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Abstract

We investigate the rheological properties of a simplified version of a liquid detergent composed of an aqueous solution of the linear
alkylbenzene sulphonate (LAS) surfactant, in which a small amount of fibers made of hydrogenated castor oil (HCO) is dispersed.
At the concentration typically used in detergents, LAS is in a worm-like micellar phase exhibiting a Maxwellian behavior. The
presence of HCO fibers provides elastic properties, such that the system behaves as a simple Zener body, mechanically charac-
terized by a parallel connection of a spring and a Maxwell element. Despite this apparent independence of the contributions of the
fibers and the surfactant medium to the mechanical characteristics of the system, we find that the low frequency modulus increases
with increasing LAS concentration. This indicates that LAS induces attractive interactions among the HCO fibers, resulting in the
formation of a stress-bearing structure that withstands shear at HCO concentrations, where the HCO fibers in the absence of
attractive interactions would not sufficiently overlap to provide stress-bearing properties to the system.
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Introduction

Liquid detergents are generally based on aqueous solutions of
surfactant that form, depending on surfactant concentration,
temperature and pH, various micellar phases, such as spherical
and wormlike micelles or lamellar bilayers [1, 2]. The transi-
tion from one phase to another can often be induced by a small
variation in composition or temperature, which in turn leads to
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dramatic changes in the rheological response of the system
[3]. However, even though the relaxation times can vary by
orders of magnitude, surfactant systems generally do not pos-
sess a yield stress.

To fulfill the requirements of modern detergents, yield
stress properties are nonetheless often desired to prevent
creaming or sedimentation of capsules and particles. One of
the strategies used to provide such solid-like properties is to
add a small amount of colloidal fibers to the detergent base.
Indeed, rod-like colloids or semi-flexible polymers with large
aspect ratios can form entangled networks, spanning the
whole system at very low number concentration, such that
they can be used to efficiently modify the mechanical proper-
ties of fluids [4]. Prominent examples of fiber networks in
nature are those formed by semi-flexible polymers like actin
[5], which has been widely investigated and modeled [6].
Typical fiber-based rheology modifiers in industrial products
include acrylic polymers [7], gums [8], and polysaccharides
like cellulose derivatives [9]. New systems are constantly ex-
plored, such as nano-fibrils of cellulose that have recently
gained interest because of their high moduli, easy surface
modification, and sustainable production [10]. The behavior
of systems containing fibers can vary widely, depending on
the physical and chemical properties of the fibers. By tuning
for instance the size or the flexibility of the rods, it is possible
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to tune the properties of the dispersions. Already at low vol-
ume fraction, systems containing rod-like particles show a rich
behavior, which is interesting both from a scientific and tech-
nological point of view: birefringence and elasticity are only
two examples of the phenomena that have been observed
[11-13].

In this paper, we characterize the rheological behavior of a
simplified version of a commercial liquid detergent. The sys-
tem is composed of colloidal fibers that are suspended in an
aqueous solution of entangled micelles [14]. One peculiarity
of this system is that the fibers are directly crystallized in the
surfactant solution, such that the surfactant forming the con-
tinuous phase of the system is also the stabilizing agent.
Previous investigations have focused on the effect of crystal
morphology in samples with high surfactant concentration
[14, 15]. Here, we explore how the interplay between the
structuring fiber network and the viscoelastic surfactant solu-
tion affects the overall mechanical properties of the system by
investigating the rheological properties of samples with vary-
ing surfactant and fiber concentrations in oscillatory and
steady shear experiments.

