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Influence of ionic specificity on the microstructure and the strength
gelled colloidal silica suspensions
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Laboratoire de Génie Chimique UMR 5503, Université Paul Sabatier, 118, route de Narbonne, Toulouse 31062 Cedex, France

Abstract

The dynamic rheological behavior of gelled Ludox suspensions in the presence of the structure-breaker ammonium counterio
structure-maker sodium counterion has been investigated. Depending on the nature of the electrolyte and its concentration, the r
light the crucial effect of the network microstructure on the rheological results. Within the same microstructure, the strength o
networks has been found to be greater in the presence of the poorly hydrated ammonium counterions at any Ludox volume fra
obtained results were discussed with respect to recent contradictory trends reported in the literature concerning the behavior of silica sus
sions.
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1. Introduction

Although it was unsuspected, the nature of a given
agulant 1:1 electrolyte has been found to be importan
optimizing desired macroscopic properties of aggrega
colloidal suspensions, such as the permeability of filtra
cakes during separation processes[1]. As it has been empha
sized for many years, the classical DLVO theory was fou
to present some limitations and failed to adequately re
sent various experimental results[2,3]. According to this
continuum theory, the stabilityof colloidal suspensions ca
be predicted through knowledge of the total energy of
teraction between two particles resulting from the algeb
sum of two interaction energies[4]: the van der Waals attrac
tion (VA) and the electrostatic double-layer repulsion (VR).

Many reasons have been invoked to explain such disc
ancies between theory and unexplained experimental
ings, especially at high electrolyte concentrations and sma
separation distances, such as the ionic species being co
ered as point charges and solvent–surface, surface–ion
solvent–ion interactions being neglected. However, the
velopment of direct surface force measurement techniq
in the past two decades, with the surface force apparatu

* Corresponding author. Fax: +33-05-62-88-56-00.
E-mail address:jeanluc.trompette@ensiacet.fr (J.L. Trompette).
-
d

(SFA) and the atomic force microscope (AFM), has allow
the discovery of short-range forces, known as solvation
structural) and steric forces[5,6]. These forces were foun
to be either attractive or repulsive, depending on the
ture of the surfaces (or the particles), the solvent, and
experimental conditions. Starting from the empirical ex
nential function describing thestructural forces and usin
the Derjaguin approximation for spherical particles of rad
a (much greater than the separation distanceD between the
particles), the following expression for the interaction e
ergy arising from such structural forces was proposed[3],

(1)VS(D) = πaKSλ2 exp(−D/λ),

where for 1:1 electrolytes the decay lengthλ is in the range
0.2–1.1 nm, and it does not vary significantly with ion
strength. The structural force constantKS, determined ex-
perimentally for different hydrophilic solid materials, lie
within the range 106–5× 108 N/m2.

In order to determine the origin of the structural forc
experiments were conducted to measure the hydration
pulsion between various solid surfaces in the presenc
different aqueous electrolyte solutions. Owing to the abi
of the ions to structure the water molecules in their vic
ity, the cosmotropic (or structure-maker) and chaotropic
structure-breaker) nature of the ions has been expecte
exert a significant influence on the magnitude of the sh

http://www.elsevier.com/locate/jcis
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range repulsion[7]. However, the experimental results we
found to exhibit conflicting tendencies according to the st
ied surfaces. For pyrogenic silica surfaces at pH 5.5,
more hydrated counterions (Li+ and Na+), having an elec
trical charge of sign opposite to that of the surface, p
duced the weaker force, whereas for mica surfaces it wa
the reverse[7,8]. The weaker force was recorded in the pr
ence of the poorly hydrated ions Cs+ and K+. Moreover, it
was noted that this short-range repulsive force was alw
present between silica surfaces in pure water with a m
nitude greater than that measured with any electrolyte
the case of mica, it only appeared (as mica surface doe
hydrogen-bond to water) once a minimum salt concen
tion was reached[8]. So the exact origin of the hydratio
repulsion remains open. It is interpreted either as the en
required to dehydrate the adsorbed ions confined betw
the approaching surfaces or asthe energy associated wi
the ion-specific disruption of the hydrogen-bonding netw
of water molecules at the solid surface.

