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bstract

The knowledge of structural and dynamical properties in binary sodium oleate (NaO)/water mixtures represents a first step for studying new
iocompatible structures. In addition, a deeper understanding of their flow behaviour is crucial to control their mechanical properties. The purpose
f this investigation was to revisit the binary NaO/water phase diagram through a combined effort of shear-rheology, NMR-diffusometry, optical
olarizing microscopy and differential scanning calorimetry. The preparation of NaO/water mixtures in this work fitted with the interesting regions
f the phase diagrams where most of the new systems will be prepared (i.e. from 0.01 to 30 wt.% NaO and within the temperature range 5–70 ◦C).
Steady shear and linear viscoelastic experiments were accurately performed and the relationship between phase morphology and rheological

roperties was also studied. Regarding the mixtures at low surfactant concentrations, the shear flow showed: (1) a structural evolution into the liquid
icellar phase (L1) as a function of composition and (2) the presence of a viscous micellar region (L∗

1) induced by temperature and composition
hanges. NaO/water mixtures with a liquid-crystalline structure (hexagonal H1) were studied by linear shear deformations and paying particular

ttention to frequency and temperature scans. Viscoelastic spectra of H1 phase presented a gel-like response which, although not expected, indicated
he presence of a stiff liquid-crystalline lattice. Finally, a correlation between rheology and microstructural changes was conducted by the “weak-gel”

odel.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Surfactants play an important role in chemistry with
onsiderable implications for the environment. Above a
ertain concentration the surfactants undergo a reversible
elf-aggregation to form micelles. With increasing surfactant
oncentration the micelles exhibit a special set of structural tran-
itions, transforming from the spherical shape into cylindrical
nd other shapes [1–3]. Surfactant aqueous solutions usually

ehave as a Newtonian fluid but in the range of higher frequency
r shear rate they exhibit striking viscoelastic behaviour [4]. The
iscoelasticity can be seen easily by simple solution swirling and
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ellar and hexagonal phases

isually observing the recoil movement of air bubbles trapped
n the solution after the swirling motion is stopped [5].

Depending of the chemical nature of surfactant, temperature
nd water concentration, different types of ordered liquid-
rystalline phases can also exist (cubic, lamellar and hexagonal
hases). Such a fascinating varieties of self-assembled structures
ead to occurrence of a wide range of rheological proper-
ies under specified shear flows and where the mechanical
esponse is strongly influenced by micro-domain structures. For
mall strain/flow, the surfactant microstructure is only slightly
istorted to exhibit linear viscoelasticity. In this case, shear rhe-
logy may assist in the determination of phase diagrams since it
s sensitive not only to changes of association structures but also

o the variation of both composition and temperature within the
eam of existence of a particular mesophase [6].

Biodegradable surface-active molecules are currently receiv-
ng a strong attention due to environmental capabilities, however,

mailto:lg.coppola@unical.it
dx.doi.org/10.1016/j.colsurfa.2006.10.030
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he literature shows a lack of rheological studies on supramolec-
lar structures formed by this kind of amphiphiles. Sodium
leate, NaO, is a carboxylate salt (i.e. the salt form of the unsatu-
ated fatty oleic acid) and an anionic surfactant with amphiphilic
apabilities. NaO exhibits a 120◦ rotation in the double link, hav-
ng an L form. The presence of a double link affects the molecular
acking in the membranes. Sodium oleate has a broad range of
pplications, from detergency to pharmaceuticals [7].

The control of the self-assembled structures of the NaO in
ater is of crucial importance and it should be the first step

n the investigations containing this compound (e.g. polymer-
urfactant biogels). We retain that the system NaO/water is
nteresting for industrial applications, constituting a basis for
he creation of new types of self-assembled object biosystems
8,9].

The phase diagram of NaO in water was the subject of two
ated studies by Vold [10] and Luzzati et al. [11], respectively.
hey study the presence of an isotropic liquid region and an
exagonal liquid crystalline phase, lying within an accessible
xperimental temperature-composition interval. The micellar
hase ranged between cmc and 15 wt.% of surfactant while the
exagonal phase is present at concentration over 15 wt.% of
aO. In this paper shear rheology (by steady and dynamic exper-

ments) was applied to the liquid and liquid crystalline phases
f NaO/water mixtures at different NaO compositions and as a
unction of temperature. The main objectives of this study were
1) characterizing the self-assembled structures of NaO within
he solution and liquid crystalline phase intervals; (2) probing
he structural and morphological transitions induced by compo-
ition and temperature changes; (3) determining the mechanical
roperties of these cylindrical surfactant aggregates in order to
stablish rheological signatures which could be used in compar-
son with liquid crystalline phases encountered in other aqueous
ystems.

. Experimental

.1. Materials

Sodium oleate (NaO), or sodium 9-octadecenoate, is an
nionic surfactant with C18 hydrophobic chain and a carboxyl
eadgroup (typical in fatty acids) and a Mw = 304 g/mol. It
as purchased from Nu-Chek Prep, Inc. (Elysian, USA) with
igh purity (>99%) and was used without any further purifica-
ion. Solutions of different concentrations (within 0.01–30 wt.%
aO) were prepared using double distilled water.

