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ABSTRACT: The linear and nonlinear rheological properties of a hydrophobically modified guar (hm-
HPG) and a surfactant forming wormlike micelles, the erucyl bis(hydroxyethyl)methylammonium chloride,
have been investigated in 0.4 M KCl aqueous solution. The comparison between the zero-shear viscosity
behaviors of the nonmodified guar and the hm-HPG shows a decrease of the intermolecular associations
upon increasing the temperature. Significant synergistic effects were observed between the modified
polymer and the wormlike micelles in a range of concentrations extending from 0.1 to 1 wt % and for
temperatures up to 60 °C. The optimal synergy for the zero-shear viscosity is obtained for mixtures with
an overall concentration ≈ 0.35 wt % and a surfactant/polymer ratio equal to 1/4 (w/w). The terminal
time of the stress relaxation, the zero-shear viscosity as well as the viscosity at a shear rate of 100 s-1

and the lifetime of the associations show a maximum at this composition. The experimental observations
suggest the formation of very efficient cross-links between the wormlike micelles and the polymer chains.

Introduction

Water-soluble hydrophobically modified polysaccha-
ride derivatives are commonly used as thickening and
rheology-control agents in aqueous systems.1-4 The
specific rheological behavior of such polymeric systems
arises from their ability to give rise to weak intra- and
intermolecular interactions between the hydrophobic
groups distributed along the polymer chains. In the
semidilute entangled regime, which is the domain of
interest for most industrial applications, the hydropho-
bic moieties build up a transitory tridimensional net-
work interpenetrated with the entanglement network.
This microstructure leads to a slowing down of the
polymer diffusion and to an increase in the zero-shear
viscosity when compared to the analogues without the
hydrophobes.5-9 A model based on a sticky reptation
process of the polymer chains has been proposed to
describe the viscoelastic properties of these systems.10-11

Aqueous solutions of guar and its derivatives are the
most widely used hydraulic fracturing fluids for the
hydrocarbon recovery from subterranean formations,
mainly for economical reasons.5,12,13 The main functions
of hydraulic fracturing fluids are to initiate and propa-
gate the fracture and to transport the proppant along
the length of the fracture. However, polymer-based
fracturing fluids present the disadvantage of at least
partially clogging the pore space in the fracture, so that
the fracture is not optimally cleaned up. Recently, a new
class of fracturing fluids based on viscoelastic surfac-
tants forming wormlike micelles has been developed.14-16

During backflow, as the surfactant gel comes into
contact with the produced hydrocarbons, the wormlike
micelles break down, forming spherical micelles, result-
ing in a low viscosity fluid which is more easily removed
from the pore space in the propped fracture. Cationic

surfactants with long mono-unsaturated tails (C22) have
been shown to be efficient fracturing fluids.17 In par-
ticular, aqueous solutions of erucylbis(hydroxyethyl)-
methylammonium chloride (EHAC) exhibit appropriate
viscosities up to high temperatures (80 °C).18-20

In view of the above, it seemed appealing to investi-
gate the rheological behavior of mixed surfactant/
polymer aqueous solutions and particularly mixed vis-
coelastic surfactant/hydrophobically modified polymer
(HMWSP) aqueous solutions. Many studies on the
interactions between surfactants and HMWSP have
been reported.21-24 They generally concern systems in
which the surfactant concentration is close to the critical
micellar concentration (cmc). Under these conditions,
one observes an enhancement of the zero-shear viscosity
due either to the formation of additional mixed pluri-
functional aggregates or to an increase in the lifetime
of the preexisting cross-links resulting from surfactant
binding.13,25-34 To our knowledge, only one study has
been reported which investigates the rheological proper-
ties of mixtures of wormlike micelles and hydrophobi-
cally modified polymer; specifically, this study focused
on mixtures of cetyltrimethylammonium bromide (CTAB)
and hm-hydroxyethylcellulose (with C16 hydrophobic
substitution) in the presence of KBr.35

In the first part of this paper, we report a comparison
of the flow behavior of hydroxypropyl guar (HPG) and
its hydrophobically modified analogue (hm-HPG). A
rheological study on these polymers under salt-free
conditions and at T ) 25 °C has been previously
reported.5 In the present study, we have investigated
the same systems in the presence of salt and at various
temperatures. These conditions are of primary impor-
tance for applications, mainly in oil recovery processes.
Concerning the effect of temperature, only a limited
number of studies have been performed, with contradic-
tory conclusions. Some authors claim that an increase
in temperature favors hydrophobic interactions36-38

while the reverse is suggested by others.39-40 In fact,
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the effect of temperature might be strongly dependent
on the nature of the polymer and of the quality of the
diluent.

In the second part of the paper, we report a study on
the synergistic effects occurring in the viscoelastic
behavior of mixtures of 0.4 M KCl aqueous solutions
containing EHAC surfactant and hm-HPG polymer in
a concentration domain from 0.01 to 2.5 wt % and in a
temperature range from 25 to 80 °C. The micellar
growth and the viscoelastic properties of EHAC surfac-
tant were described in a recent paper.20

Experimental Section
Materials. The HPG and hm-HPG polymers investigated

here have been supplied by Fratelli Lamberti spa (Albizzate-
Italy). The HPG sample is hydroxypropyl guar containing an
average of one hydrophilic substituent (hydroxypropyl group)
per monomer. Measurements by Caritey on the average
molecular weight of the HPG sample lead to the following: Mw

) 1.8 × 106 g/mol, which is an average degree of polymeriza-
tion of about 3000, with a polydispersity index of about 1.55.12

As its native polymer, guar gum, hydroxypropyl guar is
expected to be a slightly stiffened, random-coil polymer. The
hydrophobically modified hydroxypropyl guar, hm-HPG, is
obtained by reaction of the HPG with a C22 n-alkyl epoxide.
The number of hydrophobic substituents per individual poly-
mer chain is expected to be 10. The measurement of the mean
molecular weight and the polydispersity of associating systems
like hm-HPG is difficult and it is assumed that the hydropho-
bic modification of HPG does not produce chain degradation.12

The purity index is 95% (byproducts: propylene glycol, eth-
ylene glycol, sodium acetate, open form of epoxide alkane).

