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Rheological studies were performed with aqueous salt solutions of anionic surfactant potassium oleate and its
mixtures with hydrophobically modified polyacrylamide. Semidilute solutions of the surfactant in the presence of salt
(KCl) demonstrate viscoelastic properties due to the formation of a transient network of entangled wormlike micelles.
These systems are highly responsive to hydrocarbons: the addition ofn-heptane orn-dodecane reduces the viscosity
of solutions by up to 4 to 5 orders of magnitude, thus inducing the transition of a gellike system to a fluid one. It
is the transformation of cylindrical surfactant micelles into spherical ones upon absorption of hydrocarbon that disrupts
the network. The addition of a small amount (0.5 wt %) of associating polymer leads to up to a 5000-fold increase
in the zero-shear viscosity and enhances the susceptibility to hydrocarbons. SANS data show that independently of
the presence of polymer the radius of wormlike micelles is roughly equal to the length of a surfactant molecule, whereas
the radius of spheres formed upon the absorption of hydrocarbon is 2-2.5-fold higher. A possible structure of the
spherical micelles is discussed.

Introduction
Highly responsive or environmentally sensitive systems are

often prepared on the basis of polymeric networks.1-3 However,
the responsive properties may be significantly enhanced if instead
of polymer long micellar chains are used. These wormlike micelles
can entangle with each other, forming transient networks that
exhibit viscoelastic behavior. In contrast to polymer, the wormlike
micellar chains of such viscoelastic surfactants (VESs) are formed
as a result of weak noncovalent interactions; therefore, they can
easily change their shape and size in response to the small variation
of external conditions such as temperature, surfactant concentra-
tion, ionic strength, and additives.4-21 To get an enhanced

sensitivity to external factors, it is enough to replace only part
of the polymer chains by wormlike surfactant micelles. As soon
as wormlike micelles change their shape in response to an external
trigger, the entire network is disrupted.

Surfactant/polymer interactions have been studied very
intensively in past decades,20-35 but most of the investigations
mainly dealt with spherical micelles. Only a few studies20,21,32-35

weredevoted topolymers interactingwith longwormlikemicelles.
It was shown that polymers can either destroy or strengthen
transient networks formed by threadlike surfactant micelles. The
addition of nonionic polymers poly(ethylene glycol) (PEG) and
poly(propylene glycol) (PPG) to aqueous salt solutions of anionic
surfactant-potassium oleate induces the disruption of the micellar
network.33 Cryo-TEM shows33 that it is due to the transition of
cylindrical micelles of potassium oleate present in solution in
the absence of polymer to spherical micelles appearing upon
addition of polymer. The analogous disruption of the network
as a result of the transition of wormlike micelles to spherical
ones was also observed for cationic surfactant cetyltrimethyl-
ammonium salicylate interacting with nonionic polymers poly-
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(vinyl methyl ether) and PPG.34 Such behavior was explained
as follows.34 When polymers contain hydrophobic moieties in
each repeat unit, the polymer chains wrap around the surface of
surfactant aggregates, thereby reducing the unfavorable core-
water contact at the surface of the micelles. Because the surface/
volume ratio is larger for spherical micelles than for cylinders,
polymer accumulated on the micelle surface induces a sphere
transition in the cylinder. By contrast, hydrophilic polymers that
contain some hydrophobic segments, such as PEG end-capped
with an n-octadecyl chain, do not alter the wormlike structure
of micelles.32 Most probably, such polymers prefer to reside in
water and to be in contact with micelles only by hydrophobic
units. Therefore, to get polymer/surfactant systems with high
viscosity, it is necessary to use hydrophilic polymers with some
fraction of hydrophobic units, such as hydrophobically modified
polyacrylamide (HM PAAm).20 The preparation of the VES/
polymersystemwithenhancedviscositymayallowone to increase
significantly the responsive properties of the system: the higher
the initial viscosity, the larger the amplitude of its drop upon
disruption of the network.

