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GRAPHICAL ABSTRACT

ARTICLE INFO ABSTRACT
Keywords: Hypothesis: In the field of Pickering emulsion, original inside/ouside Janus clays nanoparticles are investigated
Pickering emulsions for their emulsification properties. Imogolite is a tubular nanomineral of the clay family having both inner and

Hybrid imogolites
Interfacial properties
Janus nanotubes

Gel oil network

outer hydrophilic surfaces. A Janus version of this nanomineral with an inner surface fully covered by methyl
groups can be obtained directly by synthesis (Imo-CHgs, hybrid imogolite). The hydrophilic/hydrophobic duality
of the Janus Imo-CHj3 allows the nanotubes to be dispersed in an aqueous suspension and enables emulsification
of non-polar compounds due to the hydrophobic inner cavity of the nanotube.

Experiments: Through the combination of Small Angle X-ray Scattering (SAXS), interfacial observations and
rheology, the stabilization mechanism of imo-CHj3 in oil-water emulsions has been investigated.

Findings: Here, we show that interfacial stabilization of an oil-in-water emulsion is rapidly obtained at a critical
Imo-CH3 concentration as low as 0.6 wt%. Below this concentration threshold, no arrested coalescence is
observed, and excess oil is expelled from the emulsion through a cascading coalescence mechanism. The stability
of the emulsion above the concentration threshold is reinforced by an evolving interfacial solid layer resulting

Abbreviations: Imo-CHs, hybrid imogolite; rimo-ext, €xternal radius of Imo-CHg; Iime.int, internal radius of Imo-CHg; 1,0, average length of Imo-CHs; NR, nile Red;
®@,, emulsion volume fraction; ®,, initial oil volume fraction ®, = Voi/(Voit + Vivater); @5, 0il volume fraction in the emulsion phase ®f = Vi1 / Vemuision OF ®f = @y /De;
®@;, experimental maximum packing of the emulsion ®; = 0.64.
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from the aggregation of Imo-CHjz nanotubes that is triggered by the penetration of confined oil front into the

continuous phase.

1. Introduction

The dispersion of oil in water is normally hindered by the high
interfacial energy between the two phases. Emulsification can be ob-
tained, however, using different strategies such as reducing the inter-
facial tension, creating an energy barrier to coalescence, and the global
rheological properties of the continuous phase, by modifying, for
example, the emulsifier concentration [1-5]. Among the different ap-
proaches for emulsification, so-called Pickering emulsions are obtained
using solid particles that adsorb at the oil/water interface [6,7]. The
adsorption energy of partially wetted solid nanoparticles is controlled by
the interfacial energy and can be very high compared to thermal energy,
making them almost irreversibly attached to the interface [8,9]. This
leads to long lasting metastability and interesting properties like arres-
ted coalescence, where the average size of the emulsified droplets is
essentially controlled by the initial concentration of solid nanoparticles
[10,11]. A wide range of possible nanomaterials (solid, soft-matter
based, hybrid, Janus) has been explored and the mechanisms explain-
ing the stability have been reviewed [3,5,12-31].

In the present article, we focus on emulsions stabilized by a special
type of hybrid nanotubes, which form an inside/out Janus system
(hybrid imogolite) [32,33]. Imogolite is a natural clay nanomineral
formed through the weathering of volcanic rocks [34]. A few years after
its discovery in Japanese volcanic soils, it was demonstrated that a
synthetic material very similar to the natural clay nanotubes could be
obtained through co-precipitation of aluminum and silicon [35-38].
Recently, in 2011, the research group of Barbara Bonelli proposed a
modified synthesis where the silicon precursor (generally tetraethox-
ysilane) is replaced by methyltriethoxysilane leading in one step to
hybrid nanotubes (referred hereafter as Imo-CH3) having a similar
external surface to as the natural nanoclay but with a strongly hydro-
phobic nanocavity [39]. The hybrid nanotubes have an outer diameter
of 3 nm and an internal hydrophobic cavity of ~ 2 nm representing an
internal nanoporous volume of 0.1 cm®g~!. Contrary to many systems,
Imo-CHj are intrinsically Janus and do not require the use of additional
surfactants or adsorbed molecules to acquire their surface activity.

Interestingly, it has been observed by Small Angle X-ray Scattering
(SAXS) that under ambient pressure and temperature conditions, these
hybrid nanotubes are not filled by liquid water. The internal electron
density determined by SAXS is between 50 and 100 e -nm™>, while
liquid water is 330 e"-nm >, In turn, it has been observed that the in-
ternal cavity can be filled by poorly water-soluble molecules [40]. Since
then, a wide range of molecules have been successfully introduced inside
the Imo-CH3 hydrophobic cavity, such as alcohols, solvents and dyes
[41-43], when put in contact with oil, the Imo-CH3 nanotubes become
filled with oil [44].

These favorable interactions with hydrophobic molecules and phases
motivated experiments for their use in the stabilization of emulsions.
The ability of these Janus nanotubes to stabilize Pickering emulsion was
first demonstrated by Picot et al. [44]. However, the stabilization
mechanism was not clearly established. Here, we further explore the
stabilization mechanism using model oil phases (the alkanes: hex-
adecane or dodecane) in contact with Imo-CHgs dispersions. The selec-
tion of alkanes is justified by their chemical nature. They are made up of
long aliphatic chains without any reactive chemical functional groups
that could influence the results. In this paper, hybrid imogolites nano-
tubes (Imo-CH3) were synthesized, characterized and used to stabilize
Pickering emulsions. The adsorption and evolution of the interfacial
tension between alkane and Imo-CHj3 suspensions were investigated as a
function of time. Our results demonstrate that metastable, yet fragile
emulsions are rapidly formed and continue to evolve through oil-
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triggered reinforcement of their stability. Finally, we demonstrate
through energetic approach the stabilization mechanism of emulsifica-
tion obtained with original inside/ouside Janus clays nanoparticles.

