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AGING OF AQUEOUS LAPONITE
DISPERSIONS IN THE PRESENCE
OF SODIUM POLYSTYRENE SULFONATE

Aqueous suspensions of Laponite with discotic particles are well-studied and find a wide range
of applications in industry. A new direction of their implementation is polymer composites that
can exhibit improved physical properties. We have studied the aging of aqueous suspensions of
Laponite and sodium polystyrene sulfonate (PSS—Na) and both their microscopic (small-angle
X-ray scattering, SAXS) and macroscopic (small amplitude oscillatory shear (SAOS) rheom-
etry) properties. The concentration of Laponite, Cr, was fized at 2.5% wt and concentra-
tion of PSS-Na, Cp, was varied within 0-0.5% wt (0-24.2 mM). It is shown that the adding
of PSS—Na significantly accelerates the aging. Nevertheless, the systems were stable against
the sedimentation, and the flocculation didn’t occur. Polyelectrolyte induced the appearance of

large-scale fractal heterogeneities, which became more compact in the course of the aging.
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1. Introduction

Laponite is a synthetic clay, which consists of discotic
colloidal particles with the diameter d ~ 30 nm and
the thickness h ~ 1 nm [1]. In aqueous media, their
faces have a large negative charge (=—700 e), while
their edges are positively charged (=450 e at pH<
< 11) due to the protonation of OH groups [2]. Aque-
ous suspensions of Laponite display a very rich phase
behavior that includes sol, gel, glass, and nematic sta-
tes [3-5]. The gelation transition was observed at a
Laponite volume fraction of ~ 0.7% (~1.8% wt). It
was accompanied by the thixotropic response to a
stress [6].

The structure of a gel is described as the span-
ning network of discs connected via the so-called T-
bonds or edge-to-face bonds (“house-of-cards” model)
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[7]. Moreover, it was assumed that the gel structure is
fractal, whereas the structure of the glassy state has
a uniform density [8]. Recently, the time-dependent
self-organizing processes in the so-called low-energy
states [9] have obtained a considerable attention. The
various aging processes such as the phase separation
(coacervation), gelling, and glassing, which depend
on the particle type, salt concentration, and presence
of adsorbed substances (surfactants and polymers),
were reported in [10].

The kinetics of a gel aging is known to depend on
the potential of interaction between nanodisks that
is a sum of the van der Waals attraction and the
electrostatic double-layer repulsion. It was demon-
strated that the addition of a monovalent salt such
as NaCl increases the dominance of the attraction
between Laponite particles in face-to-edge configu-
rations [9]. In addition, the additional attraction or
repulsion between Laponite particles can be finely
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(PSS-Na)/
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Fig. 1. Structure of Laponite and polystyrene sulfonic acid-
sodium salt (PSS—Na) system

tuned, by using various additives. For example, it
was shown that the adsorption of cationic CTAB on
Laponite particles induced the additional attraction
between them owing to the enhancement of hydro-
phobic interactions [11], and the adsorption of non-
ionic polyethylene glycol (PEG) hindered the gela-
tion of Laponite owing to the steric repulsion be-
tween molecules of the polymer adsorbed on Laponite
[12-17]. The interactions between PEG and Laponite
result in the appearance of the so-called “shake-gel”
phenomenon even at a rather low concentration of the
polymer [18,19].

For more complex pluronic tri-block copolymers,
the preferential segregation of hydrophobic segments
at the surface of Laponite with hydrophilic segments
dangling into a solution was observed [20]. Electro-
static interactions between Laponite and gelatin-A
(polyelectrolyte) was shown to drive the complex
spinodal decomposition and coacervation with the
formation of ellipsoidal domains [21, 22]. However,
the mechanism of aging of the electrolyte-containing
Laponite gel can depend on many details of interac-
tions between Laponite and a polymeric electrolyte,
and it is still debated.

