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Abstract

Interfacial shear rheology can give a lot of information on the organization of the nanoparticles at the liquid/liquid and at
the liquid/air interfaces. The measurements are challenging and not easy to conduct in a safe way to obtain reliable data. In
the present study, the operating windows and the useful methods to obtain a reliable and sensitive response of the rheometer
at the liquid/liquid interface in the presence of anchored nanoparticles are addressed. Hydrophobized silica adsorbed at the
dodecane/water interface are mainly used while, in particular situations, non-ionic surfactant, and mixtures of nanoparticles
and surfactant are also employed. The silica content is varied between 0.01 wt.% and 10 wt.% relative to the oil phase. Three
mechanical solicitations modes and strengths of the interface including interfacial flow, creep, and oscillatory stress sweep at
low amplitude are addressed in order to find the more sensitive and accurate one to probe the structural characteristics. The
sensitivity and limits of the interfacial methods are significantly impacted by the strength and the mode of the mechanical
solicitation applied to the dodecane/water interface. The oscillatory stress sweep at low amplitude appears as the most sensi-
tive method since it allows to discriminate between the rheological behavior of the different silica contents and systems. It is
recommended to use rheological methods for which the cumulated strain at the interface is moderate and does not destroy the
structure of the silica film at the dodecane/water interface by the mechanical stress.

Keywords Interfacial rheology - Silica nanoparticles - Span surfactant - Dodecane/water interface, DWR - Particle laden
fluid interfaces

1 Introduction desorption which protects the systems from destabilization

by coalescence [6—11]. To reach the specific end-used prop-

The majority of chemical formulated products involves
nanomaterials [1-3]. Ice creams, sun screen lotions, tooth-
pastes, lipsticks, paints, glues, bituminous binders are some
examples. These chemical products are polyphasic systems
where several phases (liquid, solid, gas) have to coexist lead-
ing to various interfaces. For all these systems, surfactants
and polymers are currently used to stabilize the interfaces
[4, 5]. The use of nanoparticles such as inorganic particles
and bioparticles becomes an interesting alternative to the
previous stabilizing molecules due to the high energy of
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erties required for these systems, a subtle combination of
scientific disciplines comes into play [12, 13]. They include
formulation science (dispersed systems, surfactants, nano-
particles), chemical engineering (mixing, emulsification
processes), rheology (flowing, hydrodynamic and structural
characteristic properties), and interfacial physico-chemistry
(interfacial rheology, particles adsorption, surface tension,
wetting). Among them, the behavior of the nanoparticles or
nanomaterials at the various interfaces becomes a hot topic
in this field [14-18].

Interfacial tension is traditionally the most widely studied
characteristic of the interfacial phenomena. However, this
method is not always sufficient to follow the structural and
conformational transitions in the adsorption layers at the
interfaces [19]. In addition, the surface and interfacial ten-
sion appears to be not substantially affected by the presence
of particles at the interfaces. For all these reasons, interfacial
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rheology is expected to be more adapted to probe the adsorp-
tion, the structure and the conformation of nanoparticles at
the liquid/gas or liquid/liquid interfaces [15, 16].

For interfacial rheology, the deformation of the inter-
face can be produced by dilatation or shearing [15, 20].
On the one hand, for interfacial dilatational rheology,
drop tensiometry and Langmuir film balance are currently
encountered [20-25]. They are mainly used with sur-
factants and polymers. On the other hand, for interfacial
shear rheology, the interface is directly sheared [26-29].
These latter systems have been recently developed and a
clear view on the operating limits of these systems is still
missing. For instance, the sensitivity with low molecular
weight surfactants is not ensured. The rheometers appear
more adapted to high molecular weight compounds such
as polymers and particles [30].

One of the objectives of this work is to provide the oper-
ating windows and the useful methods to obtain a reliable
and sensitive response of the rheometer at the liquid/liquid
interface in the presence of anchored particles. Hydropho-
bized nanoparticles, non-ionic surfactant, and mixtures of
particle—surfactant adsorbed at the dodecane/water interface
are used. This silica can be viewed as a model system to
ensure a relatively weak amount of silica at the interface
while controlling the interfacial concentration of particles
at the liquid/liquid interface. Various methods leading to
different mechanical solicitations modes and strengths such
as interfacial flow, creep, and oscillatory stress sweep at low
amplitude are investigated. The aim is to find the more sensi-
tive and accurate method to probe the structural characteris-
tic properties of the interfaces. In parallel, a generic method-
ology is developed to help the readers to conduct interfacial
rheology measurements and avoid classical errors.