Materials and methods
Sample preparation

The systems investigated are composed of aqueous solutions
of linear alkylbenzene sulphonate (LAS), neutralized with
monoethanolamine (MEA) to pH = 8, and hydrophobic fibers
made of hydrogenated castor oil (HCO). The HCO-fibers
were produced by emulsion crystallization of HCO in a solu-
tion of LAS at a concentration of [LAS]=16 wt%. In this
process, HCO is emulsified at elevated temperature and the
emulsion is slowly cooled while sheared. During cooling,
HCO nucleates within the aqueous surfactant phase and the
emulsions droplets act as a reservoir for HCO in the aqueous
phase [16]. The actual shape of the HCO-crystallites resulting
from this production method sensitively depends on the
cooling rate and shear rate used. Three main crystal morphol-
ogies have been reported: irregular crystals, rosettes, and fi-
bers [14, 15]. In this paper, we explore the behavior of sus-
pensions containing mainly rigid fibers with diameters of ~
20 nm and widely varying lengths (2-20 pm) [14]. The den-
sity of the fibers essentially matches the density of the surfac-
tant phase, such that gravity effects are negligible. Samples
with LAS concentrations ranging from 1.6 to 16 wt% and
HCO concentrations ranging from 0.01 to 4 wt% are prepared
by dilution from a stock solution containing [HCO] =4 wt%
and [LAS] = 16 wt%. For reference, we additionally prepare a
concentration series of LAS without HCO. All starting mate-
rials were kindly provided by Procter & Gamble.

Rheology

Rheological tests are performed with commercial rheometers
(MCR 502 and MCR 702, Anton Paar) using a cone and plate
geometry with a cone radius of 25 mm and a cone angle of 1°.
The temperature is controlled to 20 °C by Peltier elements and
evaporation is minimized by using a solvent trap. A fresh sam-
ple is loaded for each experiment, and reproducibility is
checked by repeating the same test three times. Prior to all
oscillatory shear experiments, the samples are presheared at a
shear rate of 100 s ! for 100 s and then left to rest for 100 s,
where we made sure that a 100 s resting period was sufficient to
warrant a reproducible and almost stationary behavior. Small
amplitude oscillatory shear experiments are performed with
strains of 0.1-0.5%, ensuring that the measurements are in the
linear viscoelastic regime. The viscoelastic properties are mea-
sured in the frequency range w = 1-100 rad/s. Steady-shear tests
are performed by decreasing the strain rate from 100 to 10> s .
The flow curve tests are performed by using logarithmically
increasing sampling times, ensuring steady state conditions at
all shear rates. That slip is not significant in our experiments has
been verified by using various shear geometries, including
couette, plate/plate, and cone/plate geometries with different
cone angles; we found that the mechanical response of our
system is independent of the geometry used.

Results and discussion

To assess the mechanical properties of our multicomponent
system, composed of a surfactant solution and HCO colloidal
fibers, we first consider the mechanical response of the sur-
factant solution. We determine the low shear viscosity 7, of
LAS solutions with varying LAS-concentrations at 7=20 °C
in shear rate experiments. As shown in Fig. 1, 7, is a strong
function of LAS concentration, [LAS]. For [LAS] <5 wt%,
the viscosity increases slowly with [LAS] to then increase by
more than three orders of magnitude within the concentration
range of 5-13 wt%. Such concentration dependence of the
viscosity has been observed in numerous other surfactant sys-
tems [3, 17—-19], and is generally assigned to the formation of
worm-like micelles that increase in length as the concentration
is increased, thereby becoming strongly entangled. Stress re-
laxation is here determined by breakage and reptation, the
faster of the two processes being that determining the relaxa-
tion time of the system [20]. In the worm-like micellar phases
of LAS, breakage is dominating; this is evidenced by a fre-
quency dependence of the storage and loss modulus that is
well-described by the Maxwell model.

As an example, we show in Fig. 2a the response obtained
for [LAS] = 13 wt%; as typically found for Maxwellian fluids,
the storage G' and loss modulus G” increase respectively with
w” and w. Beyond [LAS] = 13 wt%, we find that the low shear
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Fig. 1 Zero-shear viscosity for LAS solutions at 77=20 °C (black
squares). Inset: LAS-concentration dependence of relaxation time (left
axis) and high frequency elastic modulus (right axis) obtained from
Maxwell fits of the frequency dependence of G’ and G". The product
G, X T 1s shown as open circles in the main panel

viscosity decreases again. An analysis of the frequency depen-
dent moduli, using the Maxwell model to fit the data obtained
at different LAS-concentrations, reveals that the origin of this
decrease is mainly due to a pronounced decrease of the relax-
ation time beyond [LAS] = 13 wt%. This is shown in the inset
of Fig. 1, where we display the concentration dependence of
both the relaxation time 7z and the high frequency modulus
G, obtained for [LAS] = 10—16 wt%; to demonstrate the con-
sistency between the data obtained in oscillatory shear exper-
iments and those obtained in steady shear rate experiments,
we report 179 = G, X 7z as open circles in the main graph of
Fig. 1. The decrease in the relaxation time in the high concen-
tration range is consistent with the idea of a morphological
transition to branched micelles, where it is presumed that
stress relaxation is facilitated by the sliding motion of
branching points along a chain [21].