As a consequence, the study of the ionic specifi
(Hofmeister effect) in the stability behavior of colloidal su
pensions has gained renewed attention. Indirect surface
measurement techniques, such as the yield stress, th
cosity, the storage modulus, the particle packing den
the sedimentation rate, the consolidation behavior, the
stress of consolidated bodies, and theζ potential, were re
cently used at high concentration of varying salts in vari
aggregated aqueous slurries (alumina, zirconia, rutile,
ica) [9–14]and latices (polystyrene, polyNIPAM)[15,16]or
proteins (fibrinogen, myoglobin)[17]. The magnitude of al
of these physical variables was expected to be related t
strength of attractive particle networks, which is control
by the depth of the interparticle potential well. The latter
sults from the balance between the van der Waals attra
and the extent of the short-range repulsion[12].

Although some contradictory results may be encounte
in the literature, general trends have been reported. The
ber of adsorbed counterions follows the concept of “l
adsorbs like”[18,19]. The propensity of counterions wit
the same electrical charge to be more favorably adsorbe
a surface depends on their own ability to structure the w
molecules and on the extent of the hydrogen-bonding w
network around the particle surfaces. The degree of hy
tion of a surface is intimately related to the number den
of neutral hydroxyl groups on the surface that are able to
ate a thick hydration layer through hydrogen bonding w
surrounding water molecules. In the case of silica, the pKa

value corresponding to the equilibrium SiO− + H+ = SiOH
is 7.5 and it is around−4 for the equilibrium SiOH+ H+ =
SiOH+

2 [20]. So for pH values greater than 7, the on
ionic sites at the silica surface are the SiO− groups. Un-
der these conditions, the presence of the protonated si
sites is controlled by the gap between the isoelectric p
(iep) of the solid surface and the pH of the aqueous
pension. The high stability of suspensions of silica at its
value (pH 2) was indeed explained by the presence of
t

e
-

-

l

a protective hydration layer involving a short-range rep
sive hydration force, dehydration being energetically un
vorable[3,21]. For the same reason, structure-maker i
are expected be preferentially adsorbed at a well-hydr
surface, while structure-breaker ions should be more fa
ably adsorbed at a poorly hydrated surface. Moreover
number of adsorbed counterions has been assumed to g
ate an additional attractive ion–ion correlation force betw
the surfaces[12,14] and to regulate the magnitude of t
repulsive hydration force, since some aggregated collo
suspensions were found to disperse again with a grea
cess of electrolyte[17].

Owing to its specific properties, a gelled network may
assumed to preserve in its structure the memory trace o
formation. These systems are thus expected to offer the
portunity to study the relation between the internal struc
and the rheological response. In the present study, the i
ence of a representative structure-breaker ion (ammon
and a structure-maker ion (sodium) on the microstruc
and the dynamic rheological behavior of gelled concentr
colloidal silica (Ludox) suspensions has been investigated

2. Materials and methods

2.1. Materials

Ludox HS-40 suspension (Dupont, Belgium) with a 40
w/w solid content (silica density 2.2 g/ml) was used. The
average particle radius and the specific surface area a
spectively 12 nm and 220 m2/g, as indicated by the man
ufacturer. The pH and the density of the stock suspen
are respectively 9.8 and 1.29 g/ml. Theζ potential of a di-
lute suspension, measured with a Zetasizer 5000 appa
(Malvern Instrument), was found to be−30 mV at pH 9.8.
Sodium chloride and ammonium chloride salts were p
chased from Fluka (France) and were used as received
tilled and deionized water was used as a solvent.

