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Rheology of viscoelastic anionic micellar
solutions in the presence of a multivalent

counterions

Abstract The growth and structure
of anionic micelles sodium dodecyl
trioxyethylene sulfate (SDES) in the
presence of a multivalent counter-
ion, AI>", were investigated by
means of rheological methods and
the technique of freeze-fracture
transmission electron microscopy. It
was found that wormlike micelles

and loss modulus), and the applica-
tion of the Cox—Merz rule and a
Cole—Cole plot. The cyclic shear test,
the plateau modulus and the relax-
ation time were also studied to
express the rheological properties of
the wormlike micellar solutions. The
structure was of a character of a
nonlinear viscoelastic fluid and
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Introduction

The study of rheology is vital in many industrial
applications, including food emulsions, cosmetics, paints,
agrochemicals, pharmaceuticals, bitumen emulsions,
inks and paper coatings, adhesives and many household
products. The rheological properties are a function of
both the structural arrangement of particles and various
interaction forces which operate in the system. It is now
well known that the addition of salt to aqueous cationic
surfactant weakens electrostatic interactions and enhanc-
es micellar growth, in which the spherical surfactant
micelles undergo a transition to larger rodlike aggrega-
tions with a molar weight of about 10°, named wormlike
micelles [1-9]. They have high surface activity, high
viscosity and the property of shear thinning, which make
them have such wide uses in many fields that people pay
more and more attention to them. However, for anionic
micelles, there are fewer reports.

Recently, we have been interested in the micellar
growth induced by an increase in the amount of anionic

and network structures could be
formed in SDES/AICI; aqueous mi-
cellar solutions, according to the
measurements of the zero-shear vis-
cosity, the complex viscosity and the
dynamic moduli (storage modulus

departed from the simple Maxwell
model.
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surfactant, sodium dodecyl trioxyethylene sulfate
(SDES), and salts, AICl;, CaCl,, KBr, NaCl, etc., in
systems where wormlike micelles or network structures
are formed. In this work, rheological methods and freeze-
fracture transmission electron microscopy (FF-TEM)
were applied to investigate the formation and viscoelas-
ticity of wormlike micelles and network structures in
anionic surfactant SDES aqueous solutions in the
presence of the multivalent counterion electrolyte AlCl;.
Some interesting and notable conclusions will enrich the
theory and application of wormlike micelles.

Materials and methods

Materials

The solutions studied in this work were made of the anionic
surfactant SDES, with the formula CH;3(CH,);;(OCH,CH,)s3-
OSO;3Na, and the electrolyte AlCl;, which were both analytical
reagent grade. All the micellar solutions were prepared by using
deionized water and were left to stand for 2 days to reach
equilibrium, and there were no air bubbles in the solutions.



873

Rheological measurements

Rheological measurements were made with a Haake RS 150
rheometer at a constant temperature of 30 £ 0.2 °C. A cone—plate
sensor was used, with a diameter of 20 mm and a cone angle of
0.5°. The sample thickness in the middle of the sensor was
0.03 mm. The viscosity, #, and stress, o, of the samples were
obtained with steady-shear measurements. Frequency-sweep mea-
surements were performed at a given stress, o, (chosen in the linear
domain where the amplitude of the deformations is very low) in the
frequency () region varying from 0.06 to 100 rads™.

In the case of a Maxwell fluid, the storage modulus, G’, the loss
modulus, G”, and the complex viscosity, |n*|, are given by the
following equations [10]:
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Here 7 is the zero-shear-rate viscosity and the elastic modulus, Gy,
is measured at high frequency where G’ reaches a plateau. Also of
interest is a linear plot of G” versus G” which reveals the semicircle
(Cole—Cole) characteristic of a Maxwell fluid, which is expressed as
Egs. (5) and (6).
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Freeze-fracture transmission electron microscopy

The FF-TEM investigation [8, 9, 11] was carried out using a FF
apparatus (Eiko Model FD-2A) on a nitrogen-cooled support and
a TEM (Jeol model JEM-1200EX). The procedure comprises the
following main steps: sample preparation, freezing of the speci-
men, fracturing about 30 min at a high vacuum of 107> Pa from
—140 to -95 °C, replication of the fracture face with Pt—C vapor,
and finally transmission electron microscopic investigation of the
replicas.

