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Abstract Rheological behavior of viscoelastic wormlike
micelles in an aqueous system of mixed sodium dodecyl
trioxyethylene sulfate (SDES)–monolaurin (ML) is pre-
sented. Dilute aqueous solution of SDES has a high fluidity
and follows Newtonian liquid-like behavior due to forma-
tion of small globular type of micellar structure. Addition of
lipophilic nonionic cosurfactant ML to dilute or semidilute
solution of SDES decreases the interfacial curvature of the
aggregates favoring one dimensional micellar growth, and
hence, viscosity increases. After a certain concentration of
ML, the elongated micelles get entangled with each other
leading to the formation of viscoelastic wormlike micelles.
The viscoelastic solution follows Maxwell model of a
single stress relaxation mode at low-frequency region.
Further addition of ML decreases the viscosity of the
solution due to formation of micellar joints in the network
structure. The viscosity of the viscoelastic wormlike
micelles decreases upon heating, and the system with poor
viscoelastic character is observed at higher temperatures.

Keywords Sodium dodecyl trioxyethylene sulfate .

Monolaurin . Rheology .Wormlike micelles . Viscoelasticity

Introduction

It is well known that in aqueous solutions of long-chain
cationic surfactants, such as hexadecyltrimethyl ammonium
bromide, wormlike micelles are formed upon addition of
counterions such as salicylate or bromide ions [1–7]. The
counterions serve to reduce the electrostatic interactions
between the cationic head groups, thus, reducing the
interfacial curvature of the aggregates and thereby promoting
the one dimensional micellar growth. At certain concen-
trations, wormlike micelles typically become entangled into
a transient network, thereby imparting viscoelastic properties
[8] analogous to that observed in flexible polymer solutions.
Several reports on the formation of viscoelastic wormlike
micelles in mixed cationic–anionic, ionic–nonionic, and in
some cases, in zwitterionic surfactant systems are available
in the literature [9–14]. There are ample of recent reports on
wormlike micelles in mixed nonionic surfactants system
[15–19]. To the best of our knowledge, much less is known,
in comparison, regarding the formation and rheological
behavior of the wormlike micelles in anionic surfactants
system. Usually, anionic surfactants are biodegradable and
less toxic compared to cationic ones and are, therefore,
considered to be more environmentally friendly [20]. Hence,
the formation of wormlike micelles in the anionic surfactant
could offer many advantages in cosmetics, toiletry, and
pharmaceutical formulations.

Sodium dodecyl trioxyethylene sulfate (SDES) repre-
sents a class of surfactants widely used in the formation of
personal care and household cleaning products due to its
superb foaming properties and low price. Hence, the study
of the rheological properties of wormlike micelles in this
system is essential. Mu et al. [21–23] studied the
viscoelastic properties of wormlike micelles in SDES
aqueous solution with multivalent cations such as Al3+,
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Mg2+, Ca2+, and Na+. Recently, Aramaki et al. [24, 25]
observed the cosurfactant-induced micellar growth in the
same system. In order to enrich the knowledge about the
rheological properties of wormlike micelles formed by
SDES system in an aqueous solution, we decided to extend
the further study with monolaurin (ML) to fill this gap.

The paper at hand reports the rheological behavior of the
viscoelastic wormlike micellar solutions in the aqueous
system with mixed anionic surfactant (SDES) and ML. At
first, we present a partial phase diagram water–SDES–ML
system at 25 °C. Next; we discuss the effect of cosurfactant
concentration on the rheological properties at constant
concentration of SDES. Finally, effect of temperature on
the rheology of viscoelastic wormlike micelles is explained.

Experimental

Materials

An aqueous solution of sodium dodecyl trioxyethylene
sulfate CH3(CH2)10CH2(OCH2CH2)3OSO3

−Na+ (abbreviat-
ed as SDES) containing 24.7 wt.% of the surfactant was
obtained from Kao Corporation, Japan. ML was purchased
from Tokyo Chemical Industry Co., Ltd. Japan. All the
chemicals were used as received. Millipore water was used
throughout the experiment.