The erucylbis(hydroxyethyl)methylammonium chloride
(EHAC) is a C22 surfactant with a cis unsaturation at the 13-
carbon position. Its chemical structure is shown below:

It is supplied by Akzo Nobel, Chemicals, LLC. It is used in
the form of a liquid blend of the quaternary ammonium salt
with 25 wt % 2-propanol (IPA). Upon dilution, the ratio IPA/
EHAC is maintained constant. The concentrations of the
EHAC samples reported in the text correspond to the active
surfactant (i.e., after correction of the 25 wt % IPA added in
the blend).

Potassium chloride was supplied from Aldrich.
Solutions containing surfactant and salt were prepared

using deionized water. The concentration of polymer or sur-
factant will be expressed in wt %.

Methods. Rheological experiments were performed with a
Bohlin CVO rheometer. Steady-state measurements were done
under controlled stress or controlled rate depending on the
sample viscosity, using the cup and bob geometry (coaxial cup,
25 mm diameter bob) or a double gap cell (inner diameter 40
mm, outer diameter 50 mm). The shear rate was varied
between 10-3 and 2000 s-1. The response of the shear viscosity
as a function of time during the start up of a shear flow is
characterized by a rather long equilibrium time, from 200 up
to 1000 s, depending on the sample composition. A good
reproducibility of the nonlinear rheological results was ob-
tained without having to use a pre-shearing protocol.5 Dynamic
rheological experiments were carried out with the same
rheometer using the coaxial cup cell. The frequency was varied
between 10-3 and 5 Hz under a maximum shear stress of 1
Pa. The frequency spectra were conducted in the linear

viscoelastic regime of the samples, as determined previously
by dynamic stress sweep measurements. The cell was heated
by a reservoir of fluid circulating from a high-temperature
bath. A metallic cover was placed on the top of the sample to
minimize sample evaporation. The sample was equilibrated
for at least 15 min at each temperature prior to conducting
experiments. Both steady and dynamic rheological experi-
ments were performed at different temperatures.

Results
Comparison of the Flow Rheology of Hydropho-

bically Modified and Unmodified Hydroxypopyl
Guars. Figure 1. shows typical variations of the steady-
state values of the relative viscosity η/ηs where ηs is the
solvent viscosity, as a function of the shear rate γ̆ for a
HPG sample and its hm-HPG homologue at C ) 1 wt
% and at various temperatures ranging from 25 to 80
°C. The relative zero-shear viscosity of the HPG solu-
tion, determined from the Newtonian plateau, is found
to decrease significantly as the temperature is increased
(Figure 1a). Moreover, the crossover between the New-
tonian plateau and the shear-thinning regime is shifted
to higher values of γ̆. This indicates a speeding up of
the dynamics of the system since the inverse of the
shear rate at the crossover, γ̇̃-1, can be roughly identi-
fied with the terminal time TR of the stress relaxation.

Figure 1. Relative steady-state viscosity vs shear rate for
HPG (a) and hm-HPG (b) solutions at C ) 1 wt %, in the
presence of 0.4 M KCL, at various temperatures. The lines
drawn through the data are guides for the eye.
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At high shear rates, the representative curves of [η/ηs]-
(γ̆) cross each other, so that the high shear value of the
relative viscosity increases with temperature, that is the
opposite behavior of that of the zero-shear viscosity. The
overall behavior described above was observed over the
concentration range investigated in this study (0.1 up
to 3 wt %).

The same effects are observed for solutions of the
modified hm-HPG polymers, as shown in the example
of Figure 1b. In that case, the decrease of the zero-shear
viscosity as the temperature is increased is much more
pronounced. The [η/ηs](γ̆) curves also cross each other
in the same range of γ̆ as for the unmodified polymer of
similar concentration.

The effect of the polymer modification on the flow
behavior is shown by comparing the data of Figure 1,
parts a and b, respectively. The effect is that previously
reported for systems in the entangled state.5,8,41 In
particular, the zero-shear viscosity is larger for the
modified samples and the shear-thinning regime is
shifted to lower values of γ̆. This behavior is well taken
into account by the sticky reptation model meant for
entangled networks made up of linear chains with many
temporary cross-links.10,11 In this model, the chain

motion, governed by the reptation hindered by the
hydrophobic interactions, is controlled by the concentra-
tion and the lifetime of the tie points.

Previously reported rheological experiments, carried
out with a stress-controlled rheometer on the same
systems revealed the presence of a discontinuity in the
flow curves of the modified hm-HPG, occurring at a
critical shear stress, σc, which increased with the
polymer concentration.5 This discontinuity was at-
tributed to a breaking of the temporary hydrophobically
associating network. Beyond the discontinuity, the flow
curves of the modified and unmodified polymers were
found to coincide.