2 Materials and Methods
2.1 Materials

The oily phase consisted of dodecane provided by ReagentPlus®
with a purity larger than 99%. The nanomaterials were Aerosil®
R-972 silica particles obtained from Evonik consisting of nano-
sized fumed silica particles with a diameter of 16 nm. The
particles were hydrophobized by the grafting of dimethyl chlo-
rosilane in order to obtain a coverage of 70% of the silanol
groups of the silica. Span 65 is a sorbitan tristearate and was
provided from Aldrich. It is a non-ionic lipophilic surfactant
(HLB=2.1).

For all the measurements, the particles and/or surfactants
were introduced in dodecane. The silica was dispersed in the
oil using an ultrasounds probe (Sonic Dismembrator 550
from Fisher Scientific-20 kHz frequency-standard probe).
The sonication was performed during 1 min 30 s in sequence
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of 2 s of sonication followed by 2 s without sonication. The
amplitude of sonication was fixed to 70% of its maximum
amplitude. An ice bath was placed under the beaker to
reduce the increase of temperature during the sonication.
The hydrophobic character of the silica produced an instan-
taneous dispersion of the particles in the oil. The sonication
was only used to finalize the homogenization of the disper-
sion. The hydrophobic character of the silica lead to a repar-
tition of the silica between the oil phase and the interface.
The particles had an amphiphilic behavior and they adsorb at
the liquid/liquid interface. However, due to the hydrophobic
character of the solid material, a high amount of silica was
necessary to obtain a significant content of particles at the
liquid/liquid interface. Consequently, for low silica content
introduced in the oil, the interfacial concentration of silica
at the liquid/liquid interface was very low. This adsorbed
amount of silica increased with the silica fraction introduced
in the oil. The silica content was varied between 0.01 wt.%
and 10 wt.% relative to the oil phase. For silica content lower
than or equal to 1 wt.%, the silica interfacial layer may not
be fully covered, or may have large voids, which impacted
rheological signature.

For the preparation of the surfactant solution, the Span
65 was dissolved in dodecane under magnetic agitation at a
concentration of 0.5 mM. Deionized water was utilized for
the aqueous phase.

2.2 Methods for Interfacial Shear Rheology
Experiments

An AR-G2 stress-controlled rheometer from TA Instrument
was used to conduct the interfacial shear rheology experi-
ments. The rheometer was equipped with a diamond-edged
ring made of Pt/Ir and a holding trough made of Teflon that
is equivalent to a double wall ring (DWR) geometry. Fig-
ure 1 shows a schematic representation of the overall system.
Prior to measurements, the ring was thoroughly cleaned.
First, the ring was flame treated. Then, the ring was rinsed
with water, ethanol, and finally dried. In parallel, the holding
trough made of Teflon was cleaned with water and ethanol,
and finally dried.

The most delicate point of experiences with DWR was to
accurately and precisely locate the ring at the interface of the
two liquids (Fig. 1). A special procedure was developed. In a
first step, the water phase was introduced inside the holding
trough made of Teflon up to the middle edge of the reservoir.
At that moment, the diamond-edged ring was moved down
until the moment it started to touch the water surface. In the
vicinity of the water surface, the speed of the head was lowered
to improve the precision. From that position, a diminution of
500 pm was applied to accurately positioned the ring at the
liquid/liquid interface. Actually, SO0 um corresponded to one-
half of the height of the ring. The addition of the oily phase
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Fig.1 Schematic representation of the interfacial rheological methods. (a) Steady-state flow tests, (b) Creep experiment, and (c¢) Oscillatory
stress sweep at low amplitude. Colors: blue corresponds to the aqueous phase while yellow represents the oil phase

on the surface of the ring and the water was then made with
a dropper. Care was taken to deposit the oil everywhere over
the surface of water and the ring. A volume of 5 mL of the oily
phase was added. The temperature was maintained at 25 °C for
all the tests thanks to a Peltier plate.

