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We propose a new combination of an anionic (potassium oleate) and cationic (n-octylpyridinium chloride) surfactants that are able to selfassemble into long cylindrical (wormlike) mixed micelles in water. The solutions have strong viscoelastic properties with viscosity up to
300 Pa·s and elastic modulus around 20 Pa, which are attributed to the formation of an entangled micellar network. We discover that with an
increase in the molar ratio of cationic to anionic surfactant, the solutions first increase drastically their viscosity and elasticity due to the growth
of micelles in length and formation of the network, but then the rheological parameters slightly decrease, possibly due to micellar branching or
shortening. The addition of cationic surfactant also induces the increase of difference between scission energy and micellar electrostatic energy,
which is explained both by stronger binding of surfactants within the micelle and decrease of the micellar net charge.
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1.

Introduction

Long entangled wormlike micelles of surfactants can impart to aqueous solutions pronounced viscoelastic
properties [1–15], which are quite sensitive to external stimuli: ionic strength [2,8], type of salt [11,15], temperature
[10], various additives including polymers [6, 7] and hydrocarbons [12–14]. Such responsiveness is provided by
the self-assembled character of micellar chains formed by weak non-covalent interactions [1, 9]. Due to responsive
viscoelastic properties the wormlike micellar solutions have found use as thickening agents in a wide range of
industrial applications including oil recovery [16, 17].
Wormlike micelles can be formed by many common ionic surfactants upon addition of salt [2, 8, 11, 15],
which shields the repulsion between similarly charged surfactant heads thus making the cylindrical packing more
favorable in comparison with spherical one. Since a wormlike micelle consists of a cylindrical central section
and semi-spherical end-caps, the increase of the fraction of cylindrical parts at the expense of the spherical ones
suggests the growth of wormlike micelles in length.
An alternative approach to obtain wormlike micelles consists in the use of the mixture of two oppositely
charged surfactants [3–7]. In this case, the screening of repulsion is even more effective because cationic and
anionic surfactant heads are located in close proximity to each other. However, when the composition approaches
equimolarity, such mixtures often have a tendency to precipitate [3, 5]. To avoid phase separation, it is necessary
to take the surfactants differing significantly in the length of hydrophobic tails [4]. At the same time, the
tail of one of the surfactants should not be too short, otherwise it will be unable to tune the formation of long
micelles [4]. For instance, in the case of sodium oleate, it was demonstrated that its mixture with n-decyl- (C10 TAB)
or n-dodecyltrimethylammonium bromide (C12 TAB) easily phase separates, whereas n-hexyltrimethylammonium
bromide (C6 TAB) does not induce the formation of long wormlike micelles [4]. Only n-octyltrimethylammonium
bromide (C8 TAB) gives long micelles without phase separation, even at equimolar ratio [4, 6, 7]. Thus, the search
of an optimally oppositely charged surfactant, which can form long wormlike micelles but avoid precipitation, is a
significant challenge.
In the present paper, we propose a new surfactant that induces the formation of long wormlike micelles of
potassium oleate and study the rheological properties of the micellar solutions at different surfactant mixture ratios.
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Experimental part
Materials

Potassium oleate (purity > 98 %) was purchased from TCI, n-octylpyridinium chloride (C8 Pyr, purity > 96 %)
was obtained from Chemos GmbH, potassium hydroxide (purity > 98 %) was purchased form Acros. All reagents
were used as received. The solutions were prepared in distilled deionized water purified by the Millipore Milli-Q
system.
For the preparation of the samples, aqueous stock solutions of potassium oleate and C8 Pyr were first made by
dissolving the reagents in water overnight by gentle mixing using a magnetic stirrer. Then, pH of the solutions
was adjusted to 11.0±0.1 by adding potassium hydroxide. After that, stock solutions were mixed in appropriate
quantities, and the volume was adjusted by adding 10−3 M KOH (pH 11.0). The obtained samples were mixed by
a magnetic stirrer for 1–2 days and left to equilibrate for several days prior to examination.
2.2.