2.2. Visual determination of the gelation time

A volume of 4 ml of the gelling Ludox suspensions w
prepared by adding 1 ml of a stock aqueous salt solutio
3 ml of a dilute aqueous Ludox suspension of varying
dox HS-40 content in order to obtain the desired volu
fraction. The resulting suspension was then poured in
stoppered borosilicate glass tube(internal diameter 1.1 cm
height 12 cm). The gelation time was determined while
test tube was gently inverted. The time when the sam
stopped flowing was taken classically as the gel point. It
to be noted that although the pH of the gelling suspen
was slightly different with the studied salt (pH 8.6 with Na
and pH 7.8 with NH4Cl), it was found to remain consta
during the gelation process.
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2.3. Rheological measurements

As prepared previously, 4 ml of the concentrated L
dox suspensions of varying volume fractions were place
glass beakers (internal diameter 3.5 cm) and stored at
at 298 K during 24 h before any measurement. Each s
ied beaker was directly fixed on the plate of the rheom
(Bohlin, France) with a double-face adhesive. Measurem
of the viscoelastic properties of the various gelled susp
sions were performed in oscillatory mode at 298 K with
parallel geometry (gap 0.8 mm) using a grooved plate
ameter 2.5 cm) to avoid any sliding effect on the gel surfa
The level of the strain was checked in order to ensure
all measurements were made within the linear viscoela
regime. The studied frequency was fixed at 0.5 Hz; the s
age modulusG′ (measuring the solidlike elasticity of th
material) and the loss modulusG′′ (measuring the viscou
flow properties of the material) were measured at vary
shear stresses (linear increase). Both modulus were f
to be practically constant throughout the investigated s
stress range, 0.1–100 Pa, and average values were take
loss angleδ values (tanδ = G′′/G′) of the gels were found
to be lower than 5◦ (sayG′ � G′′).

3. Results and discussion

3.1. Qualitative comparison of the repulsive hydration
contribution

The critical coagulation concentration (ccc) is referred a
the electrolyte concentration for which the transition fro
a slow (kinetic rate constantkS) to a rapid (kinetic rate
constantkR) aggregation regime occurs for a given susp
sion [4]. Classically, the ccc is experimentally determin
by adding increasing amounts of electrolyte on severa
lute samples of the studied suspension at a constant pa
volume fraction. The turbidity of the suspension,τ , is then
recorded as a function of time,t . The initial slope ofτ (t)

makes it possible to evaluate the kinetic constants. This
perimental determination is correlated to the DLVO mo
through the well-known stability ratioW [4]:

(2)W = kR

kS
= 2a

∞∫
2a

exp(Vtot/kBT )

D
dD.

According to the DLVO model, the total interaction e
ergy Vtot(D), resulting from the sumVA(D) + VR(D),
and its derivative as a function of the separation dista
(dVtot(D))/dD, are predicted to be zero for a critical se
aration distanceDc corresponding to the ccc value[4].
In the case of two spherical particles of radiusa, sepa-
rated by a distanceD, VA = −Aa/12D, whereA is the
Hamaker constant of the solid in the suspending med
(A = 0.83 × 10−20 J for silica in water[22]), and VR =
t

e

32πεε0a(kBT/ez)2γ 2 exp(−κD), whereεε0 is the permit-
tivity of the medium,kBT represents the thermal energy,e is
the electronic charge, andz is the ion valency. The termγ
corresponds to tanh(zeψS/4kBT ), whereψS is the surface
potential. In these relations,

κ =
(

e2 ∑
i ρiz

2
i

εε0kBT

)1/2

=
(

2.103e2z2NAC

εε0kBT

)1/2

represents the inverse of the Debye length, in whichρi is the
number density of each electrolytei, NA is the Avogadro
number, andC is the salt concentration expressed in mol/l.

Thus, the predicted value of the ccc for aqueous sus
sions at 298 K may be obtained from the relation

(3)ccc≈ 4× 10−39 γ 4

A2z6 (in mol/l)

andW is expected to be equal to 1 when the ccc is reac
(Vtot = 0) and to remain constant.

