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a b s t r a c t

The shear thickening behavior and the transition to shear thinning are examined in dilute cetyltrimeth-
ylammonium tosylate (CTAT) micellar solutions as a function of surfactant concentration and ionic
strength using electrolytes with different counterion valence. Newtonian behavior at low shear rates, fol-
lowed by shear thickening and shear thinning at higher shear rates, are observed at low and intermediate
surfactant and electrolyte concentrations. Shear thickening diminishes with increasing surfactant con-
centration and ionic strength. At higher surfactant or electrolyte concentration, only a Newtonian region
followed by shear thinning is detected. A generalized flow diagram indicates two controlling regimes:
one in which electrostatic screening dominates and induces micellar growth, and another, at higher elec-
trolyte and surfactant concentrations, where chemical equilibrium among electrolyte and surfactant
counterions controls the rheological behavior by modifying micellar breaking and reforming. Analysis
of the shear thickening behavior reveals that not only a critical shear rate is required for shear thickening,
but also a critical deformation, which appears to be unique for all systems examined, within experimen-
tal error. Moreover, a superposition of the critical shear rate for shear thickening with surfactant and elec-
trolyte concentration is reported.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Dilute micellar solutions exhibit shear thickening behavior at
concentrations around the sphere-to-rod micellar transition
(cmc2) due to the formation of shear-induced structures (SIS)
[1,2]. This flow phenomenon is characterized by a Newtonian re-
gime at low shear rates (or stresses), followed by a drastic viscosity
increase at shear rates (or stresses) equal or larger than a critical
value _cc (or rc), while at even larger shear rates (or stresses), shear
thinning arises [3]. This flow phenomenon is not exclusive of dilute
micellar solutions, since it has been reported for a variety of sys-
tems, such as colloidal dispersions [4], microemulsions [5], concen-
trated suspensions [6] and associative polymer solutions [7].

In the shear thickening regime, two characteristic times are ob-
served: an induction time (tind) required to produce the formation
of SIS, which may range from seconds to minutes, depending on
how much larger is the applied shear rate (or stress) compared
to _cc (or rc), and a saturation time (tsat), required for the SIS devel-
opment and the attainment of the steady state viscosity [8–10].
ll rights reserved.
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te).
Both the induction and saturation times detected by rheometry
coincide with those observed by flow birefringence [9] and
small-angle light scattering under flow [11]. Both times become
shorter as the applied shear-rate departs from _cc and they depend
on temperature, surfactant concentration and on the thermal and
shear histories of the sample [12,13].

Hu et al. [8] reported that in the shear thickening regime for di-
lute surfactant solutions subjected to different shear stress at stea-
dy state conditions, there are four different types of behavior. At
low shear stresses (smaller than rc) or shear rates (smaller than
_cc), the solution is Newtonian with a viscosity equal or slightly lar-
ger than that of the solvent (Region I), although shear thinning has
also been observed in some systems [14–17]. Region II occurs for
intermediate shear stresses, where a re-entrant region is detected
at intermediate values (rc < r < rs) only under stress-controlled
conditions and shear thickening develops [8,18–21]. In Region III,
for rs < r < rf (see Fig. 2 for more details), the apparent viscosity
keeps increasing but the r� _c flow curve increases now monoton-
ically, and the SIS are produced by homogeneous nucleation; in
these regions, coexistence of a shear-induced gel-like oriented
phase and a homogeneous fluid phase containing the original
rod-like micelles has been proposed, as suggested by light

http://dx.doi.org/10.1016/j.jcis.2011.07.051
mailto:escalant@hotmail.com
http://dx.doi.org/10.1016/j.jcis.2011.07.051
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


596 N. Tepale et al. / Journal of Colloid and Interface Science 363 (2011) 595–600
scattering [8,22]. For r > rf, the SIS break down mechanically [22]
or the wormlike micelles align with the direction of the flow [23]
and shear thinning occurs (Region IV). Macías et al. [10] also iden-
tified these four flow regions with a stress-controlled rheometer
and flow visualization by particle image velocimetry (PIV) in dilute
CTAT aqueous solutions; here shear thickening occurred without a
re-entrant region.

