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The lubrication effect of bicontinuous microemulsions describes a facilitated flow along hydrophilic pla-
nar surfaces because the fluid forms lamellar domains that can slide off along each other much better
than randomly ordered domains. The applicability of this effect is based on the prerequisite of the lamel-
lar structure not being destroyed by external shear-fields. In this paper, we demonstrate that the lamellar
structure is highly stable for shear rates of up to 600 s~! using neutron reflectivity and grazing incidence
small angle neutron scattering experiments. The transition structure that consists of perforated lamellae
is attacked by the flow, and the bicontinuous microemulsion comes closer to the solid interface when
shear is applied. All of this verifies the stability of the lubrication effect for technical applications.

© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Microemulsions consist of water and oil and a surfactant that
mediates between the otherwise immiscible components to form
a thermodynamically stable system [1-3]. On microscopic length
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scales pure water and oil domains form, observable by scattering
experiments [4], with the surfactant molecules as a film in
between the two domains. Bicontinuous microemulsions form
when nearly equal volumes of water and oil are mixed that lead
to sponge-like domains hosting the other domain and vice versa.

When exposing a bicontinuous microemulsion to a planar
hydrophilic surface [5], near-surface ordering happens to shape
the domains lamellar next to the interface. This lamellar interphase
is perfectly ordered within a depth d, and decays gradually by an
increasing number of perforations to transit to the bicontinuous
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bulk structure [5]. The dynamics of the lamellar surfactant mem-
branes were about three times faster than the corresponding bulk
dynamics [6] that is based on a higher number of modes being pre-
sent at the interface with higher frequencies at the same time. This
effect was also connected to the so-called lubrication effect [7] that
describes a facilitated flow of lamellar domains along the solid
interface. Using clay platelets as planar surfaces with limited
extension, the quality of the lamellar order could be rendered
[8]. Larger platelets showed faster dynamics due to more long-
wavelength modes compared to the small platelets [8]. In macro-
scopic rheology experiments [9] the lubrication effect with varying
quality of lamellar order next to clay platelets with finite dimen-
sions could be verified. Large platelets induced much lower viscosi-
ties compared to small platelets. Using crude oils as complex fluid,
the viscosity could be even decreased with respect to the bare liq-
uid at lowered temperatures. The formation of lamellar domains
adjacent to the clay particles was assumed here as well.

It remains an open question whether the lamellar interphase is
stable at elevated shear rates which was inherently assumed for
the lubrication effect in applications. This paper verifies the stabil-
ity of the lamellar interphase as a function of shear rate using neu-
tron reflectometry and grazing incidence small angle neutron
scattering (GISANS). The observed reflectivity curves and GISANS
patterns are analyzed as a function of shear rate and interpreted
by a three-level structure: a perfect lamellar interphase with thick-
ness d, a transition region with thickness ¢, and the bicontinuous
bulk phase.

2. Materials and methods
2.1. Materials

N-decane was obtained from Sigma Aldrich. The non-ionic sur-
factant C;oE4 was obtained from Bachem, Weil am Rhein, Germany.
Heavy water was obtained from Armar chemicals, Déttingen,
Switzerland. All these chemicals were used without further purifi-
cation. The microemulsions consisted of 17%vol surfactant and
41.5%vol water and oil, respectively. The microemulsion was kept
stable at 25°C + 1K with a safe distance to the 2-phase regions
of at least +2 K. The phase diagram of the symmetric microemul-
sion with varying surfactant content vy is depicted in Fig. 1. Here,
all materials were fully hydrogenous, and the corresponding phase
diagram with heavy water needs to be shifted down by 2 K. The
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Fig. 1. Phase diagram of the symmetric microemulsion of n-decane, normal water
and CqoEs. The diamond indicates the experimental condition for the neutron
experiments. For heavy water, the whole figure is shifted down by 2 K.

experimental condition is indicated by a diamond. There is the
important 1-phase bicontinuous microemulsion indicated by “1”
that is limited by a lamellar phase towards y =~ 19%. There are 2-
phase coexistence regions with expelled oil or water indicated by

“2” and “2”. The 3-phase coexistence region is indicated by “3”
and consists of excess oil and water with a concentrated
microemulsion. Further details about phase diagrams of
microemulsions with non-ionic surfactants can be found in the lit-
erature [10]. The 1-phase microemulsion forms spontaneously, and
comes to quick (sub seconds) equilibrium after shaking. When the
sample is kept at the equilibrium temperature, as for the neutron
experiments, no phase separation occurs.