Results and discussions
The formation of wormlike micelles

The zero-shear viscosity, 79, of SDES/AICI; solutions
was measured as a function of the surfactant and salt
concentrations, respectively, as shown in Fig. 1. In
Fig. 1a, on increasing the AICl; concentration with a
fixed SDES concentration of 0.08 M, the viscosity shows
first a slow increase and then a sharp increase at 0.40—
0.50 M AICl; until a maximum of 1.9 Pas at a salt
concentration of 0.80-0.90 M, and finally decreases
dramatically: This behavior is expected. It is similar to
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Fig. 1a, b Zero-shear viscosity, 79, as a function of AlCls;/dodecyl
trioxyethylene sulfate (SDES) concentrations. a [SDES]=0.08 M;
b [AICL;]=0.80 M

the behavior obtained in several aqueous surfactant/salt
systems [4] and is explained by connections which result
from the formation and breaking of wormlike micelles.
It is generally admitted that at fixed surfactant concen-
tration, an increase in the salt content leads to a micellar
growth, because of the enhanced screening of the
interactions. With a low salt content, rodlike micelles
may be formed and grow, which cannot show an evident
increase in the viscosity of solutions. When the length of
the rodlike micelles has increased further so that they are
flexible and can curve freely, the micelles become
wormlike, which can result in a rapid increase in
viscosity; however, if the salt concentration is very high,
the wormlike micelles may break into several pieces [4],
and at the same time, the effect of salting-out becomes so
obvious that the content of surfactant in the bulk
solution decreases, and so the viscosities of the samples
become lower.

The effect of the surfactant concentration on the zero-
shear viscosity of 0.80 M AICl; solutions is illustrated in
Fig. 1b. The curves can be divided into three domains: at
lower SDES concentration (below 0.04 M), 1o shows
little change and then increases until a maximum of
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4.8 Pas at an SDES content of 0.12 M; it remains
constant after that point. This can also be explained
from the viewpoint of micellar growth. A lower SDES
content only leads to an increase in the size and number
of rodlike micelles, and the increase in the length of the
micelles and the formation of wormlike micelles and
entangled network structures occurs at a certain surfac-
tant concentration.

According to the results of Fig. 1, the sample 0.08 M
SDES/0.80 M AICI; can be investigated further to
ensure the formation of wormlike micelles and network
structures. FF-TEM was applied to make sure that such
structures were formed in the sample. The application of
FF-TEM to the microstructure of complex fluids
directly, like microemulsions, wormlike micelles, vesicles
and dilute lamellar systems, has been demonstrated
recently [8, 9, 11]. The electron micrographs of the
vitrified sample are shown in Fig. 2. Figure 3a is an
image of the sample with a magnification 2 x 10*
showing lots of flexible wormlike structures, which are
wormlike micelles. Some micelles entangle with each
other and form weak network structures. It also can be
observed that many “micelle faces’ appear owing to the
different arrangement of wormlike micelles, with the
same direction in a ‘“micelle face”. The well-arranged
structure of wormlike micelles would be destroyed to a
mixed and disorderly orientation by shearing, so more
and more micelles can entangle further and the relatively
obvious network structure will be formed.

Figure 2b is an image with a magnification 4 x 10*, in
which the flexible wormlike micelles and local network
structures can be observed distinctly. The micelles are
approximately 10 nm in diameter and 100-200 nm in
length in general, and the longest “‘worm” is about
400 nm. The ratio of the length and the diameter is at
least larger than 10. In addition, the existence of some
spherical and rodlike particles in the image shows that
the wormlike micelles have not been formed completely
in the sample, resulting in the lower zero-shear viscosity

Fig. 2a, b Freeze-fracture transmission electron microscopy micro-
graphs of 0.08 M SDES/0.80 M AICl; solution (bars =200 nm)
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Fig. 3a, b Cyclic-shear test for 0.08 M SDES/0.80 M AICl; solution.
a Flow curve for viscosity versus shear rate; b flow curve for stress
versus shear rate

(about 2.0 Pas) of the solution. A reasonable reason is
that the concentration of surfactant in the sample is so
low that the interesting structure cannot be formed
perfectly.

Flow curves of the sample

Typical flow curves of the sample 0.08 M SDES/0.80 M
AICl;, obtained from the cyclic shearing test with a
range of shear rates from 0.1 to 200 s~' are shown in
Fig. 3. The relationship between 5 and y is shown in
Fig. 3a, and that between ¢ and y in Fig. 3b. The down
curve does not overlap with the up one completely,
indicating the partial irreversible destruction of the
internal structure. The up curve indicates viscosity or
stress values lower than those corresponding to the
down curve at low shear rates, a typical rheopectic
characteristic [12]. With the increase in shear rates, the
solution first shear flows nearly as a Newtonian fluid,
and the slope of the double logarithmic plot of stress
against shear rate is approximately 1, which is consistent
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Fig. 4 Shear stress at low shear rate for solutions with AICl; 0.80 M
and SDES (H) 0.064M, (@) 0.080M, (A) 0.096M, (V) 0.128M

with the viscosity of about 1.0 Pas. However, at a
characteristic rate, the shear stress reaches a maximum
value and becomes much less dependent on the shear
rate, and so the phenomenon of shear thinning occurs.
According to the conclusions of FF-TEM in Fig. 2, the
wormlike micelles can entangle further and form the
local network structures in the case of the lower shear
rate in the up curve, but the shear-induced structures
may not be restored to their original configuration in the
cyclic shear test, which results in the higher values of
viscosity and stress in the down curve.