The addition of electrolytes to micellar solutions of ionic surfac-
tants can induce micellar growth as a consequence of electrostatic
screening [24–29], thereby increasing substantially the viscosity.
When organic salts with strongly binding counterions such as so-
dium tosylate or salicylate, are added to ionic solutions of cationic
surfactants such as cetyltrimethylammonium bromide (CTAB), the
concentration regime at which elongated micelles form, shifts to
even lower surfactant concentrations [2,22,30]. Accordingly, sur-
factants with strongly binding counterions, such as CTAT, can form
elongated cylindrical micelles at concentrations much lower than
common surfactants, such as CTAB, without the addition of electro-
lytes [31,32], and so, shear thickening behavior arises at these low
concentrations [10,23].

Even though there are several reports on shear thickening in io-
nic surfactant micellar systems upon addition of electrolytes
[3,15,33–37], there is no systematic examination of the electro-
static screening and the chemical equilibrium interactions be-
tween the surfactant and the electrolyte counterions, particularly
with surfactants containing strongly binding counterions such as
CTAT. However, this is a central aspect for the control of the flow
behavior in surfactant systems as it is often important in practical
applications.

In this work, the effects of adding electrolytes with different
counterion valence on the shear thickening behavior and the tran-
sition to shear thinning in dilute CTAT solutions are investigated.
Here it is shown that all the effects of electrolytes on dilute micel-
lar solutions of surfactants with strongly binding counterions can
be cast into a generalized flow diagram, where the rheological
behaviors and the mechanisms involved are indicated. Further
analysis of shear thickening indicates that not only a critical shear
rate with a concomitant induction time are required for shear
thickening, but also a critical deformation, which is the same for
all systems examined. These issues may be crucial for many appli-
cations and formulation processes because salts are naturally pres-
ent, and because the potential of controlling the rheological
behavior of surfactant solutions by the proper choice of added
salts. In particular, in many formulation processes high shear is ap-
plied to surfactant systems for certain periods of time for homog-
enization or processing and accordingly, the response of
surfactants system to such external impacts is of high importance.
Fig. 1. Apparent viscosity as function of shear rate for micellar solutions containing
salt (j) KBr, (�) K3PO4, (s) Na2(COO)2 and no salt (h). The electrolyte concentration
in all these solutions was 0.1 mmol/L, and the CTAT concentration was varied: (A)
11 mmol/L, (B) 17.6 mmol/L, and (C) 22 mmol/L.
2. Experimental section

CTAT, 99% pure from Sigma, was re-crystallized from a chloro-
form (Aldrich) solution before using it. KBr, Na2(COO)2 and
K3PO4, with a purity of 99% from Fermont, were used as received.
HPLC-grade water was employed.

For CTAT/salt/water solutions, two schemes of rheological mea-
surements were performed: in the first one, the electrolyte concen-
tration was fixed at 10�4, 10�3, 10�2 or 10�1 mol/L and the
surfactant concentration was varied; in the second one, the surfac-
tant concentration was fixed (11 mmol/L) and the electrolyte con-
centration was varied. Salt solutions were made by diluting
0.1 mol/L stock solutions of the respective electrolyte. Samples
were prepared by weighing the appropriate amounts of surfactant
and water or electrolyte solution in 20-mL glass vials, homoge-
nized and placed in a temperature-controlled chamber at 30 �C
for a week before performing the rheological tests.
Steady and transient shear rate measurements were performed
at 30 ± 0.1 �C using two instruments: an ARES strain-controlled
rheometer equipped with a double-wall Couette geometry with
bob inner and outer diameters of 29.5 mm and 32 mm, respec-
tively, and cup with Di = 27.94 cm and Do = 34 cm; and a Rheomet-
rics SR5 strain-controlled rheometer equipped with a cone-and-
plate geometry (0.0384�-angle and 4 cm-diameter). To minimize
water evaporation, a homemade humidification chamber was set
around the cone-and-plate device. Measurements for all samples
were performed as follows: first the sample was placed in the
shear cell where it was allowed to stand still for about 5 min, be-
fore starting the experiment to eliminate any shear history. More-
over, since the micellar solutions prepared with the different salts
had a pH-dependence due to the dissociation kinetics of the elec-
trolytes, the measurements were performed until the samples
reached equilibrium (for example, K3PO4 solutions mainly contain
HPO2�

4 counterions at a pH of 8 due to the pKa’s of this salt, whereas
Na2(COO)2 and KBr solutions at a pH of 6.5 contain ðCOOÞ2�2 , and
Br� counterions).
3. Results and discussion

Fig. 1 depicts steady shear flow curves of dilute CTAT micellar
solutions as a function of surfactant concentration at a fixed elec-
trolyte concentration (10 mmol/L) measured in the SR-5 strain-
controlled rheometer at 30 �C. This figure indicates that two dis-
tinct flow regimes develop as the surfactant concentration is in-
creased above the cmc2, which is ca. 1 mmol/L CTAT in water
(0.045 wt.%) at 30 �C [31]. Unfortunately, no data about the cmc2

are available in the literature for CTAT in the presence of electro-
lytes, however, the cmc2 should diminishes with increasing elec-
trolyte concentration, as expected for another anionic
surfactants. For CTAT concentrations lower than ca. 17.6 mmol/L,
Newtonian behavior at low shear rates followed by shear thicken-
ing at intermediate shear rates, and by incipient shear thinning at
higher shear rates, were detected, within the shear rate range



Fig. 3. Shear thickening intensity, I, as function of CTAT concentration for various
electrolyte concentrations and type: (A) 0.1 mmol/L, (B) 1 mmol/L and (C) 10 mmol/
L: (h) without salt, (d) KBr, (N) Na2(COO)2 and (.) K3PO4.

Fig. 2. Shear stress versus shear rate for micellar solutions containing 8.8 mmol/L
CTAT and 0.1 mmol/L electrolyte: (A) CTAT/KBr, (B) CTAT/Na2(COO)2. Inset: Shear
rate growth at constant shear stress, where the corresponding symbols are
indicated in the shear flow curve.
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examined (Fig. 1A); at slightly higher CTAT concentrations, similar
behavior than that reported in Fig. 1A was observed, but with more
pronounced shear thinning at higher shear rates, regardless of the
electrolyte type (Fig. 1B). Notice that as surfactant concentration is
increased, shear thickening diminishes (Fig. 1B), and at higher elec-
trolyte concentrations, only a Newtonian regime followed by shear
thinning is observed (Fig. 1C). Clearly, the transition between shear
thickening and shear thinning regimes is not abrupt. In fact, the
shear thickening intensity (I = gMAX/g0) diminishes steadily as the
surfactant concentration is increased, until it becomes one, indicat-
ing that shear thickening has disappeared at surfactant concentra-
tions around 19 mmol/L (ca. 0.85 wt.%) in the absence of
electrolyte; here gMAX and g0 are the maximum viscosity achieved
during shear thickening and the zero-shear rate viscosity, respec-
tively, at each CTAT concentration.

Fig. 2 displays the steady-state shear stress versus shear rate
curves for micellar solutions containing 8.8 mmol/L (0.4 wt.%)
CTAT and 0.1 mmol/L electrolyte: CTAT/KBr (Fig. 2A), and
CTAT/Na2(COO)2 (Fig. 2B). Both curves are alike, in which four
regions similar to those reported elsewhere [18,22], are clearly
distinguishable (indicated in Fig. 2A and B). It is important to
notice that the flow curves shift to lower shear rates with
increasing electrolyte counterion valence (cf. Fig. 2A and B). In
fact, with K3PO4, the shift is even more pronounced (not shown),
which is not surprising inasmuch as electrostatic screening
should increase with increasing counterion valence yielding
shear thickening at lower shear rates, since SIS can be induced
more easily due to reduced electrostatic repulsion. The inset in
Fig. 2 represents the shear rate growth experiments made at
constant shear stress where the corresponding symbols are plot-
ted in the shear flow curve, and which show that a steady-state
is typically attained after about 20–100 s. Notice that for shear
rates smaller than _cc or high shear rates (Region IV), all solutions
behave like Maxwell fluids with a single relaxation time. How-
ever, for shear rates in Regions II and III, overshoots and oscilla-
tions develop, which indicates that the micellar solutions have
several relaxation times [38].
Fig. 3 shows plots of I versus surfactant concentration (CD) for
the electrolytes used at several concentrations; for comparison
purposes, rheological data in the absence of electrolyte are in-
cluded. A common feature of the plots, not shown in Fig. 3, is that
at surfactant concentrations smaller than ca. the cmc2 (1 mmol/L),
Newtonian behavior is observed regardless of electrolyte type and
concentration. For concentrations larger than the cmc2, electrolyte
concentration and counterion valence influence the rheological
behavior. At low electrolyte concentrations (Fig. 3A), all samples
exhibit similar shear thickening behavior along the entire surfac-
tant concentration range: I increases with surfactant concentration
up to ca. 7 mmol/L, where a maximum is detected and then it
diminishes below one at CD � 20 mmol/L, indicating that only
shear thinning is occurring. The CD at which the transition from
shear thickening to shear thinning occurs (I = 1) is referred therein
as the critical surfactant concentration.