Several interfacial rheological methods were conducted
with the rheometer. All the methods used were based on the
shearing of the liquid/liquid interface due to the rotation of
the ring. The methods differed by the mechanical solicitation
modes and strengths (Fig. 1).

The first method was to perform steady-state flow tests
(Fig. 1a). In that case, the ring turned continuously and the
speed of rotation was varied from low speed (low shear rate 7)
to high speed (high shear rate 7). More particularly, successive
steps of shear rate were imposed during a given time (7 ,: 7 |,
7 »...) and the average value of the resulting shear stress (<,
Ty, Ty...) was recorded when the steady state was reached. The
viscosity 1 was obtained from the ratio of the shear stress to
the shear rate, i.e.:

Ty

My = -

"n M

In practice, steady state tests were performed by shearing
the interface with shear rate starting at 10 s~ up to 10 5.
From this test, the interface viscosity was recorded.

For the second method, creep tests experiments were car-
ried out. For this test, a constant step of shear stress was
applied and the resulting strain of the interface was fol-
lowed with time (Fig. 1b). In that case, the shear stress was
imposed and the measurement was conducted in transient
regime. Experimentally, a constant shear stress of 10~ N/m
was imposed onto the interface. The creep analysis allowed
to probe the response of the interface during very long time.

The third method concerned oscillatory mode. Oscillatory
stress sweep experiments at low amplitude consisted in
applying small amplitude oscillatory stress to the interface.
The oscillatory shear stress and the angular frequency
were imposed (Fig. 1c). In details, amplitude sweeps
were conducted. The sinusoidal shear stress was increased
stepwise from one point to the next while keeping the
frequency at a constant value. The resulting evolution of the
shear strain was recorded leading to a sinusoidal evolution of
the strain. The comparison of the two sinusoidal curves was
conducted. From the phase shift angle (5, : 8, 8, 85...) and
the maximum shear stress (t,: T}, T, T3) and strain (y,. ¥;,
Y2, V3---). the interfacial elastic G’ and viscous G*” modulus
were deduced. They corresponded to a viscoelastic behavior
of the interface with two extremes situations. For G’ =0, a
purely elastic interface was obtained while, when G’ =0, a
purely viscous interface took place. The determination of G’
and G’ could be obtained from:
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In our experiments, the oscillatory stress was applied
between 107° and 107! N/m, and the angular frequency was
fixed to 1 rad/s. With this test, the applied stress remained
weak and allowed to preserve the structure of the silica film
at the water/dodecane interface in the linear viscoelastic
domain of the sample. Actually, the stress gently deformed
the interface in the linear viscoelastic domain of the sample
for which the strain remains proportional to the stress.

2.3 Equipment Performance Tests with Surfactant

The most important point when conducting experiments
with DWR is to place the ring just at the interface between
water and dodecane. Before testing with silica, several
experiments were carried out with water/air systems in
order to find ways to put the ring at the interface and get the
accurate position of the ring at the interface (not shown). To
ensure that the equipment perform normal, the performance
of the apparatus is tested by measuring the interfacial shear
properties (strain sweep and frequency sweep) of Span 65 at
the water/dodecane interface. The results can be compared
with the data reported in the literature. Actually, research-
ers from the company TA instruments have used the DWR
with the same system, i.e. water/dodecane in the presence
of Span 65 [31]. A concentration of 0.5 mM of surfactant in
the dodecane phase was employed for measuring while for
the water distilled water was used [31]. The evolution of the
interfacial elastic and viscous modulus as a function of the
strain and frequency are given in Fig. 2 and Fig. S1 of the
Supplementary Information, respectively.

The results of the tests conducted here correspond well
with those reported by the company TA Instruments which
are used as a kind of calibration test of the apparatus [31].
The surfactant builds a viscoelastic film at the interface
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between water and dodecane. Consequently, it can be con-
cluded that we find the way to accurately place the ring at the
interface. Therefore, the equipment can be safely used with
the other systems (water/dodecane in the presence of silica).

