of the shift from elastic to visco
behavior in that pH range.

Concerningη0, let us mention that it has the meaning of vi
cosity of the system in the newtonian (J(t)∝ t) regime. For pH 3,
η0→∞, whereas it shows a clearly decreasing trend as the
is increased. At low pH values, the applied stress of 0.2 P
not sufficient to break weak particle-to-particle bonds, and
suspensions do not flow. For higher pH values such resista
to flow is not so large, and this explains the decrease inη0 and
the increase inJ1, the so-called retarded deformation, relat
to the breaking and reconstruction of weak links between
particles. The characteristic relaxation time associated w
these breaking/reconstruction processes ist1. Although this time
does not show a definite trend when estimated from creep d
it is clearly increasing with pH in recovery results. The syste
needs longer times to reach equilibrium because of the s
restoring forces at high pH. Let us finally mention thatη0 and
J1 deduced from the recovery data follow the same trends
though the values are different) as those used to fit the c
curves.

CONCLUSIONS

(i) From electrophoretic mobility and contact angle measu
ments, we have estimated the zeta potential and surface
energy components of the different surfaces of laminar sod
montmorillonite particles. The estimations ofζ potential are
based on the assumption of constant surface charge of face
pH-dependent charge of edges. In particular, it is assumed
surface properties of edges can be considered as a weighte
erage of that of silica and alumina, this yielding an isoelec
point of edges at pH∼ 7. With these assumptions it appear
possible to justify the experimental rheological behavior of co
centrated clay suspensions at variable pH and constant i
strength (10−2 M).

(ii) From the precedent estimation of surface properties
faces and edges, it is possible to calculate the total F–F, E
and F–E energy of interaction (extended DLVO theory). It w

found that face-to-edge attraction is the predominant interact
in the acid pH range and determines the internal structure
T AL.
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the gel in these conditions. At basic pH, the attraction betw
different surfaces is weaker and a more relaxed internal struc
of the system is predicted.

(iii) Steady-state rheological measurements show a sharp
crease in the yield stress of the suspensions from acid to b
pH, in good agreement with the predictions of face–edge
traction energy. Oscillatory measurements demonstrate tha
behavior of the suspensions is more elastic than viscous (sto
modulus larger than loss modulus), mainly in the acid pH ran
The cohesive energy of the flocs decreases by more than
order of magnitude from pH 3 to pH 11, in agreement with t
sharp decrease of face–edge attraction in this pH range. T
sient measurements (creep–recovery experiments) confirm
predominant role played by this type of interaction in the co
figuration of the internal structure of NaMt concentrated s
pensions.
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