To assess how the presence of HCO fibers affects the rheo-
logical properties of the viscoelastic LAS-solutions let us first
consider a system composed of [HCO]=0.4 wt% and
[LAS]=13 wt%. As denoted previously, the LAS solution
with [LAS]=13 wt% exhibits in the absence of HCO a
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frequency dependent response that is typical of Maxwellian
fluids. In the presence of HCO, the frequency dependent mod-
uli display more complex features, as shown in Fig. 2a. At low
frequencies G’ dominates, while G" becomes the dominating
modulus at somewhat larger frequencies. In the high frequency
range G'and G" reach values very similar to those obtained for
the pure LAS solution. This strongly suggests that the stress
contribution of the LAS solution and the HCO fibers can be
considered as additive, the LAS solution contribution being
described by a Maxwellian element, while the HCO contribu-
tion is purely elastic, best described by a spring. To test this
hypothesis, we subtract the frequency dependent stress of the
LAS solution from the frequency dependent stress of the full
system. As shown in Fig. 2b, such subtraction results in an
almost frequency independent stress, consistent with the idea
that the LAS/HCO system can be considered as a simple Zener
body, as depicted in Fig. 2b. Considering the very low concen-
tration of HCO, this is remarkable. Indeed, for weak solids
such as weak colloidal gels, some coupling is usually observed
between the elastic response of the gel network and that of the
viscous background [22]. This is not the case in the LAS/HCO
system, indicating that the space-spanning structure formed by
the HCO fibers displays very little thermal fluctuations at least
on the time scales probed in our experiment.

To further explore the elastic contributions provided by the
HCO fibers, we investigate both the frequency dependence of
the stress in oscillatory shear experiments and the shear rate
dependence of the stress in steady shear experiments using
LAS/HCO systems with varying HCO concentrations and
fixed LAS concentration, [LAS] = 16 wt%. The results obtain-
ed in both experiments are self-consistent. As shown in
Fig. 3a, b, the stress reaches a plateau value at low frequencies
and low shear rates, while in the range of high frequencies and
shear rates, the stress increases, approaching asymptotically
the values obtained for the pure background fluid.

The frequency and shear rate independent stresses relate
respectively to the elasticity and dynamic yield stress of the
system. For the determination of the elasticity, we apply the
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Fig. 2 Linear response function of a pure LAS-system ([LAS] = 13 wt%)
in comparison to the corresponding system containing HCO ([HCO] =

0.4 wt%; [LAS] =13 wt%). a Storage and loss modulus as a function of
angular frequency. b Corresponding total stress o = G* x  as a function
of angular frequency (y=0.2%). Upon subtraction of the LAS response

(continuous line) from the HCO + LAS response (dashed line), a nearly
frequency-independent response is recovered (dashed dotted line). This
indicates that a LAS/HCO system can be considered as a Zener body, a
simple combination of an elastic network and a Maxwellian fluid (see
sketch)
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Fig.3 Dependence of shear stress 10’ r
a on angular frequency obtained i (a)

with 7= 0.2% and b on shear rate T

for samples with [LAS] =16 wt%
and various HCO concentrations

10°

same subtraction scheme described before to all our oscillato-
ry shear data and report the modulus Gy = oyyco X 7y in Fig. 4.
As the Zener model applies to shear experiments in the linear
regime only, we approximate our flow curves with the
Herschel Bulkley model o = o + k < 7" to determine the yield
stress oy.

As shown in Fig. 4, the yield stress is about a factor of 50
smaller than the elastic modulus; both quantities increase with
increasing HCO concentration, displaying an almost linear
dependence in the high concentration range. However, at low-
er concentrations both G, and oy exhibit a steeper dependence
on [HCO], seemingly indicating that there is a critical onset of
the elastic properties at [HCO]. =7 x 10> wt%. This suggests
that there is a minimum concentration of HCO needed to
provide elasticity or equivalently a yield stress to the system,
as already observed in ref. [14].