2. Materials and methods

Aluminium-tri-sec-butoxide (97 % purity), Hydrochloric acid 37 %,
Trimethoxymethylsilane (95 % purity), Hexadecane (Reagent plus®, 99
%) and Dodecane (>99.0 %) were purchased from Sigma Aldrich and
used as received. Milli-Q water at 18 MQ-cm was used for synthesis and
emulsification tests.

2.1. Synthesis of hybrid imogolites nanotubes

Hybrid imogolites, shown in Figure S1, are synthesized using a
protocol inspired by Picot et al. and Bottero et al. [39,45]. Aluminum-tri-
sec-butoxide is dissolved in a hydrochloric acid solution with a HCl/Al
molar ratio of 0.5. Trimethoxymethylsilane is then added to this solution
under vigorous steering until a Si/Al molar ratio of 0.6 is reached. The
solution is kept under stirring for 1 h at room temperature, and then it is
placed in an oven at 90 °C for 5 days. After cooling, the solution is
dialyzed using 6-8 kp membranes until the dialysis water reaches a
conductivity of 10 yS.cm . The final aqueous suspension of Imo-CHj
appears slightly turbid and is birefringent. The mass concentration of the
dialyzed suspension is 6000 g.m™>, or 0.6 wt%, as determined by
weighing the sample after drying in an oven at 50 °C. The suspension is
used directly as synthesized, diluted with MilliQ water, or dried and
redispersed when required. To obtain a concentration higher than 0.6 wt
%, the suspension is spray-dried with a Buchi b290 mini spray dryer in
order to obtain a powder that can be redispersed in water. The drying
parameters are: temperature 170 °C, aspiration 100 %, pump 30 % and
gas flow at 473 Lh™L. It was verified that the dried powder leads to the
same suspension properties as those obtained from the dialyzed sus-
pension. The imogolite suspensions were characterized by InfraRed (IR)
spectroscopy, SAXS and viscosimetry (Figure S2, Figure S3 and
Table S1). In particular, we have obtained the characteristic dimensions
of Imo-CHgs, such as the external radius, rimo—ext, €qual to 1.54 nm, the
internal radius, rime—int, €qual to 0.93 nm and the average length, iy,
equal to 290 nm. For further information, see Tables S1 to S3.

2.2. Preparation of Pickering emulsions stabilized using hybrid imogolites

Emulsions were prepared by mixing aqueous suspensions of Imo-CH3
and hexadecane in 5 mL glass containers with an Ultra-Turrax model
T10 overhead stirrer (IKA). The impact of mixing time and mixing power
was initially studied using a oil/water mixture of 40 % by volume of oil
and 0.6 wt% (initial concentration obtained after the synthesis) Imo-CHs
in the water phase. Then, the oil/water volumetric fraction was varied
between 0 and 80 % by volume, and the concentration of Imo-CHj3 in the
water phase was varied between 0 and 2 wt% with a fixed mixing
condition of 3 min at 25,000 rpm for a total volume of 5 mL. For imo-
golite concentrations above 0.6 wt%, the aqueous imogolite suspensions
were prepared from redispersed spray-dried powders.

2.3. Small angle X-ray scattering

Small- and wide-angle X-ray scattering (SAXS/WAXS) data were
acquired on a XEUSS 2.0 instrument (XENOCS) at the University Paris-
Saclay SWAXS Laboratory. X-rays were produced from a Cu microfocus
X-ray source and collimated with scatter-less slit technology. Scattered
X-rays were collected on a Pilatus 1 M detector (Dectris). SAXS and
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WAXS analysis were performed, respectively, under high resolution or
high flux mode. The sample-to-detector distances (19.2 cm for wide
angles and 250 cm for small angles), calibrated with silver behenate,
provided a large q-range of 3.8 x 107> to 2.7 A~L. The detector count
was normalized into the differential cross section from a direct beam
measurement after a classical radial averaging procedure using the in-
house open-source pySAXS software [46,47]. The scattered intensity I
(q) was plotted as a function of the amplitude of the scattering vector
q = %"(e), where 20 is the scattering angle and A is the wavelength.

The samples were analyzed in 1.5 mm borosilicate capillaries (Hil-
genberg). Scattering intensities were recorded at room temperature and
under secondary vacuum to minimize interactions between the X-ray
beam and air. The typical acquisition time was 1800 s.

2.4. Confocal laser scanning microscope

Fluorescence images were obtained with an Olympus IX81 confocal
laser scanning microscope equipped with a Fluoview-1000 confocal
head operating at x40 magnification. Observations were performed
with excitation wavelengths of 488 nm (Ar) and 543 nm (HeNe(G)). For
the confocal experiments, the emulsions were prepared with a sol-
vatochromic dye, Nile Red (NR), dispersed in the oil phase. Nile Red has
an environmentally-dependent excitation wavelength. In hexadecane,
NR has an excitation maximum at 488 nm and a fluorescence emission
maximum at 530 nm (reported in Figure S4). When NR is encapsulated
inside Imo-CHj3 nanotubes, its excitation maximum is red-shifted to 543
nm and its fluorescence emission is at 620 nm. This important sol-
vatochromic shift makes it possible to characterize the water and oil
domains inside the emulsion with a single dye. Confocal microscopy was
performed at room temperature by placing a drop of the emulsion in a
1.3 mm depth demontable UV quartz cuvette from Hellma.