Typical variations of the steady-state shear viscosity
vs shear stress, obtained in the present study, are
represented in Figure 2. For the modified polymers,
three regimes can be identified in the variation of the
viscosity vs shear stress. At low shear stress, one
observes the Newtonian plateau, followed by a shear-
thinning regime beyond a shear stress σ̃ ≈ η0TR

-1 where
TR represents the longest time of the stress relaxation
and η0 the Newtonian viscosity. The sharp viscosity
drop, occurring at higher shear stress, defines the
critical shear stress σc. The shear rate γ̆c, measured just
before the sharp drop is, according to Aubry and Moan,
the inverse of the lifetime of the associations.5 An
alternative representation is given in plotting the shear
stress vs the shear rate, as illustrated in Figure 3, which
shows the results obtained for 1 wt % solution of hm-
HPG at different temperatures. The determination of
the shear rate at the crossovers between the different
regimes provide estimates of γ̇̃ ≈ TR

-1 and γ̆c. The
latter corresponds to the onset of the high shear plateau.
It can be observed in Figure 3 that the critical shear
stress is roughly independent of temperature at C ) 1
wt %, whereas γ̆c increases with temperature. The
variation of σc with concentration (not shown here) can
be fitted at T ) 25 °C by a power law σc ≈ C1.62 in
agreement with the previous findings of Aubry and
Moan in the salt-free systems: σc ≈ C1.7.5 As for γ̆c, it is
found to decrease slightly upon increasing concentration
(γ̆c ≈ 12 s-1 for C ) 0.35 wt % and γ̆c ≈ 3 s-1 for C ) 1

Figure 2. Steady-state shear viscosity vs shear stress for
HPG and hm-HPG solutions in the presence of 0.4 M KCl at
two different temperatures: (a) 25 °C; (b) 40 °C. η0 is the
Newtonian viscosity, σ̃ is the shear at the onset of shear
thinning, and σc is the critical stress.

Figure 3. Shear stress vs shear rate for a 1 wt % hm-HPG
solution at various temperatures. In the Newtonian regime
at low shear rates, the data are fitted by a straight line of
slope 1.
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wt % at T ) 25 °C). It should be noted that, whereas σc
can be determined with a good approximation, γ̆c is less
well-defined. As mentioned in the Experimental Section,
the equilibrium value of the stress upon applying a
steady strain is reached after a long time. The transient
response curves of the stress are characterized for shear
rates in the vicinity of γ̆c by a large overshoot followed
by a long relaxation. Such effects were reported for both
wormlike micellar solutions42-44 and hydrophobically
modified polymers.5,45

It must also be remarked in Figure 1 that, in the
whole shear rate range investigated, the steady-state
viscosity of the modified sample remains larger than
that of the unmodified one. This means that one does
not reach the very short time scale where one probes
local motions, insensitive to the presence of tie-points.

Figure 4 shows the comparison between the variations
of the zero-shear viscosity vs polymer concentration
measured at T ) 25 °C and T ) 60 °C for the HPG and
hm-HPG samples, respectively.

For the unmodified polymer, one observes the clas-
sical behavior, with a first break at the concentration
C* at which the chains start to overlap and a second
break at a higher concentration Ce corresponding to the
onset of entanglements.46-48 In this respect, it should
be noted that a significant overlap of neighboring chains
is required in order for them to constrain each other

motion. As a consequence, the strand between two
consecutive entanglements in a chain is composed of a
number Ñ of blobs with a size ê.49,50 Both C* and Ce
and the exponent R of the asymptotic law obtained for
the HPG sample in the entangled regime were found to
be quite independent of the temperature within the
experimental accuracy. Their values are given in Table
1. The ratio Ce/C* is on the order of 3.5, that is a smaller
value than those obtained for other systems, which
range generally between 5 and 10.47,48,50,51 In fact, there
is no theoretical model which allows one to predict this
ratio, which is likely to depend on the nature of the
polymer and in particular on its natural persistence
length.

The rheological behavior of the modified polymers is
quite different. The viscosity of the solution rises steeply
beyond a concentration which is of the same order of
magnitude as the crossover concentration C* of the
unmodified polymer (Figure 4 and Table 1). Such a
behavior has already been reported for solutions of
hydrophobically modified polyacrylamides.7 In the latter
case, clear Rouse regimes were observed and entangle-
ment onsets could be determined. In the present case,
there is no clear evidence of a Rouse regime in the
curves of Figure 4, which display a sigmoidal shape.

Note that experiments performed by Aubry and Moan
on the same system at 25 °C showed a behavior quite
similar to that represented in Figure 4, with R ) 4.3
for the HPG polymers.5

Viscoelastic Behavior of EHAC/hm-HPG Mix-
tures. We have investigated the rheological behavior
of mixtures with different compositions. The latter are
characterized by the ratio R ) CEHAC/(CEHAC + Chm-HPG)
where the concentrations of the components are ex-
pressed in wt %.

Figure 5 represents typical frequency dependences of
the storage (G′) and loss (G′′) moduli for a mixture at
an overall concentration CM ) 0.35 wt % and R ) 0.43.
A behavior, characteristic of entangled systems is
observed, with a crossing of the G′(ω) and G′′(ω) curves
and a plateau modulus Go at high frequencies. The
relaxation time TR and the plateau modulus Go have
been determined from the crossing point of the curves
G′(ω) and G′′(ω), according to ωmaxTR ) 1 and Go ) 2
G′(ωmax) ) 2G′′(ωmax).