However, in many studies relating to various systems,
experimental ccc is often found to be significantly differe
from the theoretical DLVO value and moreover to depe
on the nature of the coagulant used[3,4]. In a preceding
article [23] relating to the effect of the ion specificity o
the gelation kinetics of colloidal silica suspensions (Lud
HS40), the ccc was found to be 0.45 M with the chaotro
NH4Cl salt and 0.70 M in the presence of the cosmotro
NaCl salt. These values were at variance with the 0.34
theoretical value. At pH far away from the iep, the dens
of silanol sites at the silica surface is low and the exten
the hydration layer around the particles can be assume
be small. In these conditions the ammonium counterions
preferentially adsorbed at the surface of the Ludox partic
As observed, the ccc of diluted Ludox suspensions is gre
and the gelation kinetics of concentrated Ludox is slowe
the presence of the sodium ions.

Considering now, in the framework of the DLVO mod
that the total interaction energy is given byVtot(D) =
VA(D) + VR(D) + VS(D), the ccc should correspond to th
two following conditions:

Vtot(D) = 0:
− A

12D
+ 32πεε0

(
kBT

ez

)2

exp(−κD)

(4)+ πKSλ2 exp(−D/λ) = 0

and

dVtot(D)

dD
= 0:

A

12D2 − 32κπεε0

(
kBT

ez

)2

exp(−κD)

(5)− πKSλexp(−D/λ) = 0.

This is verified forλ values such that

λ = A/12D− 32πεε0(kBT/ez)2γ 2 exp(−κD)

2 2 2
A/12D − 32κπεε0(kBT/ez) γ exp(−κD)
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(6)= QA − QR

QA/D − κQR
.

The correspondingKS values are then given by

KS = A/12D− 32πεε0(kBT/ez)2γ 2 exp(−κD)

πλ2 exp(−D/λ)

(7)= QA − QR

πλ2 exp(−D/λ)
.

As the ccc in the presence of both salts has been d
mined experimentally, the correspondingκ values can be
calculated. For a given salt, theD values can thus be varie
so thatλ andKS values, obtained throughEqs. (6) and (7),
should belong respectively to their expected ranges, say
1.1 nm and 106–5 × 108 N/m2. The results of numerica
calculations are reported inFigs. 1 and 2for Na+ and NH+

4
respectively. The variation of the expectedλ values as a
function of KS is thus shown inFig. 3. For the sameKS
value (characteristic of the silica/water interface), the
tainedλ(Na+) values are always found to be greater th
the λ(NH+

4 ) ones. This indicates that whatever the se
ration distance and for a givenKS value, the repulsiveVS
term in the presence of sodium ions is of greater magni
than that in the presence of the ammonium ions. Taking
example, the sameKS = 5 × 106 N/m2, which is represen

Fig. 1. Results of the numerical calculations ofλ (dotted line) andKS (con-
tinuous line) as a function of the separation distanceD with ccc (NaCl)=
0.70 M.

Fig. 2. Results of the numerical calculations ofλ (dotted line) andKS (con-
tinuous line) as a function of the separation distanceD with ccc (NH4Cl) =
0.45 M.
-

Fig. 3. Variation of the expectedλ values as a function of theKS values
with NaCl (continuous line) and NH4Cl (dotted line).

tative of a poorly hydrated silica surface (as in the stud
case where the pH is much greater than the iep), one ob
λ(Na+) = 0.32 nm andλ(NH+

4 ) = 0.21 nm.
This qualitative analysis, which is based on the existe

of theVS term to explain the origin in the different ccc va
ues, suggests that for a given electrolyte concentration
more hydrated (cosmotropic) ions generate a stronger re
sive hydration energy between the Ludox silica surface
pH well above the iep. This result may have an influe
on the strength of the particle networks, since it is rela
to the depth of the attractive potential well. This aspec
discussed later. However, this conclusion is in contra
tion to a previous work relating to SFA measurements
tween silica surfaces[8]. Nevertheless, it has to be not
that the use of flame (pyrogenic) silica in SFA experime
was highly questioned to make relevant comparison w
the colloidal stability of silica particles (precipitate sili
or Ludox)[10,13]. Moreover, the studied pH was differen
pH 5.5. It is probable that the charging effects and the re
ing environment of the water network around the surfa
are not the same.