2.5. Interfacial tension measurements

Drop observations and interfacial tension measurements were made
using a Drop Shape Analyzer (DSA 25, KRUSS GmbH, Germany). These
data were processed using the Advance Surface software, equipped with
a Young-Laplace analysis model. Experiments were performed at room
temperature using pendant drop techniques. Drop formation was
controlled by software, where a 1.5 mm diameter steel needle was used
to form 30 pL drops of hybrid imogolite suspensions directly into a
surrounding alkane (dodecane) phase. Beforehand, the dodecane was
filled into an optical glass cell. For these experiments, dodecane was
preferred to avoid the crystallization of hexadecane at a temperature
lower than 18 °C.

2.6. Rheology

Rheological measurements were performed using a stress-controlled
Anton Paar MCR 302 rheometer using a plate/plate geometry (diameter
of 40 mm). The emulsions (40 %,y of 2.5 wt% Imo-CH3 in water and 60
%y,v of hexadecane) were prepared by vigorously stirring (25,000 rpm)
with an Ultra-Turrax (IKA) and then delicately transferred to the
rheometer using a pipette. Three emulsions were each studied using
three different rheometer programs. Among these emulsions, one was
used directly after preparation, whereas the two others were aged at
room temperature. The first program was a time sweep, which helps to
relax the strain, that was executed for 60 s with a strain of 5.0 x 10™*
and an angular frequency of 10 rad-s~! (reported in Figure S5a). To
confirm the solid elastic behavior of the material, a frequency sweep was
executed with a strain of 5.0 x 10~* and an angular frequency range
from 100 to 0.1 rad-s~! (reported in Figure S5b), followed by a final
strain sweep at 1 rad-s~! from 1.0 x 10~ % to 1 (0.01 to 100 %).
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3. Results and discussion
3.1. Stability and aging of emulsions stabilized by Imo-CHsz nanotubes

First, 60 %, of an aqueous suspension of Imo-CHj (at 0.6 wt%) was
mixed with 40 %y, of hexadecane to test the energy required for total
oil emulsification (Figure S6). These initial tests for the proper mixing
conditions reveal a minimum stirring speed of 20,000 rpm (Ultra-Tur-
rax) required to stabilize the emulsions. Below this speed, poor emul-
sification is observed, where the oil and water phases are not sufficiently
dispersed to produce small enough droplets onto which the Imo-CHg
nanotubes can adsorb. However, once the appropriate mixing energy is
reached and when Imo-CHj is present in excess, complete emulsification
is obtained regardless of the mixing time, even after only 30 s. Thus, for
these conditions, the mixing time is not a key parameter (Figure S7).
We, therefore, selected a mixing condition of 3 min at 25,000 rpm to
explore all the emulsification formulations.

The emulsions were characterized by confocal laser scanning mi-
croscopy after 24 h of rest (see Materials and methods: Confocal laser
scanning microscope) using a solvatochromic dye. The results presented
in Fig. 1 show the formation of a direct emulsion (O/W). The drops with
the characteristic fluorescence emission of Nile Red (NR) in non-polar
solvent contain the oil (Fig. 1¢). They are surrounded by an aqueous
suspension characterized by the typical fluorescent signature of NR
encapsulated in Imo-CHg, (Fig. 1b). It is important to note that the red
color is not limited to the oil/water interface but it spreads all over the
continuous phase. This point will be discussed in detail later. The drops
had a spherical morphology and were in the range of 5 to 70 um in
diameter with an average diameter of 25 um determined by image
analysis of over more than 1000 drops.

We next explored the maximum oil volume fraction with which it is
possible to form a stable emulsion using a 0.6 wt% Imo-CH3 suspension.
Fig. 2 shows a picture of 5 mL vials taken after 24 h under rest,
demonstrating that emulsification was obtained with up to 60 %,y of
oil. The less dense emulsified droplets creamed toward the top of the vial
and form a metastable emulsion volume quickly after stirring (approx-
imately ten minutes). No visible evolution of this emulsion volume was
observed even after months at rest. A slight turbidity of the water phase
due to Imo-CHg3 was observed in the vials. This turbidity decreases as the
volume fraction of oil increases. This results from the increasing transfer
of the imogolite from the water phase to the emulsion phase. We can
thus conclude that at low oil volume fraction, the Imo-CH3 nanotubes
are in excess with respect to the quantity required for stabilizing the
emulsion. From Fig. 2a, the relative heights of the emulsion phase and
total phases allow the calculation of ®,, the emulsion volume fraction, as
a function of @, the initial oil volume fraction (Fig. 2b). It is also possible
to calculate ®¢ the oil volume fraction in the emulsion phase (equal to
Voil/Vemulsion OF @o/®@.). After creaming, ®,/®, reaches an experimental
maximum packing of the emulsion denoted ®;. From Fig. 2b, the rela-
tionship between @, and @, is a straight line described by the equation
P, = %} =@, =1.56®,. The value of ®; = 0.64 is found, which is close

to the theoretical expected maximum random jamming limit of hard
sphere packing [48-51]. The jamming limit for a polydisperse emulsion
has been measured by confocal microscopy by Clusel et al. [52]. They
found a value of 0.66. The droplets are thus efficiently stabilized and
cream until they are as closely packed as possible. Emulsification is
impossible for oil volume fractions above ®@; (®gjjmax = @j), as indicated
by the dashed line in Fig. 2b. Indeed, for 70 and 80 %y, there was not
enough continuous phase to accommodate randomly packed oil droplets
and the system was destabilized with an excess oil concentration at 70 %
by volume and prevented from forming an emulsion entirely at 80 %, .
We can conclude that, in all conditions, the emulsions were at their
packing limit and the oil droplets behaved as hard spheres.