Figure 6 represents the variations of TR and Go with
the mixture composition, for samples with an overall
concentration CM ≈ 0.35 wt %. The compositions of the
mixtures are the following:

A maximum is observed in the relaxation time and to a
lesser extent in the plateau modulus that is the signa-

Figure 4. Variation of the zero-shear viscosity with concen-
tration for solutions of HPG and hm-HPG in the presence of
0.4 M KCl: (a) T ) 25 °C; (b) T ) 60 °C.

Table 1. Crossover Concentrations C* and Ce and
Exponent r of the Scaling Law of the Zero-Shear

Viscosity vs Concentration in Entangled Solutions of the
Modified and Unmodified HPG Samples

polymer C* (wt %) Ce (wt %) Ce/C* R

HPG 0.10 0.35 3.5 4.4
Hm-HPG 0.15

R ) 0: 0.35 wt % hm-HPG

R ) 0.2: 0.3 wt % hm-HPG + 0.075 wt % EHAC

R ) 0.43: 0.2 wt % hm-HPG + 0.15 wt % EHAC

R ) 0.69: 0.1 wt % hm-HPG + 0.225 wt % EHAC

R ) 1: 0.375 wt % EHAC
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ture of a pronounced synergy. The comparison between
the plateau moduli of the EHAC and the hm-HPG
solutions (R ) 1 and R ) 0 respectively) at about the
same concentration shows that the density of the
entanglements between the wormlike micelles is strongly

reduced as compared with that of the cross-links and/
or the entanglements of the associating polymers.
Another interesting feature concerns the high-frequency
range of the viscoelastic curves, which has never been
analyzed before in associating polymer solutions. The
minimum which is observed for G′′ at the circular
frequency ωm corresponds to the crossover between the
reptation controlled stress relaxation and the Rouse
modes. The position and the normalized amplitude of
the dip have been derived by Granek52 and are given
by

where L is the contour length of the chain, le is the
entanglement length, and τe is the Rouse time of the
entanglement length. The above relations are valid for
the regular polymers and the wormlike micelles, provid-
ing that the dip occurs at frequencies much higher than
the inverse of their breaking time. This was found to
be the case for EHAC solutions.20 For associating
polymers, it can be speculated that eqs 1 and 2 can be
applied, providing that ωm is much larger than the
inverse of the lifetime of the associations. Also, it should
be kept in mind that the Rouse part of the spectrum
may be modified by the breaking mechanism of the
associations.

Table 2 gives the effect of the mixture composition
on the values of ωm and G′′(ωm)/Go for systems with an
overall concentration CM ≈ 0.35 wt %, at T ) 25 °C.
The dependence of these parameters on R is rather
complex but a clear minimum of both ωm and G′′(ωm)/
Go is observed for R ) 0.2, again suggesting a synergistic
effect at this composition.

The variations of the zero-shear viscosity of different
EAHC/hm-HPG mixtures vs hm-HPG and EHAC con-
centrations, at 25 °C, are plotted in Figure 7, parts a
and b, respectively. A net zero-shear viscosity enhance-
ment is observed in both representations by addition of
one component to the other. Synergistic effects are best
revealed by the plots of the zero-shear viscosity vs the
total material concentration CM (wt %), at various
temperatures (Figure 8). At 25 °C, there is a clear
synergy for the zero-shear viscosity in a range of
concentrations between 0.07 and 1 wt % (Figure 8a).
As an example, at a concentration C ) 0.37%, for which
both EHAC and hm-HPG solutions have the same
viscosity ∼ 2 Pa‚s, the viscosity of the mixtures is about
5 Pa‚s for R ) 0.69, 9.2 Pa‚s for R ) 0.43 and 83 Pa‚s
for R ) 0.2. The synergystic effect can also be expressed
in the following way: to obtain a viscosity of 10 Pa‚s,
one can use either 0.6% solutions of pure EHAC or pure
hm-HPG or 0.23 wt % solutions of mixtures (for instance
0.18 wt % of hm-HPG + 0.05 wt % of EHAC). In the
high concentration range, all the variations of η0 with

Figure 5. Storage (G′) and loss (G′′) moduli as a function of
frequency at 25 °C for a solution of 0.2 wt % hm-HPG, 0.15 wt
% EHAC, and 3 wt % KCl (R ) 0.43).

Figure 6. Terminal relaxation time (TR, a) and plateau
modulus (G0, b) vs R for systems with an overall concentration
CM ≈ 0.35 wt %.

Table 2. Effect of the Mixture Composition on the Dip
Coordinates ωm and G′′(ωm)/G0 for Solutions with Overall

Concentrations CM ≈ 0.35 wt % at 25 °C

R ωm (rad. s-1) G′′(ωm)/G0

0 2.3 0.33
0.2 0.6 0.16
0.43 1.2 0.29
0.69 1.9 0.17
1 1.1 0.35

G′′(ωm)/G0 ∼ (le/L)4/5 (1)

ωm ∼ (le

L)4/5

τe
-1 (2)
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CM tend to converge and there is no longer synergy. The
results obtained at T ) 40 °C are quite similar, whereas
at 60 °C the viscosity enhancement with respect to the
hm-HPG solutions is more limited. Finally at T ) 80
°C, mixtures with R e 0.43 exhibit the same viscosity
as the hm-HPG for 0.15% < CM < ∼0.7% whereas at
higher concentrations, the value of the zero-shear

viscosity is between those of the hm-HPG and the EHAC
samples.