2.2. Neutron experiments

The flow cell for neutron reflectometry and grazing incidence
small angle neutron scattering [5,11] hosted a polished silicon slab
(150 x 50 x 20 mm?) with a roughness better than 2 A. It was
etched before use as described in Refs. 5 and 11 to obtain
hydrophilicity. The flow along the slab took place on an area of
approx. 120 x 30 mm?; and the gap was 0.5 mm. The cell was con-
nected with a Luer Lock® System to a peristaltic pump. An average
flow speed of up to 50 mm/s could be reached in the cell that trans-
lates to an apparent shear rate of 600 s~! at the interfaces with the
shear gradient in the normal direction assuming Hagen-Poiseuille
flow. The cell was tempered by a water-thermostat to 25 °C, and
a limited area around the pump was heated by an electric heat
blower. The neutrons impinge on the silicon front face, are
reflected from the solid-liquid interface, and leave through the
opposite back face.

Neutron Reflectometry was conducted on the instrument
MARIA at the MLZ Garching [12,13]. The neutron wavelength
was 5 A. The entrance and sample slits were 0.4 x 148 mm? and
0.4 x 30 mm? for the reflectivity data represented here. All data
were normalized by a heavy water reference scan such that the
total reflectivity plateau was unity. All reflectivities are given as a
function of the scattering vector Q. GISANS experiments were
conducted with a wavelength of 10 A, and all slits were set to
16 x 2 mm?. The scattering length density (SLD) of the overall
microemulsion was 2.456 x 107 A=2 while the SLD of silicon
was 2.07 x 1075 A=2, This resulted in a critical angle of 0.20°. The
incidence angles of 0.14°, 0.16°, and 0.18° and 0.20° resulted in
the scattering depths of A =7632A, 749 A, 1018 A and virtually
infinity (as we refer to them as nominal scattering depths). The
experimental scattering depths are smeared out by resolution
effects by +140A, +270A, and + 770 A correspondingly. These
problems are discussed in the literature [14,15] where even the
non-linearity is taken into account for more complicated
conditions. For simplicity we stay with the nominal scattering
depths.

2.3. GISANS formulae

Let’s assume the incoming wave is a pure evanescent wave, i.e.
k; = (kix kiy, i/A), and the outgoing wave has negligible damping in
z-direction, i.e. kr=(Kksx, Kfy, k;,). The scattering probability and,
therefore, the scattering intensity is described by the following
[16]:

2

I(ki, k) = '/ d’rp(r)exp(i(k — k)r) (1)

in the hemisphere z > 0. A very basic simplification is achieved,
if along the z-axis the scattering volumes are decoupled by a rather
small correlation length &. Then, different sub-volumes of size & do
not interfere, and the following simplification holds:
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J
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Now we assume that two phases coexist with a probability
function along the z-axis ¢(z) for phase 1, and ¢, =1 — ¢;. Each
of them has a characteristic scattering function for the correlation
volume, being S;(q) and S,(q) with q = Re(k;)—k;. The original sum
for the compartments is replaced by an integral, and we arrive at:

4.0 ~5:0) -51@) | dzir@exp(-25) +55@ @)

So a simple Laplace transformation of the probability function
$1(z) appears. For a profile ¢, being zero between z=0 and d,
and an error function erf((z — d)/() describing a transition with a
width ¢ towards the bulk phase, we obtain two characteristic
functions:

fo(A) =exp <—2 %) .%exp <;\—22> <1 — erf(%)) and

F1(8) = 5 = F2(A) @)