Examination of Fig. 3A–C suggests a general ordering of the
electrostatic screening effect of the electrolyte counterions on the
shear thickening as PO3�

4 > ðCOOÞ2�2 > Br�. Notice, however, that
at low electrolyte concentration (Fig. 3A), a definitive effect of
the electrolyte type on the shear thickening intensity is not appar-
ent. However, for electrolyte concentrations higher than 0.1 mmol/
L, larger electrostatic interactions between micelles and the elec-
trolyte counterions develop, which strongly depend on the coun-
terion valence (Fig. 3B). Apparently the valency of the counterion
has a significant effect on the micellar structures formed under
shear and thereby on their flow behavior. Samples without electro-
lyte and with KBr have a shear thickening behavior similar to that
described in Fig. 3A, although the presence of KBr diminishes I
compared to that in absence of electrolyte, whereas samples with
Na2(COO)2 and K3PO4 exhibit much smaller I-values and the criti-
cal surfactant concentration shifts to lower values. At even higher
electrolyte concentrations (Fig. 3C), the shear thickening region has
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almost disappeared for all salts, and the critical surfactant concen-
tration shifts to even lower values. Incidentally, for electrolyte con-
centrations larger than ca. 100 mmol/L, no shear thickening
behavior was detected in the whole surfactant concentration
range, only a Newtonian behavior at low surfactant concentrations
followed by shear thinning was detected (not shown). Apparently
at such high ionic strength, no further shear-induced growth of
wormlike micelles can take place.

Data shown in Fig. 3 for the different electrolyte concentrations
employed can be set in a generalized diagram by plotting the nor-
malized shear intensity, (I � 1)/(Imax � 1), (being Imax the maxi-
mum shear thickening intensity at a given electrolyte
concentration) versus the normalized surfactant concentration,
CD/CDmax, where CDmax is the surfactant concentration at which Imax

occurs. The plot was built in this way because it allows defining the
mechanism that controls the shear thickening transition, i.e.,
micellar growth by electrostatic screening or micellar scission or
branching and/or scission-reformation due to chemical equilib-
rium among surfactant molecules and added electrolyte, and the
transition from shear thickening to pure shear thinning behavior
((I � 1)/(Imax � 1) = 0 in Fig. 4). Within experimental error, all data
collapse in the shear thickening region, exhibiting a quadratic mas-
ter curve that limits the four regimes observed in the transition
from shear thickening to the shear thinning regime. At very low
surfactant concentrations (CD/CDmax ? 0), a Newtonian regime is
detected at the left side of the diagram, whereas the shear thicken-
ing region is found next, and at higher CD/CDmax (>2.2), the shear
thinning region appears. At very high CD/CDmax, another Newtonian
region is detected.