All experiments demonstrating a pronounced viscosity increase
upon addition of polymer were performed with cationic VESs.20,35

To the best of our knowledge, no significant increase in viscosity
was observed up to now upon addition of polymer to an anionic
VES. This gap is filled in the present article.

The aim of this study is to get a highly responsive system on
the basis of a self-assembled network consisting of two kinds
of subchains: one of them being composed of polymer, and
another one, of anionic wormlike micelles. As the anionic VES,
we have chosen potassium oleate. Fatty acids and their salts are
especially attractive for the study of surfactant self-assembly
because they can form a wide range of aggregation structures
including spherical and wormlike micelles, lamellar bilayers,
and so forth as a result of the ability of their carboxyl headgroups
to be ionized and to form hydrogen bonds.36-38

The hydrocarbons were chosen as an external trigger that
induces the disruption of the network. This is a nontrivial trigger
for water-swollen networks. Usually, organic solvents miscible
with water (such as ethanol or acetone) are used for this purpose.
Moreover, networks consisting of only associating polymer
(without VES) do not demonstrate an appreciable responsiveness
with respect to alkanes. To obtain susceptibility to hydrocarbons,
very labile VES micelles should be present in the system. The
designed hydrocarbon- or oil-responsive networks are very
promising for practical application in the oil industry for use in
fracturing fluids, especially at the stage where the porous space
between particles should be cleaned from the residuals of the
viscous fluid to allow oil to drain into the well bore.39,40

Experimental Section
Materials. Potassium oleate (40 wt % solution in water) was

purchased from Aldrich and used without further purification. Its
critical micelle concentration in water is (7-14) × 10-4 M.38,41

n-Heptane (purity>99%) andn-dodecane (purity>99%) from
Merck-Schuchardt as well as KCl (purity>99.8%) supplied by
Helicon were used as received.

Polymer Synthesis.A polymer sample of HM PAAm (Chart 1)
was synthesized by free-radical micellar copolymerization of acryl-
amide (84.2 mol %), sodium acrylate (15 mol %), andn-dode-

cylacrylamide (0.8 mol %) with ammonium persulfate as the initiator
(4.4 × 10-3 mol/L) and SDS as a surfactant solubilizing the
hydrophobic monomer in the aqueous medium. The polymerization
was allowed to proceed for 2 to 3 h at 50°C. After that, the polymer
was twice precipitated in a methanol/acetone mixture. The molecular
weight of the prepared polymer was determined by gel permeation
chromatography in solvent containing 70 vol % 0.1 M NaNO3(aq)
and 30 vol % acetonitrile according to the technique published
elsewhere.42 It was determined that the polymer under study has a
molecular weight of 8× 105 g/mol.

Samples Preparation.Surfactant and surfactant/polymer samples
were prepared by mixing appropriate quantities of aqueous stock
solutions of surfactant, polymer, and salt with distilled deionized
water. Water was purified by the Millipore Milli-Q system. Samples
for SANS measurements were prepared in heavy water. D2O (99.9%
isotopic purity) was supplied by Merck. The samples were stirred
and left to equilibrate at room temperature for 1 day. The
concentrations of the components were varied in the following
range: 0.005-3 wt % of surfactant and 1-10 wt % of KCl; the
polymer concentration was fixed at 0.5 wt %.

Rheology.Steady shear and dynamic shear (i.e., small-amplitude
oscillatory shear) rheological measurements were carried out on a
controlled-stress Rheometer Haake 150 L. All tests were done at 20
( 0.5 °C.

In static shear measurements, the shear stress was varied in the
range of 0.002-100 Pa. For small stress values, the experiments
were carried out with double-gap coaxial cylinders (cup of 20.28
mm diameter, 18 mm bob, and 55 mm height), whereas for higher
stresses a cone-plate sensor with a diameter of 35 mm and a cone
angle of 2° was used. In these experiments, the zero-shear viscosity
(η0) was determined.