Next, the impact of the hybrid imogolite concentration and the initial
oil volume fraction on emulsion formulation was explored. The
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Fig. 1. Observation of an emulsion made from mixing (3 min at 25,000 rpm) 60 %,,, of 0.6 wt% Imo-CH3; water suspension and 40 %,,, of hexadecane. (a)
Transmitted light direct observation and Confocal micrographs of emulsions: (b) suspension of Imo-CH3 domains (with excitation at 543 nm and emission at 620 nm),

and (c) oil domains (with excitation at 488 nm and emission at 530 nm).
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Fig. 2. Emulsions containing an aqueous suspension of hybrid imogolites and
hexadecane. (a) Photograph of vials containing emulsions with oil fractions
from 10 to 80 % by volume. (b) Graph of the emulsion content (%,,,) as a
function of the initial oil content (%,,,) for a constant total volume. The dashed
line corresponds to the maximum packing after creaming of the emulsion. The
slope of the straight line represents the inverse of the maximum packing of the
emulsion (®;= 0.64), which is close to the theoretical maximum random
jamming limit [48-51].

metastability domains of incorporated oil in the emulsion (total or
partial) are summarized in Fig. 3.

As discussed previously, full emulsification of the oil is not possible
with spherical droplets for an oil volume fraction above the @; limit of
0.64. Above this value, there is not enough available continuous phase
for emulsification. The only possibility to go beyond this limit is to
consider droplet deformations like those observed in some Pickering
HIPE emulsions [53]. However, this was not observed by confocal mi-
croscopy for the studied system, where all droplets in all emulsions
retained a spherical shape (Fig. 1). For emulsions prepared with initial
oil volume fractions of 30, 40 or 50 %,,y, an imogolite concentration
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Fig. 3. Stability diagram of the emulsions stabilized by Imo-CHj3. Black circles
correspond to samples with no excess oil and white circles to samples with no
emulsification or with an observed excess oil layer. The horizontal dotted line
corresponds to ®; = 0.64, the maximum packing limit of oil drops in
the emulsion.

threshold of between 0.5 and 0.6 wt% was observed (Fig. 3). Below this
threshold, an excess oil layer was always observed after 24 h at rest, and
above this threshold fully creamed emulsions were always observed.

The threshold concentration of Imo-CHj corresponds to the coverage
of the oil droplet surface, at which the coalescence process is blocked. If
the concentration is reduced, the stabilization provided by the nano-
tubes is not sufficient to prevent droplet coalescence and emulsification
fails. This minimum Imo-CHj concentration depends on the total oil—-
water interfacial area, which is equal to 3V,/Rq, with V, the average
volume of an oil droplet and Ry the average radius of the emulsified
droplets. For anisotropic objects like Imo-CHs, the minimum mass
concentration of Imo-CHs nanotubes to fully cover the oil-water inter-
face strongly depends on their orientation at the interface. Indeed, we
can estimate the mass coverage per surface unit (z,,) for hybrid imogo-
lites in the perpendicular or parallel orientation (Figure S8).

For a perpendicular orientation, this number scales as given by Eq

:

umt
1mol

T 12

imo—ext

imo

0.47 gm™? 1

Tw—perpcndi(‘ular =

where m¥it (=1.2 x 10~ g m~1) is the mass per unit length of the Imo-

CH;3 nanotubes, (=290 nm) is their average length and Fimo—ext
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(=1.54 nm) is the external radius of the nanotube (see Materials and
methods: Synthesis of hybrid imogolites nanotubes and Tables S1 to S3).
For a parallel orientation, this number scales as given by Eq(2):

unit
imo

39 x 10 gm™ (2

Tw—parallel =
" 2 Timo—ext limo

The minimum concentration ratio between a perpendicular and
parallel organization given by Tw-—perpendicular and Tw-—parallels of the nanotube
is proportional to 2/zn times the nanotube aspect ratio. That means that
there is a factor of about ~ 94 between the two organizations: a parallel
orientation covers the droplet surface with considerably less imo-CHs
per surface unit.

Understanding the behavior of Imo-CHs nanotubes at the interfacial
layer is therefore necessary to fully describe imogolite-stabilized O/W
emulsion.