The characteristic f, function has a linear asymptote (A — Ag)/2
with a virtual zero at Ag=2(d +{/,/m). Since the characteristic
function f> does not reach this ideal asymptote at A =1000 A, we
take the Taylor expansion at the point (A = 1000 A, d = 600 A, and
£=500A) with the first two values being typical and the latter
being in the middle of the range between 0 and 1000 A. We arrive
at the following linearization (all variables in A):

f2[A] ~ —248.6 + 0.5376A + 0.06038( + 0.1066d
—0.0002302A¢ — 0.0003693Ad + 1.530-10~°¢d
+1.391-1077Aud (5)

From this we can obtain further simplifications for the bicontin-
uous intensity at A =1000 A and d = 600 A:

f,]A] = 131.3 — 0.07721¢[A] (6)

This function would show a 2.4 times fold increase when ¢ var-
ies from 1000 A to 0 A. The corresponding function f; would read at
the same time:

f2[A] ~368.7 + 0.07721¢[A] (7)

This corresponds to a 17% decrease of the lamellar intensity in
the same range of {. The linearized virtual zero of the linearized
equation A5 would be:

Ao[A] = 584.4 + 0.0513([A] (8)

This corresponds to an 8% decrease of the lamellar depth in the
same range of {. We know that the range of { might be a little
shorter than assumed here, to fit the measured changes better.
However, the changes give a good estimation for the theoretical
description still.

3. Results and discussion

When looking at the reflectivity curves (Fig. 2) of the bicontin-
uous microemulsion as a function of shear, the characteristic peak
at Q=0.028 A~! does change neither the peak height, nor the peak
width, nor the peak position dramatically [17]. A tiny change is vis-
ible for the highest shear rate of 600 s~'. From the scattering geom-
etry, we know that the Q-vector is ideally perpendicular to the
solid surface and therefore represents the near-surface lamellar
structure induced by the hydrophilic preparation of the silicon
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Fig. 2. (color) Neutron Reflectometry of the microemulsion at different apparent
shear rates. In the inlay, the reference measurement of heavy water as calibrant is
depicted. Error bars are of the symbol size. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

slab. As such, this lamellar interphase does not seem to change dra-
matically, when shear is applied. In model fitting, a simple Lorent-
zian [17] was used to describe the peak shape with the three
parameters amplitude, peak width, and peak position. As one
example, we displayed the correlation length in Fig. 3 that emerged
from the reciprocal peak width of the fitting. Within the statistical
errors, the correlation length is nearly constant. A tiny decay of a
little more than 10% might be taken as a result towards highest
shear rates of 600 s~

The GISANS patterns were taken as a function of the scattering
depth and shear rate (Fig. 4). The lamellar Bragg peak (Q.Qy) ~
(0.03A"1,0A"") is dominating at a scattering depth of A =632 A,
although the isotropic Debye-Scherrer ring from the bicontinuous
phase [18] is slightly present. The bicontinuous scattering is stron-
ger at A =749 A, and even stronger at 1018 A. Finally, it prevails at
incidence angles larger than the critical angle of total reflection
when the scattering depth is virtually infinity. This trend explains
that the lamellar structure is adjacent to the solid interface and the
bicontinuous phase is in the bulk volume. From the shear experi-
ments, we can also see clearly that with stronger shear rates the
bicontinuous scattering is growing. This effect is the central result
that interpretation we will develop below. All GISANS patterns
were analyzed [5] as a superposition of a Bragg peak and a
Debye-Sherrer ring, where basically the amplitudes were the cen-
tral fitting parameters after the detailed Q-dependence of the two
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Fig. 3. The correlation length of the near-surface lamellar order as a function of the
apparent shear rate.
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Fig. 4. (color) The grazing incidence small angle neutron scattering patterns of the microemulsion at the apparent shear rates j = 0, 120, 360, and 600 s~'. The patterns were
described as a superposition of a Debye-Scherrer ring and a Bragg peak. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

scattering patterns have been fixed from the dominating situations
(A =632 A, no shear) and (A = oo, no shear). Principal details have
been given already in the literature [5]. The obtained amplitude of
the Bragg peak is depicted in Fig. 5. From the two lower scattering
depths A =632 A and 749 A, we see the essential trend that the
intensity grows with scattering depth, but is interpreted as nearly
constant as a function of shear rate. For the highest scattering
depth A =1018 A, the intensity of zero shear is nearly the same
as for A=749A. The drop with increasing shear rate at
A =1018 A seems to be an effect of prevailing bicontinuous scat-
tering. So, just statistically the Bragg peak becomes negligible here,
which is the reason for the strongly decaying lamellar intensity at
A=1018A.