Dynamic shear measurements were taken over the frequency range
of 0.001-10 Hz using a cone-plate sensor. The values of the stress
amplitude were checked in order to ensure that all measurements
are performed within the linear viscoelastic region, where the dynamic
storage modulus (G′) and loss modulus (G′′) are independent of the
applied stress.

SANS Measurements.SANS experiments were performed with
the two-detector system43 YuMO instrument of high-flux pulsed
reactor IBR-2 at the Frank Laboratory of Neutron Physics, Joint
Institute for Nuclear Research, Dubna, Russia. Sample holders were
specially designed homemade dismountable disklike quartz cells
with a diameter of 2 cm and a path length of 2 mm. The samples
were kept at 20( 0.03 °C in a special thermal box connected to
a Lauda computer-controlled thermostat.

All data were treated according to standard procedures of small-
angle isotropic scattering.44The spectra were corrected for the sample
transmission, sample thickness, and electronic noise. A vanadium
normalization procedure was also applied.44 Subtraction of the
incoherent background was made by using a blank solvent (6 wt %
KCl in D2O) spectrum and estimating the incoherent contribution
of the polymer. The SANS intensity distribution was then presented
as a function of the magnitude of the scattering vectorQ ) (4π/
λ)sin(θ/2), whereλ is the neutron wavelength andθ is the scattering

(36) Haines, T. H.Proc. Natl. Acad. Sci. U.S.A.1983, 80, 160.
(37) Edwards, K.; Silvander, M.; Karlsson, G.Langmuir1995, 11, 2429.
(38) Fukuda, H.; Goto, A.; Yoshioka, H.; Goto, R.; Morigaki, K.; Walde, P.

Langmuir2001, 17, 4223.
(39) Maitland, G. C.Curr. Opin. Colloid Interface Sci.2000, 5, 301.
(40) Chase, B.; Chmilowski, W.; Marcinew, R.; Mitchell, C.; Dang, Y.; Krauss,

D.; Nelson, E.; Lantz, T.; Parham, C.; Plummer, J.Oilfield ReV. 1997, 9, 20.
(41) Reiss-Husson, F.; Luzzati, V.J. Phys. Chem.1964, 68, 3504.

(42) Blagodatskikh, I. V.; Sutkevich, M. V.; Sitnikova, N. L.; Churochkina,
N. A.; Pryakhina, T. A.; Philippova, O. E.; Khokhlov, A. R.J. Chromatogr., A
2002, 976, 155.

(43) Kuklin, A. I.; Islamov, A. Kh.; Gordeliy, V. I.Neutron News2005, 16,
16.

(44) Soloviev, A. G.; Solovieva, T. M.; Stadnik, A. V.; Islamov, A. Kh.;
Kuklin, A. I. Commun. Jt. Inst. Nucl. Res., Dubna2003, P10-2003-86.

Chart 1. Chemical Structure of HM PAAm under Study
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angle. The data were recorded in theQ range of 0.009-0.5 Å-1. The
Fitter program was used to fit the experimental curves to ball models.45

SANS arises from the spatial variations of the density of the
scattering length in the sample. The values of the scattering length
densities of the components of the system under study are presented
in Chart 2. From these data, it is evident that when D2O is used as

a solvent the alkyl tails of potassium oleate have a higher contrast
and therefore cause stronger scattering in comparison with that of
the polymer backbone. Therefore, it was assumed that the alkyl
chains are mainly responsible for the scattering.

Results and Discussion

VES in the Absence of Hydrocarbons.In aqueous solutions,
ionic surfactants can self-assemble into long wormlike micelles.
These micelles are generally formed in the presence of high
concentrations of salt, which screen the electrostatic repulsions
between charged surfactant headgroups.6

Figure 1 shows the zero-shear viscosityη0of aqueous solutions

of potassium oleate as a function of the concentration of added
low-molecular-weight salt KCl. It is seen that the viscosity goes
through a maximum with increasing KCl content. This behavior
was observed in many aqueous VES/salt systems.6,11,46 It is
explained as follows. At low salt concentrations, the solution
contains small micelles, and their contribution to the viscosity
is low. With increasing salt concentration, the micelles grow in
length because of the screening of electrostatic repulsion between
similarly charged headgroups and begin to overlap and entangle
one another, thus forming a transient network; this process induces
a significant increase in viscosity. It is suggested that micelles
attain their full length at the viscosity maximum.47 Further

decreases in viscosity are attributed to the branching of micelles,
when the electrostatic repulsion is sufficiently screened.48

Branching shortens the average micellar lengths and makes the
reptation faster because the branch points can freely slide along
the micelles, which reduces the viscosity.