3.2. Behavior of Imo-CH3 nanotubes at the oil-water interface

The volume fraction of oil and water and the organization of the
nanotubes can be inferred from their X-ray scattering signature. Emul-
sions were introduced in capillaries and characterized at mesoscale by
SAXS and WAXS. The initial phases in equilibrium (Imo-CHgs suspension
and oil) were also measured under the same conditions. On the scat-
tering diagram of the emulsion at high scattering vector (WAXS), the
contributions of the water and the hexadecane are identified by the
broad peaks centered at 1.98 A~ and 1.39 A™}, respectively (Fig. 4, red
crosses). This part of the diagram is only sensitive to the water and oil
contribution of the emulsion, as the scattering signal in this region could
be reproduced by a weighted sum of the oil (orange) and imogolite
suspension (blue) scattering diagrams (black curve): a Iimo susp + b
IHexadecane Where I is the intensity and the volume fraction parameters a
and b were found to be 0.48 and 0.55, respectively. The coefficients of a
and b used for the sum could be related to the volume fraction of each
component in the scattering volume. This sum also reproduces the
emulsion scattering patterns until q equal to 1072 10\’1, including the
region typical of imogolite signature. The volume fractions inferred by
SAXS/WAXS (Fig. 4) and from the creaming experiments (Fig. 2) are
different. This can result from an additional creaming of the emulsion
imposed by the manipulation of the sample when injected in a thin

2

s
97‘_’% .

3 2

Intensity (cm'l)
=
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10-3 L R il N s 1
107 10"

q(A™)

Fig. 4. SAXS/WAXS diagrams of an aqueous hybrid imogolite suspension (blue
triangles), hexadecane oil (orange circles) and the emulsion (red crosses), as
well as a reconstruction of the SAXS/WAXS diagram of the emulsion by a sum
of the scattering of the initial components (black line): a Iimo susp + b IHexadecane-
The emulsion was prepared with 50 %,,, aqueous suspension of hybrid imo-
golites at 0.6 wt % of imogolite and 50 %,,, hexadecane. The parameters are
equal to a = 0.48 and b = 0.55. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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capillary for SAXS/WAXS analysis.

However, while the linear combination of suspension and oil scat-
tered perfectly reproduced the WAXS part of the measured sample, it
was not able to reproduce the low part of the SAXS region
(below 102 [o\_l). Here, an excess of scattering was observed for the
emulsion with respect to the Imo-CHj suspension in water indicating
aggregation of Imo-CHs. This is a clear signature of the affinity between
the Imo-CH3 nanotubes and the oil phase that favors the formation of
larger structures (aggregates).

To go deeper in the understanding of the interfacial behavior of imo-
CH3 at oil/water interface, macroscopic interfaces were analyzed using
another alkane (dodecance) in place of hexadecane to avoid oil crys-
tallization at ambient temperature.

The impact of the contact between the oil and the aqueous Imo-CHj3
suspension was also observed macroscopically using the pendant drop
technique. Droplets of a 0.6 wt% Imo-CH suspension (30 pL) were
quickly injected into dodecane, then slowly withdrawn back at a rate of
2.5 plL~s’1 after contact times of 5, 30 and 300 s (Fig. 5). When the
droplets were contracted, a buckling effect, such as wrinkles appeared at
the interface, evidencing the formation of a solid film even after 5 s of
contact. The wrinkles appeared earlier with longer contact time between
the aqueous solution and the oil. The layer also seems to get thicker over
time, and the video recording of droplet contraction clearly reveals a
change from liquid to solid state at the interface (see Video S9). Such
effects have already been observed for water droplets in crude oil [54],
for asphaltene stabilized emulsions [55,56] and for colloidal particles
[57]. It has been interpreted by the formation of a cross-linked gel at the
oil-water interface [54-57]. Buckling effects are also typical in attrac-
tive Pickering emulsion gels [58] and in deflated elastic capsules
adsorbed at an oil/water interface [59].

Hybrid imogolites stabilize the interface around the droplet as soon
as a critical concentration is reached (Fig. 3). Fig. 5 demonstrates that
this stabilization happens very quickly by adsorption of the imogolites at
the water/oil interface leading to the creation of a film that evolves into
a solid-like layer between the two environments (aqueous and organic).
This film lowers the interfacial tension, where it first decreases over
minutes, and then slows down to reach a plateau (see in Figure S10).
This is a typical behavior observed for a two-step particle adsorption
driven first by diffusion and then by non-diffusion-controlled kinetics

Elapsed time

U ' —' on withdrawal

SRR
YL

Contact time before
drop withdraw

[=]

(2)

5 seconds

30 seconds

300 seconds

Fig. 5. Drops of a hybrid imogolite suspension injected from a needle immersed
in dodecane. Snapshots of contraction after three different contact times (to)
before withdrawing of the water suspension at 2.5 pL-s’l: (a) tg = 5-seconds, (b)
to = 30-seconds and (c) ty = 300-seconds contact time. The vertical axis cor-
responds to the contact time between the hybrid imogolite suspension drop and
the dodecane environment phase, this step is done before the drop withdrawal.
The horizontal axis corresponds to the time elapsed during the drop with-
drawal, in ascending order.
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with a potential reorganization or a relaxation of the particles at and
around the interface (reorientation or formation of a gel or a thick
interface) [60]. In the case of proteins described by C.J. Beverung et al,
such behavior has been related to the formation of a viscoelastic film
[60]. In the case of asphaltene, the behavior at high interfacial coverage
has also been explained by a barrier adsorption-controlled regime [61].
We can conclude that hybrid imogolites adsorb quickly at the interface
and that reorganization, leading to more aggregated nanotubes as
revealed by SAXS, occurs at a later stage.

To better understand the impact of the organization of the imogolites
at the interface, the mechanical response of the emulsions was tested
immediately after preparation and after aging times of 1 h and 168 h
(one week). The elastic and viscous responses of the emulsion during a
strain sweep, given by the storage modulus (G") and loss modulus (G"),
respectively, are presented in Fig. 6 for different aged emulsions.