.2. Sample preparation and equilibration

Samples were prepared by weighting the appropriate surfac-
ant and water amounts in glass ampoules containing a small

agnetic stirring bar. The samples were flame sealed and mixed
n a vortex 708 (ASAL, Italy). After homogenisation at 70 ◦C,

he mixtures were stored for 1 week before measurements. Sur-
actant solutions were fully transparent and free from foam and
ir bubbles. Samples were submitted to a polarized microscope
o observe the existence of anisotropy or isotropy.

o
t
i
t
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.3. Phase diagram determination

The phase diagram of NaO/water system was constructed by
eating and cooling macroscopic samples in a water bath while
bserving them through crossed Polaroid plates and by using
ptical microscopy with a air-flow hot stage where the sample
ere sealed to prevent water loss. At a lesser extent differen-

ial scanning calorimetry was also used, particularly to verify
he temperatures at which: (a) the solid surfactant fully dis-
olved to form either micellar or liquid crystalline phases (Kraft
oundary) and (b) the liquid crystalline phase melts in isotropic
olutions.

From the general appearance of the 2H NMR spectra it
as established whatever a certain sample consisted of a sin-
le homogeneous phase or was heterogeneous, i.e. of two or
hree coexisting phases. Analysis of the 2H NMR spectra as
unction of the sample composition and temperature enabled us
o determine the equilibrium boundary lines of single phases
nd multiphase regions. The phases were also confirmed by
bserving the texture in polarizing microscopy.

.4. Shear rheology

Engineering flows are in general three-dimensional and
ontain both simple shear and rotation-free deformations [12].
ere we limit ourselves to simple shear flow deformations
nly, and hence do not introduce the full tensioral description
f stress and strain. Simple shearing flows are of particular
mportance as all the rheological measurements made in this
ontribution are from simple shear deformations. Rheological
easurements were conducted using a shear-strain controlled

heometer RFS III (Rheometrics, USA) equipped with a con-
entric cylinder geometry (inner radius 17 mm, gap 1.06 mm).
he temperature was controlled by a water circulator heating
pparatus (±0.1 ◦C). To prevent errors due to evaporation,
he measuring geometries were surrounded by an evaporation
rap.

Rheological responses of NaO/water mixtures were deter-
ined under the kinematics of both steady and oscillatory

imple shears. In steady-shear experiments, the apparent viscos-
ty of mixtures was determined from the ratio of measured shear
tress τ21 to applied shear rate γ̇ , as a function of shear rate that
as varied from 0.02 to 1700 s−1. Steady states were previously

hecked by transient experiments (step-rate test). For concen-
rations lower than 10 wt.% NaO it was observed that 10 s was
sufficient scanning time to ensure the steady state condition.
or concentrated solutions and liquid crystalline mixtures,
teady state viscosity was determined from long-time shear
tresses.

It is generally accepted that microstructure within a struc-
ured fluids must be distorted when it is deformed at shear rate
hat exceeds the reciprocal of the characteristic time scale for

icroscopic motion. Hence, steady shear is not ideally suited if

ne wants to probe the rheological characteristics of an unper-
urbed mixture. In oscillatory shear experiments, the specimen
s subjected to a very small oscillatory strain, such that its struc-
ure remains intact. Small amplitude oscillatory shear strains
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21 were imposed on the samples at a fixed frequency ω and a
aximum strain amplitude γ0 � 1:

21(t) = γ0 sin ωt (1)

The angular frequency ω = 2πf, in rad/s, is defined by the
umber of cycles per time given by the frequency f, Hz. Within
he linear viscoelastic region, the resulting shear stress, τ21, is
lso sinusoidal and can be decomposed into an in-phase and
ut-of-phase component:

21(t) = G′γ0 sin ωt + G′′γ0 cos ωt (2)

The stress component in-phase with the deformation defines
he elastic (or storage) modulus G′ and is related to the elastic
nergy stored in the system on deformation. The component out-
f-phase with the stain gives the viscous (or loss) modulus G′′
hich is linked to the viscous dissipation of energy in the system.
he moduli G′ and G′′ are function only of the oscillatory fre-
uency ω for low deformation confined within the linear region.
o evaluate the characteristics of a viscoelastic material, it is cus-

omary to examine the frequency spectrum showing G′ and G′′
s function of ω. The relative magnitudes and shapes of G′(ω)
nd G′′(ω) curves indicate the type and extend of microstructure
resent. In this study ω was varied between 0.1 and 102 rad/s.

Although elastic modulus G′(ω) is an important indicator
f the structuring degree in a colloidal system, an other use-
ul parameter which is dimensionless and convey no physical
agnitude is the loss tangent, tan δ(ω). δ(ω) is the shift-phase

ngle between shear stress and strain. The loss tangent is a mea-
ure of the ratio of the energy lost to energy stored in a cyclic
eformation and defined as:

an δ(ω) = G′′(ω)

G′(ω)
(3)

It has been shown that the linear dynamic rheology of sur-
actant systems could follow, in first approximation, a simple

axwell model with a single relaxation time. According to this,
′ and G′′ are linked each other in a complex modulus G*(ω)
hich is given by [13]:

∗(ω) = G′(ω) + iG′′(ω) = iωη0

1 + iωλ
(4)

The relaxation time λ is the characteristic time at which the
tructured fluid relaxes back to the equilibrium configuration
hen perturbed by a shear oscillation. This time, also called the

terminal relaxation time”, separates two regimes:

(i) For ωλ � 1, the system can be considered as a viscous
fluid with viscosity η0. This regime is called “terminal
flow” behaviour of a Maxwell fluid where G′′(ω) = ωη0,
G′(ω) = ω2λη0 and tan δ > 1.

ii) For ωλ � 1, the system exhibit elasticity. In this regime, the
rubber-like zone, the storage modulus is independent of the
frequency: G0 = η0/λ (G0 is the plateau value of G′ at high

frequency), and G′′ and tan δ → 0.