This work is devoted to the study of the aging of
an aqueous Laponite suspension in the presence of
PSS—Na. The concentration of Laponite, Cp, in all
the experiments was fixed at 2.5% wt, which is just
near the boundary between the agings into the attrac-
tive gel and the repulsive “Wigner” glass in the salt-
free aqueous solution (below 10~% M concentration of
Na™ ions) [5]. At Cp, ~ 2.5% wt, the Debye screening
length in a salt-free aqueous solution is rather large,
A~ 4.2 nm [9], and the estimations show that the
negative potential can affect practically all the parti-
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cles [16]. A glass-like state is preferably formed in a
salt-free solution, and an increase of the concentra-
tion of Na™ ions leads to the formation of a gel-like
state. The concentration of polymeric salt PSS—Na
in our experiments was below 0.5% wt, which corre-
sponds to a Nat concentration of <2.4x 1072 M. The
choice of polymeric salt PSS-Na was stipulated by the
following circumstance: PSS-Na is a strong water-
soluble polyelectrolyte with repeating chains that
have both hydrophobic and hydrophilic parts with
attached negative charge (anionic chains) [23]. The
electrostatic attraction between these anionic chains
and positively charged edges of Laponite particles is
assumed to be very small at small concentrations of
PSS—Na. However, at high concentrations of PSS—Na,
the Na' ions effectively screen the negative charges
on Laponite particles. This enhances the attractive
interactions between the polymer and Laponite and
can result in changes in the dynamics of aging and the
state of the system. In our work, the aging processes
were studied by the methods of small amplitude os-
cillatory shear (SAOS) rheometry and small-angle X-
ray scattering (SAXS).

2. Experimental

The Laponite RD (Rockwood Additives Ltd.,
UK) was used as-received. Its empirical formula is
Naoj[(SigMg5_5Li0A4)OQO(OH)4], and the solid den-
sity is ~ 2.53 g/cm® [24, 25]. Poly (styrene sulfonic
acid-sodium salt) (PSS-Na) (CsH7SO3Na),, with the
molecular mass of a single chain m = 206.2 g/mol and
the average molecular mass M = 145000 g/mole (i.e.,
n ~ 700) was prepared by the multiple sulfonation of
polystyrene by sulfuric acid. The sulfonation degree
was close to 100%. The obtained solution of PSS—Na
was cleaned and dried. The structure of Laponite and
PSS—Na is schematically presented in Fig. 1.

Two stock solutions of Laponite and PSS—Na were
prepared by mixing these substances with deionized
ultrapure water (MilliQ) and further ultrasonicating
of mixtures using a UP 400S ultrasonic disperser
(Dr. Hielscher GmbH, Germany) at a frequency of
24 kHz and an output power of 400 W for 15 min. The
combined Laponite and PSS-Na suspensions were
prepared by mixing the stock solutions of Laponite
and PSS-Na according to the required concentration
with the further ultrasonication of the mixture for
15 min. The final concentration of Laponite in all the
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samples, C, was fixed at 2.5% wt, and the concentra-
tion of PSS-Na, C),, was varied within 0-0.5% wt (0-
24.2 mM). After the preparation and the cooling to
room temperature, suspensions were stirred carefully
for 5 min, and the measurements were immediately
started.

A small-amplitude oscillatory shear (SAOS) rheo-
metry HAAKE MARS IIT (Haake, Karlsruhe, Germa-
ny) tests were done for measuring the storage and loss
G’ and G” shear moduli in the range of 1071-10% Pa
during the total time of 12 h. A cone-plate fixture
of 35 mm in diameter with a cone angle of 2.0° was
used. The sample was protected from the water evap-
oration during the experiment by a special cover. The
steady pre-shear at 200 s~ was performed for 200 s
before each test in order to homogenize the suspen-
sion before the aging experiment [16]. The dynamic
time sweep test was done at the small oscillation fre-
quency w = 1 Hz, and a deformation rate of 0.01 s—1,
which was within the linear viscoelastic regime. The
complex viscosity, n*, was evaluated as