The formation of long wormlike micelles of potassium oleate
upon addition of low-molecular-weight salt and the entanglement
of these micelles with the formation of a transient network was
visualized by cryo-TEM,21,33 but the rheological properties of
this system have been poorly studied.

Hereafter, we fixed the concentration of KCl at 6 mol %,
which corresponds to the maximum viscosity (and to the longest
linear wormlike micelles), and studied the effect of surfactant
concentration on the zero-shear viscosity. The results are presented
in Figure 2. It is seen that the viscosity remains rather low until
a potassium oleate concentration of ca. 0.105 wt % is reached
but then increases dramatically. This is due to the transition from
the dilute to semidilute regime, when the wormlike micelles start
to entangle with each other. Therefore, concentration of 0.105
wt % can be considered to be the overlap concentrationC* for
potassium oleate micelles.

AboveC*, the log-log concentration dependence of viscosity
shows two different slopes: 5.3 and 3.3 (Figure 2). According
to the theory,4,5,12 the viscosity behavior of wormlike micelles
in semidilute solutions depends on the relative magnitude of
micellar breaking timeτbreakand reptation timeτrepof the whole
aggregate. The steeper slope (5.3) may indicate the presence of
micelles, which do not break during the characteristic reptation
time (τbreak. τrep). The value of the exponent (5.3) is comparable
to the theoretical values (5.25) predicted for unbreakable flexible
micelles.12,49 The second slope is inherent to micelles, which
break and recombine many times while reptating (τbreak, τrep).
The exponent obtained experimentally (3.3) is comparable to the
theoretical value predicted for such “living” micelles (3.5).4

It should be noted that in most VES systems described in the
literature only one slope with a power law ofη ≈ C3.5 was
observed. To the best of our knowledge, both slopes coinciding
with theoretical predictions for slow and fast breaking limits,
respectively, were found only for aqueous solutions of cationic
VES erucyl bis(hydroxyethyl)methylammonium chloride in the
presence of KCl at 20°C.20 The observation of similar slopes
for anionic VES indicates that a two-slope concentration
dependence of the viscosity of semidilute solutions of VES is
quite general and is inherent to several VESs independent of
their chemical nature.
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Chart 2. Scattering-Length Densities of the Components of
Solutions

Figure 1. Zero-shear viscosityη0 of 1 wt % aqueous solutions of
potassium oleate as a function of the concentration of added salt KCl
at 20°C.

Figure 2. Zero-shear viscosity as a function of potassium oleate
concentration at 20°C. Solvent: 6 wt % KCl in water.
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The transition from the “unbreakable” to “living” regime occurs
at increasing surfactant concentration, when the micelles become
longer: with increasing micellar chain length, the reptation time
increases and the breaking time shortens (the probability of
breaking is higher for longer chains), approaching the fast breaking
limit: τbreak , τrep.

The viscoelastic behavior of semidilute potassium oleate
solutions is illustrated in Figure 3. It is seen thatG′′(ω) goes
through a maximum whereasG′ (ω) shows a plateau. With
increasing VES concentrationC, the plateau value of storage
modulusG′0 increases according to the power lawG′0 ≈ C2.4,
reaching a value of 40 Pa for a 2.8 wt % solution. The rise of
the G′0 value may be ascribed to the increasing number of
entanglements in the network of wormlike micelles. The obtained
concentration dependence ofG′0 is consistent with the theoretical
predictions of Cates (G′0 ≈ C9/4) for an entangled system of
linear wormlike micelles.4 From the frequencyωR at whichG′
(ω) andG′′(ω) cross each other, the value of the relaxation time
tR was estimated:tR ) 1/ωR. It increases with surfactant
concentration, reaching a value of 45 s for a 2.8 wt % solution.