In a recent paper, Mackley et al. [14] pointed out that a com-
lete rheological characterization of colloidal systems could be

D
a
a
g
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etter conducted either by a generalized Maxwell model or by a
train-dependent exponential dumping function.

.5. 2H NMR spectroscopy

2H-NMR spectra were performed in a Bruker NMR spec-
rometer AVANCE 300 with wide-band probe (5 mm), operating
t 46 MHz on deuterium. An airflow regulator controls the tem-
erature in the measuring probe (±0.3 ◦C). The quadrupolar
cho technique was used for data acquisition. Before the Fourier
ransformation, 256 transients at a repetition rate of 0.5 s were
veraged.

.6. 1H NMR diffusometry

Water and surfactant self-diffusion coefficients (Dw and Ds)
ere determined in a Bruker NMR spectrometer AVANCE 300
ide Bore working at 300 MHz on 1H. The employed probe was
Diff30 Z-diffusion 30 G/cm/A multinuclear. All samples were
ermetically sealed in 5 mm Pyrex tubes. The sealed sample
ubes were first heated in an oven to 353 K for homogenization
nd then slowly cooled to room temperature. The phase sequence
as checked by crossed polarized lens with increasing the tem-
erature. The samples were then loaded into the NMR probe at
he desired temperature. 1H self-diffusion coefficients and the
orrespondent spectra were taken at different temperatures. The
emperature was changed at slow rate (1 K min−1) and sam-
les were equilibrated at each temperature for approximately
0 min.

The diffusion experiments were performed using the “pulsed
eld gradient spin-echo” (PGSE) sequence described by Stejskal
nd Tanner [15]. Diffusion coefficients were obtained using:

(δ, Δ, g) = I0 exp

[
−γ2g2δ2

(
Δ − δ

3

)
D

]
(5)

here I(γ , Δ, g) and I0 are the echo intensities in presence of
radient pulses of strength g and in absence of gradient pulses,
espectively. The length of gradient pulse is δ, Δ is the distance
etween leading edges of the gradient pulses, and γ is the gyro-
agnetic ratio (for protons γ = 26.725 × 107 rad T−1 s−1). The

alue of Δ and δ used for water self-diffusion measurements
ere 140 and 0.5 ms, respectively, while δ was 5 ms for sur-

actant self-diffusion measurements. In the experiment g was
ncremented from 0.20 to 3 T m−1 and from 1 to 9 Tm−1 for
ater and surfactant, respectively. The pure water self-diffusion
as measured to 2.29 × 10−9 ± 0.04 m2 s−1 at 25 ◦C. The exper-

mental data were analyzed by non-linear least-square regression
f Eq. (5) using a Bruker-made algorithm. The uncertainty in
elf-diffusion measurements was ∼2%.

.7. Differential scanning calorimetry

DSC studies were performed on the samples using a Setaram

SC-131 instrument, which used indium to calibrate temper-

ture and energy scales. Samples (20–30 mg) were sealed in
luminium-cells and heated to the initial temperature. Thermo-
rams were digitised by an IBM computer, which allowed the
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etermination of the phase transition temperatures with the asso-
iated heat changes by the use of the commercial software Origin
.5 (OriginLab, MA USA).

. Results and discussion

.1. Phase diagram

Although this study concerns mainly with rheological prop-
rties of NaO/water mixtures, in this section we report for
pportunity the description of the partial phase diagram in water.
t was carefully reinvestigated by means of complementary
hysicochemical techniques like optical polarizing microscopy,
ifferential scanning calorimetry (DSC), 2H NMR spectroscopy,
MR-diffusometry and shear rheology). The partial phase dia-
ram is sketched in Fig. 1 and refers to mixtures in the
omposition range 0.01 wt.% < c < 30 wt.% NaO and the temper-
ture interval of 5–70 ◦C. The hydrolysis degree of NaO/water
ixtures, leading to oleic acid and which could modify the

ggregate structure, has been estimated by pH measurements.
he proportion of oleic acid which is formed remained negligi-

le in the whole concentration range investigated. In this study,
amples exhibited pH within 8.3–8.4, independently of concen-
rations. These findings agree with previously reported studies
16].

ig. 1. Partial temperature–composition phase diagram for the sodium oleate
NaO)/water system. The micellar solution phase is denoted by L1 while H1

enotes the hexagonal liquid crystalline phase, according to the Tiddy’s notation
3]. L∗

1 represents a viscous micellar solution which becomes birefringent under
eak shearing. (Sh + W) denotes a region with hydrated surfactant crystals plus
ater; the dashed area is a narrow (L1 + H1) region. The resolution of the phase
oundary is better than ±2%.
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Within the temperature interval 5–27 ◦C, the phase diagram
resents a cloudy two-phase region consisting of hydrated-
rystalline surfactant and pure water (Sh + W). The Krafft
iscontinuity is slightly changed with increasing the surfac-
ant composition. This result is in agreement with studies by
old [10], where this discontinuity was identified as the tem-
erature at which the last trace of opaque solid disappears by
eating.