A more illustrative description of this synergistic
effect is provided by Figure 9 where the zero-shear
viscosity is plotted as a function of the composition R,
for various temperatures and for systems with an
overall concentration CM ≈ 0.35%, that is about 2.3
times the C* of the modified polymer. The maximum
which is observed for R ) 0.2 at all temperatures up to
80 °C is the signature of the synergy, the latter being
more pronounced at low temperature. Figure 10 shows
the flow curves obtained for systems with CM ≈ 0.35%,
which is the concentration in the optimal range with
respect to the synergy. This synergy, which appears in
the Newtonian plateau, is also reflected by the behavior
of γ̇̃ that corresponds to the onset of the shear thinning
and is on the order of TR

-1. In fact, the values of
γ̇̃ observed in the curves of Figure 10 for T ) 25 °C
correspond approximately to the values of TR obtained
from the linear viscoelasticity measurements and re-
ported in Figure 6. The only exception concerns the hm-
HPG sample for which one observes a Newtonian
plateau much larger than what can be expected from
the linear viscoelastic measurement (γ̇̃-1 ) 0.1 s as
opposed to TR ≈ 5s). Significant deviations from the
relationship γ̇̃-1 ) TR were also reported for other
hydrophobically modified water-soluble polymers.7,40,53,54

In the present case, a close inspection of the flow curve
obtained at T ) 25 °C for the hm-HPG solution reveals
a weak shear-thickening. This effect which is commonly
observed for associating polymers in the vicinity of C*
masks the real onset of shear thinning.1,41,55,56

The variation of η(γ̆) for mixtures of different R also
shows that the composition dependent synergistic effects
are maintained at least up to γ̆ ) 100 s-1. This is
illustrated in Figure 11 where the viscosity at γ̆ ) 100
s-1 is plotted vs R for systems with an overall concen-
tration CM ≈ 0.35% and at various temperatures. A
maximum is observed for R ) 0.2, the amplitude of the
maximum being roughly temperature independent. In
fact, the viscosity at γ̆ ) 100 s-1 is only weakly
temperature dependent, whatever the composition of the
system. For instance, for the system with R ) 0.2, the
viscosity η100 s

-1 drops by a factor of ∼ 2 between 25
and 80 °C.

In Figure 12 are reported the same flow curves as
those of Figure 10, in the representation η ) f(σ). The
behavior of the blends is more complex than for the
single component EHAC or hm-HPG solutions. The high
shear viscosity of mixtures still exhibits a more or less
sharp drop, depending on the composition and the
temperature. For systems with a well-defined plateau,
one can determine the values of both σc and γ̆c. The
values thus obtained are reported in Table 3. Inspection
of this table reveals several features. First, the decrease
of σc upon increasing temperature for the hm-HPG
solutions is much stronger than at higher concentration
(cf. Figure 3). Second, whereas the behavior of σc is
rather complex, γ̆c presents a pronounced minimum at
the composition R ) 0.2 corresponding to the optimal
synergistic effect. If, as stated by Aubry and Moan, γ̆c
represents the inverse of the lifetime of the temporary
cross-links, this means that the lifetime of a EHAC/hm-
HPG mixture with R ) 0.2 is much larger (1.6 s at 25
°C) than that of the pure hm-HPG at the same concen-
tration (0.08 s at 25 °C).5

Figure 7. Zero-shear viscosity vs hm-HPG (a) and EHAC (b)
concentrations for various compositions of the mixtures at 25
°C. Also are reported the variations corresponding to the single
hm-HPG and EHAC components, respectively.

Table 3. Effect of the Mixture Composition on the
Parameters σc and γ3 c for Solutions with an Overall

Concentration CM ≈ 0.35 wt % at Various Temperaturesa

R T (°C) σc (Pa) γ̆c (s-1)

0 25 8.5 12
40 7.7 36
60 4 150

0.2 25 2.5 1.6
40 3.5 9
60 5.5 27

0.43 25 5.8 39
40 5.8 70

a The critical shear stress σc and critical shear rate γ̆c are
measured with an accuracy of (10% and (25% respectively.

5276 Couillet et al. Macromolecules, Vol. 38, No. 12, 2005



Discussion

Unmodified and Modified Guars. We discuss first
the behavior of the unmodified polymer. The guar is a
slightly stiffened random coil polymer for which one can
use the methods commonly employed in synthetic
polymer studies.57 In particular, the crossover volume

fraction φ* can be written as

where S is the section of the chain and Rg the radius of
gyration. According to both the classical Flory’s theory
and the scaling model developed by de Gennes, the
expression of φ* for a flexible chain with N monomeric
units of size a and a persistence length lp, under good
solvent conditions, is given by46

where v0 is the excluded volume parameter.
In the semidilute regime, C g C*, the solution can be

viewed as a melt of blobs whose size is the correlation
length ê, which, according to the scaling model of de
Gennes is given by46

On the basis of the static picture outlined above, a
dynamical scaling model has been proposed. In the
entangled regime, the dynamical properties depend on
the spatial scale. For length scales shorter than the
correlation length, the hydrodynamic interactions con-
trol the dynamics and the motion within the blobs is
Zimm-like, with a characteristic relaxation time τê

Figure 8. Zero-shear viscosity vs overall concentration for various compositions of the mixtures [(1) R ) 0, (4) R ) 0.2, (b) R
) 0.43, (0) R ) 0.69, (]) R ) 1] at various temperatures: (a) T ) 25 °C; (b) ) 40 °C; (c) T ) 60 °C; (d) T ) 80 °C.