Rheology

In the rheological experiments, a stress-controlled rotational rheometer Physica MCR 301 (Anton Paar, Austria)
was used. The details of the measurements are described elsewhere [6,18]. Cone-plate geometry (diameter 50 mm,
cone angle 1 ◦ ) was used for highly viscous samples (with zero-shear viscosity η0 > 0.1 Pa·s). Double gap coaxial
cylinders (mean diameter 26.4 mm, height 40 mm, gap 0.42 mm) were used for solutions with lower viscosity
(η0 < 0.1 Pa·s). Temperature was set at 20.00±0.05 ◦ C by Peltier elements. A specially constructed measurement
cell cover was used to prevent solvent evaporation from the sample during measurement. Prior to investigation,
highly viscous and viscoelastic samples were kept in the measurement cell for 10 min in order to equilibrate them.
In oscillatory shear tests, the angular frequency dependences of the storage G0 (ω) and loss G00 (ω) moduli were
measured. All experiments were performed in the linear viscoelastic regime at the deformation amplitudes (γ) of
0.5–5 %, at which the storage and loss moduli were independent of deformation amplitude. In order to find the
range of amplitudes corresponding to linear viscoelasticity, amplitude sweep tests were first performed, in which the
frequency was fixed at 10 rad/s and the deformation amplitude was varied from 0.01–100 %. The plateau storage
modulus G0 was determined from the G0 (ω) curves at the frequency ωmin where G00 reaches a minimum. The
longest relaxation time τ was estimated from the frequency ω0 where G0 (ω) and G00 (ω) intercept, as τ = 1/ω0 .
In steady shear tests, the dependences of viscosity on shear rate (flow curves) were measured. Zero-shear
viscosity η0 of shear-thinning samples was found by fitting the data with the Carreau–Yasuda model, and η0 for
low-viscous samples was taken as a value at a plateau at shear rates 1–20 1/s, where viscosity is independent of
the applied shear rate.
3.

Results and discussion

In this article, we studied the rheological properties of anionic (potassium oleate) and cationic (n-octylpyridinium
chloride or C8 Pyr) surfactant mixtures in aqueous solutions. In all experiments, the content of potassium oleate was
fixed at 62 mM (2 wt %). This concentration is much higher than its critical micelle concentration (cmc), which
equals to ∼ 0.9 mM [19], therefore, at this concentration, potassium oleate forms micelles itself in the absence of
C8 Pyr. The concentration of C8 Pyr was varied in the range 0–100 mM (0–2.3 wt %), which corresponds to the
molar ratios [C8 Pyr] / [potassium oleate] from 0 to 1.6.
At all the molar ratios under study, the solutions were homogeneous and transparent, and no phase separation
was observed. This fact indicates that the attraction force between anionic and cationic surfactant molecules,
which arises both from electrostatic attraction of their oppositely charged head groups and hydrophobic interaction between alkyl tails, is not too strong to cause precipitation of catanionic complex. Such a precipitation is
inherent for surfactants with lower asymmetry in hydrophobic tail length, e.g. for mixtures of sodium oleate with
alkyltrimethylamonium bromides with C10 and C12 tails [4]. In our case, no phase separation is seen even at
equimolar composition. According to the literature data, high tail length asymmetry and weaker attraction between
anionic and short-chain cationic surfactants leads to the incorporation of cationic species into anionic micelles and
to the formation of mixed micelles [4].
The rheological properties of mixed anionic / cationic surfactant solutions were studied at different molar ratios
[C8 Pyr] / [potassium oleate]. The flow curves are presented in Fig. 1. It is seen that in the absence of C8 Pyr,
the viscosity is very low (0.0012 Pa·s) and nearly equal to that of water. At these conditions, spherical potassium
oleate micelles are formed, as was shown by literature data [20]. Drastic changes in the rheological behavior are
seen upon progressive addition of C8 Pyr (Fig. 1). The viscosity increases by more than 5 orders of magnitude and
reaches 300 Pa·s for the molar ratio [C8 Pyr] / [potassium oleate] = 0.5. Also, one can note that at molar ratios 0.4
and higher, the solutions exhibit strong shear-thinning behavior (Fig. 1).
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F IG . 1. Flow curves for 62 mM potassium oleate aqueous solutions containing different amounts
of C8 Pyr corresponding to molar ratios [C8 Pyr]/[potassium oleate]: 0 (circles), 0.20 (reverse
triangles), 0.40 (squares), 0.45 (triangles), 0.50 (diamonds) at 20 ◦ C
The frequency dependences of the storage (G0 ) and loss (G00 ) moduli (Fig. 2) show that upon addition of
C8 Pyr, the solutions attain strong viscoelastic properties. A well-defined high-frequency elastic plateau appears
at G0 (ω) curve, whereas the intercept point ω0 between G0 (ω) and G00 (ω) curves shifts to lower frequencies (by
more than two orders of magnitude), indicating the increase of the terminal relaxation time of the system τ , since
τ = 1/ω0 . These effects can be explained by the progressive incorporation of C8 Pyr molecules into potassium
oleate micelles, resulting in the screening of electrostatic repulsions between the charged oleate head groups, which
reduces the average distance between them. This leads to the change of molecular packing parameter of surfactant
molecules and to the transformation of spherical micelles into cylindrical ones. When the content of C8 Pyr is
increased, cylindrical (wormlike) micelles grow in length and form an entangled network, thus imparting high
viscosity and viscoelastic properties to the solutions.