The interpretation of this diagram is that at low surfactant con-
centrations upon increasing electrolyte concentration, micelles
grow due to electrostatic screening and the shear thickening flow
regime develops. However, once micelles have grown to wormlike
micelles, shear thinning occurs. In this regime, electrolytes dimin-
ish shear thinning by modifying the kinetics of scission or by
allowing branching due to chemical equilibrium among the surfac-
tant counterions and the electrolyte counterions. It can be specu-
lated that the presence of the electrolyte stabilizes intermediate
structures during the scission process, thereby facilitating this pro-
cess. Notice that this diagram allows defining the boundary be-
tween the pure shear thickening, the shear thickening-to-shear
thinning transition, and the pure shear thinning regions. Inciden-
tally, to demonstrate that these rheological behaviors may be gen-
Fig. 4. Generalized diagram of normalized shear thickening intensity as function of
normalized surfactant concentration for various electrolyte concentrations and
type: ( ) without salt, (�) KBr, (N) Na2(COO)2 and (d) K3PO4. Rheological data from
strongly binding counterions from literature: (4) CTAT/D2O/NaCl [36], (s) CTAB/
NaSal/NaCl [3], (}) CTAB/NaSal/NaNO3 [3], (O) CTAB/NaSal/NaF [3], (/) Gemini
surfactant [37] and (.) CTAT/H2O/NaCl [33]. The solid lines are only guides to the
eye.
eral, rheological data of surfactants with strongly binding
counterions in the presence of electrolytes, taken from the litera-
ture [3,33,36,37], are also included in this figure and fall onto the
same master curve.

Takeda et al. [39] also reported a flow behavior diagram in the
CTAB/sodium p-toluene sulfonate (NapTS) system as a function of
the ratio of CD and of CSalt/CD in which five regions were detected
by Rheo-SANS, mainly purely Newtonian where spherical micelles
are present, Newtonian followed by shear thickening due to forma-
tion of short rod-like micelles, shear thinning followed by shear
thickening where rod-like and wormlike micelles coexist, shear
thinning due to alignment of wormlike micelles, and precipitation
regions. Moreover, their interpretation of such flow diagram is
quite similar to the one presented here, except that no precipita-
tion region was observed by us.

Fig. 5 depicts the dependence of the critical shear rate _cc on
surfactant concentration in the presence of 0.1 mmol/L KBr, Na2-
(COO)2 or K3PO4. Even though the data are scattered, a power
law dependence of _cc with CD ( _cc / Ca

D) is apparent. The straight
line in this plot is the best power-law fit to the data with
a = �0.87 ± 0.2. In general, the critical shear rate for shear thicken-
ing depends weakly on surfactant concentration [10,32,40,41]. For
instance, values of a = �0.55 ± 0.05 have been reported for CTAT in
D2O [36], a � 0 for CTAT in H2O [10,42] and CTAVB in H2O [32]. In
dilute micellar solutions of a 12-2-12 gemini cationic surfactant
[37], _cc also shifts to lower values upon increasing surfactant con-
centration but no value of the exponent a was reported. An expla-
nation for the larger exponent a of CTAT micellar solutions in the
presence of electrolytes could be the pronounced growth of the
micellar length with increasing concentration. It is noteworthy
that the data presented here suggest again that electrostatic
screening is less important when the micelles are composed of sur-
factants with strongly-binding counterions, such as tosylate;
hence, no strong effect of the electrolyte counterion valence is no-
ticed. It is also interesting that both _cc and I decrease as CD in-
creases (Figs. 3–5).

It is well known that in dilute surfactant solutions, the shear
thickening transition (STT) occurs at concentrations where cylin-
drical micelles locally exist, as deduced by SANS experiments of
quiescent solutions [40], i.e., from the cmc2 up to the neighborhood
of the overlap concentration c�. The latter concentration marks the
sharp increase of the zero-shear rate viscosity due to the incipient
entanglement formation among wormlike micelles. Hence, it is
likely that the intensity of the shear field required to induce
Fig. 5. Critical shear rate for shear thickening as function of surfactant concentra-
tion for micellar solutions containing (h) CTAT, (d) CTAT + KBr, (N) CTAT + Na2-
(COO)2 and (.) CTAT + K3PO4. The electrolyte concentration in all these solutions is
0.1 mmol/L.