Figure 9. Zero-shear viscosity vs R at various temperatures:
(0) 25 °C; (b) 40 °C; (∆) 60 °C; (1) 80 °C. Data are for systems
with CM ≈ 0.35 wt %. The lines drawn through the data are
guides for the eye.

φ* ≈ SL
Rg

3
(3)

φ* ≈ Slp
3/5v0

-3/5L-4/5 (4)

φ* ≈ a6/5lp
3/5v0

-3/5N-4/5 (5)

ê ≈ a3/2lp
1/4v0

-1/4
φ

-3/4 (6)
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proportional to the blob volume ê3

On distance scales larger than ê, the behavior is that
of a Rouse chain formed of Ñ blobs. Finally, the
dynamics associated with the N/(Ñφê)3 entanglement
strands is reptation-like.

Under these assumptions, the longest relaxation time
is given by46,58

The zero-shear viscosity is given by

where G0 is the plateau modulus which is proportional
to the entanglement density

It follows that

Equation 12 shows that, at a given concentration, the
zero-shear viscosity varies oppositely to the correlation
length.

The experimental observation of a decrease of the
relative zero-shear viscosity η0/ηs upon increasing the
temperature (cf. Figure 1) suggests then an increase of
the correlation length with temperature and correspond-
ingly a decrease of the excluded volume parameter (cf.
Equation 6), that is a decrease of the quality of solvent.
The latter might result from the breaking of the
hydrogen bonds present in most aqueous solutions of
hydrophilic polymers. A decrease of v0 upon increasing
the temperature should lead to an increase of C*,
according to eq 4. However, this effect is much weaker
for C* that varies like v0

-3/5 than for η0/ηs that scales
like ê-9∼v0

9/4 (eqs 6 and 12). Experimentally no signifi-
cant variation of C* with temperature could be detected.
Since η0/ηs only decreases by a factor of ∼ 2 when T
varies from 25 to 80 °C, the expected variation of C*
remains in the limit of the experimental accuracy. Note
that a possible effect of temperature on the persistence
length may also be invoked.

The high shear results are also in agreement with the
above observations. At high shear rate, the flow is
controlled by the Zimm-like dynamics within a blob (cf.
eq 7). In that limit, for a system at a given concentra-
tion, the high shear viscosity should increase with ê.
This might explain the crossing of the curves [η/ηs](γ̆)
observed in Figure 1a, leading to an increase of the high
shear rate viscosity with temperature.

Looking now at the concentration dependence of the
zero-shear viscosity, one obtains power laws with an
exponent on the order of 4 (Figure 4). This is the clas-
sical behavior of random coils in good solvent and is in
agreement with the scaling model that predicts:46,58

The above equation is obtained by inserting the scaling
law ê ≈ φ-3/4 in eq 12.

The behavior of the modified polymer, as compared
to that of the unmodified one, is quite similar to that
reported for other systems. The enhancement of the
zero-shear viscosity is accounted for by the sticky
reptation model developed first by Leibler et al.10 and
subsequently by Rubinstein and Semenov.11 The predic-
tion of the first version of the sticky reptation model,
for the zero-shear viscosity is

where [s] is the molar ratio of stickers with respect to
the total number of monomers, p the average fraction
of stickers engaged in an association, and τ the average
lifetime of a sticker in a cross-link. The temperature
dependence observed in Figure 1 for η0/ηs is stronger
than for the HPG sample (decrease of 6.5 compared to
2) and can be mainly ascribed to a decrease of the
lifetime of the associations, as shown by the γ̆c values
reported in Table 3.40

The above prediction was obtained within the as-
sumption that after the breaking of an association, the
search of a sticker for a new partner is restricted to a
part of the tube confining entangled chains. Rubinstein

Figure 10. Variation of the steady shear viscosity as a
function of shear rate for different R values [(1) R ) 0, (4) R
) 0.2, (b) R ) 0.43, (0) R ) 0.69, (]) R ) 1] with CM ≈ 0.35
wt % at two temperatures: (a) 25 °C; (b) 60 °C.

τê ≈ (ηs/kT)ê3 (7)

TR ≈ τêÑ
2[N/(Ñφê3)]3 (8)

TR ≈ (ηskT)Ñ-1N3
φ

-3ê-6 (9)

η0 ) TRG0 (10)

G0 ) kT/(Ñê3) (11)

η0 ≈ ηsÑ
-2N3

φ
-3ê-9 (12)

η0 ) ηsÑ
-2N3

φ
15/4 (13)

η0 ≈ φ
15/4N7/2[s]2τ(1 - 9/p + 12/p2)-1 (14)
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and Semenov considered the effect associated with the
increase of the fraction of the interchain associations
at the expense of the intrachains ones with increasing

the polymer concentration.11 The model taking into
account this effect predicts a very complex behavior of
the zero-shear viscosity for entangled systems in good
solvent with four successive regimes of different extent
where the zero-shear viscosity varies with concentration
according to power laws with exponents 6.8, 8.5, 3.7,
and 4.7, respectively. This confers the representative
curve of η0(C) a sigmoidal shape such as that observed
experimentally in Figure 4.

In the high shear rate regime, the flow behavior is
qualitatively the same as for the unmodified polymers,
as illustrated by the comparison between Figure 1, parts
a and b. A crossing of the curves [η/ηs](γ̆) is again
observed for the hm-HPG sample at about the same
values of the crossing shear rates measured in Figure
1a.