As observed in Fig. 6a, both moduli are constant at low strain,
reflecting a linear viscoelastic behavior. The storage modulus is higher
than the loss modulus until reaching a critical strain for G = G” where
the emulsion starts to flow. In the linear regime, the frequency sweep
(see Figure S5) shows that the material is significantly more elastic than
viscous when small deformations are applied, as evidenced by the
storage modulus (G’) being at least an order of magnitude larger than the
loss modulus (G”’) over the entire range of frequencies studied. We can
notice also that the extent of the linear viscoelastic domain is signifi-
cantly higher for mature emulsions reflecting the reinforcement of the
material over time as also observed by the increase of the elastic
modulus (G'). For example, for 0.01 % strain, G’ is equal to 46 Pa, 192 Pa
and 374 Pa for emulsions made respectivelyatt=0h,t=1handt=1
week. This result is consistent with the gel/solid layer characteristics
developing within the emulsion in which hybrid imogolites organize and
reorganize through diffusion into the aqueous phase to make a perco-
lating network [62-73]. Even though such an interpretation is described
in systems made of clay, such as laponite, halloysite or bentonite
[5,30,62,74-77], the mechanism is very different in the case of Imo-
CHs, where the gel phase propagates into the continuous phase due to
the confinement of oil inside imogolite nanotubes forming a sticky gel
interface. The imogolite network is consolidated over time by entan-
glements of nanotubes, thus, the solid layer at the interface of the
droplets evolves and expands until it reaches a certain stiffness. When

(a)
10° pr . . . T
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10"k ‘ ‘:h'. m O .
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emulsions were exposed to low strains, the viscoelastic modulus are
large and they cannot flow spontaneously. In this way, a yield stress (7)
may by defined from the crossover point between G’ and G”. Thus,
Fig. 6b presents the shear stress as a function of the strain and we found
yield stress values of T egal to 0.6 Pa, 7 = 5 Pa and 7 = 12 Pa for
emulsions aged for t = 0 h, t = 1 h and t = 1 week, respectively.

Curve profiles in Fig. 6b and the photography in Figure S11 showing
the emulsion after deformation provide information regarding the sys-
tem. It is typical of a yield stress fluid [78,79]. This property can be
directly bound to the thixotropic character of clay minerals, such as
montmorillonite, kaolinite, halloysite and hybrid imogolite, which is
reflected in the emulsion [80,81]. Furthermore, hybrid imogolite thix-
otropy increases with increasing imogolite mass concentration due to
the nanotubes aggregation [82].

3.3. Coalescence mechanism

As discussed in a previous section, the coalescence mechanism is
connected to the mass concentration of nanotubes in the emulsion.
Indeed, if this concentration is large enough to reach the required crit-
ical surface concentration of the oil droplet, then coalescence is blocked,
whereas at low concentration, coalescence may occur. The mechanism
of coalescence can be explained by energetic arguments.

For spherical nanoparticles, the variation of energy due to the
transfer from the water phase to the oil/water interface is given by Eq
3): [6,17].

AE = y 7 ryp*(1 — cos(0) )2 3

with y the interfacial tension between oil and water, ryp the nanoparticle
radius and 6 the contact angle of the nanoparticle at the oil-water
interface. It turns out to be very large even for small nanoparticles. For
example, with ryp = 10 nm, 6 = 90° and y = 49 mJ-m 2 [83], we obtain
AE > 1000KkT. Therefore, the adsorption is considered as irreversible.
With irreversibly attached nanoparticles, when two droplets, 1 and 2
(with radius r; and ry), are not sufficiently covered to prevent their
coalescence, the resulting larger droplet, 3, has a higher mass coverage
per surface unit, T3, which can be calculated from the mass coverage per
surface unit, t;, of initial droplets (Eq. (4).
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Fig. 6. Strain amplitude sweep measurement of an emulsion of 40 %v/v aqueous Imo-CH3 suspension (2.5 wt%) and 60 %v/v hexadecane mixed for 3 min at 25,000
rpm. These values allow the incorporation of the maximum amount of oil in the emulsion. (a) Full and empty squares indicate, the storage module G’ and the loss
module G respectively. (b) Circles show the strain stress evolution. Three samples have been prepared and stored at 20°c in a close vessel. After a defined aging time
the emulsion is sampled for analysis. Comparison of t = 0 (black lines and symbols), t = 1 h (red lines and symbols) and at t = 168 h (blue lines and symbols) aging
times. The measurement was performed for a strain of 1 x 10-4 to 1 (0.01 to 100 %) and an angular range of 1 rad-s-1. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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(B3t + 2 12)

@
(1 + 1)

Using equation (4), it appears that for two identical droplets with a
coverage, 7o, 73 is simply equal to 1.26 7,. In such a system, no excess oil
phase is released and the final size of the droplets is controlled by the
initial concentration of nanoparticles [10]. For Imo-CHs Pickering
emulsions, we observed the formation of a solid layer upon adsorption at
oil-water interface, but the coalescence mechanism seems to be very
different and closer to the one observed by Fouilloux et al. for silica
nanoparticles [84]. They have proposed that even if the adsorption is
strong, the controlling factor to determine if coalescence will be arrested
resides in a non-dimensional number (a) which compares the ratio be-
tween the energy release per droplet (ASy) during coalescence to the
total surface adhesion energy of the adsorbed particle (2NAE,) with Eq
(5):

_ ASy

" 2N AE, ®)

with N, the number of imogolite per droplet calculated from Eq (6)

2
Mimo _ ’[4l'[rdmp

N = (6)

08 Lo 1 L
where mjp, is the mass of imogolite around one droplet, m?m"ff is the mass
of the imogolite per unit length (see Materials and methods: Synthesis of
hybrid imogolites nanotubes and Tables S1 to S3), t the mass coverage per
surface unit for a droplet of radius r4rop. We will use this model as a limit
case where all viscoelastic effects are neglected (flow of oil, mechanical
properties of the interface...) [11].