It should be noted that at potassium oleate concentrations
higher than 0.8 wt % (fast-breaking regime) the solutions are
characterized by a single relaxation time (Maxwellian behavior)
that is evident from the semicircular shape of the Cole-Cole
plot (Figure 4) and from the fitting of experimental frequency
dependenciesG′(ω) andG′′(ω) by the relations characteristic of
a Maxwell fluid12 (Figure 3):

Such simple rheological behavior is always observed in VES
solutions under conditions where the breakage and recombination
both occur many times within the time scale of observation (τbreak

, τrep).10

Therefore, in the absence of hydrocarbons, potassium oleate
forms wormlike micelles that entangle with each other into a
transient network, thus imparting viscoelastic properties to
aqueous solutions. These solutions possess high viscosity (up to
400 Pa‚s) that surpasses that of pure water by 5 orders of
magnitude and a high elasticity modulus (up to 40 Pa).

VES after Contact with Hydrocarbons. The micellar
structures that are formed by rather weak intermolecular
interactions possess the ability to reorganize under the influence
of external stimuli, in particular, upon the addition of hydrophobic
substances (e.g., hydrocarbons) being solubilized in the hydro-
phobic cores of micelles. Absorbed hydrocarbons influence the
size and the form of micelles, thereby affecting their rheological
properties.

To study the effect of hydrocarbons on VES solutions, the
following experiment was performed. An aqueous VES solution
(3 mL) was mixed with a hydrocarbon (3 mL) and left to
equilibrate for 1 day. During this period, the system separated
into two transparent macroscopic phases (top- hydrocarbon
phase, bottom- aqueous VES solution). Then, the VES solution
saturated with hydrocarbon was removed from the hydrocarbon
phase, and its rheological behavior was studied.

Even a simple visual inspection of the samples provided
evidence that the hydrocarbons produce a tremendous effect on
VES solutions: the highly viscous gel-like system almost
instantaneously transforms into a fluid with very low viscosity.

Figure 5 illustrates the influence ofn-dodecane on the steady-
shear viscosity plot. It is seen that in the absence of hydrocarbons
the viscosity values are high and constant at low frequencies but
then decrease at higher frequencies. Such shear-thinning behavior
may be due to the alignment of micelles along the flow14 as well
as the breaking of wormlike micelles and their entanglements
by the applied shear. By contrast, upon the contact with
n-dodecane the viscosity becomes independent of the shear rate
(Newtonian fluid). Thus, the hydrocarbon induces the transition
from viscoelastic to Newtonian liquid.

When comparing the values of zero-shear viscosity (Figure
6), we see that after contact with the hydrocarbon they decrease
by up to 4 to 5 orders of magnitude, reaching a viscosity that
is close to that of pure water. The effect is the same for two
different hydrocarbons:n-heptane andn-dodecane. Such a drop
in viscosity induced by hydrocarbons was previously observed
for VESs17,20,40 and was attributed to the transformation of
wormlike micelles into spherical micelles, resulting in the
disruption of the transient network.40,50However, to the best of

Figure 3. Viscoelastic spectra of 2 wt % potassium oleate solutions
at 20°C: storageG′ and lossG′′ moduli and complex viscosity|η* |
as a function of angular frequency. Solvent: 6 wt % KCl in water.
The solid lines indicate the theoretical frequency dependencies of
G′ andG′′ calculated according to the Maxwell model.

Figure 4. Cole-Cole plots for 1.5 wt % solutions of potassium
oleate at 20°C. Solvent: 6 wt % KCl in water.

Figure 5. Steady-shear viscosity plots for 0.4 wt % solutions of
potassium oleate at 20°C before (1) and after (2) contact with
n-dodecane. Solvent: 6 wt % KCl in water.
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our knowledge, no direct evidence of the transition has been
presented up to now.