Remarkably, we find that this threshold HCO concentration
depends on LAS concentration, as shown in Fig. 5; the larger
[LAS], the smaller [HCO],. To test whether the [LAS]-depen-
dence of the low frequency elasticity relates to the viscous
properties of the LAS background, we exploit the temperature
dependence of LAS to vary the background viscosity by al-
most a factor of 50 for a system with a fixed HCO- and LAS-
concentration. As shown in Fig. 6, the variation of the back-
ground viscosity has almost no effect on the elastic properties
of the HCO network. This indicates that the effect of LAS on
the elastic properties of the system is not related to the increase
of viscosity with LAS-concentration. Instead, it is reasonable
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Fig. 4 Elastic modulus and yield stress as a function of HCO
concentration for systems with [LAS] =16 wt%
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to assume that the increase of the elasticity with LAS concen-
tration is due to depletion interactions. Such interactions are
generally induced when larger colloidal entities, such as the
colloidal fibers, are in the presence of smaller entities, such as
the LAS micelles. In such case, there is a net gain in free
volume for the smaller species when the colloids cluster to-
gether, which effectively results in a net attractive interaction
between the colloids [23].

For all LAS concentrations, the onset and growth of the
elasticity with HCO concentration can be described as a
critical-like behavior: Go=A ([HCO]-[HCO].)". This is
most clearly seen in Fig. 7a, where we report Gy as a function
of the reduced concentration, [HCO]—[HCO]. in a double
logarithmic plot. The exponents obtained for the various
LAS concentrations range between 1.1 and 1.6, consistent
with the findings of ref. [14, 15]. Such scaling behavior is
similar to that expected for entangled semi-flexible fibers
[24], but not with that expected for permanently connected
fibers where the predicted exponents are higher than those
found in our experiments [25].

The systematic dependence of [HCO], on [LAS] allows for
an extrapolation to [LAS]=0, as shown in Fig. 7b. We find
that [HCO];k ~0.11 wt% for [LAS] = 0. Let us here stress that
[LAS] =0 denotes the absence of LAS in the continuous
phase. As LAS is also the stabilizing agent of the HCO fibers,
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Fig. 5 Elastic modulus G, of fiber network as a function of HCO
concentration for systems with various LAS concentrations. The solid
lines are fits to the data according to a critical-like behavior Gy =
A(HCOJ-HCO]o)*
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Fig. 6 Left axis: Temperature dependence of low shear viscosity for a
pure surfactant system with [LAS]=11.5 wt%. Right axis: Temperature
dependence of low frequency modulus for a system with [HCO] =
0.4 wt% and [LAS] = 11.5 wt%. The lines are guides to the eye

the LAS concentration can never be truly zero, as this would
otherwise lead to a destabilization of the fibers and conse-
quently to aggregation by Van der Waals forces, which would
be irreversible. Our extrapolation of [HCO], to [LAS]=0,
instead, only indicates that in the absence of attractive deple-
tion interactions our fiber system would support stress once
the fiber concentration exceeds [HCO], =0.11 wt%.

Indeed, based on simple geometrical considerations, we
expect that suspensions of rod-like particles will exhibit elas-
ticity once they sufficiently overlap. For stiff rods of length L
and diameter d, the semi-dilute regime is reached at a number
concentration of p~ 1/L3. However, at this concentration, ro-
tational diffusion is still significant, and contacts are sparse,
such that we do not expect that the system is able to support
macroscopic stresses. To obtain a stress bearing network in the
absence of attraction, the number concentration must be in-
creased to the critical overlap concentration of p* = 1/dL? [26].
Assuming that the density of the fibers is that of the back-
ground, such that weight fraction equals volume fraction
[HCO] = ¢~ p x d’L, we can estimate the aspect ratio of the
fibers as L/d~1/¢*. With ¢" = [HCO]. = 0.0011, we find
that L/d =900, which is within the estimates obtained from

AFM images [16]. This agreement indicates that [HCO]: can
be indeed considered as the critical overlap concentration of
our fiber-system; it denotes the onset of elasticity for the

system in which the fibers interact by excluded volume effects
only, i.e., in the absence of depletion effects.