Phase diagram

Samples for phase diagram construction were prepared by
weighing the required amounts of reagents into test tubes
fitted with screw cap and mixed using a vortex mixer. The
samples were kept in a water bath at 25 °C for equilibration.
Phases were identified by visual observation (through
crossed polarizer).

Rheological measurements

Samples for rheological measurements were homogenized and
kept in water bath at specified temperature for at least 24 h to
ensure equilibration before performing measurements. The
rheological measurements were performed in a stress-con-
trolled rheometer, AR-G2 (TA Instrument), using cone-plate
geometries (diameters 60 mm for low-viscosity sample and
40mm for high-viscosity sample, eachwith a cone angle of 1°)
with the plate temperature controlled by peltier unit. A sample
cover provided with the instrument was used to minimize the
change in sample composition by evaporation during the
measurement. Frequency sweep measurements were per-
formed in the linear viscoelastic regime of the samples, as
determined previously by dynamic strain sweep measure-
ments. The zero-shear viscosity of the samples was determined

either from steady shear rate measurement of less viscous
samples by extrapolating the viscosity versus shear-rate curve
to zero shear-rate or from the values of Go and tR (see Eq. 3)
as obtained from oscillatory measurements.

Results and discussion

Phase behavior

A partial ternary phase diagram of water/SDES/ML system at
25 °C is shown in Fig. 1. In the water–SDES binary system,
an isotropic micellar solution (Wm) is formed up to the
maximum concentration of SDES (24.7 wt.%) at 25 °C. The
micellar solution of SDES can solubilize a significant amount
of ML, which is reflected from the micellar (Wm) domain in
the ternary phase diagram. Incorporation of ML in the
micellar aggregates of SDES reduces average head group
area at the interface or, in other words, reduces the interfacial
curvature, and beyond the solubilization limit of the Wm

phase, the Lα phase separates out from the isotropic solution.
Upon successive addition of ML to the micellar solution of
SDES in the dilute region, no significant change in viscosity
occurs, but as the surfactant concentration increases (≥10 wt.%
of SDES), addition of ML increases viscosity gradually at
first, then rapidly, and a viscous solution is observed. The
viscous solutions are isotropic at rest but are birefringent
when applied a shear, such as a sudden jerk. With further
addition of ML, viscosity decreases, and ultimately, a phase
separation occurs. The shaded area in the phase diagram
indicates the tentative viscous region inside Wm phase. The
present surfactant, SDES shows similar phase behavior in
ternary mixtures of SDES–water–alkanolamides or SDES–
water–polyoxyethylene dodecyl ether as reported by Aramaki

Fig. 1 Partial ternary phase diagram of water/SDES/ML system at
25 °C. Wm stands for the isotropic micellar solution, and Lα is the
lamellar liquid crystalline phase
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et al. [24, 25]. However, a wider viscous region of
viscoelastic wormlike micelles is observed with ML in
the present system.

Rheological behavior

Effect of surfactant concentrations

Figure 2 shows the steady shear-rate (g
�
)-viscosity (η)

curves for 10 wt.% SDES + ML systems at different
mixing fraction of ML, expressed in weight fraction of ML
in total surfactant (Ws) at 25 °C. At lower value of Ws, η is
independent of g

�
, i.e., Newtonian flow behavior is observed

up to g
� ¼ 1; 000 s�1. At Ws≈0.24, behavior is still New-

tonian over wide range of shear rate, but a small shear
thinning occurs at large deformation (g

� � 100 s�1). With
increasing Ws say up to Ws≈0.32, the critical shear rate, g

�
c

(the shear rate at which shear thinning occurs) shifts
gradually to lower values and also the viscosity in the
plateau region (low g

�
region) increases showing that the

system is getting more structured. In fact, the samples are
viscoelastic near this composition. However, with further
increase in ML concentration (at Ws≈0.35) the viscosity
decreases and higher deformation rate is required to induce
shear thinning. This indicates structural transformation
occurs after the viscosity maximum. One possibility is that
the system becomes less structured, i.e., micellar length
decreases and gradually network structure is lost. However,
such structural changes do not seem to be convincing
because the interfacial curvature should be continuously
decreasing with increasing ML concentration, and aggregates
with flat bilayer are formed finally at phase separation.