In order to investigate the type of the wormlike
micellar solutions studied, the stress at low shear rates
(0-8 s7!) is shown in Fig. 4. The curves indicate that the
relationship between stress and shear rate is linear and
that the slope gradually becomes greater as the surfac-
tant concentration increases. There is almost no stress
yield value for all the samples, which shows that the
wormlike micellar solutions behave as a pseudoplastic
fluid [10]. The viscosity of the sample as a function of
time is shown in Fig. 5 at three different shear rates: 1,
10 and 170 s™'. The higher the shear rate, the lower the
viscosity, which has already been discussed for Fig. 3. It
can also be seen that the viscosity is a constant and is less
dependent on time if the shear rate is fixed. There is not
the phenomenon of the shear-induced structure transi-
tion for this condition.

The viscoelasticity of wormlike micelles

Before carrying out any oscillatory measurements each
sample should be checked to ensure it is within the linear
viscoelastic region where the complex modulus (G*) or
the damping factor (tan 6 = G”/G’) is independent of the
applied stress [13, 14]. Typical results of G* and tan ¢ of
the sample 0.08 M SDES/0.80 M AICI; solution as a
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Fig. S Viscosity—time curves of 0.08 M SDES/0.80 M AICl; solution
at different shear rates

function of the stress at a constant frequency (1.0 Hz)
can be seen in Fig. 6. It can be stated that most of the
samples have linear viscoelasticity up to about 10 Pa.
For subsequent dynamic experiments we chose a stress
value of 1.0 Pa.

It has been suggested that for solutions with worm-
like micelles and network structures, the steady-shear
viscosity () and the magnitude of the complex viscosity
(|n*|) superimpose closely at equivalent values of the
shear rate (j/s~') and angular frequency (w/rads™), i.e.
these solutions obey the Cox—Merz rule [15]. If the
structure can survive small oscillatory deformation but
may be ruptured by large deformation, |7*| is signifi-
cantly larger than # and so these solutions tend to depart
from the Cox—Merz superposition. The shear-rate
dependence of the n and the frequency dependence of
|*| are shown in Fig. 7 for the sample studied. Tt is
shown that n and |¢*| are in some agreement with each

Fig. 6 The complex modulus

(G*) and the
(tano = G”/G") of 0.08 M SDES/0.80 M AICl; solution as a function
of the applied stress (o) at a constant frequency (1.0 Hz)

damping factor
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Fig. 7 Shear-rate dependence of the steady-shear viscosity (V) and
the frequency dependence of the absolute value of the complex
viscosity (@) for 0.08 M SDES/0.80 M AICl; solution

other, and |*| is slightly larger than » at all shear rates
(frequencies). It can be concluded that the wormlike
micelles and network structures have already been
formed in the system, but the structures are not evident
or steady, and there are probably some small wormlike
micelles and local entanglements.

It is also shown in Fig. 7 that the shear viscosity
increases slightly at first (shear thickening) and decreases
dramatically after reaching the maximum value as the
shear rate is further increased (shear thinning), which
indicates an evident departure from the simple Maxwell
model and shows a nonlinear viscoelasticity or a non-
Newtonian flow behavior [16]. It can be explained as
follows. In a lower shear rate range, some micelles and
surfactant molecules can aggregate and entangle further
and the viscosity of sample will increase; on the other
hand, the micelles can be stretched in the flow profile if
the shear rate is high, which results in a decrease in
viscosity [13]. The results obtained from the FF-TEM
micrographs can also lead to this conclusion.

G’ and G” can describe the viscoelasticity of the
solutions [16, 17]. They are plotted against the angular
frequency for the 0.08 M SDES/0.80 M AIClI; system in
Fig. 8a. The curve describing G’ and G” crosses at about
w=20.0 rads™" as the rate increases, indicating that the
material is more elastic than viscous at high frequencies,
and G’ and G” above the intersection tend to level off
and approach plateau values.

It is sometimes difficult to determine how “good™ a
Maxwell model fits the data from plots of G’ and G”
versus w. A Cole—Cole plot (plot of G” as a function of
G’) provides a better picture of how well the data
correspond to a single relaxation time Maxwell model,
which reveals the semicircle characteristic of a Maxwell
fluid [16]. Figure 8b shows a Cole—Cole plot from the
data presented in Fig. 8a. The data points do not fit on a
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Fig. 8 The storage modulus (M) and the loss modulus (@) a as a
function of the angular frequency, b Cole—Cole plot and ¢ G’/G"-w
curve for 0.08 M SDES/0.80 M AICl; solution

semicircular curve (dotted line) from Eq. (6), in agree-
ment with the aforementioned conclusion that these data
are not well fit by a simple Maxwell model.