3.2. Influence of the ion specificity on the rheological
behavior

In the present study, dynamic rheological measurem
were performed on gelled Ludox suspensions in order to
termine the magnitude of the storage (or elastic) modu
sayG′, in the presence of both salts. The elastic modu
is related to the strength of the interparticle attraction,
solids volume fraction, the particle size, and the microst
ture of the particle network[12,24]. Although the volume
fraction and the particle size can be easily imposed, the
crostructure of the aggregated suspension is more difficu
control. However, knowledge of it is very important in ord
to make relevant quantitative analysis.

Concerning silica suspensions, controversial results
been encountered in theliterature. Colic et al.[10] have re-
ported that the viscosity of silica (Nissan Chemicals) slur
at any pH was greater in the presence of the more hydr
counterions. It was inferred that deeper attractive pote
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wells, resulting from a lesser extent of the short-range
pulsive force, were obtained in this case than in that w
the poorly hydrated ions. However, little information was
given on the preparation of the silica suspensions be
viscosity measurements and theaspect relative to the aggr
gated microstructures was not treated. On the other h
Franks[14] reported that the magnitude of the yield stre
of two types of silica (Geltech amorphous silica and Sig
ground quartz) suspensions at pH> 6 was found to increas
with the number of adsorbed ions. The greatest yield stre
were observed with the least hydrated counterions. In
study, special care was taken to maintain, a priori, the s
structure of particle networks by preshearing the suspens
prior to the yield stress measurements with the vane tech
nique.

According to fractal models of viscoelastic propert
[26,27], a convenient way to appreciate the network m
crostructure is to examine the volume fraction depende
of the elastic modulus. Similar network structures are
pected to generate the same scaling behavior. The power law
behavior of the elastic modulus is expressed as

(8)G′ = G′
0φ

x,

where G′
0 is the preexponential factor characterizing

elasticity of the interparticle bonds and the exponentx is re-
lated to the network structure through the fractal dimens
Thex value was predicted to be 4.5 for reaction-limited cl
ter aggregation (RLCA) and 3.5 for diffusion-limited clust
aggregation (DLCA)[25].

In a previous study[23], it was shown that the microstruc
ture of gelled concentrated Ludox suspensions could be
sessed from the scaling of the gelation time (tgel) as a func-
tion of the volume fraction (φ) through[28]

(9)tgel ∼ φ3/(Df−3),

whereDf represents the fractal dimension. For the two li
iting regimes RLCA and DLCA, the fractal dimensions, c
culated from lattice models and in agreement with scatte
experiments, have been reported to be respectively 1.8
2.2 [29]. The previous results have emphasized that the
crostructure of the networks was similar in the presenc
ammonium and sodium ions, provided that the electro
concentration used to destabilize the suspensions was h
or lower than the ccc for both investigated counterions.
deed, at 0.45 M (corresponding to the ccc in the prese
of ammonium), theD value was found to be 1.5 ± 0.1 for
NH+

4 , whereasD = 2.1± 0.1 in the presence of Na+, indi-
cating that at this concentration an RLCA regime was s
prevailing with sodium.

In order to confirm these results at the rheological le
the storage (G′) and loss (G′′) modulus were measured,
described in the experimentalsection, on gelled suspensio
at varying Ludox volume fractions at the same 0.45 M io
strength for both counterions. As an example, the invaria
of the modulus as a function of the shear stress rang
,

s

-

r

(a)

(b)

Fig. 4. Variation of the elastic (diamond) and viscous (circle) modulus
function of the shear stress for NH4Cl (black diamond and circle) and NaC
(open diamond and circle) at 0.45 M andφLudox = 0.023 (a) and 0.07 (b).