A more credible explanation for the change in the
rheological behavior is that with increasingWs, the spontane-
ous interfacial curvature of aggregate gradually decreases
and, as a result, energy required for the formation of

hemispherical end caps of the cylindrical micelles increases.
The end-cap energy can be minimized only if the free ends
fuse with cylindrical part of its own or other micelles, thus,
forming micellar joints or branching in the network structure
[26]. Such joints reduce the viscosity because when a stress
is applied, micellar joint can slide along the cylindrical body
(contour), thereby allowing a fast stress relaxation process. In
some surfactant systems, micellar connections or branching
points have been detected by cryogenic transmission electron
microscopy, especially in the region where the viscosity
decreases after the maximum [27–30]. Steady-shear meas-
urements on 15 wt.% SDES + ML systems show a similar
trend with increasing concentration of ML. The Newtonian
behavior is noticed at low ML concentration, while shear
thinning is observed at high ML concentration.

The effect of ML concentration on the viscosity growth
for the systems described in Fig. 2 can be seen more clearly
in Fig. 3, where zero-shear viscosity (η0) is plotted as a

Fig. 2 Steady shear-rate (g
�
)–viscosity (η) curves for 10 wt.% SDES +

ML systems at various mixing fraction of ML in total surfactant, Ws.
The measurements were carried out at 25 °C

Fig. 3 Variation of zero-shear viscosity (ηo) as a function of the
mixing fraction of ML in total surfactant, Ws, at two different SDES
concentrations

Fig. 4 Variation of elastic modulus, G′ (open symbols) and viscous
modulus, G′′ (closed symbols) as a function of oscillatory shear
frequency (ω) as obtained by frequency sweep measurement at 25 °C
for 15 wt.% SDES + ML systems at different mixing fraction of ML
in total surfactant, Ws. Solid lines represent the fittings to the
Maxwellian equation
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function of Ws. Above a certain value of Ws, the η0
increases rapidly and attains the maximum, followed by a
decline. The SDES concentration does not change the
maximum value of η0, but as the SDES concentration
increases, the η0–Ws curves shifts towards lower Ws values.
In other words, small amount of ML is required to achieve
comparable viscosity, which can be attributed to the decrease
in the effective area as, of the surfactant head group at the
interface with increasing SDES concentration. It is worth to
compare the rheological behavior of the present system with
the previously reported systems of same surfactant. The
SDES forms viscoelastic wormlike micelles in aqueous
systems when alkanolamides or polyoxyethylene dodecyl
ether is used as cosurfactants. However, rheological behavior
differs depending on the cosurfactants. The maximum zero-
shear viscosity obtained in the present system is comparable
to that of the SDES–water–polyoxyethylene dodecyl ether
and the SDES–water–N-hydroxyethyl-N-methyldodecana-
mide but less than the observed with the SDES–water–N-
hydroxyethyl-N-methylhexadecanamide [24, 25].

Dynamic oscillatory-shear (frequency sweep) measure-
ments were carried out on the viscous samples. The
representative plots of elastic modulus (G′) and loss
modulus (G′′) as a function of oscillatory shear frequency
(ω) for 15 wt.% SDES + ML systems at different Ws is

shown in Fig. 4. The arrows highlight the intersection point
of G′ and G′′.

The dynamic rheology data show that samples exhibit
viscoelastic character in the timescale of measurement, with
G′<G′′ in low-ω region and G′>G′′ in high-ω region. This
viscoelastic behavior is attributed to the entanglement of
wormlike micelles to form a transient network structure. In
the low-ω region, the data points of G′ and G′′ fits well to
following Maxwell’s mechanical model of viscoelastic
material described by the Eqs. 1 and 2, which considers a
single process for stress relaxation, characterized by
parameter tR called relaxation time.