The corresponding intensities of the bicontinuous bulk scatter-
ing are summarized in Fig. 6. The linear dependence of this inten-
sity with the scattering depthA was already used before [5]. The
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Fig. 5. (color) The intensities of the Bragg peak connected to the near-surface
lamellar order for different scattering depths and apparent shear rates. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. (color) The intensities of the bicontinuous microemulsion as a function of
the scattering depth for different apparent shear rates. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

typical depth of the lamellar interphase obtained from the virtual
zeros of Fig. 6 as a function of shear rate displays a continuous
decay by approx. 7% and is statistically significant. This decay
seems to agree in quantity with the correlation length (Fig. 3) of
the lamellar phase. Astonishingly, the slope of Fig. 6 and simulta-
neously the intensity of A=1018 A grow with increasing shear
rate by approx. 65%. This increase is significant and is hard to
rationalize with the parameters of the lamellar structure being
nearly unchanged as a function of shear rate.

4. Discussion

From previous results [5], the depth of the lamellar interphase
was already established. From computer simulations, this depth
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was even more precisely the depth of perfect lamellae, while the
strong formation of perforations developed beyond this depth
and transits into the bicontinuous structure continuously without
being recognized by the GISANS experiments. The current depth of
approx. 600 A is a little larger than the previously found 400 A,
which might be connected to a better preparation of the hydrophi-
licty of the solid interface that would induce more order. So we
have approx. 6 perfect water and oil domains (each of them
110 A thick) at the solid interface. The short correlation length of
approx. 150 A (Fig. 3) is not much different from previous mea-
surements [5], but now really cannot explain the overall decay of
the lamellar order from the solid interface to the bulk. Also, the fit-
ted Lorentzian corresponds more to bulk scattering that would
additionally be multiplied by Q? for a pure near-surface structure
(and clearly is not true for the measured data). Such simplified for-
malism of reflectivities of near-surface structures is connected to
the classical simple Fourier transformation [19] for a reflectivity
in the range of 0.01 and below, which deviates from the full theory
of the Parratt formalism [16] that includes high reflectivities of
nearly unity. So, the observed peak in the reflectivity does mainly
result from scattering of independent lamellar sub-volumes at
arbitrary depth (for us at depths of up to 600 A). Those sub-
volumes are well enough aligned to contribute to the reflectivity,
but certainly do not only represent a continuous decay of structure
directly at the interface with a decay length of 150 A. As we know,
the extension of the lamellar structure is approx. 600 A.

For modeling the different intensities, the small correlation vol-
umes of 150 A for the lamellar and approx. 100 A for the bicontin-
uous bulk phase [20] make the argumentation easier because they
are much smaller than the lamellar interphase depth d of approx.
600 A. Then, the different sub-volumes are scattering indepen-
dently with the intensity mainly given by the evanescent wave
as argued in more detail in the Appendix. The characteristic func-
tions for the lamellar and the bicontinuous intensities can be lin-
earized for typical values of (A =1000A, d=600A and ¢ =500 A
being the scattering depth, the depth of the perfect lamellar inter-
phase and the transition range between lamellar and bicontinuous
(ideally taken by perforations of a lamellar structure before the
structure becomes bicontinuous) all explained in Fig. 7). From
them, we obtain a linearized behavior for the lamellar and the
bicontinuous intensities f, and f; as a function of { that match
approximately the experimental findings (see Appendix). Also,
the depth of the lamellar interphase d is derived in a linearized
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Fig. 7. Interpretation of the neutron reflectometry and grazing incidence small
angle neutron scattering data for the bicontinuous microemulsion under shear. The
transition between the lamellar and the bicontinuous structure is continuous with a
different transition depth ¢, while the ideal lamellar interphase depth d = 600 A is
rather constant.
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Fig. 8. The viscosity of the bicontinuous microemulsion as a function of the shear
rate. At low shear rates <5s~! the Brownian motion perturbs the measurement,
while at higher shear rates absolutely no indication of shear thinning is observed.

way, and the approximate behavior is confirmed. From that, we
can confirm that the transition range ¢ lies approximately in the
range of 1000 A for no shear to 0 A for the maximum shear.