Fig. 6. Critical electrolyte concentrations as a function of the surfactant concen-
tration for various salts: (d) KBr, (N) Na2(COO)2 and (.) K3PO4. The lines are only
guides to the eye. Inset: ECC as a function of _cc.
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structure formation needs to be larger at low surfactant concentra-
tions, where mostly rodlike micelles exists, than at larger concen-
trations, where rodlike and wormlike micelles coexist. This should
explain why the critical shear rate for STT diminishes with increas-
ing surfactant concentration. However, at low electrolyte concen-
trations, the electrostatic screening, regardless of the counterion
valence, is not that important for surfactants such as CTAT due to
the strong binding of the organic counterions to the micelle sur-
face. In fact, Truong and Walker [41] demonstrated by a combina-
tion of static light scattering, small-angle neutron scattering and
rheological measurements, that the shear-induced structural tran-
sition in dilute CTAT micellar solutions disappears with increasing
NaCl concentration once the intermicellar electrostatic interactions
are adequately screened; however, they had to add relatively large
amounts of NaCl to produce this effect, in agreement with the re-
sults reported here (see Fig. 4).

As expected from the data in the literature [8–10], the induction
time of the CTAT micellar solutions, defined here as the time at
which the viscosity begins to increase at a given shear rate, follows
a power law relationship of the form, tind / _cm; with the various
electrolytes added; in particular, for a 11 mmol/L CTAT solution,
the exponent m is equal to �2.3 ± 0.30, �2.6 ± 0.01, �2.1 ± 0.30
and �3.2 ± 0.20, for no electrolyte, KBr, Na2(COO)2 and K3PO4,
respectively (see Table 1). Similar power laws have been reported
for other surfactant systems with exponents ranging from �1 to ca.
�3 [8–10]. Moreover, the value of m depends on the geometry em-
ployed as pointed out before [10]. In our case no systematic depen-
dence of m on the counterion valency is observed and this applies
similarly for the induction time tind, which is a bit surprising as one
might expect the onset of micellar growth to depend on the extent
of electrostatic screening (while in our case this time is even lon-
gest for the K3PO4).

Since the induction time decreases with increasing shear rate
when _c > _cc, it is interesting to explore whether a unique shear
strain is required for the formation of SIS that produce shear thick-
ening. Table 1 discloses that as _cc increases, the induction time be-
comes shorter, which suggests that a unique deformation is
required to produce shear thickening. Defining the critical shear
strain as cc ð¼ _cctind;cÞ, reveals that a unique deformation, within
experimental error, is required for the development of SIS for all
the systems studied here, which leads to viscosity increase with
time (Table 1). This is the first time that a unique shear strain
has been reported for dilute micellar solution. A similar finding
was previously reported by Escalante et al. for the rheological
behavior of pristine lamellar phases that undergo a transition to
vesicles under shear for a series of alkyldimetylamine oxides
[43–45].

Fig. 6 depicts the electrolyte critical concentration (ECC), de-
fined as the electrolyte concentration that marks the transition
from shear thickening to shear thinning (i.e., the electrolyte con-
centration at which I = 1) versus the overall surfactant concentra-
tion. This diagram summarizes the complex rheological behavior
and the structural changes observed in dilute CTAT micellar solu-
tions containing the electrolytes examined. From this diagram,
conditions for understanding the influence of CD and ECC on the
shear flow can be formulated: (i) at low electrolyte concentrations,
Table 1
Induction time, critical shear rate, power-law exponent m and critical deformation for
11 mmol/L CTAT micellar solutions containing 0.1 mmol/L electrolyte.

Electrolyte _cc (s�1) Tind (s) cð¼ _cctind;cÞ m

KBr 64 143 9406 �2.3 ± 0.30
Na2(COO)2 75 139 10,425 �2.6 ± 0.01
K3PO4 54 219 11,826 �2.1 ± 0.30
No electrolyte 94 106 9964 �3.2 ± 0.20
below the ECC, shear thickening behavior dominates whereas at
electrolyte concentrations larger than ECC, shear thinning behavior
takes over at all CTAT concentrations within the dilute regime.
More importantly, even though scattering in the data is evident,
all of them can be fitted to a straight line regardless of electrolyte
type, which indicates that ECC / Cd

D, with d = �4.94 ± 1.6. More-
over, since the critical shear rate was found to depend on surfac-
tant concentration as _cc / Ca

D, it follows that ECC is roughly
proportional to _cd=a

c , which demonstrates that the ECC increases
as the applied shear rate increases since both a and d are negative
(see inset in Fig. 6). The experimental exponent d/a = 4.3 ± 0.4 for
the ECC as a function of _cc. In turn, this indicates that in the pres-
ence of electrolytes, smaller shear rates are required to induce
shear thinning due to the micellar growth induced by the electro-
static screening.