Fig. 5. Double logarithmic plot of the elastic modulus with the Ludox v
ume fraction for NH4Cl (F) and NaCl (!) at 0.45 M.

illustrated inFigs. 4a and 4bfor two different Ludox vol-
ume fractions in the presence of both salts. A double
arithmic plot of the scaling of the elastic modulus with t
volume fraction at 0.45 M is reported inFig. 5. In the case
of NH4Cl and NaCl, the exponents are found to be resp
tively x = 3.6 ± 0.2 and x= 4.9 ± 0.4. These results ar
in agreement with the theoretically predicted exponent
ues. However, the difference between theG′ values for the
two electrolytes decreases as the volume fraction increase
More importantly, as a result of a different network structu
the elastic modulus with the cosmotropic Na+ ion becomes
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Fig. 6. Double logarithmic plot of the elastic modulus with the distanc
the gelation threshold for NH4Cl (F) and NaCl (!) at 0.45 M.

greater than that in the presence of the NH+
4 ion at higherφ

values. Therefore, direct quantitative comparison appea
be irrelevant in such a case.

As was also proposed in the literature[24,30,31], the
generic mechanical behavior of particle gels has been
sumed to follow the relation

(10)G′ = G′
0(φ − φc)

s ,

in which the difference (φ − φc) is the distance to the gela
tion threshold, whereφc corresponds to the critical volum
fraction. The exponents is expected to relate to the structu
of the network, although its value has not been predicte
any existing theory. Theφc values in the presence of bo
salts at the same 0.45 M concentration were determined. Fo
that purpose, suspensions at the same salt concentratio
with varying Ludox volume fractions were prepared. T
lowest particle volume fraction in suspension for which
gel was formed has been taken as theφc value. The exper
iments indicated that, for the same 0.45 M concentratio
the φc were significantly different:φc (Na+) = 0.012 and
φc (NH+

4 ) = 5 × 10−3. This result suggests that the high
the attractive interaction, the lower the critical volume fr
tion. It may be interpreted as confirming that stronger att
tion leads to faster aggregation processes that generate mo
loosely packed aggregates, so that the gelation thresho
attained for lower volume fractions[32,33]. The scaling of
G′ as a function of (φ − φc) is presented inFig. 6. The lin-
ear regressions are not so good as in the case of the pre
scaling ofG′ versusφ; the s exponent is found to be of th
same order, say 3.2± 0.3.

3.3. Comparative rheological behavior at 0.80 M

In order to verify the microstructure, gelled suspensi
at varying Ludox volume fraction were prepared with
same 0.80 M salt concentration of both salts (greater tha
the highest ccc, say 0.70 M for NaCl) and the gelation t
was measured by visual determination[34]. The results are
reported inFig. 7. A continuous decrease of the gelati
time as a function of the volume fraction is observed in
presence of both electrolytes. However, for the same i
-

d

s

s

Fig. 7. Variation of the gelation time as a function of the Ludox volu
fraction for NH4Cl (F) and NaCl (!) at 0.80 M.

Fig. 8. Double logarithmic plot of the gelation time with the Ludox volum
fraction for NH4Cl (F) and NaCl (!) at 0.80 M.

strength, the gelation kinetics are faster with the am
nium counterion at any volume fraction. According to t
expected scaling relationship, the double logarithm plots
shown onFig. 8. The linear regressions are very good and
obtained exponent values are very similar:−2.52± 0.07 for
sodium ions and−2.63± 0.04 for ammonium ions. Thes
values correspond toD = 1.81± 0.04 for gelled networks
in the presence of Na+ andD = 1.86± 0.02 in the presenc
of NH+

4 . As expected, the order of magnitude of theD value
is similar to that of a DLCA aggregation regime, confir
ing the reliability of visual determination to evaluate of t
microstructure of gelled systems.