Following previous argumentations, the perfect lamellae stay
untouched by the shear while the transition range shortens and
brings the bicontinuous structure closer to the solid interface. This
explains plastically the nearly constant lamellar intensity while the
bicontinuous intensity increases.

The here-discussed induced lamellar order of microemulsions
by planar hydrophilic surfaces (at the interface [5] and all over
the volume [21]) can also be induced all over the volume by shear
gradients [22]. Also then, the normal direction of the lamellae
would be in the direction of the shear gradient as observed exper-
imentally [22]. But this observation is usually coinciding with
shear thinning, a considerably decreasing viscosity in the range
of the applied shear rates [22]. From our system, we see that there
is no shear thinning in the range of applied shear rates (Fig. 8). The
decay of viscosity at really low shear rates results from the Brow-
nian motion that is faster than the imposed shear for Deborah
numbers bigger than unity [23,24]. The relaxation time of whole
coherence volumes of the size (2¢)® ~ (200 A)* is in the range of
seconds [25] and corresponds to our transition shear rate of
approx. 5s~!. Another relaxation on the level of a single domain
with the size d/2~100A is connected to stalk formation and
release [25] on the order of milliseconds. At corresponding shear
rates of larger than approx. 1000 s~! the viscosity decreases dra-
matically [22,25,26,27]. In polymeric microemulsions [28] the
shear-induced lamellar structure might form elongated regions of
enrichments that resemble shear-banding structures [29]. The high
shear state is discussed as a state under duress that is out of equi-
librium in terms of surface per volume arising from the typical area
per head group [20] and eventually leads to phase separation.

5. Conclusion

Apart from the mathematical modeling, the observations
describe a rather persistent lamellar interphase with a rather con-
stant depth. The shear narrows the transition zone between perfect
lamellar and bicontinuous structure, which means that the bicon-
tinuous disordered phase comes closer and appears stronger in the
GISANS scattering while the lamellar structure stays unchanged as
seen in the reflectometry and GISANS patterns.

For the interpretation of rheology experiments on 1%vol clay
particles dispersed in bicontinuous microemulsions [9] it was



36 F. Lipfert et al./Journal of Colloid and Interface Science 534 (2019) 31-36

inherently assumed that a lamellar structure forms a stable struc-
ture along the clay particles independently of shear that explains a
facilitated flow along the platelets, the so-called lubrication effect.
With this manuscript, we have safely verified that shear rates of
up to 600s~! do not destroy the near surface lamellar ordering
of bicontinuous microemulsions.

Only on the level of perforated lamellae [5] that explicitly
explains the realization of transiting order from lamellar to bicon-
tinuous, the shear seems to attack the degree of order. This explicit
destruction of the intermediate structure, the perforated lamellar
structure, is considerably different from shear thinning samples
that tend to form more lamellar order all over the volume [22].
We know that shear rates greater than approx. 1000-3000s!
[22,25-27] lead to dynamically stable enhanced areas per surfac-
tant head groups [20], i.e. microemulsions with enhanced inter-
faces between the water and oil domains that can be called
intermediates between microemulsions and emulsions [28]. So in
terms of shear rates not extremely higher than 600 s~ the overall
stability of microemulsions is attacked on a more molecular level,
while below 600 s~! our bicontinuous microemulsion with the sur-
face induced ordering but without shear thinning seems to be a
rather stable arrangement. This is an important statement for the
lubrication effect in terms of industrial applications, and would
not change for shear thinning systems in general.
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