In ionic surfactant solutions, micellar growth is promoted by
electrostatic screening that reduces the repulsion between the
charged polar headgroups upon addition of electrolytes [46] and/
or by the reduction of the micellar surface charge density due to
the addition of salts with strongly binding counterions [47,48],
which become incorporated within the amphiphilic interface. Both
effects lead to a reduction of the surfactant packing parameter (v/
(L�as); where v, L, and as are the volume, stretched length, and head
group area of the amphiphilic molecule, respectively [46]. As a con-
sequence, electrolytes decrease the overlap concentration c� and
hence, strongly modify the shear thickening behavior [12,15].
However, no clear trends are found in the literature on shear thick-
ening of micellar solutions upon addition of electrolytes. In gen-
eral, shear thickening tends to vanish as the electrolyte
concentration increases and the intensity of shear thickening, I,
goes to one [3,15,33,36], in agreement with results reported here.

Our results on the influence of electrolytes with different coun-
terion valence on the rheological behavior of dilute CTAT micellar
solutions indicate that even though electrostatic screening is
important, no definite effects of the type of counterion are notice-
able. This suggests that when the surfactant has strongly binding
counterions such as tosylate, electrostatic screening does not play
the only role. The diagrams shown in Figs. 4 and 6 indicate that all
the electrolytes, regardless of counterion valence, give similar ef-
fects on the transition from shear thickening to shear thinning
behavior, which is a novel result. All the data fall effectively on
general master curves. Moreover, we have shown that the transi-
tion from shear thickening to shear thinning is not abrupt but con-
tinuous, i.e., the shear thickening intensity goes smoothly to one as
the surfactant or the electrolyte concentration increases, due to
micellar growth.



600 N. Tepale et al. / Journal of Colloid and Interface Science 363 (2011) 595–600
4. Conclusions

Here the effects of adding various salts with increasing valence
to the rheological behavior of CTAT micellar solutions were exam-
ined. This study was performed in the dilute concentration range,
where shear thickening is observed for pure CTAT solutions. The
induction time for the shear thickening and the magnitude of the
viscosity growth as functions of shear rate or deformation depend
strongly on the surfactant concentration. Also, the critical shear
rate for the viscosity growth can be correlated with surfactant con-
centration (Fig. 5) and with electrolyte concentration (Fig. 6). The
induction time was found to decrease strongly with the shear rate
when the surfactant and electrolyte concentrations are fixed,
according to a power-law with exponents from �2 to �4. It was
also found that for the development of shear thickening, not only
a critical shear rate is required but also a critical deformation (Ta-
ble 1), which is a novel result.

Our data with CTAT and other data taken from the literature
[3,33,36,37] indicate that the diagram shown in Fig. 4 may be a
general one that allows explaining the mechanism controlling
the type of observed rheological behavior. In this diagram, the
mechanisms that determine shear thickening, the transition to
shear thinning and the disappearance of shear thickening upon
addition of electrolyte on surfactant micelles with strongly bound
counterions are explained. Moreover, we found that the critical
shear rate displays a power-law dependence on surfactant and
electrolyte concentrations (see Fig. 5). Furthermore, the electrolyte
critical concentration (ECC) also follows a power-law dependence
on the critical shear rate (ECC / _cd=a

c ¼ _c�4:9
c ). This indicates that

in the presence of electrolytes, smaller shear rates are required
to induce shear thinning due to the growth of the micelles caused
by the electrostatic screening and the underlying chemical equilib-
rium process. The rather insensitive behavior of the rheological
behavior of dilute CTAT solutions on the type of added electrolyte
can be explained by the strong binding of the tosylate counterion
on the micelle surface, which renders it rather insensitive to vari-
ations of the outside electrostatic conditions. This finding is of rel-
evance to the better understanding of such viscoelastic surfactant
systems and in general for questions and applications where the
control of flow properties of surfactant solutions is important.
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