Above 27 ◦C and for the whole surfactant concentration ana-
yzed, the phase diagram is characterized by a clear isotropic
on-viscous micellar phase (L1) and a liquid crystal hexagonal
hase (H1). The presence of H1 phase was clearly deducted by
he presence of typical “fanlike” textures in optical polarizing

icrographs. On this subject, Borné [8] reported the occurrence
f D2O-NMR Pake-doublets which is characteristic of a direct
exagonal self-assembling with a homogeneous orientation of
irectors.

Along the isothermal path at 35 ◦C, the NaO/water mix-
ures present the following phase sequence: isotropic micellar
olution (L1) → hexagonal phase (H1). However, while the
icellar solutions for c < 12 wt.% NaO are not birefringent and

o not exhibit streaming birefringence, within the concentration
ange 12–17 wt.% the solution mixtures showed a birefringence
nduced by shear. This zone of micellar phase was accurately
nvestigated and was indicated as L∗

1 to mark the difference on
he physicochemical properties with respect to the dilute one. At
oncentrations higher than 18 wt.%, NaO forms a direct hexag-
nal liquid-crystalline phase. The upper phase boundaries of
1 depend on the concentration of surfactant and at 30 wt.%
aO the phase transition (corresponding to the melting of H1)
as observed at ca. 70 ◦C by using recorded DSC thermograms.
inally, we were not able to prepare homogeneous bulk mix-

ures for c > 30 wt.% NaO. This region may be regarded as
ery viscous two phase area which appeared optically non-
niform.

.2. Micellar phase

To characterize the L1-phase we first performed steady-state
heology. The mixtures were submitted to steady rate-sweep
ests and the corresponding long time stresses were measured.
wo types of steady flows were observed. Dilute L1 micel-

ar mixtures (2 wt.% < c < 10 wt.% NaO) showed a constant
iscosity and are referred by Newtonian liquids. At higher
oncentrations the viscosity becomes a shear-rate dependent
unction, exhibiting increasingly pronounced shear thinning
ow behaviour.

Steady shear tests of L1 micellar solutions resulted also in
everal temperature-dependent flow curves. The Newtonian vis-
osity was observed to decrease with increasing the temperature
ollowing an Arrhenius-type decay (ln ηN ∝ −T) up to 60 ◦C.
ig. 2 is representative of flow curves for the sample with the
omposition 2 wt.% NaO as a function of temperature. All vis-

osity trends in the diluted micellar region (c < 10 wt.%) are
ewtonian and the viscosity values are particularly low (ca.
0−3 Pa s). Such a flow curves were measured by a double-wall
ouette that allowed us to reach a great accuracy for low-
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Fig. 4. Linear viscoelastic spectra for two NaO/water mixtures: (a) is 2 wt.%
NaO and (b) 15 wt.% NaO at 30 ◦C. Frequency evolution of storage modulus G′
(
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ig. 2. Newtonian viscosity vs. shear rate (s−1) for the 2 wt.% NaO mixture,
t different temperatures. Rate-sweep experiments performed with a scanning
ime of 10 s.

iscosity values. The present rheological behaviour is a signature
f the presence of a spherical micellar microstructures and indi-
ates the absence of structure-forming interactions between the
ggregates. Borné observed the presence of spherical micelles
n a 5 wt.% NaO mixture by means of cryo-TEM images [8].

Fig. 3 is representative of the flow behaviour for the concen-
rated micellar zone of this system (c > 10 wt.%). The mixture
ith c = 12 wt.% NaO exhibits a plateau in the viscosity curve at

hear rates lower than 102 s−1. However, the viscosity decreases
t higher shear rates showing a shear-thinning behaviour that
ppears more pronounced for the sample at c = 15 wt.% NaO.
teady shear data of the mixture c = 15 wt.% NaO were fit by

he simplified cross-equation [17] to obtain the zero-shear vis-

osity, η0, and an estimation of the shear relaxation exponent
:

(γ̇) = η0

1 + (λγ̇)m
(6)

ig. 3. Steady-state apparent viscosity vs. shear rate (s−1) for two selected micel-
ar L1-mixtures: 12 and 15 wt.% NaO at 30 ◦C. Step-rate experiments conducted
sing a long time scanning analysis. The solid lines represent the best fitting of
he simplified Cross model.
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filled symbols) and loss modulus G′′ (open symbols) obtained by a frequency-
weep test at 2% strain with a scanning time of 5 s.

The exponent m was found to be ca. 0.90 and close to the
heoretical exponent for plastic materials (m = 1), suggesting a
ensitive shear-induced modification or alignment. On the other
and, the slope of the power-law region of flow curves for some
ilute worm-like micelles (i.e. long and flexible cylinders) of
ationic surfactants/water systems [18,19] was found to be ca.
.89. In comparison to this result, we may conclude that shear
hinning behaviour observed for c > 10 wt.% NaO is due to the
nisometric nature of cylindrical aggregates that orient them-
elves in high shear-rate regime.