If this number () is larger than 1, then desorption upon coalescence
could be possible [84]. In such a case, right after the coalescence event,
the surface coverage of droplets may not increase or could even
decrease. Therefore, an initial coalescence may lead to a catastrophic
cascade of successive coalescence events entailing the release of an
excess of oil phase and Imo-CH3 nanotubes [85]. During such a cata-
strophic coalescence cascade, the released nanoparticles can re-adsorb
at the oil water interfaces. The release of the excess oil phase, there-
fore, comes with an increase of the surface coverage of remaining
droplets. The process then stops when the critical surface concentration
required to prevent coalescence is reached on the remaining droplets,
defining a critical surface coverage z.. A schematic representation of
such a coalescence mechanism is given in Fig. 7. This non-dimensional
number (a) is then calculated as a function of the critical coverage
rate, 7.

In the case of coalescence between two droplets of radius, rarop, the
total surface area of the two initial droplets is Slgop = 8 7 rgmp.

Journal of Colloid And Interface Science 647 (2023) 478-487

Coalesced droplets of radius R will have a larger volume and a lower
surface area than the two initial droplets. Thus, the new volume is
proportional to R3, ie., 2 rgmp, and the new surface area is equal to

2
S24p = 4T (2 rgmp)3. Using this information, the variation in surface

area induced by the coalescence between two droplets AS can be
calculated as follows (Eq(7)):

2
AS = S240p — Slgop = 4 n<2 rgmp)‘ —8n, =4nr, (3 -2) @

To estimate the adhesion energy, we consider the case of already oil
filled nanotubes as explained in SI (Figure S12). In this case, the energy
difference between free and droplet-adsorbed nanotubes depends
mainly on the exposed oil water interfaces at the tip of the nanotube and
on the oil droplet.The adhesion energy would be in this case given by
AE, = —2ymrZ, i With ime_in the internal radius of Imo-CHs and y the
oil/water interfacial tension. For a dodecane-water interface and Imo-
CHs, y = 46 mJ-m~2 and Timo—ine = 0.93nm, we obtain AE, ~ —62kT (at
20 °Q). For a given mass coverage per surface unit, 7, we thus have:

o= 471:r§mp (2% _ 2) v _ (2% - 2) m',lr':.'(i limo (8)
- 7[[’2 - — )
2(174 mu"ﬁr;,m )(72"{ T rﬁmfim) T4n Timo—int

If a is greater than 1, it means that even though the nanotubes are
firmly attached to the interface, the coalescence may release enough
energy to detach them and trigger a catastrophic cascade of coalesce
events. To determine a, it is thus required to know the 7, value.

At the end of the coalescence process, the total surface area of the oil
droplets is equal to:

3@

Rairop

N ©)

where V. is the volume of the emulsion and Rgrop the radius of the
droplets. If we assume that all the nanoparticles are adsorbed on the
droplet, we have a mass of adsorbed nanoparticle given by m = 1.S. So
the initial concentration, Cino.cH3, of nanotubes in the total volume is:

_ m _ 3TC ‘I)e (Dj
Viotal

Cimo—CH3(g-m’3) (10)

Rirop
This concentration has to be transformed into the imogolite con-
centration in the initial aqueous phase, C*1mo.cus:

" 37, P, D,

C =_-°* ¢ J
Rdmp(l - q)u)

1D

imo—CH3

An estimation of the critical mass coverage per surface unit, 7., can
be obtained from Fig. 3. This figure suggests a limit between the

T0<TC TO<TC TOZTC (D
—‘ unemulsified
[ .
emulsion
Creaming Coalescence
water
>

Times after stirring

Fig. 7. Schematic representation of the coalescence mechanism: the first step corresponds to the creaming of the drops, and then the second to the coalescence of the
drops, causing an increasing size of the oil drops in the vial. At the end of the coalescence, we have a volume fraction of emulsion, ®¢mysion, containing droplets having
a critical mass coverage per unit surface, 7.. The total oil volume fraction is ®unemutsified + PjPemutsion and the total water volume fraction is ®yarer + (1 — @;) Peruision-
The non-emulsified flat oil layer is protected by the imogolites because they are also adsorbed at the oil/water interface, which prevents coalescence.
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existence of the emulsion in equilibrium with oil in excess and a full
emulsification of the oil. When emulsification is fully obtained, the
emulsion volume fraction @, is equal to ®,/®;. This limit occurs, for
example, at C*[o.ca3 ~ 6000 gvm’“o’, i.e., 0.6 wt%, and®, = 0.5. It is thus
possible to determiner, ~ 0.025 g~m’2 with Rgrop = 12.5 x 107% m.
This value lies between the perpendicular mass concentration limit
of 0.47 g-m~2 and the parallel one of 3.9 x 10~ g-m~2. This means that
mixed orientations are probably present on the droplets. With a critical
coverage rate, 7., of 0.025 glm’z, the value of a is ~ 5.2 for lj,, = 290
nm and rimeint = 0.93 nm. It confirms that the cascade coalescence
mechanism is consistent and existing in this particular case.