To study the hydrocarbon-induced change in the shape of
potassium oleate micelles, the SANS technique was employed.
Figure 7 shows the scattering curves obtained for potassium
oleate solution before (a) and after (b) contact withn-dodecane.
It is seen that the hydrocarbon essentially affects the shape of
the scattering curve. The scattering spectra obtained before contact
with the hydrocarbon are presented in the form of ln(IQ) versus
Q2 plots in Figure 8. It is seen that in these coordinates the
scattering curves are straight lines, which is typical for cylindrical
structures.51 From the slopes of these lines, the cross-sectional
radii of the structures were determined. They are summarized
in Table 1. It is seen that for all samples the radii are equal to
ca. 19-20 Å, which seems to be reasonable because it is close
to the length of the alkyl tail of the surfactant (19 Å taking into

account the bending at the cis double bond). These data are
consistent with those reported recently.21 Therefore, we can
conclude that in the absence of hydrocarbon, potassium oleate
micelles are of cylindrical shape and have a cross-sectional radius
close to the full length of the alkyl tail of the surfactant molecule.

Upon addition of hydrocarbon, the scattering curve can be
well fit to a model of a sphere (Figure 9) (i.e., hydrocarbons

induce the change in the shape of VES micelles from cylindrical
to spherical). What is the reason for this transition? Aliphatic
hydrocarbons are known to be easily solubilized in the micellar
interior.52 With solubilization, the radius of the grown micelle
increases. As soon as the inner core reaches a size that allows
the molecular packing parameter53 Rp (Rp ) Vc/lcA0, whereVc

is the volume of the hydrophobic tail,lc is its length, andA0 is
the surface area occupied by surfactant headgroup) to obtain the
value characteristic of spherical micelles, the micelles change
their shape.54 The process gives a significant gain in entropy
because from one wormlike micelle a giant number of spherical
micelles can be formed.55

The fitted radii of spherical micelles are listed in Table 1. It
is seen that the radius of the sphere is much larger than the length
of the alkyl tail of potassium oleate. This allows one to suggest
that the spheres consist of a “drop” of hydrocarbon surrounded
by surfactant micelles. This suggestion is consistent with the
results of computer modeling,56 demonstrating that upon solu-
bilization of nonpolar solvent the micelles adopt a fairly well-
defined three-layer structure consisting of a droplet of absorbed
solvent in the center (inner core), a layer of hydrophobic tails
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Trans. 21976, 9, 1525.
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Figure 6. Zero-shear viscosityη0 as a function of the concentration
of potassium oleate before (1) and after contact withn-heptane (2)
andn-dodecane (3) at 20°C. Solvent: 6 wt % KCl in water.

Figure 7. SANS profiles for 3 wt % potassium oleate solutions
before (1) and after (2) contact withn-dodecane at 20°C. Solvent:
6 wt % KCl in D2O.

Figure 8. SANS intensityI plotted as ln(IQ) versusQ2 for a 3 wt
% potassium oleate solution before contact withn-dodecane at 20
°C. Solvent: 6 wt % KCl in D2O.

Table 1. Characteristics of Potassium Oleate Micelles Derived
from SANS Data

sample

potassium
oleate, wt %

HM PAAm,
wt %

contact with
n-dodecane

form of
micelles

radius,
Å

3.0 no cylinder 19.1
4.5 no cylinder 20.0
0.5 0.5 no cylinder 20.5
3.0 0.5 no cylinder 19.5
0.5 yes sphere 47.0
0.5 0.5 yes sphere 43.1
3.0 0.5 yes sphere 38.2

Figure 9. SANS profile for a 0.5 wt % potassium oleate solution
after contact withn-dodecane at 20°C. The continuous line represents
the form factor of a sphere with a radius of 47 Å. Solvent: 6 wt %
KCl in D2O.
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mixed with solvent molecules (outer core), and a corona formed
by headgroups exposed to water. Strong separation of solvent
particles and surfactant tails takes place despite the complete
compatibility of both components. The reason is that the tails
should be close to the core surface to prevent the immersion of
polar heads into the hydrophobic core.