F IG . 2. Frequency dependences of storage G0 (filled symbols) and loss G00 (open symbols) moduli for 62 mM potassium oleate aqueous solutions containing different amounts of C8 Pyr corresponding to molar ratios [C8 Pyr]/[potassium oleate]: 0.40 (squares), 0.45 (triangles), 0.50 (diamonds), 0.60 (circles), 0.70 (reverse triangles), 0.80 (stars), 1.00 (pentagons) at 20 ◦ C
Figures 3 and 4 show the dependences of the rheological parameters (zero-shear viscosity η0 , relaxation time τ
and plateau storage modulus G0 ) on C8 Pyr concentration. It can be seen that the viscosity and relaxation time first
grow, show a maximum around the molar ratio [C8 Pyr] / [potassium oleate] = 0.5, and then decrease. Such behavior
was observed for many wormlike surfactant micellar systems [4, 8, 20, 21] including anionic / cationic surfactant
mixtures [4]. Initial growth was explained by the increase of the length of linear micelles so that the maximum
viscosity corresponds to the formation of longest linear wormlike chains. Further decrease of η0 and τ after the
maximum is usually attributed to the formation of branched micelles [9]. However, in mixed anionic / cationic
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surfactant systems it may also be due to the shortening of micellar chains as was demonstrated for sodium oleate /
C8 TAB micelles by cryo-transmission electron microscopy [22]. But one should note that the experiments in the
last paper [22] were performed at constant total concentration of cationic and anionic surfactants and therefore the
amount of long-chain anionic surfactant was decreased as the cationic short-chain surfactant was added, which may
favor a decrease of micellar length. In contrast, in the present paper, we keep the anionic surfactant concentration
constant. Therefore, one can suppose that for the potassium oleate / C8 Pyr system under study, both branching and
shortening of the micelles can be a reason for the decrease of the rheological parameters after the maximum.
As to the elastic modulus G0 , it grows at molar ratios up to 0.7 and then stays nearly constant (Fig. 4b).
The growth, which mainly occurs in the region of steep viscosity increase, can be attributed to the progressive
formation of an entangled network of micelles. Indeed, G0 is known to be proportional to the number density of
entanglements ρ [23]:
G0 ∼ ρkT,
where k is the Boltzmann constant, and T is the absolute temperature. In wormlike micellar solutions, there is a
wide distribution of micellar lengths, and the solutions contain, in particular, very short micelles. At increasing
molar ratio [C8 Pyr] / [potassium oleate], the short micelles become longer than the entanglement length and start
to contribute to G0 [24]. At the molar ratio close to 0.7, the micelles become presumably so long that further
change of their size does not influence the number of entanglements in the system.