G2+ G w. (1)

The small-angle X-ray scattering spectra (SAXS)
were obtained using a digital detector Elexience,
which allowed the range of ¢ = (0.08 = 1.6) nm~! for
the scattering vector magnitude. The Cu—Ka source
of radiation with the wavelength A\, = 0.154 nm was
used. The “effective” structure factor S(q) was esti-
mated by the substitution of the measured scattering
intensity I(g) to the relation

1(q)
5@ = e rma )
where K = 0.0445 Mol/g? is the constant account-
ing for the contrast between Laponite and the sol-
vent, M = 930 + 190 kg/Mol is the molecular mass
of platelets, and P(q) is the form factor. The term
“effective” was used because relation (2) is only valid
for spherical particles.

The form factor P(q) of discotic particles with di-
ameter d and thickness h was calculated using the
Guinier equation [26]:

/2
p(q) = // 4J%(0.5qd sin ) sin(qh cos x)

d 3
4J%((gh cos x)2(0.5qd sin )2 sinzdz, ()

0

where J; is the first-order cylindrical Bessel function.
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The effect of polydispersity in the particle diameter
was taken into account by the convolution of relation
(2) with a normalized Gaussian distribution [27],

2
N (1)

where (d) is the mean particle diameter and the
standard deviation A is the polydispersity parame-
ter. The values of (d) = 254+0.5 nm and A = 8+2 nm
were used as the best fit parameters [27].

In the present experiments, the scattering length
density (SLD) contrast between macroions and water
was very low, and the observed scattering patterns
reflected the input of Laponite particles or their ag-
gregates.

The temperature was fixed at 7' = 298 K in all mea-
surements, and all the experiments were repeated at
least three times. The Table Curve 2D (Jandel Scien-
tific, San Rafael, CA) software was used for smooth-
ing the data and for the estimation of their standard
deviations. Means and standard deviations are shown
in the figures by error bars.

3. Results and Discussion

Note that the transition from G’ < G” to G’ > G”
was observed for all the studied samples in the course
of the aging. This behavior is typical of the fluid-to-
gel transition in suspensions of Laponite [16]. The
characteristic time ¢4, at which G = G”, can be de-
fined as the time of transition into an arrested state.

Figure 2 presents the time dependences of the com-
plex viscosity, n*, during the aging at various concen-
trations of polyelectrolyte C,. The data show that
the viscosity can change by many orders of magni-
tude during the time of observation ¢ = 0-12 h. The
complex viscosity also shows a typical power-law type
dependence on the age [8]

N x t¥, (5)

with different slopes a at small and long times of
aging t.

The characteristic time ¢7, at which the slope
changes, can be also used for the characterization
of the time of transition into an arrested state. The
corresponding dependences of ¢4, ¢, and the power-
law exponent « (for a long time of aging) versus
the polyelectrolyte concentration C, are presented in
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Fig. 2. Complex viscosity n* versus the aging time ¢ at various
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Fig. 3. Characteristic times, t4 and g, and the power-law
exponent « (for a long time of aging) versus the concentration
of PSS—Na, Cp

Fig. 3. It can be seen that the introduction of PSS—Na
results in a decrease of both ¢4, and ¢}, and the tran-
sition into the arrested state was observed practically
instantly after the preparation of a suspension at the
highest concentration of C, (=0.5% wt). Moreover,
the complex viscosity shows a weaker dependence on
the age with increase in Cj,.