To investigate the ion-specific effect on the rheolog
behavior within the same microstructure,G′ andG′′ were
measured for gelled suspensions at varying Ludox vol
fractions at the same 0.80 M ionic strength for both cou
rions. As an example,Fig. 9 illustrates the variation of th
dynamic modulus with the shear stress in the presenc
both salts for the same volume fraction. The variation ofG′
as a function of the volume fraction is shown inFig. 10. As
observed, theG′ values are always greater, at any volu
fraction, in the presence of the chaotropic ammonium
The corresponding scaling ofG′ versusφ is represented in
Fig. 11. The exponent values are found to be 3.1± 0.3 and
3.5± 0.2 for NH4Cl and NaCl salts, respectively, and are
the same order as that characteristic of a DLCA aggregation
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Fig. 9. Variation of the elastic (diamond) and viscous (circle) modulus
function of the shear stress for NH4Cl (black diamond and circle) and NaC
(open diamond and circle) at 0.80 M andφLudox = 0.047.

Fig. 10. Variation of the elastic modulus as a function of the Ludox volu
fraction for NH4Cl (F) and NaCl (!) at 0.80 M.

Fig. 11. Double logarithmic plot of the elastic modulus with the Lud
volume fraction for NH4Cl (F) and NaCl (!) at 0.80 M.

regime. Moreover, it has to be noted that theG′ values are
slightly stronger, with a greater amount of ammonium s
(0.45 and 0.80 M) for a similar microstructure.

To make the comparison with the scaling ofG′ with the
distance to the gelation threshold, theφc values in the pres
ence of a 0.8 M concentration of both salts were determi
Theφc value was found to be the same for sodium and
monium salts, and moreover it was hard to distinguish fr
that obtained with NH4Cl at 0.45 M, sayφc = 0.005. This
observation is expected to result from the fact that these
Fig. 12. Double logarithmic plot of the elastic modulus with the distanc
the gelation threshold for NH4Cl (F) and NaCl (!) at 0.80 M.

concentrations are greater than the ccc, indicating the occu
rence of a DLCA aggregation regime characterized by str
attractive interactions. The double logarithm plot ofG′ with
(φ − φc) at 0.8 M is presented inFig. 12. The linear regres
sions are satisfactory; thes exponent is found to be simila
says = 3.0± 0.1, and on the same order as that obtained
a 0.45 M salt concentration (seeFig. 7). This emphasizes th
generic character of this scaling, although no comprehen
model has been proposed.

Nevertheless, the results indicate that attractive sil
gelled networks at pH above the iep are stronger in the p
ence of the chaotropic counterion. This is consistent with
results of Ref.[14] but in contradiction to those of Ref.[10].
It may be interpreted as a consequence of a greater n
ber of chaotropic ions that are preferentially adsorbed
the silica surface at high pH. Very thin and dense pola
able counterion clouds have been assumed to result from
high concentration of adsorbed ions between the surfa
The correlated fluctuations of the counterion clouds are
pected to generate an additional van der Waals-like attrac
called the ion–ion correlation force[12]. On the other hand
the results may also be ascribed to a lesser magnitude o
short-range repulsive hydration force in the presence of
chaotropic ions. The observation that at such a 0.80 M io
strength the gelation time is still longer at any volume fr
tion, and also that the ccc is much greater in the prese
of Na+ ions, may be seen as indicating the presence
stronger repulsive contribution due to hydration effects d
ing the irreversible aggregation process.

4. Conclusion

The obtained results were shown to exhibit complem
tary aspects between the gelation kinetics study and the rhe
ological behavior of gelled Ludox suspensions to asses
microstructure of the network. Within the same microstr
ture, the strength of the resulting silica networks at pH w
above the iep has been found to be definitively greater in
presence of the more adsorbed and poorly hydrated co
rion. The combined influence of an ion–ion correlation fo
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plain the comparative strength of the gels.
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