F IG . 3. Dependences of zero-shear viscosity η0 on the molar ratio [cationic]/[anionic] surfactant
for 62 mM aqueous solutions of potassium oleate and different concentrations of C8 Pyr (circles)
or C8 TAB (triangles) at 20 ◦ C

F IG . 4. Dependences of terminal relaxation time τ (a) and plateau storage modulus G0 (b) on
the molar ratio [cationic]/[anionic] surfactant for 62 mM aqueous solutions of potassium oleate
and different concentrations of C8 Pyr at 20 ◦ C
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Figure 3 compares the effect of two different cationic surfactants with the same hydrophobic tail length (C8)
but different chemical structure of the polar head on the viscosity of mixed anionic / cationic surfactant solutions.
It can be seen that both curves are nearly of the same shape with strongly increasing viscosity at low molar ratios,
a maximum, and a slight decrease of viscosity at high cationic surfactant concentrations. This means that the
chemical structure of the cationic surfactant polar head has minor influence on the behavior of mixed micelles,
which is mostly controlled by the length of its hydrophobic tail [4]. However, it is seen that the maximum for
C8 Pyr is slightly shifted to lower concentrations compared to C8 TAB, and the difference between C8 Pyr and
C8 TAB grows with their increasing concentration after the maximum. This is probably due to more effective
screening of electrostatic repulsions by C8 Pyr polar head, in which the charge is more accessible than in C8 TAB,
where it is sterically shielded by three methyl groups, or by somewhat higher hydrophobicity of C8 Pyr head group
in comparison with C8 TAB. Thus, cationic surfactant with pyridinium polar head allows one to obtain solutions
with highest viscosity at lower concentration than its trimethylammonium counterpart.
The results obtained show that the molar ratio of cationic to anionic surfactants in wormlike micelles plays a
key role in controlling their rheological properties by tuning the micellar length and morphology. All the experiments in this work were performed without added low molecular weight salt, therefore, electrostatic interactions
between anionic and cationic surfactant molecules and the amounts of both negative and positive charges are of
the major influence on the behavior of the system. Changing the charge ratio (that is, the molar ratio of cationic to
anionic surfactants incorporated into the micelles) should affect two main micellar characteristics: 1) the strength
of surfactants binding, which determines the micellar scission energy Esc – the energy needed to break a micelle
into two shorter micelles, 2) the net charge of micelles, which controls the micellar electrostatic energy Ee [9].
When a micelle is cut into two pieces, two hemispherical end-cap need to be formed from the cylindrical part,
therefore, the scission energy is equal to the difference between the energy of a cylindrical part and spherical
end-cap (containing the same amount of surfactant molecules): Esc = Ecyl − Esph . The higher the scission energy,
the more energetically favorable are cylindrical parts compared to spherical end-caps, meaning the formation of
longer micelles. On the contrary, higher electrostatic energies result in stronger repulsion between the micelles,
thus preventing the formation of longer ones. Therefore, the difference between Esc and Ee controls the mean
length of charged micelles L at low ionic strength [9] via the equation:
L ∼ ϕ1/2 exp((Esc − Ee )/2kT ),
where ϕ is the volume fraction of the surfactants, k is the Boltzmann constant, and T is the absolute temperature.
The values of Esc − Ee for C8 Pyr / potassium oleate micelles were estimated from the rheological data.
Fig. 5a presents the frequency dependences G0 (ω) and G00 (ω) at different temperatures for the molar ratio
[C8 Pyr]/[potassium oleate] = 0.6. From these dependences the values of the plateau modulus G0 and the loss
modulus at high-frequency minimum G00min were determined, which are related to the average contour length L of
micelles by equation [25]:
L/le ≈ G0 /G00min ,
where le is the entanglement length. It is argued in the literature that le is independent of temperature [26, 27],
therefore, Esc – Ee can be determined as a slope of the dependence of ln(G0 /G00min ) on 1/T (Arrhenius plot).
These plots for different [C8 Pyr] / [potassium oleate] molar ratios are presented in Fig. 6, and the calculated values
of Esc − Ee are given in Fig. 7.
From Fig. 7, it is seen that the difference between scission energy and micellar electrostatic energy increases
more than twofold when the molar ratio [C8 Pyr] / [potassium oleate] is raised from 0.6 to 0.9. This observation may
be explained by two reasons. First, changing the charge ratio between cationic and anionic surfactants may affect
the strength of the surfactants’ binding. Indeed, incorporation of more cationic species between strongly repelling
anionic surfactant polar heads reduces the repulsion between them, thus effectively “binding” them together, which
increases the micellar scission energy Esc . Second, the increase of cationic to anionic surfactant molar ratio (when
it still remains below unity) reduces the net micellar charge thus lowering the micellar electrostatic energy. Namely,
Ee is proportional to ν 2 ϕ1/2 , where ν is the effective charge per unit length, and ϕ is the total surfactant volume
fraction [9]; thus, one can estimate that when the molar ratio [C8 Pyr] / [potassium oleate] is increased from 0.6 to
0.9, Ee drops by approximately 15 times.
So, the length of the micelles is governed both by scission and electrostatic energy, and temperature. When the
solutions are heated, the micellar length decreases, exponentially resulting in reduced viscosity. Typical frequency
dependences of the complex viscosity modulus |η ∗ | at different temperatures are presented in Fig. 5b for the molar
ratio [C8 Pyr] / [potassium oleate] = 0.6. It is seen that the low-frequency plateau (representing the viscosity of the
system [28]) lowers at heating. From temperature dependence of viscosity the flow activation energy Ea can be
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F IG . 5. Frequency dependences of storage G0 (filled symbols) and loss G00 (open symbols)
moduli (a) and complex viscosity modulus |η ∗| (b) for 62 mM potassium oleate aqueous solutions
in the presence of C8 Pyr (molar ratio [C8 Pyr] / [potassium oleate] = 0.6) at different temperatures
(◦ C): 20 (circles), 23.5 (triangles), 30 (diamonds), 37.5 (squares)