Linear viscoelastic responses of NaO/water of micellar
ixtures were obtained by dynamic small strain experiments

onsisting of frequency and temperature scans. The linear vis-
oelastic conditions were defined by preliminary strain-sweep
ests. Fig. 4 is representative of linear frequency spectra for both
iluted (2 wt.%) and concentrated (15 wt.%) micellar mixtures
f NaO/water system at 30 ◦C. Several types of information can
e extracted from these rheological data. In both mixtures here
eported, oscillatory measurements show that viscoelasticty is
ominated by a viscous part corresponding to the terminal flow
ehaviour of a Maxwell fluid. As the frequency increases, the
torage modulus G′ increases faster than the loss modulus G′′
nd the curves intersect at a characteristic frequency, ωc, that is
ependent on surfactant concentration. At the crossover point
he moduli functions define the longest relaxation time by the
imple relation λωc = 1. Dilute micellar solutions have a relax-
tion time so short (few milliseconds) that it would be necessary
o measure it at very high frequency and it can be cumbersome in
classical rheometer (Fig. 4a). As the surfactant concentration

ncreases, it is observed the presence on the frequency spec-
rum of a certain elasticity inducing the crossover point to fall in

he investigated frequency window (Fig. 4b). Micellar dynam-
cs for the 15 wt.% surfactant solution at 30 ◦C are dominated
y a relaxation time, λ, of the order of ca. 200 ms and a plateau
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odulus, G0, of ca. 80 Pa. This value is much lower of that
easured in the same dynamic conditions for worm-like micel-

ar solution of cetyltrimethylammonium tosylate (CTAT)/water
ystem (i.e. G0 ≈ 400 Pa and c = 23 wt.% CTAT) at 30 ◦C [20].
n the light of these facts, one can distinguish two main struc-
ural regimes within the composition range of the micellar
olution. First, at low surfactant concentrations (<10 wt.%) the
olutions are Maxwell fluids with structural relaxation time of
ew ms in agreement with the dynamics of dilute spherical
ggregates. Second, by increasing of the surfactant concentra-
ion, from c > 12 wt.% and up to the borders of the hexagonal
hase, NaO forms cylindrical aggregates. The liquid-like char-
cter of the frequency spectra and low values of plateau moduli
easured at 30 ◦C indicate the absence of a transient entan-

led phase like that observed for worm-like mixtures of cationic
urfactants.

Linear viscoelastic measurements offer a potent non-
estructive method for investigating structural transitions
nduced by temperature changes in colloidal systems by means
f so-called time-cure experiments. These experiments consist
f continuously monitoring the evolution of the viscolestic mod-
li at constant frequency during a temperature ramp, usually
arried out at constant heating rate.

Fig. 5 shows temperature-sweep test that we performed on the
ample c = 15 wt.% of NaO. The evolution of material function
G′, G′′ and tan δ) of Fig. 4 reveals three different rheological
egions as the temperature was raised from 10 to 50 ◦C:

Region I, from 10 to 23 ◦C, reports that both mechanical mod-
uli (G′ > G′′) decrease with a comparable slope and cross over
at ca. T = 23 ◦C. This crossover point can be considered as
an appropriate measure of onset of phase transition from the

solid-like phase (Sw + W) to isotropic liquid solution (L1).
Indeed, this temperature is in agreement with the melting of
the NaO surfactants (Krafft point) revealed by appropriate
DSC thermograms.

ig. 5. Linear viscoelastic thermogram for 15 wt.% NaO mixture. Temperature
can of storage modulus G′ (filled symbols), loss modulus G′′ (open symbols)
nd loss tangent G′′/G′ (crosses) obtained by a time-cure test at 2% and f = 1 Hz.
eating rate of the experiment was of 0.2 ◦C/m and the equilibration time of 2 s.
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elected temperature: (a) T = 37◦C and (b) T = 50 ◦C. Frequency evolution of
torage modulus G′ (filled symbols) and loss modulus G′′ (open symbols)
btained by a frequency-sweep test at 2% strain with a scanning time of 5 s.

Region II, which appears at temperatures higher than 27 ◦C,
corresponds to the temperature evolution of mechanical mod-
uli within the L1 phase. After an initial decrease of G′ and
G′′ within increasing the temperature following a quite sim-
ilar rate, G′ abruptly disappears at the temperature of 40 ◦C
whereas G′′ continues on a slow decrease.
Region III, which starts when temperature is of ca. 45, define
an unusual rheological response of this micellar mixture. By
a further temperature increase: G′ abruptly reappears, then
it crosses over with G′′ (at ca. 47 ◦C) and finally shows an
evident and unexpected gel-like evolution as the temperature
increased.

The analysis we described is also confirmed by frequency
weep tests performed at different temperatures. Fig. 6 presents
requency spectra for 15 wt.% mixture at 37 and 50 ◦C. At
7 ◦C the linear viscolestic data show a liquid-like response
G′′ > G′) that, however, does not longer follow the behaviour
f a Maxwell fluid. For frequencies higher than 0.2 s−1 the elas-
ic and viscous modulus scales as: G′(ω) ∼ G′′(ω) ∼ ω0.5. At
0 ◦C the frequency dependence of mechanical moduli shows
n tremendous different frequency behaviour. Within the fre-
uency interval 0.1–10 s−1, G′ is higher than G′′ and both are
lmost independent of frequency following an evolution which
s typical of gel-like responses of polymer solutions. At frequen-
ies higher than 10 s−1, both storage and loss moduli increase
ith a steeper monotonic increase of G′′, and a crossover is
bserved in the limit of the frequency window.