3 Results and Discussion

3.1 Evaluation of the Sensitivity of the Methods
with Different Nanoparticles Contents

3.1.1 Time to Reach the Stationary Regime

When conducting shear interfacial rheology, it appears that
the rheological data including interfacial viscosity, interfa-
cial elastic and viscous modulus depend on the time after
which the phases (aqueous and oil) are put into contact. This
is not surprising since all the particles are initially located
inside the oil phase. To modify the evolution of the rheo-
logical properties as compared to that of pure clean water/
dodecane interface some particles need to be anchored at the
interface. It is then important to measure a reliable rheologi-
cal signal which corresponds really to a situation where the
maximum amount of particles is adsorbed at the interface.
This situation might correspond to the stationary state. In
order to determine the characteristic time needed to reach
this stationary state, oscillatory experiments were performed
at different times after the contact between the two phases.
The results are reported in Fig. 3 and correspond to a silica
content of 0.1 wt.% in dodecane.

Just after the contact between the two phases (t=0 h),
the evolution of G’ with the oscillatory stress is similar to
that observed for the bare clean water/dodecane interface.
This result is not surprising since the particles had no time
enough to diffuse and adsorb at the dodecane/water interface.
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Fig. 3 Influence of the time after the contact between the two phases
on the evolution of the interfacial elastic modulus vs the oscillatory
stress. Silica content of 0.1 wt.% in dodecane. The angular frequency
was fixed to 1 rad/s

During the five first hours, the interfacial elastic modulus G’
vs oscillatory stress increases with the time. The increase
of G” with the time attests of the progressive adsorption of
the silica particles with time. The measurements conducted
after 5 h, i.e. 6 h and 7 h, lead to similar evolutions than
that reported at 5 h. Consequently, the time needed to reach
constant value of G’ is equal to 5 h. In other words, 5 h
are necessary to reach the steady state. In addition, the
experiments show a linear increase of G’ at the plateau in
the linear viscoelastic region (G’ Plateau) with the time in
a log—log scale in the range of times explored from 1 to 5 h
(Fig. S2 of the Supplementary Information).

To confirm the above results, similar types of experiments
were carried out with a silica content of 1 wt.% initially
located in the dodecane. The results are depicted in Fig. S3
of the Supplementary Information. The same trend as above
is observed. At t=0 h, the curve coincides with that of pure
dodecane/water interface. Then, the G’ vs oscillatory stress
curves increase with the time of contact between the two
phases during the first 3 h (t=1, 2 and 3 h). Oscillatory
sweep experiments conducted at longer times produce no
significant difference in the G’ vs oscillatory stress signals.
This indicates that 3 h is sufficient to monitor a signal
corresponding to a stationary regime.

In the following, the same approach was employed for all
the samples and only the curves for which G’ becomes inde-
pendent of the time were used. In addition, the influence of
the silica content on the time to reach the stationary regime
is reported in Table 1. It appears that the time needed to
reach the maximum modulus, i.e. the steady state, depends
on the silica amount. The time decreases as the silica con-
centration is enhanced. It can be also noticed that a power
law evolution is recorded (Fig. S4 of the Supplementary

Table 1 Influence of the silica concentration on the time needed to
reach the stationary regime

Time to reach
stationary regime

Concentration of silica in dodecane (wt.%)

()
0.01 26
0.1 5
1 3
10 1

Information). As an example, 1 h is necessary for 10 wt.%
of silica while we have to wait 26 h when 0.01 wt.% of silica
is utilized. This phenomenon may be interpreted since the
higher concentration sample contains more particles and
then some particles are already close to the interface of
water and oil. Consequently, they can reach it faster because
the distance to go to the interface is lower. This behavior is
in accordance with results reported in literature [32]. Con-
sequently, these times (Table 1) have been selected for the
initial period prior to the rheological measurements in the
following. For instance, the measurements with 1 wt.% of
silica were conducted after 3 h of equilibration while 5 h
were necessary when the particle content is equal to 0.1
wt.%.

3.1.2 Flow Curves

Figure 4 displays the evolution of the viscosity of the dode-
cane/water interface as a function of the shear rate for vari-
ous silica concentrations of 0, 0.1, 1 and 10 wt.%.