G0 wð Þ ¼ w2t2R
1þ w2t2R

Go ð1Þ

G′′ wð Þ ¼ wtR
1þ w2t2R

Go ð2Þ

As it is evident from the Maxwell equations, at low-
frequency region ω <<ωc, G′ and G′′ scale with ω
according to G′∼ω2 and G′′∼ω. In the high-frequency
region or, more specifically, in the region ofω>>ωc, however,
G′ attains a plateau value equal to Go whereas G′′ shows a
monotonic decrease. The shear frequency corresponding
to G′–G′′, crossover ωc is equal to the inverse of tR.
Considering reptation or diffusion of wormlike micelles
along its own contour as the mechanism of stress relaxation
in the entangled network, as proposed by Cates et al., the
magnitude of tR is related to the average length of the
wormlike micelles, whereas Go is related to the number
density of entanglement in the transient network [31, 32].
The parameters Go and tR are related to ηo by the Eq. 3.

ho ¼ Go tR ð3Þ
Maxwellian mechanical model describes the rheological

behavior in the low-ω region, but at high-ω region, the
experimental data show a significant deviation, which is
generally considered to be due to faster relaxation processes
such as Rouse modes [31].

Fig. 5 Cole–Cole plots for 15 wt.% SDES + ML systems shown in
Fig. 4

Fig. 6 a Variation of shear
modulus (Go) as a function of
the mixing fraction of ML in
total surfactant (Ws) at different
SDES composition at 25 °C and
b the corresponding relaxation
time (tR). The solid lines are
visual guide
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As it can be seen from Fig. 4, with increasing Ws, the
frequency at which the G′ and G′′ cross shifts towards
lower value and attains the lowest value at a composition
corresponding to viscosity maximum (Ws=0.25). With
further increasing concentration of ML, the crossover
frequency, ωc, (the frequency at which G′ and G′′ cross)
finally shifts towards the higher value indicating a faster
stress relaxation with poorer viscoelastic behavior. The
good fitting of Maxwell model to the experimental data is
sometimes difficult to be determined. A Cole–Cole plot
(plot of G′′ as a function of G′) can easily visualize how
well the data fits to Maxwell model. The Cole–Cole plots
of the 15 wt.% SDES + ML systems at different Ws are
presented in Fig. 5. The experimental data points closely
follow Maxwell behavior with a semicircular behavior in
the Cole–Cole plot.

Figure 6 shows the variation of rheological parameters
Go and tR as function of Ws. These parameters are obtained
by fitting of the experimental data from frequency sweep
measurements, especially the data in low-frequency region,

to the Maxwell equations. As in the case of the systems
described in Fig. 4, G′ at the high-ω region (say G

0
1) is

often higher than perfect plateau value (Go) as predicted by
Maxwell equations. Therefore, the values of Go estimated
from Maxwell equations should be considered as the lower
limit for the shear modulus.

The shift of the ηo and tR curves toward the lower Ws

values in the ηo–Ws (Fig. 3) and tR–Ws (Fig. 6b) plots upon
increasing the SDES concentration in the mixed system
corresponds to the higher extent of linear micellar growth.
This is also evident from the increase in Go or network
density upon increasing surfactant concentration (Fig. 6a).
The lower value of tR at the maximum in 15 wt.% SDES +
ML systems in comparison to that in 10 wt.% SDES + ML
systems should not be considered as a lower extent of
micellar growth in the former system. Instead, it might have
arisen from the fact that with increasing surfactant
concentration the spontaneous curvature decreases and the
system favors micellar branching even at lower value of Ws

so as to minimize energy cost of the formation of end caps.
Continuous increase of Go in the given composition range
where ηo and tR decrease after a certain ML concentration
shows that after branching the network density grows until
the phase separation occurs. There are indications that the
local structure at branching points evolve toward bilayer
structure and ultimately separates out.