NMR-diffusometry has proved to be a very convenient tool
o measure the lateral diffusion of each component separately
n multi-component isotropic solutions formed in surfactant

ystems [4]. The monitoring time in the measurement of self-
iffusion coefficients is of the order on ca. 100 ms and during this
ime span all measured self-diffusion coefficients correspond to
isplacements of macroscopic distance several order of magni-
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ude larger than any structural element in the solution. As shown
y extensive studies realized by our research group [21–23], the
nowledge of individual component self-diffusion behaviour in
ulti-component solutions provides a unique source of infor-
ation with regard to the solution structure. For example, in a

ormal micellar solution, the diffusion coefficient of the con-
inuous phase, water Dw, is very rapid and larger than that of
he aggregated surfactant molecules, Ds, by one to two order
f magnitude. On the other hand, in a reverse micellar solu-
ion with oil as continuous phase the self-diffusion coefficient
f oil is rapid while Ds and Dw are slow. However, if the system
orms only molecular solution, the self-diffusion coefficients of
ll measured components are high and, under ideal condition,
he component self-diffusion coefficients are almost identical to
heir respective components in the neat state.

Fig. 7a reports the surfactant self-diffusion measured within
he isotropic solution as a function of the temperature. In the

ilute region, Ds shows a slight decrease with increasing the
urfactant concentration. Above c > 8 wt.% the surfactant self-
iffusion coefficients evidence a abrupt jump and reduce their

ig. 7. (a) Surfactant self-diffusion vs. the surfactant composition (dilute micel-
ar phase L1) as a function of the temperature. (b) Water and surfactant
elf-diffusion as a function of the temperature for the 15 wt.% NaO mixture.
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alue of a factor 4. As observed for the flow curve profiles, the
elf-diffusion data confirm that, in a small composition inter-
al centred on c = 8 wt.%, a change of the micellar structure
rom a spherical shape to cylindrical aggregates. In addition, it
s worthy to note that this structural change takes place at the
ame composition considering a temperature interval from 30
o 55 ◦C. Apart from this dilute micellar region (c < 12 wt.%)
e were not longer able to realize accurate PGSE-NMR mea-

urements since micelles presented short surfactant relaxation
imes (i.e. T2 ∼= 15 ms). This is an other evidence of the pres-
nce of anisometric micelles characterized by sensitively high
tatic dipole–dipole interactions and slow motions.

To better investigate the behaviour observed on the time-
ure test regarding the 15 wt.% mixture, we performed several
xperiments of NMR-diffusometry in order to follow the trans-
ational mobility of water and surfactant with increasing the
emperature (from 20 up to 70 ◦C). Fig. 7b shows a log-lin
lot of water and surfactant self-diffusion coefficients versus the
emperature. The water self-diffusion coefficients increase lin-
arly showing an Arrhenius trend (ln Dw ∼ T) which is usually
bserved in micellar solutions where no structural changes take
lace increasing the temperature [23]. On the other hand, the
urfactant self-diffusion coefficients (T > 40 ◦C) decrease with
ncreasing the temperature following a linear decay which is,
owever, in agreement with the trend of G′ observed on the
ime-cure scan. The temperature behaviour here reported for the
5 wt.% mixture cannot be easy explained in terms of struc-
ural micellar changes. On the other hand, no birefringence was
bserved despite the unusual rheological and dynamic param-
ters above described. At this point, what we still have to do
s to remark this unusual behaviour and postpone a better anal-
sis to next investigations concerning mainly the effect of the
emperature on micellar microstructures.

.3. Hexagonal liquid crystalline phase

Spontaneous liquid crystalline self-assembling was found in
ixtures with composition c > 15 wt.% NaO and T > 27 ◦C. This

egion was identified as a direct hexagonal phase by means of
ptical microscopy showing a temperature-composition phase
oundary as shown in Fig. 1. H1-phase consists of long cylin-
rical micelles lying parallel to each other and arranged in a
exagonal lattice with a typical distance between micelles of
few nanometers. Hydrocarbon portion of NaO molecules are
irect to the centre of cylinders and hydrophilic portions are
ocated on the external surface of cylinders. From a macro-
copic point of view this phase looked like quasi-transparent gels
xhibiting high mechanical consistency. It should take in account
hat as in lyotropic lamellar mesophases, the spontaneous

icrostructure is polycrystalline with hexagonal mono-domains
eparated by intervening grain boundaries.

Fig. 8 reports the linear viscoelasticty for two mixtures (c = 18

nd 25 wt.% NaO) at 30 ◦C in the frequency range 0.1–15 Hz.
requency spectra evidenced a viscoelastic response, which is

ypical of a gel-like material [24]. Storage modulus, G′, and loss
odulus, G′′, are only slightly dependent on the frequency over
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Fig. 8. Linear viscoelastic spectra for two NaO/water mixtures: (a) is 18 wt.%
NaO and (b) 25 wt.% NaO at 30 ◦C. Frequency evolution of storage modulus G′
(
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Fig. 9. Linear viscoelastic thermogram for 15 wt.% NaO mixture. Temperature
scan of storage modulus G′ (filled symbols), loss modulus G′′ (open symbols)
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filled symbols) and loss modulus G′′ (open symbols) obtained by a frequency-
weep test at 2% strain with a scanning time of 5 s.

he frequency range accessed and scales as [25]:

′(ω) ≈ G′′(ω) ≈ ωn (7)

an δ = tan
(nπ

2

)
(8)

As observed by Winter and co-worker [25] this power law
ehaviour indicates that the gel structure is self-similar over a
ide range of length scale, i.e. a fractal structure characterized
y the relaxation exponent n that has been reported to vary in
he range 0 < n < 1. The relaxation exponent n describes not only
he statistical properties of the gel but could be correlated to
he equilibrium microscopic structure of the material. For what
oncerns the viscoleasticity of this hexagonal phase it must be
ointed out that the observed gel response (G′/G′′ > 10 over all
requency range explored) is not common in this type of two-
imensional lyotropic microstructure.