In a forthcoming paper, we will describe in more detail the
structural changes in the micelles upon addition of hydrocarbons
derived from SANS experiments.

Thus, it was demonstrated that the addition of hydrocarbon
to potassium oleate solution induces enormous rheological
changes: up to a 100 000-fold drop in low-shear viscosity and
the transformation of a viscoelastic system to a Newtonian fluid.
This is due to the hydrocarbon-induced transition of wormlike
to spherical micelles, as was evidenced by SANS measurements.

VES/Polymer System in the Absence of Hydrocarbons.To
enhance further the initial viscosity before contact with oil, the
HM polymer was added to potassium oleate. Figure 10 shows
the zero-shear viscosityη0 of the VES/polymer system as a
function of surfactant concentration (at a fixed content of
polymer). For comparison, the data for surfactant and polymer
taken separately are presented as well. It is seen that the viscosity
η0 of the VES/polymer system can be up to 4 orders of magnitude
higher than the viscosities of the pure-component solutions. The
analogous effect was previously observed upon addition of HM
PAAm to cationic VES erucyl bis(hydroxyethyl)methylammo-
nium chloride.20 It was explained by the formation of a common
network20 in which some subchains are composed of elongated
surfactant micelles and other subchains are formed by HM PAAm
polymer. At cross links, the hydrophobic C12 groups of the
polymer penetrate the surfactant micelles. The SANS data (Figure
11) support this model because they show that scattering curves
of potassium oleate solutions do not change upon addition of
HM PAAm, indicating that polymer does not appreciably affect
the structure of wormlike micelles. Also, the independence of
the SANS profile with respect to the presence of polymer supports
our suggestion about the low impact of HM PAAm on the
scattering in comparison with VES.

The dynamic rheological data (Figure 12) demonstrate that in
the VES/polymer system when comparing to pure VES both
components of the complex elastic modulus increase by 1 order
of magnitude. Also, the crossover point ofG′(ω) andG′′(ω) de-
pendences shifts to lower frequencies, indicating a longer
relaxation time in the VES/polymer system. The apparent behavior
can be ascribed to the increased number of cross links upon
addition of polymer. It should be noted that in contrast to pure

surfactant the VES/polymer system does not exhibit simple Max-
well behavior (cf. Figures 4 and 13) (i.e., it is characterized by
a set of relaxation times) similar to those of semidilute polymer
solutions.

Therefore, the addition of a small amount of polymer to VES
solutions leads to the formation of a physical gel with additional
cross links and higher values of rheological characteristics:η0,
G′, andG′′.

VES/Polymer System after Contact with Hydrocarbons.
As discussed above, HM PAAm does not affect the wormlike
structure of the VES micelles; therefore, it is reasonable to expect
that the polymer should not interfere with the susceptibility of
VES to hydrocarbons. Moreover, taking into account that the
initial viscosity of the system containing polymer is higher, the
drop in viscosity upon addition of hydrocarbon may be even
more pronounced than for pure VES.

Figure 14 shows the steady-shear viscosity plots for VES/
polymer solutions before and after the addition ofn-dodecane.

Figure 10. Effect of surfactant concentration on the zero-shear
viscosity of potassium oleate (open symbols) and potassium oleate/
HM PAAm system (filled symbols) at a fixed 0.5 wt % concentration
of polymer at 20°C. The dotted line shows the value of the zero-
shear viscosity for a 0.5 wt % solution of polymer. Solvent: 6 wt
% KCl in water.

Figure 11. SANS profiles for a 3 wt %potassium oleate solution
(open symbols) and for a potassium oleate/HM PAAm system (filled
symbols) containing 3 wt % surfactant and 0.5 wt % polymer at 20
°C. Solvent: 6 wt % KCl in D2O.