For all samples, the viscosity decreases with the shear rate.
On the one hand, the flow curves for the silica contents of 0
(absence of silica), 0.1, and 1 wt.% are similar and collapse
to a single one. The Newtonian plateau is obtained for shear
rates lower than 107 s~1. For larger shear rates, the viscosity
decreases with the shear rate. On the other hand, the viscos-
ity of the interface is significantly larger in the presence of 10
wt.% of silica. A very large amount of silica appears necessary
to observe a difference between the rheological behaviors.
Moreover, when the shear stress is plotted with respect to the
shear rate, pertinent information can be also obtained (Fig. 5).
For silica concentration of 10 wt.%, the shear stress remains
constant regardless of the shear rates. This can be attributed
to a lubricated friction of the ring on the edge of the silica
film. In other words, when the ring spins faster, the parti-
cles anchored at the water/dodecane interface do not move
leading to a frictional regime for which the stress remains
constant according to the Coulomb’s frictional law and the
flow is not homogeneous. For the other silica concentrations,
the shear stress increases with the shear rate up to a shear
rate of 0.1 s™!. For larger shear rates, the shear stress does

@ Springer
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not vary. This highlights that shear rates larger than 0.1 s~
are too large since they produce a lubricated friction of the
ring on the silica film at the interface leading to a frictional
regime characterized by a constant shear stress. In addition,
at these high shear rates, the shear field might no longer be
properly defined.

This first set of experiments reveals that a very large
amount of silica is necessary to observe a difference between
the flow curves. This highlights that the method is not suf-
ficiently sensitive to discriminate between the interfacial
rheological behavior of the interfaces with 0, 0.1 and 1 wt.%
of silica. To our knowledge, no systematic study that makes
this point was already reported in the literature.
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3.1.3 Creep Curves

In a second step, creep experiments of water/dodecane inter-
faces with various concentrations of silica (0, 0.01, 0.1, 1
and 10 wt.%) were carried out. For these experiments, a
constant stress of 10~ N/m was applied and the strain at the
interface was followed with time. The creep analysis allows
to probe the response of the interface during very long time,
the applied stress remaining inside the linear viscoelastic
domain of the sample. The results are depicted in Fig. 6.
All the curves show the same evolution coherent with
a viscoelastic behavior of the interfaces. Three zones can
be extracted from the curve (Fig. S5 of the Supplementary
Information). At short time, the strain increases steeply with
time. This zone corresponds to the instantaneous elasticity
of the sample. Then, a lower increase of the strain with time
is recorded. This area is related to the retarded elasticity. At
long time, the last zone called creep zone characterizes the
viscous flow behavior of the interface. In summary, all the
samples show a dominant viscous behavior of the interface
at long time and an elastic behavior at short time. In the
following, we discuss more precisely the final height of the
creep zone. The height of the creep zone is inversely propor-
tional to the rigidity of the interface. The presence of parti-
cles leads to a rigidification of the interface since the largest
height of the creep zone is obtained in absence of particle
with the bare dodecane/water interface. More precisely, the
data can be divided into three categories depending on the
silica concentration. A very low strain is reached for 10 wt.%
silica. According to the duration of the experiment (250 s),
the maximum strain value in the creep zone is around 107,
The curve at 10 wt.% of silica with a very weak value of

Strain

‘ ’“0.01 wt.

10 wt.%

1 1 1 1
0 50 100 150 200 250

Time (s)

Fig.6 Creep of the adsorption layer of silica at the dodecane/water
interface with different concentrations of silica. A constant stress of
107 N/m was applied
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the strain attests that the silica structure at the liquid/liquid
interface produces the largest rigidification of the interface.
On the opposite, in absence of silica, the value of the strain
becomes significantly larger, i.e. 10°. The curves for the
other silica concentrations are situated in between these 2
extremes. However, no difference between the curves occurs
regardless of the silica concentration for the interfaces with
intermediate silica amounts. The difference between the
curves and that at 0 wt.% is high while a lower deviation
takes place with the creep curve at 10 wt.%. In addition, the
strain values around 10~'—1072 in the creep zone indicate
that the interfaces are a little stiff for the silica concentra-
tions between 0.01 and 1 wt.%.

In conclusion, the creep method is more sensitive than the
flow curves. However, the creep method is still not well suited
to probe a difference between the liquid/liquid interfaces with
0.01, 0.1 and 1 wt.% of silica.