Only a small number of papers on the rheology of hexagonal
esophases have been published. Recent studies Refs. [26,27]

ave reported that frequency scans for a hexagonal phase all
ollow the same general trend that is: G′′ exceeds G′ at low
requency; at higher frequencies G′ and G′′ intersect at a char-
cteristic frequency whose reciprocal corresponds to the main
elaxation time (of the order of seconds) and above this cross
ver frequency the phase has a predominantly elastic response.
his behaviour corresponds to the transition to the flow region
xpected by the Maxwell model (Eq. (4)) and means that H1-
hase behaves as a viscoelastic fluid capable to flow under
ong-time applied strains. The absence of the “terminal flow”
egion for the NaO system is a signature of a highly ordered H1-
hase whose lyotropic domains form a permanent network able

o sustain long-time stimuli. Therefore, dynamics of H1-phase
re characterized by a spectrum of relaxation times that convolve
elaxation process on both fast and slow time scales [28]. We
ill discuss in the next section the relationship between the gel-

•

nd loss tangent G′′/G′ (crosses) obtained by a time-cure test at 2% strain and
= 1Hz. Heating rate of the experiment was of 0.2 ◦C/m and the equilibration
ime of 2 s.

ike behaviour and the equilibrium structure of this hexagonal
hase by using the so called “weak gel model”.

A representative temperature dependence of viscoelastic
oduli of the H1-phase of our surfactant system is that explored

or the sample c = 18 wt.% NaO and reported in Fig. 9. Previous
train-sweep experiments (here not reported) revealed that this
exagonal phase loses the linear viscoelastic response at 0.5%
train measuring at a frequency of 1 Hz. On the other hand, this
alue is similar to that reported for the direct hexagonal phase of
he sodium taurodeoxycholate/D2O system [22]. The evolution
f material functions of Fig. 9 reveals four different regions as
he temperature was raised from 5 to 70 ◦C:

Region I, from 5 to 15 ◦C, shows a weak increase of both
mechanical moduli. This region is characterized by low values
of tan δ revealing a strong gel-like behaviour. The rheological
responses observed are in agreement with the presence of a
two phase in equilibrium (Sh + W).
Region II, which takes place above 15 ◦C, is characterized by
a dramatic decrease in G′ and G′′ whereas tan δ goes trough a
pronounced maximum which is centred at 25 ◦C. Like DSC
peaks observed in calorimetric thermograms, the loss tangent
indicates the onset of the structural transition (Sh + W) → H1.
Region III, which appears at temperature higher than 27 ◦C,
corresponds to the direct hexagonal phase temperature inter-
val. We observe again a low value of tan δ while the
mechanical moduli show an atypical change with the temper-
ature. Up to 45 ◦C both moduli increase, while they decrease
with a further temperature rise as a consequence of H1 → L1
transition.

Region IV, which takes place above 55 ◦C, shows a monotonic
increase of both moduli as well as of tan δ. The liquid crys-
talline phase is completely melted and a viscoelastic solution
appeared.
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a six-fold coordination number, which can be attributed to a
basic hexagonal microstructure consisting of long cylindrical
micelles.
F.E. Antunes et al. / Colloids and Surfaces

The solution microstructure formed at temperatures >57 ◦C
an be considered certainly different from that probed in more
iluted isotropic mixtures (e.g. 12 wt.% at temperature above
0 ◦C). The present experimental results indicate that gel-like
ehaviour recorded at high concentration is attributable to a
icellar phase, with a structure consisting of cylinders that

ocally preserve an hexagonal-like order.

.4. The “weak-gel” model

In binary and ternary phase diagrams of surfactant aqueous
ixtures exist many single-phase regions with a gel-like charac-

er. While the gels have widely macroscopic structures they have
ommon rheological properties. For the same materials, linear
r quasi-linear viscoelastic measurements often reveal storage
nd loss modulus in nearly constant ratio, with the frequency
ependence that is either a weak-power law or negligible. This
ehaviour persist down to the lowest accessible frequency range
about 10−3–1 Hz depending on the system), in apparent con-
radiction to linear response theory which requires that G′′(ω)
hould be an odd function of ω. This behaviour could in principle
e due to slow relaxation modes below the accessible frequency
ange.