Fig. 7 Variation of (a) viscosity
(η) with shear rate (g

�
) at differ-

ent temperatures and (b) zero-
shear viscosity (ηo) with 1/T in a
semilog (Arrhenius) plot for
10 wt.% SDES + ML (Ws=0.32)
system

Fig. 8 Variation of elastic modulus, G′ (open symbols) and viscous
modulus, G′′ (closed symbols) as a function of oscillatory shear
frequency (ω) as obtained by frequency sweep measurement at
different temperatures. The sample composition is fixed to 10 wt.%
SDES + ML (Ws=0.32). Circles (25 °C), triangles (30 °C), diamond
(35 °C), and squares (40 °C). Solid lines represent the fittings to the
Maxwellian equation

Fig. 9 Shear modulus (Go) (left) and relaxation time (tR) (right) at
different temperatures. The sample composition is fixed to 10 wt.%
SDES + ML (Ws=0.32). The solid lines are visual guide
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Effect of temperature

Temperature is a key parameter having major influence on
the micellar structure and the rheological behavior of
wormlike micellar solution. In poly(oxyethylene) type
nonionic aqueous surfactant systems, temperature effect is
pronounced. Namely, as we increase temperature, the
micellar length increases due to dehydration of oxyethylene
unit and consequently viscosity increases. Compared to the
nonionic surfactant systems, temperature effect is less
pronounced in the ionic surfactant systems. Figure 7 shows
the effect of temperature on the steady shear rheology of
10 wt.% SDES + ML (Ws=0.32) system. The data show
that the samples become less viscous upon heating. The
critical shear rate g

�
c increases with increasing temperature.

The value of g
�
c increases by approximately one order of

magnitude upon increasing temperature from 25 to 40 °C
(see Fig. 7a). On the other hand, the zero-shear viscosity
decreases exponentially with temperature as proven by the
Arrhenius plot of log ηo versus 1/T in Fig. 7b. This
exponential decay of viscosity with temperature is in
accordance with the well-known Eq. 4 for wormlike
micelles [32, 33].

h0 ¼ Ae
Ea
RT ð4Þ

where Ea is the flow activation energy, R is the universal
gas constant, and A is a constant. The value of flow
activation energy is calculated to 125.3 kJ/mol from the
slope of the straight line fit in the Fig. 7b. This value of
flow activation energy lies in the range of 70–300 kJ/mol
reported values for other wormlike micelles in other
systems [33–37]. The exponential decay in the viscosity
with temperature may be due to the formation of the
micellar joints in the network structure [33, 38].

The effect of temperature on the oscillatory-shear
rheological behavior of a viscoelastic sample with compo-
sition 10 wt.% SDES + ML (Ws=0.32) is presented in
Fig. 8. The data points of G′ and G′′ can be well fitted to the
Maxwell model with a single relaxation at lower frequen-
cies. With increasing temperature, the entire frequency
spectrum shifts to the right (i.e., to higher frequencies). The
shift in crossover frequency ωc to higher value indicating
that the relaxation time tR decreases with temperature;
hence, the system exhibits less viscoelastic character.

With increasing temperature, Go shows a monotonic
increase up to a certain temperature (35 °C) and after that, it
decreases slightly (see Fig. 9). On the other hand, tR
decreases continuously with rise in temperature. Since the
density of the entanglements of the wormlike micelles
increases with increasing temperature (up to 35 °C), the
decrease in viscosity with temperature (up to 35 °C) can be
attributed to the micellar branching. Above this tempera-

ture, the reason of micelles shortening for the drop in
viscosity seems to be plausible as Go decreases.

Summary

Rheological behavior of viscoelastic wormlike micelles
formed in an aqueous solution of mixed SDES and ML is
reported. Addition of lipophilic nonionic cosurfactant ML
to the semidilute solution of SDES reduces the interfacial
curvature of the aggregates and induces one dimensional
micellar growth. With successive addition of the ML,
viscosity increases rapidly to form viscoelastic solution.
After the maximum viscosity is achieved, further addition
of ML leads to viscosity decrease due to branching of
wormlike micelles and ultimately a phase separation occurs.
The dynamic rheological behavior of the viscoelastic
solution can be described by Maxwell model at low-
frequency region, which is typical behavior of wormlike
micelles. Increasing temperature decreases the viscosity and
the system with poor viscoelastic character is observed at
higher temperatures.
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