3.1.4 Oscillatory Stress Sweep at Low Amplitude

The last method concerns the oscillatory mode at low ampli-
tude. The range of the applied stress is similar than those
previously applied during the creep analysis and the flow
experiments. The evolution of the elastic and viscous inter-
facial modulus as a function of the oscillatory stress for vari-
ous silica concentrations is reported in Fig. 7 and Fig. S6 of
the Supplementary Information, respectively.

The interesting feature is that all the curves are different
for each silica concentration. In other words, the viscoelastic
moduli, both G” and G”’, increase with the silica content. These
results point out that the oscillatory mode at low amplitude is
more sensitive to probe the effect of the silica content at the
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Fig. 7 Oscillatory stress sweeps. Interfacial elastic modulus vs the
oscillatory stress in the presence of different concentrations of silica.
The frequency was fixed to 1 rad/s

interface. It is due to the fact that the structure of the silica at
the dodecane/water interface is not broken by the mechanical
stress in the linear zone. On the contrary, it can be observed
that all the curves converge in the non-linear domain beyond
stresses of 1072 N/m. The two extremums borders, 0 wt.% and
10 wt.% silica, are still present as borders. The low interfa-
cial elastic modulus G’ in absence of silica attests of a liquid
interface. On the opposite, at 10 wt.% of silica, the interface
becomes rigid with an interfacial elastic modulus of 1.75 N/m.
The interfacial G’ for the other silica concentrations fall
between these two values. In addition, the G’ values increase
with the silica content. It is interesting to note the regular evo-
lution of the G’ at the plateau in the linear viscoelastic region
(G’ Plateau) with the silica concentration. More particularly,
a linear evolution in a log—log scale is obtained (Fig. S7 of
the Supplementary Information). The shift of the amount of
silica from O (absence of silica) to 0.01 wt.% produces a sig-
nificant enhancement of the interfacial elastic modulus from
10%—10" N/m to 4 102 N/m. In the presence of silica, the
interface becomes viscoelastic. The non-neglectable value of
G’ emphasizes that the particles touch each other. As a con-
sequence, a contact particles-particles network takes place at
the interface. When increasing the silica content, the rise of the
interfacial elastic modulus confirms the enhancement of the
solid character of the interface due to the silica network at the
interface. The value of the interfacial elastic modulus depends
on the number of links between the particles and the intensity
of these links. The modulus increases when the number of
links between the particles is enhanced and also if the link
between the particles is harder [32].

Another way to analyze the data is to report the interfacial
elastic modulus data as a function of the strain (y). The results
are displayed in Fig. S8 of the Supplementary Information.
The linear viscoelastic regime for which the interfacial elas-
tic modulus does not vary with the strain is recorded at low
shear strain. For larger strain, a diminution of the interfacial
elastic modulus with the strain occurs. This zone corresponds
to the breaking of the particles network at the interface. The
cross-over strain between the two regions corresponds to the
onset of strain for which the network of particles begins to be
destroyed. It is written as y, in the following and can be used
to probe the extent of the interaction between the particles
at the interface. It appears here that the linearity domain, i.e.
the linear viscoelastic regime, does not depend on the silica
content. In other words, y, is around 107 regardless of the
amount of silica. This indicates that the extent of the interac-
tion between the particles at the interface is not impacted by
the silica content. This result is not really surprising as only
a change of oil, pH, ionic strength, surfactant or addition of
other additives impact the interaction strength between the
particles at the interface [15, 16].
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3.1.5 Discussion of the Difference of Sensitivity Between
the 3 Rheological Methods

Prior to discuss the difference of sensitivity between the
3 rheological methods, it appears necessary to discuss the
structure of the interfacial layer of silica. Due to the hydro-
phobic character of the solid material a high amount of silica
is necessary to obtain a significant content of particles at the
liquid/liquid interface. Consequently, for low silica content
introduced in the oil, the interfacial concentration of silica
at the liquid/liquid interface is very low. For silica content
lower than or equal to 1 wt.%, the silica interfacial layer may
not be fully covered, or may have large voids, which impact
rheological signature. The weak amount of silica at the inter-
face is relevant to discriminate between the sensitivity of the
different rheological interfacial methods.