This section concerns with an indirect analysis of microstruc-
ures and regards both concentrated micellar phase (sample at
= 15 wt.% NaO) or hexagonal liquid crystals. Linear viscoelas-

ic spectra, discussed in previous figures, are now re-interpreted
n accordance with the viscoelastic theory of Bohlin [29] and

inter [30]. This theory is reported in the literature as the “weak-
el” model [31]. This model considers a “weak-gel” material as
flowing system characterized by weak physical interactions

hat cooperatively ensure the stability of the structure. The real
tructure of this material is made by a cooperative arrangement
f flow units to form a strand. The weak-gel model provides a
irect link between the microstructure of the material and its rhe-
logical properties. The most important parameter introduced
n this model is the “coordination number”, z, which corre-
ponds to the number of flow units interacting with each other
o give the observed flow response. According to the theory
f the “weak-gel” model, the magnitude of complex modulus,
G*| = (G′2 + G′′2)1/2, is expressed by [30]:

G∗(ω)| = Aω1/z (9)

here A is a proper constant which can be interpreted as the
interaction strength” between the rheological units, a sort of
mplitude of cooperative interactions. Clearly, |G*| log–log
lots versus ω should yield a straight line with slope 1/z and
ntercept A.

Experimental values of |G*| for the mixtures analyzed in
his work showed a good fit to Eq. (9) and therefore permitted
n accurate estimate of z and A. Fig. 10 shows the tempera-
ure dependence of z and A for the mixture c = 15 wt.% NaO.

his sample presents a flow coordination number, z, close to
nity in the temperature interval 30–45 ◦C within the L∗

1-area.
t temperatures higher than 45 ◦C (that is temperature at which

he L∗
1 → L1 phase transition occurs) z suddenly increases and

F
N
A

ig. 10. Temperature evolution of “weak-gel” parameters for 15 wt.% NaO mix-
ure: (a) the flow coordination number, z, and (b) the gel strength, A. Analysis
long the phase sequences: (Sh + W) → L∗

1 → L1.

eaches values of z of ca. 6. The A profile in temperature fol-
ows a similar trend marking evident a structural change at two
emperatures: the temperature of 26 ◦C (transition from Sh + W
o L1-phase) and the temperature of ca. 50 ◦C (transition from
∗
1 to L1-phase). In addition the formation of the L1-phase is
ccompanied by the presence of a strong elasticity. The val-
es of z measured within the L1-phase are in agreement with
he average values found on hexagonal liquid-crystalline phases
f some surfactant systems and well described by Bohlin [32].
s consequence the L1-phase of the 15 wt.% mixture evidences
ig. 11. Temperature evolution of “weak-gel” structural parameters for 18 wt.%
aO mixture: (a) the flow coordination number, z, and (b) the gel strength, A.
nalysis along the phase sequence: H1 → L1.
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The temperature dependence of z and A for the mixture
= 18 wt.% is reported in Fig. 11. Both parameters appear to be
lmost constant with increasing temperature within the hexago-
al region (30–50 ◦C) and evidence no structural changes of this
hase by increasing the temperature. On the other hand, opti-
al polarizing microscopy confirmed that hexagonal texture, of
fan-like type, is not modified during a temperature scan. In
ig. 10 it is also observed that z values abruptly rise at the tem-
erature of 55 ◦C which correspond to hexagonal → micellar
hase transition. It is worthy to point out that the values of z in
he micellar phase are more or less comparable with coopera-
ive coordination number of hexagonal phase found by Bohlin
32]. This fact suggests that the L1 structure of the 18 wt.% mix-
ure at T > 50 ◦C is formed by cylindrical aggregates showing
highly local hexagonal order which disappears after a further

emperature increase.

. Concluding remarks

This contribution concerned with a detailed rheological
nvestigation of binary mixtures of the NaO/H2O system. We
e-examined the phase diagram and the microstructures of
aO/water mixtures, from dilute up to the liquid crystalline

egion (hexagonal phase). Steady shear and linear viscoelastic
xperiments were performed in a wide composition and tem-
erature interval for determining the relationship between the
ggregate morphology and rheological properties. The analysis
f data has followed both a qualitative and quantitative treatment.

Concerning the phase behaviour of the NaO/water sys-
em we observed that from the cmc (about 0.008 wt.%) up
o 10 wt.% the solutions contain small spherical micelles.
bove this concentration the micelles start to grow and become

nisometric in shape (cylinders). This rapid micellar growth
spheres → cylinders → long cylinders) is essentially due to the
creening of electrostatic interaction with increasing surfactant
omposition. As a consequence, above c = 18 wt.% NaO, an
exagonal liquid crystal is formed. This phase consists of long
ylindrical aggregates packed in a two-dimensional hexagonal
rray.

The rheological findings agreed very well with the phase
tudies. At low surfactant concentrations (<10 wt.%) micelles
ppear as spherical aggregates. By a further increasing of con-
entration, NaO forms cylindrical aggregates with a rapid and
ensitive uniaxial growth. The tail of dynamic moduli and their
ow values indicated the presence cylindrical micelles not entan-
led. An anomalous behaviour was observed for the mixture at
= 15 wt.% NaO, where a liquid-like and a gel-like response
ere observed at low and high temperatures, respectively. The

iquid-like solution showed also a birefringence induced by stir-
ing. The gel-like solution revealed the presence of cylindrical
ggregates characterized by a local hexagonal order.

Finally, the H1 phase of the NaO/water system, which is

olycrystalline, is characterized by a marked gel-like rheologi-
al response. Despite of common rheological data reported by
exagonal microstructures, the H1-phase of this system showed
n highly ordered state and was able to sustain long-time stimuli.
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