F IG . 6. Dependences of ln(G0 /G00min ) (a) and ln(η0 ) (b) on 1/T for 62 mM potassium oleate
aqueous solutions in the presence of different amounts of C8 Pyr corresponding to molar ratios
[C8 Pyr] / [potassium oleate]: 0.6 (squares), 0.7 (circles), 0.8 (diamonds), 0.9 (triangles)

F IG . 7. Dependences of the difference between scission energy and electrostatic energy Esc − Ee
(a) and flow activation energy Ea (b) on the molar ratio [cationic]/[anionic] surfactant for 62 mM
aqueous solutions of potassium oleate and different concentrations of C8 Pyr at 20 ◦ C
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estimated according to the equation [29]:
η ∼ exp(Ea /kT ).
The values of Ea determined from the Arrhenius plots ln η vs 1/T (Fig. 6b) at different C8 Pyr content are
presented in Fig. 7. They are similar to the values reported in literature for different surfactant systems [30, 31].
From Fig. 7 it is seen that Ea does not significantly change upon variation of C8 Pyr content indicating that the
responsiveness of viscous properties of mixed wormlike micellar solutions to heating is almost unaltered by their
composition.
4.

Conclusions

In this paper, new mixed wormlike micelles consisting of anionic fatty acid salt surfactant and cationic
surfactant from the alkylpyridinium family were prepared and investigated. It was discovered that at moderate
surfactant concentrations (about 3 wt % total surfactant) the solutions have high viscosity (5 magnitude higher than
the viscosity of water) and strong viscoelasticity, which was explained by the formation of an entangled network
of wormlike micelles due to incorporation of a short-chain cationic surfactant into anionic micelles and effective
screening of electrostatic repulsions on the micellar surface. Temperature measurements at different cationic /
anionic surfactant molar ratios revealed that viscoelastic properties of the system are governed both by binding
strength of surfactant molecules within the micelle and electrostatic effects. The findings of this paper provide a
new way of creating effective surfactant compositions for solutions with highly controllable mechanical properties,
with great potential for application, e.g. as thickening agents in the petroleum industry.
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