Note that the effect of the polyelectrolyte on the
viscosity of a solvent (i.e., at Cp = 0% wt) is ex-
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Fig. 4. Evolution of SAXS spectra during the aging of the
PSS—Na free suspension (a) and the suspension with Cp =
=0.1% wt (b)

pected to be low even at the maximum concentra-
tion of PSS-Na, C, = 0.5% wt (=24.2 mM). The
used range of concentrations corresponds to the un-
entangled semidilute regime, when the experimen-
tal data follow the scaling dependence 7 oc Cp°.
According to [28], the estimated level of n should
be of the order of (2-3) 7, (=0.75 x 1073 Pa-s at
25 °C), where 7, is the viscosity of water. In gen-
eral, the observed behavior at different concentra-
tions of PSS—-Na was rather similar to that observed
in Laponite suspensions at different concentrations of
monovalent NaCl salt [8]. This was explained by a de-
crease of the electrostatic screening length associated
with Laponite discs with increase in the salt concen-
tration.

Figure 4 shows the evolution of SAXS spectra dur-
ing the aging of Laponite suspensions in the ab-
sence (a) and in the presence (b) of PSS-Na. At
large ¢, the decay of the scattered intensity I(q) fol-
lows roughly a ¢~? power-law with 8 = 2.01 £ 0.02
(Fig. 4, a) and § = 2.12£0.02 (Fig. 4, b). Note that
the value of 8 = 2 is expected for randomly oriented
thin disks [27].

To extract more useful information from the scat-
tering patterns, we have calculated the structure fac-
tor S(g) by the method as described above. The func-
tion S(gq) was previously used for determining the
origin of two different non-ergodic states: gel and
Wigner glass [5]. It was shown than S(q) grew signifi-
cantly at small g-values in suspensions with Laponite
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Fig. 5. Static structure factor S(q) calculated from SAXS
data for the pure 2.5-% Laponite suspension (a) and for the
Laponite suspension containing 0.1 %wt PSS—Na (b)

concentration under 2% wt, which is an evidence of
large-scale (over 200 nm) heterogeneities, which are
typical of the gel state. Moreover, for samples with
Laponite concentrations above 2%, S(q) was flat in
the range of low ¢ values, which is the evidence of a
homogeneous glass state.

For the pure 2.5-% Laponite suspension, we ob-
serve a clear peak of the structure factor S(g) at
g =0.125 nm~! (Fig. 5, a). This value obviously cor-
responds to the average interparticle distance, which
is about 50 nm (two times larger than the mean di-
ameter of Laponite platelets). The value of S(q) was
decreased continuously at low ¢ (¢ < 0.1 nm). The ob-
served behavior was in correspondence with the for-
mation of a glass state in the pure 2.5-% Laponite
suspension [5].

However, the peak of the static structure factor of
the 2.5-% Laponite suspension containing 0.1% wt
PSS—Na (Fig. 5, b) was shifted to larger g-value, if
compared with the pure Laponite suspension. Such
peak matches the mean Laponite particle diameter
of 25 nm. It can evidence the presence of T-bonds in
Laponite aggregates. Moreover, a significant increase
of S(q) was observed in the range of low g-values. It
indicates large-scale inhomogeneities, which are typi-
cal of a gel network.

We used the power-law approximation

S(g)— 1o g%, (6)
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Fig. 6. Fractal dimension dy versus the aging time for the
2.5-% Laponite suspension containing 0.1% wt PSS—-Na

Fig. 7. Schemes of a glass state in the pure 2.5-% Laponite
suspension(a) and a fractal gel network in the 2.5-% Laponite
suspension in the presence of 0.1% wt PSS—Na

to determine the fractal dimension of a gel structure
dy in polyelectrolyte-containing samples with various
aging times (Fig. 6). The picture shows that value of
dy grows with the aging time ¢, which means that the
gel structure becomes more homogeneous and stabi-
lizes at t > 150 hours.