Figure 12. Frequency dependences of the storageG′ and loss moduli
G′′ of 0.5 wt % potassium oleate (open symbols) and its mixture
with 0.5 wt % HM PAAm (filled symbols) at 20°C. Solvent: 6 wt
% KCl in water.

Figure 13. Cole-Cole plot for viscoelastic solutions containing
1.5 wt % potassium oleate and 0.5 wt % HM PAAm at 20°C.
Solvent: 6 wt % KCl in water.
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It is seen that in the absence of hydrocarbon the system is
viscoelastic and displays a pronounced frequency dependence
of viscosity that is typical of polymer networks containing cross-
linked or entangled chains. After contact with the hydrocarbon,
the viscosity is virtually independent of frequency, and the system
displays rheological behavior typical of that of unentangled
polymer solutions. These results indicate the disruption of the
network when a hydrocarbon is added.

Figure 15 depicts the zero-shear viscosity of VES/polymer
solutions as a function of the concentration of VES before and
after the addition ofn-dodecane. It is seen that similar to the case
of pure VES the hydrocarbon triggers an enormous drop in the
zero-shear viscosity (cf. Figures 6 and 15), so the susceptibility
of VES to hydrocarbon remains after the addition of HM PAAm.
Moreover, at low surfactant concentrations (0.2 or 0.4 wt %) the
drop in viscosity is much more pronounced (by 2 to 2.5 orders
of magnitude) in the polymer-containing system. This is due to

the much higher initial viscosity of the VES/polymer solution.
Also, it should be pointed out that upon contact with the
hydrocarbon the viscosity of the VES/polymer system is almost
as low as that of pure VES (cf. Figures 6 and 15). This probably
indicates the contraction of HM polymer coils upon interaction
with hydrocarbon.

SANS data show (Figures 16-18) that in the VES/polymer
system the hydrocarbon promotes the transformation of cylindrical
micelles (Figure 17) to spherical ones (Figure 18), as was the
case for pure VES. The size of the micelles is almost unaffected
by polymer (Table 1).

Therefore, the data obtained reveal that the addition of a small
amount of HM PAAm to VES does not modify the structure of
micelles but induces quite a significant increase in viscosity.
Because of this fact, the susceptibility to hydrocarbons is even
enhanced.

Conclusions
The addition of hydrocarbon provides an excellent means of

tuning micellar morphology and rheological properties of VES
and VES/polymer solutions. In particular, hydrocarbons provoke
a transition from a viscoelastic system consisting of entangled
wormlike micelles to a Newtonian liquid with low viscosity. The
extremely high susceptibility of these viscoelastic systems to
hydrocarbons makes them very promising for applications in the
oil industry (e.g., as a thickening agent for fracturing fluids).
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Figure 14. Steady-shear viscosity plots for 0.4 wt % (filled symbols)
and 0.2 wt % (open symbols) solutions of potassium oleate in the
presence of 0.5 wt % HM PAAm at 20°C before (circles) and after
(squares) contact withn-dodecane. Solvent: 6 wt % KCl in water.

Figure 15. Zero-shear viscosity of the VES/polymer system
containing 0.5 wt % polymer as a function of the concentration of
surfactant before (1) and after (2) addition ofn-dodecane at 20°C.
Solvent: 6 wt % KCl in water.

Figure 16. SANS profiles of a VES/polymer system containing 3
wt % potassium oleate and 0.5 wt % HM PAAm before (1) and after
(2) contact withn-dodecane at 20°C. Solvent: 6 wt % KCl in D2O.

Figure 17. SANS intensityI plotted as ln(IQ) versusQ2 for the
VES/polymer system containing 3 wt % potassium oleate and 0.5
wt % HM PAAm before contact withn-dodecane at 20°C. Solvent:
6 wt % KCl in D2O.

Figure 18. SANS profile for a VES/polymer system containing 0.5
wt % potassium oleate and 0.5 wt % HM PAAm after contact with
n-dodecane at 20°C. The continuous line represents the form factor
of a sphere with a radius of 43.1 Å. Solvent: 6 wt % KCl in D2O.
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