The 3 rheological methods apply similar ranges of shear
stresses. For the steady tests flow (n) vs ), the apply shear stress
is between 1077 and 10~ N/m. For the creep analysis (y s t),
the shear stress is 10 N/m. In the oscillatory mode (G’ vs 1),
the shear stresses are between 107° and 1072 N/m. However, the
difference in sensitivity can be attributed to both (i) the direc-
tion of rotation of the ring and (ii) the cumulated strain applied
to the interface. For the flow curves and creep analysis, the
permanent unidirectional rotation of the ring produces a fric-
tion of the ring on the silica film. This configuration leads to a
relatively weak sensitivity which is not sufficient to distinguish
between the interfaces with various silica contents. Conversely,
for the oscillatory stress sweep, the ring does not turn in a con-
stant direction but oscillates around an equilibrium position.
This setting does not generate lubricated friction of the ring
on the particles at the interface. Consequently, this oscillatory
mode appears as the most sensitive method since it allows to
discriminate between the rheological response of the different
interfaces bearing different silica contents.

Another way to discuss the sensitivity of the methods
consists in analyzing the cumulated strain applied to the
interface by each method. The cumulated strain or total
strain applied to the interface depends on the strength of the
rate of deformation (y) and on the time during which the
deformation is applied. In other words, the cumulated strain,
denoted as cumulated y reads as:

Cumulated y = / ydt ®)

For the flow curve (Fig. 1a and Fig. 5), the cuamulated strain
can be obtained by summing each product of the shear rate
with the time for which this shear is applied. This summation
is performed from low shear rates to high shear rates. As a
consequence, the cumulated strain becomes very large. In
addition, this high camulated strain explains also the weaker
quality of the data recorded for shear rates above 0.1. For
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the creep analysis (Fig. 1b and Fig. 6), the cumulated strain
is enhanced also with the time during the experiments. On
the opposite, the cumulated strain is significantly reduced
during the oscillatory stress sweep since the oscillatory mode
imposed to the ring maintains the maximum strain below 10~
in the linear viscoelastic regime (Fig. 1c and Fig. S8 of the
Supplementary Information).

The conclusions presented in the paper concern hard
particles but the question arises also with soft particles or
macromolecules such as proteins. Concerning the interfacial
flow measurements, the ring friction problems (lubricated
friction) are still present with soft particles or polymers
[33—-35]. However, the problem of friction of the ring is less
critical with macromolecules such as proteins which seems to
show that there could be a relatively continuous evolution when
we go from hard particles to polymers through soft particles
[33-36]. However, the lubricated friction of the ring problem
remains in all three cases at varying levels. The creep tests
show the same tendency regardless of the type of particles, i.e.
hard, soft and proteins [34, 37]. In other words, the creep data
have a better sensitivity than flow but a lower sensitivity than
oscillatory tests [34]. The general trend shows that all improves
when the particles go from rigid (hard particles) to molecular
(macromolecules or proteins). However, with the 3 materials
(hard, soft particles and proteins), the order of sensitivity is
similar with oscillatory tests more accurate than creep and flow
experiments. For all the systems, the oscillatory mode leads to
more reliable measurements [16, 33-36].

3.2 Mixture of Surfactant and Particle

Finally, to confirm the high sensitivity of the method based
on oscillatory stress amplitude sweep, the results obtained
with Span 65 and silica are compared with those recorded
with mixture of surfactant and particle. It is expected that
the elasticity of the interface is improved in the presence
of a mixture of particles and surfactants [38—40]. Here, the
silica content is equal to 0.1 wt.% and the amount of Span
65 is 0.5 mM. The results of the mixture are compared to
those obtained in the presence of silica alone (0.1 wt.%) and
Span 65 alone (0.5 mM). The results are depicted in Fig. 8.

In the presence of the mixture of Span 65 and silica particle,
a large elastic modulus is recorded. More interestingly, the
highest elastic modulus occurs with the mixture. This indicates
that a composite of surfactant and particle is created at the
interface. This kind of result was already reported [38—40]. The
lowest elasticity curve is reached with the surfactant alone. The
elasticity with only silica goes in between the surfactant and the
mixture of silica and Span 65. This confirms that the sensibility
of the method based on oscillatory stress amplitude sweeps
is sufficiently high to observe substantial difference between
the 3 configurations at the interface. The order of the curves is
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Fig.8 Oscillatory stress sweeps. Interfacial elastic modulus vs the
oscillatory stress in the presence of silica, Span 65 and mixture of
Span 65 and silica. The frequency was fixed to 1 rad/s

consistent with the expected elasticity at the interface. In other
words, the elasticity of particle is larger than that of surfactant
alone. In addition, the mixture of the two components improves
the elasticity of the interface. In the present study, the oscillatory
stress amplitude sweeps method was the only one sufficiently
sensitive to discriminate between the 3 samples.