The obtained results allow to conclude that the ad-
dition of a polyelectrolyte induces the transition in
the 2.5-% Laponite suspension from originally glass
state to gel (Fig. 7), which is typical of suspensions
with lower clay concentrations (Cr, < 2%). This ef-
fect can be caused by a decrease of the Debye radius
and thus a partial screening of the strong electro-
static repulsion between Laponite particles. However,
the high ionic strength didn’t induce the floccula-
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tion as in the case of the doping by a monovalent
salt and samples remained stable to the sedimenta-
tion during at least one month. The cross-linking of
Laponite platelets by polymer chains, resulting in the
formation of dense fractal aggregates by clay parti-
cles, can be the other cause of the gel network struc-
ture origin.

4. Conclusions

This paper presents the results of studies of the aging
in aqueous Laponite-PSS-Na suspensions. The con-
centration of Laponite, Cp, was fixed at 2.5% wt, and
the concentration of PSS—Na, C)p, was varied within
0-0.5% wt (0-24.2 mM). The samples remained sta-
ble to the sedimentation and transparent at all PSS-
Na concentrations. Both visual observations and rhe-
ology tests have shown that sodium polystyrene sul-
fonate decreases the ergodicity-breaking time of La-
ponite suspensions by the factor of 2 at a PSS—Na
concentration of 0.01% and by the factor of 10 at
a PSS concentration of 0.1%. The flocculation didn’t
appear even at the PSS-Na concentration C), = 0.5%,
which corresponds to an ionic strength of 24.2 mM, in
contrast to Laponite suspensions doped by a mono-
valent salt, where the flocculation was starting im-
mediately even at an ionic strength of 20 mM. The
mechanism of acceleration of the aggregation may re-
flect not only a decrease of the Debye length, but
also the cross-linking of Laponite particles by PSST
macroions. SAXS experiments have shown that the
addition of a polyelectrolyte induced the transition
in the 2.5-%-Laponite suspension from a homoge-
neous glass state to a gel network with a fractal struc-
ture, and the fractal dimension d; increased during
the aging.
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CTAPIHHA BOJHUX
CYCIIEH3IN JIATIOHITY B ITPUCYTHOCTI
IIOJIICTHUPOJI CYJIb®OHATY HATPIIO

Peszwowme

Boani cycnensii sianoniry, 1o ckJaaJarThCsa 3 JIUCKOMOMIOHIX
YaCTHUHOK, J00pe BUBYEHI i 3HAXOASTH IIUPOKE 3aCTOCYBAH-
Hs B npoMucioBocTi. HoBuM HampsiMKOM IX 3aCTOCYBaHHS €
mostiMepHi KOMITO3WTH, fKI MOXKYTb MaTu moJimmreni dizwuawi
BjiacTuBocTi. B maniii po6oTi BUBYEHO IpOIECH CTApiHHS BO-
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JHUX CyCHEH3il JIAIIOHITY B HPUCYTHOCTI MOJIICTHUPOJ CYJIb(hO-
nary Harpito (PSS—Na). Jloci/pKeHHsSI IPOBEJEHO Ha MiKpO-
CKOMIYHOMY (MAaJIOKYyTOBE DO3CISIHHSI PEHTTEHIBCHKUX IIPOMeE-
HiB) I MAKPOCKONIYHOMY (MaJIOaMILIITYHA 3CyBHA PEOMETpist)
piBusix. Konmenrpamisi sanounity Oyna dikcoBaunow, Cp =
= 2,5% Bar. a kounenrpauis PSS-Na, C),, BapitoBasacs B in-
repBasi 0-0,5% Bar. (0-24,2 mmous). Byso nokasamo, 1mo 1o-
nasauusa PSS—Na icrorro npuckoproe crapinus. IIpore, Busue-
Hi cucTeMu Oy/iM CEIUMEHTAIIMHO CTIMKUMU 1 pJIOKyIIsIiss He
crrocrepirasacs. KpiM Toro, B mpucyTHOCTI MOJieIeKTPOITY
BUHUKAJIUA BeJIMKOMAacIITabHi (ppakTaibHi HEOMHOPIHOCTI, SIKi
craBa/Ii OIIBII TOMOINE€HHUMH B IIPOIECi CTApiHHSA.
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