EHAC/hm-HPG Mixtures. The synergistic behavior
revealed by the rheological experiments is the signature
of strong interactions between EHAC wormlike micelles
and hm-HPG associating chains. These interactions are
confirmed by the fact that the increase of the zero-shear
viscosity occurs at an overall concentration on the order
of C*EHAC and, depending on the temperature, smaller
or equal to C*hm-HPG. Looking separately at the two
components in the mixtures, it can be observed in Figure
7, parts a and b, that at T ) 25 °C, the viscosity rise
starts at EHAC and hm-HPG concentrations signifi-
cantly lower than their respective C*. Under these
conditions, the EHAC micelles are shorter than at C*,
since their average length increases with concentration,
in contrast with the polymer chains whose length
remains unchanged. It should also be noted that the C*
of both hm-HPG and EHAC samples are of the same
order of magnitude. It follows that the EHAC micelles,
which are much thicker than the polymeric chains, are
also longer in the vicinity of C* according to eq 4.

The frequency dependences of the complex shear
modulus provided by the linear viscoelasticity experi-
ments are characteristic of entangled solutions, as
ascertained by the presence of a plateau modulus and
of a dip of G′′(ωm) in the high-frequency range. There-
fore, the stress relaxation is controlled by the chain
reptation. The ratio C/C* of the investigated systems
are of about 2.3 for the hm-HPG solution and about 7
for the EHAC and mixtures solutions (T ) 25 °C). It
should be noted that the viscoelastic curves are not
significantly smeared by the polydispersity of the samples
containing micelles and chains with very different
lengths. However, it must be remembered that the
terminal time of the stress relaxation of wormlike
systems does depend not only on their length but also
on their breaking time. In the limit where the break-
ing time is much shorter than the reptation time, the
stress relaxation is described by a single exponential.59

As for the relaxation time of associating polymers, it
also depends both on their length and the lifetime of
the associations. In any case, the reptational mechanism
of these mixtures must be very complex, but surpris-
ingly, the viscoelastic curves exhibit a quite simple
behavior.

The nonlinear behavior of polymers and wormlike
micelles submitted to a steady shear has been theoreti-
cally studied by Spenley et al.60 The predictions of the
model are the following: as the shear reaches a thresh-
old value, γ̆c ) 2.6/TR, a mechanical instability of shear
banding type occurs within the solutions. This instabil-
ity is characterized above γ̆c by a plateau of the shear

Figure 11. High shear rate viscosity vs R at various tem-
peratures: (0) 25 °C; (b) 40 °C; (4) 60 °C; (1) 80 °C. Data are
for systems with CM ≈ 0.35 wt %. The lines drawn through
the data are guides for the eye.

Figure 12. Variation of the steady shear viscosity as a
function of shear stress for different R values [(1) R ) 0, (4)
R ) 0.2, (b) R ) 0.43, (0) R ) 0.69, (]) R ) 1] with CM ≈ 0.35
wt % at two temperatures: (a) 25 °C; (b) 60 °C.
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stress σc ) 2G0/3 (or a vertical variation in the repre-
sentation η(σ)). The plateau persists over a finite γ̆
range, beyond which there is again a linear increase of
σ. In the plateau regime, bands of highly sheared liquid
of high viscosity coexist with a more viscous part
supporting a lower rate. Such a behavior does not seem
to have been observed for ordinary polymers. Typically,
some shear thinning occurs, but the shear stress con-
tinues to rise gently, reflecting a gradual stretching and
orientation of the chains. This is what is observed in
Figure 2 for the nonmodified HPG polymer.

The occurrence of a stress plateau and of a shear
banding at high shear has been reported for wormlike
micelles.42-44 However, a true discontinuity of the slope
in the σ(γ̆) or η(σ) curves only occurs at relatively high
concentrations (C/C* g 15). Below this value of C/C*,
the plateau regime is much smoother and rounded. As
the concentration decreases, the plateau disappears
with an inflection point as the only reminiscence. This
regime corresponds to a progressive and homogeneous
orientation of the micelles submitted to shear. This type
of behavior is observed in the curves of Figure 12, parts
a and b.

No model has been developed to describe the nonlin-
ear flow behavior of hydrophobically modified polymers.
Both our results and those of Aubry and Moan show
the existence of an intermediate regime between the
Newtonian one and the shear stress plateau, likely
associated with stretching and orientation of the chains
(cf. Figure 1).5 The shear stress plateau might still be
the signature of a shear banding instability. In order
for the instability to occur, the cross-links between the
associative units must be broken, and therefore the
limiting step in the process will be controlled by the
lifetime of the junction points, in agreement with the
conclusions of Aubry and Moan.5 The nonlinear rheology
of the mixtures of EHAC and hm-HPG systems presents
qualitatively the same features as those of hm-HPG
polymers. It should be noted that the occurrence of a
stress plateau was also recently reported by English et
al. for hydrophobically modified alkali-swellable emul-
sion (HASE) polymers.61 Contrary to the systems in-
vestigated here, addition of a high HLB surfactant tends
to progressively diminish the shear-induced structuring.

Turning back to the synergistic effect, both linear
viscosity and flow experiments show that for an overall
concentration CM ≈ 0.35 wt % and T ) 25 °C, the
synergy is optimal for a composition of R ) 0.2, as
revealed by the maximum in TR and η0. Such a maxi-
mum can result from an increase of the micellar length,
of the number and/or the lifetime of the temporary cross-
links, or also from both effects.

The normalized amplitude and the position of the dip
of G′′(ω) given in Table 2 exhibit a minimum for R )
0.2. However, the comparison of Tables 2 and 3 shows
that for all systems, except the one with the composition
R ) 0.2, ωm , γ̆c, so that the validity of eqs 1 and 2 is
questionable. Still, these results confirm the specific
behavior of the mixture with R ) 0.2.