Moreover, when the data are plotted as a function of the
strain (Fig. S9 of the Supplementary Information) additional
information can be obtained. When comparing the data with
pure particles and surfactant alone, an extension of the linear
viscoelastic regime is observed in the presence of surfactant.
Actually, y, shifts from 107 to 107> when the silica particles
are replaced by the Span 65. This increase was anticipated
since the mobility of the surfactant molecules at the interface
is larger than that of the particles [15, 16]. For the mixture of
surfactant and particle, the linear viscoelastic regime and y,
are similar to those obtained with the silica alone. The extent
of the interaction between the particles at the interface is not
substantially impacted by the presence of surfactant at the
interface. However, at the same time, the improvement of G’
in the presence of the surfactant highlights that the number
of interaction points between the particles is enhanced thanks
to the surfactant molecules. This can be due to the surfactant
adsorbed onto the silica and/or the surfactant molecules
intercalated between the particles at the oil/water interface.

4 Conclusions

In this paper, we have explored the sensitivity and the limits
of interfacial shear rheology in the presence of nanoparticles,
surfactants, and mixture of particles and surfactants at the
liquid/liquid interface. The majority of the experiments have
been conducted with hydrophobic silica at the dodecane/water

interface. The silica content was varied between 0.01 wt.%
and 10 wt.%. The clean dodecane/water interface exhibits a
liquid behavior while the presence of 10 wt.% of silica leads
to a significant rigidification of the interface. The intermediate
silica contents (0.01 wt.% — 1 wt.%) give access to viscoelastic
interfaces. Three modes of mechanical solicitations, such as
flow, creep and oscillatory, were addressed.

The results highlight that the technique of interfacial shear
rheology based on DWR is sensitive to variations of the silica
concentration and also to presence of surfactant in the silica
adsorbed layer. On the one hand, the time after which the oily
and aqueous phase are put into contact has to be taken into
account. The measurements have to be performed only when
the particles have reached a stationary state of adsorption. The
time to reach this steady state depends on the silica concen-
tration in the oil phase and can vary from 1 h up to 26 h. On
the other hand, the sensitivity of the interfacial rheological
methods is significantly impacted by the strength and the mode
of the solicitation applied to the dodecane/water interface. It
is recommended to use methods for which the shearing of
the interface as well as the cumulated strain remain moder-
ate. For flow and viscosity measurements, the method is not
sufficiently sensitive to discriminate between the interfacial
rheological behavior of the interfaces with 0, 0.1 and 1 wt.%
of silica. The cumulated strain is too large to obtain reliable
data. The continuous rotation of the ring in the same direction
reduces the sensitivity and produces a lubricated friction of
the ring on the silica film at the interface. Reducing the cumu-
lated strain, with creep experiments, improves the sensitivity
of the data. However, no difference between the systems with
0.01, 0.1 and 1 wt.% of silica were recorded. The oscillatory
mode at low amplitude appears as the most sensitive method
to conduct interfacial rheology experiments. It becomes pos-
sible to discriminate between the interfacial behavior of all the
tested silica concentrations. In the presence of silica, the inter-
face becomes viscoelastic. The interfacial elastic modulus G’
increases regularly with the silica content. The resulting cumu-
lated strain is much smaller than for the other tests while the
ring oscillates around an equilibrium position. Consequently,
the structure of the silica at the dodecane/water interface is
not broken by the mechanical stress. With this mode, the ring
gently deforms and produces only a soft solicitation of the
adsorbed particles at the interface. The high sensitivity of the
oscillatory mode based on amplitude sweep is confirmed by
comparing the results obtained with surfactants, particles and
mixture of surfactants and particles.
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tary material available at https://doi.org/10.1007/s12633-022-02138-z.
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