3.4. Evolution of the solid interfacial layer

To explain the evolution of the emulsion properties over time, we
reiterate that imogolites are present in the whole aqueous phase of the
emulsion, as presented in Fig. 1. Thus, the oil phase is propagated to-
ward the continuous phase through the nanotube cavity. Therefore,
there exists an oil-water interface away from the droplet limit which
forms a sticky front of confined oil, also described as a gel. At this front,
the Imo-CH3 nanotubes tend to aggregate, and once attached to the
front, the oil can diffuse through the nanotubes contributing to an in-
crease of the gel layer (as a shell) around the oil droplets, as depicted in
Fig. 8.

The front most probably grows in the free space between jammed
droplets, and thus a continuous network is formed and strengthens over
time. This is in line with morphologies observed in Fig. 1 for the
confined Nile Red phase, and with the rheological properties in Fig. 6. In
comparison to the literature, in our case, the gel is obtained from the
contact of the oil with the imogolites without adding any co-surfactants
nor stimuli. It is interesting to note that this oil propagation in the
dispersed phase is not triggering a fast Oswald ripening of the poly-
disperse oil droplets. It means that the difference in Laplace pressure
from one droplet to the other is not sufficient to move the confined fluid
through the nanotubes. If we imagine two droplets of different size Ry >
Ry connected by a single Imo-CHs nanotube filled with oil, the pressure
difference between the extremities of the nanotube is given by AP =
26 (z; —¢,)- Considering the hydrodynamic laws are valid down to the
nanometer range, then the flow through the tube would be Q = AP/Ry,

81 limo s
”?—). Taking the

imo—int

with Ry, the hydraulic resistance of a cylinder (Rp

dynamic viscosity of hexadecane, 1, equal to 3.004 x 103 Pa-s at 20 °C,
it would take more than 1000 years to empty a 20 pm droplet inside a 50
um one trough a single nanotube. Obviously, there could be more
nanotubes linking two droplets. The analysis of such a confined flow
evolution of the emulsion would be extremely interesting and goes far
beyond the scope of this paper [86].

In the Pickering emulsion field, clays have been used to prepare oil-
in-water emulsions as a green alternative to surfactant-prepared emul-
sions. Advantage of Pickering emulsion is the formation of a layer able to

Gel

Oil

Fig. 8. Drawing illustrating the hypothesis of a sticky confined oil front around
a single oil droplet stabilized by an Imo-CH3 gel. The oil drop is represented in
pink and the imogolite gel spreading the oil is represented in dark blue. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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provide a mechanical barrier against coalescence [87]. When tubular
clays are used, an additional phenomenon favors stabilization, for
example, Owoseni et al. [88] have shown that halloysite particles adsorb
at the oil-water interface by their long side, forming a network on the
interface through end-to-end linkage. This particular organization sta-
bilizes the emulsion. It is also known that clays can easily form hydrogels
[28,89], which can be used to stabilize oil-in-water emulsions through
the creation of an organization of the clays in a framework in the
aqueous continuous phase [5,16]. In the case of Imo-CHs, hydrogel
formation is triggered by contact between the imogolites and oil. The
uniqueness of the stabilization mechanism comes from the propagation
of a sticky confined oil front toward the continuous phase, which
strengthens the emulsion with time. This example illustrates the
complexity resulting from the use of Janus tubular clays for oil-in-water
emulsification.

4. Conclusions and perspectives

In the field of Pickering emulsion [7,8], original Janus inside/ouside
clays nanotubes (hybrid imogolite) [32,33] can be used to form emul-
sions [44]. However, the stabilization mechanism was not understood.
In this paper, we evidence the oil in water nature of the emulsion and
explain the particular stabilization mechanism. Imo-CH3 Janus nano-
tubes are able to stabilize oil-water emulsions directly after synthesis at
very low concentration (critical surface concentration 0.025 g-m™~2) and
without requiring any addition of salt or surfactants and/or modifying
the pH. Interestingly, while Imo-CHs form a solid-like layer at the
oil-water interface within a few seconds, no typical shape of “arrested”
coalescence is observed contrary to classical observation in Pickering
emulsion [10,11]. This is interpreted by an unfavorable energy balance
between the adhesion of the nanotubes and the energy released during
coalescence events. The oil droplets are thus destabilized through
catastrophic cascade coalescence events. In comparison to emulsions
stabilized by clays [5,16,28,87-89], we demonstrate here that with Imo-
CHg, the oil has a unique behavior in the emulsification process: it is the
driver of the observed time evolution of the interfacial solid layer. We
interpret this evolution by the propagation of an encapsulated oil front
in the disperse phase, which triggers the aggregation of the initially
dispersed nanotubes. Imogolite is an emulsifier with two functions:
firstly, it helps to stabilize and isolate the droplets, and thereafter, it
helps the transport of the oil. The emulsification of oil by Imo-CHs opens
new possibilities, in particular in photocatalysis, as Imo-CHs has been
shown to be an effective photocatalytic nanoreactor that can be used to
degrade and transform pollutants on a large scale [90]. Emulsification of
other halogen or phosphorus organic substances might also be possible,
as Imo-CHjs is efficient for encapsulating a large variety of hydrophobic
molecules.
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