Figure 8c shows the ratio of G and G” as a function
of the angular frequency, in order to make a further
determination of how “good” the Maxwell model and
the linear viscoelasticity fit the wormlike micellar solu-
tion as well as the Cole—Cole plot. According to Eq. (5),
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for a linear viscoelastic fluid the ratio has a linear
relationship with frequency. Figure 8c indicates that the
curve is almost linear except at an intermediate angular
frequency, notwithstanding the slope at low frequency,
which is much larger than that at high frequency, which
shows that the relaxation time of the sample is not simple
and that the process of relaxation is much slower at low
frequency than that at high frequency.

Although the wormlike micellar solution is not a
Maxwell fluid with a simple relaxation time, the
relaxation can be expressed by the so-called apparent
relaxation time, 7,, obtained from Eq. (4) for a nonlin-
ear viscoelastic fluid. Double logarithmic dependences of
the shear modulus (G, plateau modulus) and 7, on the
surfactant molar concentration in the solutions with
0.80 M AICl; are shown in Figs. 9 and 10. In the range
of SDES concentrations from about 0.04 M, where the
wormlike micelles begin forming, to about 0.12 M,
where the wormlike micelles form completely according
to the results obtained from Fig. 1b, the slopes of the
best linear fits to the data are 1.0 for Gy and 1.2 for t,.
There are also theoretical predictions. The closest
agreement is observed with the exponent value for G
and 7, in a model developed by Cates [18]. In this model,
the wormlike micelles are taken as linear and flexible.
The structural relaxation is determined not only by the
diffusion, but also by the dissociation/recombination of
aggregates. The power law for the plateau modulus and
the relaxation time is in the form of

; (7)

o~ (8)

where ¢ is the surfactant concentration. It is obvious that
the increasing exponent of Gy departs from the theoret-
ical value, 2.25, indicating the lower elastic property of
the sample studied compared with the ideal structures
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Fig. 9 The shear modulus (Gy) as a function of the surfactant
concentration for solutions with 0.80 M AICl;

and some cationic and nonionic wormlike micelles [4,
19]. The evolution of the relaxation time shows two
breaks in the slope in Fig. 10, which corresponds to the
concentrations at the beginning and the end of the
formation of the wormlike micelles in the sample,
respectively, consistent with the results in Fig. 1b. The
relaxation time increases slowly in domain 1 with an
exponent of 0.16, because there is no obvious change in
no and Gy at such a low concentration of SDES. At the
moment of the formation of the wormlike micelles, the
1o increases faster compared with the G, resulting in a
sudden increase in the relaxation time with an exponent
of 1.2 in domain 2, being in good agreement with the
theoretical prediction, 1.25. After the wormlike micelles
form completely, an increase in the surfactant concen-
tration will only result in an increase in the elastic
property, i.e. the Gy, and the viscosity of the solution
changes little (Fig. 1b), which leads to a decrease in the
relaxation time with an exponent of —0.50 at high
concentrations in domain 3.

According to the results obtained from Fig. 3b, there
is a stress plateau (o) for the wormlike micellar
solutions at high shear rates. Hoffmann et al. [2]
provided a theoretical description from fitting proce-
dures for this condition:

. oY
o)) =———— 9
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For y7 > 1, the maximum of the stress
Mo Go
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This is an interesting result because it offers the oppor-
tunity to measure the equilibrium shear modulus from
steady-shear shear stresses. Figure 11 shows the approx-
imately linear relationship between G, and ¢, for the
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Fig. 10 The apparent relaxation time, t,, as a function of SDES
concentration for solutions with 0.80 M AICl;
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Fig. 11 G as a function of the maximum shear stress for solutions
with different SDES concentrations and 0.80 M AICl,

wormlike micellar solutions, though the slope is about 1.6
not 2% (1.4), which indicates the G, can be obtained from
the plateau value of the stress at high shear rates
according to an appropriate theoretical description.

Conclusion

Wormlike micelles and local network structures were
obtained for samples with the anionic surfactant SDES
and multivalent counterion electrolyte AICI; fixed in a
proper concentration according to rheological measure-
ments and FF-TEM micrographs. The characteristics of
a pseudoplastic fluid and the shear-induced structures
not restoring to their original configuration were
acquired from the steady-shear experiments, i.e. cyclic-
shear test, shear-stress measurements and viscosity—time
curves. The Cox—Merz rule and a Cole—Cole plot show
the rheological behavior of the nonlinear viscoelasticity,
the departure from the Maxwell model and a relaxation
time which is not simple. The Gy and t were also
investigated to express the rheological properties of the
wormlike micellar solutions.
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