The lower values of [HCO], obtained at [LAS] > 0 in turn
suggests that the depletion effects induced by the presence of
LAS lead to the formation of a stress-bearing structure in the
semi-dilute regime. Based on the estimate of L/d , we would
assume that the onset to the semi-dilute regime is reached at
(d/L)*~10~* wt%. For our largest LAS concentration, we ob-
tain a critical onset of elasticity at [HCO], =7 x 10> wt%,
which is well beyond the onset to the semi-dilute regime,
but also well below the critical overlap concentration obtained
for the fiber system in the absence of depletion effects,

[HCO], =~0.11 wt%.

That depletion interactions can lead to an increase of the
elasticity of entangled fiber systems has been previously ob-
served in actin networks, where it was also denoted that de-
pletion leads to the formation of fiber bundles [27]. Such bun-
dle formation leads in principle to a decrease of the mesh-size
of the network, which at first approximation would result in a
decrease of elasticity instead of an increase. However, it was
argued that, for strong enough coupling among the fibers,
bundling would lead to stiffening, i.e., an increase of the per-
sistence length. This in turn would lead to an increase of the
bending and stretching resistance of the fiber network, which
could over-compensate the effect of the increase in mesh size,
such that the net result of depletion induced bundle formation
would be an increase in elasticity [27]. Although such argu-
ment is appealing, it is not evidently explaining the transition
to an elastic solid when starting from a fiber configuration in
the semi-dilute regime, where the system without attraction
does not exhibit elasticity. To effectively probe the increased
stiffness of the fiber bundles, the bundles have to overlap
sufficiently, or to form permanent connections among each
other. Since bundle formation generally leads to a decrease
of the overlap, we presume that stable connections are at the
origin of solidification in our LAS/HCO systems.

Indeed, as in the actin system investigated in ref. [27], a
system with [HCO] =8 x 10 wt% for instance would not
exhibit elastic behavior in the absence of depletion forces,
while it does when these are in place (See Fig. 5). There is

Fig. 7 a Same data as in Fig. 5 10
displayed as a function of the
reduced concentration [HCO]-
[HCO].. Lines are linear
regressions. (b) Critical fiber
concentration [HCO], as a
function of [LAS]. The
extrapolation to [LAS] =0 yields
a critical overlap concentration of
[HCOL. ~0.11 wt%
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some indirect evidence that depletion leads to bundle forma-
tion in our LAS/HCO systems as well and it is conceivable
that these bundles are permanently connected with each other.
However, more work will be needed to fully assess the tran-
sition to stress bearing structures in fiber-depletion systems.
The question how depletion induces such transition is even
more intriguing, when considering the experimental results of
Wilkins et al. [28]. These authors investigated the effect of
depletion on a fiber system that was concentrated enough to
exhibit elasticity in the absence of depletion. They too ob-
served the formation of bundles upon addition of a depletant.
However, here the bundle formation correlated with a de-
crease of the elasticity instead of an increase. It is conceivable
that this discrepancy relates to the kinetics of bundle formation
which would depend on the fiber concentration itself.

Summary and conclusion

We investigated how the rheological properties of a solution
of surfactants forming wormlike micelles would be altered by
the presence of a small quantity of colloidal fibers. The system
chosen is a simplified version of a liquid detergent, where the
fibers are used to provide solid-like properties to the system.
Our investigations reveal that the presence of the micelles
induces depletion interactions between the fibers. In close
analogy to what has been observed in depletion-induced at-
traction of actin [27], we find that at a fiber concentration that
is too low to provide elasticity to the system, depletion-
induced attraction leads to the formation of a stress-bearing
structure. Since depletion forces typically favor bundling in
dispersions of colloidal rods, such gelation is not trivial. It
indicates that bundling can lead to the formation of a space
spanning network, as recently reported for rods with patchy
attractions [29].

Despite the clear hallmarks of an influence of the micelles
on the elasticity of the fiber network, we find that our complex
fluid can be treated as a simple Zener body, i.e., a parallel
connection of a Maxwell element and an elastic spring. This
shows that the fiber network does not couple to the viscoelas-
tic background, such that the system can be treated as a simple
two-component system made of the Maxwellian micellar
phase and the “athermal” elastic fiber network.
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