As for the variation of the critical shear rate with R
reported in Table 3, it exhibits a minimum for the
composition R ) 0.2, suggesting a maximum of the
lifetime of the cross-links at this composition. As for the
temperature dependence of γ̆c, it follows an Arrhenius
behavior (results not shown here) from which an activa-
tion energy Ea can be determined. This activation

energy is found to be Ea ) 24kT for R ) 0 (hm-HPG),
Ea ) 26.7kT for R ) 0.2 and Ea ) 12.1kT for R ) 0.43
(determination from two data points). This result shows
an enhancement of the activation energy for the lifetime
of the associations at the synergistic composition R )
0.2.

Three interaction mechanisms between micelles and
associating polymers can be envisioned:

(i) The presence of surfactant produces a strengthen-
ing of the hydrophobic interactions through a noncoop-
erative bonding. Recent studies have shown that the
viscosity enhancement mostly results from a process
where the surfactant decorates the preexisting cross-
links and increases their lifetime.34 However, this effect
occurs for surfactant concentrations close to the cmc and
disappears in the presence of an excess of surfactant.
In the latter limit, it is generally believed that the
hydrophobic sequences are singly solubilized by the
spherical surfactant micelles.

(ii) The incorporation of hydrophobic sequences within
the wormlike micelles produces a micellar growth, thus
increasing the viscosity of the system.

(iii) Bridges are formed between the wormlike mi-
celles and the hydrophobic sequences of the polymer to
build a temporary network.

Considering the very large excess of surfactant con-
centration with respect to the hydrophobic sequences,
a contribution arising from a decoration by the surfac-

Figure 13. Interpenetrated network of wormlike micelles and
hydrophobically modified chains of hm-HPG.
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tant of preexisting cross-links must be ruled out. On the
other hand, the formation of an interpenetrated network
of wormlike micelles and hydrophobically modified
chains, as schematized in Figure 13 might explain the
viscosity enhancement. In such a scheme, most of the
hydrophobic sequences are embedded within the worm-
like micelles and possibly some binary (or multiple)
cross-links are still present with also some free stickers.
The scheme of Figure 13 represents a situation of
entangled chains corresponding to an overall concentra-
tion CM significantly larger than C*M.

The coupled motion in such systems can be described
by the sticky Rouse model in the vicinity of C*M or by
the sticky reptation model in the entangled state.11,62

The latter case is illustrated by Figure 14, which
represents one associating chain and one wormlike
micelle in their respective tubes whose diameter is given
by the average mutual entanglement length. Some
stickers of the polymer chain are embedded in the
wormlike micelle. In its reptation motion, the wormlike
micelle can diffuse more or less freely within its tube
despite the stickers, as the surfactant molecules can
move without dragging the sticker. On the other hand,
the polymer motion is somewhat hindered by the
residency time of the sticker within the micelle, which
is likely dependent on the micelle lifetime.

Experimentally, one observes a lesser or suppressed
synergy at high concentration or at high temperature.
In the high concentration regime, one might expect that
the density of cross-links between the stickers increases.
The effect of these cross-links possibly overcomes that
of the stickers embedded in the micelle. Also, there may
be some intermicellar branching that reduces the vis-
cosity.63 At high temperature, the micelles become much
shorter. Therefore, the contribution to the viscosity from
the wormlike micelles is decreased. Moreover, at high
temperature, the micelles might become short enough
not to make any longer bridges between the polymer
chains. In this limit, the surfactant will only decorate
the hydrophobic sequences and the viscoelastic behavior
should tend to that of the unmodified polymer at the
concentration of the modified polymer in the mixture.

Conclusion
This is the first report, to our knowledge, of syner-

gystic effects in mixtures of hydrophobically modified
polymers and wormlike micelles. The synergy manifests
itself both in the linear and nonlinear properties of the
systems. In particular, the zero-shear viscosity of the
mixtures is significantly increased with respect to that
of each component in an overall concentration range
extending from 0.07 to 1 wt % and for temperatures up
to 60 °C.

The combination of linear and nonlinear rheological
measurements allowed us to show that the synergy
results from an increase of the lifetime of the cross-links,
which suggests the formation of cross-links between the
micelles and the polymer chains. These results open new
prospects both from fundamental and applied points of
view. For thickening applications, the curves of Figures
7 and 8 and the comments given in the same section
clearly show that it might be advantageous to replace
the wormlike micellar systems or the modified polymers
by a lesser amount of a mixture of these two compo-
nents. This is reflected by the viscosity behavior at both
low and high shear rates. Of particular interest is the
presence of a maximum in the curves of Figure 11. This
maximum shows that even at T ) 80 °C and γ̇̃ )
100s-1, an appreciable viscosity of about 0.05 Pa‚s can
be obtained with an appropriate mixture, which make
these systems useful as fracturing fluids.

Several issues concerning the fundamental properties
are still open. The schemes proposed to explain the
rheological behavior of these systems are very qualita-
tive and a real model describing the coupled flow of
wormlike micelles and hydrophobically modified poly-
mers is lacking. The experimental observation that the
synergy takes place in a limited range of overall
concentrations is not easily explainable. More results
on both linear and nonlinear properties of another
modified polymer-wormlike micelle system will be
presented in a forthcoming paper.
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Figure 14. Representation of an associating polymer chain and a wormlike micelle in their respective tubes.
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