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In this work, we report the preparation of simple oil-in-oil emulsions using layered nanoparticles as stabilizers at
the interface between silicone and castor oil. Layered double hydroxides with a shigaite-like structure presenting
an ideal composition of [MngAl3(OH)1g]1[(SO4)2Na]'12H20 (S-Na/SO4) were prepared by co-precipitation with
increasing pH, followed by particle surface grafting with octhadecyltrimethoxysilane (S-OTMS) in an apolar

medium. The powder XRD, SEM, TEM, and specific surface area (BET) techniques showed that the structure and
morphology of silane-grafted S-Na/SO4 remained practically unchanged. FTIR, EDS and ICP-OES analyses
indicated that the silanes were successfully grafted onto the S-Na/SO4 surface. In addition, to maintaining their
structure and morphology, these functionalized materials showed good performance in controlling the hydro-
phobicity of the surface for application in oil-in-oil emulsions, improving their compatibility for the dispersion in

non-polar liquids.

1. Introduction

Oil-in-o0il (0/0) emulsions are water-free formulations that are rarely
reported in the literature (Thompson et al., 2015; Binks and Tyowua,
2016; Tyowua et al., 2017; Zia et al., 2020) due to the lack of simple
stabilization methods. However, these emulsions can offer advantages
over traditional oil-in-water (o/w) emulsions, mainly due to the absence
of water, such as in moisture-sensitive substances and controlled release
processes of drugs that are unstable in water (Klapper et al., 2008;
Atanase and Riess, 2011; Tawfeek et al., 2014; Mei et al., 2018).

As is well known, the interface between two immiscible liquids, in
terms of free surface energy, is thermodynamically unfavorable, and this
energy can be minimized by reducing the interfacial tension with a
suitable stabilizer, usually a surfactant (Tadros, 2013; Sharma et al.,
2015). However, the emulsions are normally in a metastable state,
associated with repulsive and/or steric hindrance kinetic stability. Oil-
in-oil (0/0) emulsions can also be stabilized by other interfacial stabi-
lizers like surfactant molecules, such as block copolymers and solid
particles, the latter being less reported (Tawfeek et al., 2014; Rodier
et al., 2017), and can spontaneously accumulate at the interface of the
oil droplets. Unlike surfactants, these particles do not need to be
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amphiphilic, but have to be partially wetted by both phases (Rodier
et al., 2017). This criterion has been met by some inorganic and organic
particles, such as silica with different hydrophobicity (Tyowua et al.,
2017; Dyab et al., 2018; Rozynek et al., 2018), a mixture of graphene
oxide nanosheets and primary alkylamines (Rodier et al., 2017), a
mixture of kaolinite and Noigen-RN10 (Tawfeek et al., 2014), hydro-
phobic bentonite (Vartanian and Brook, 1969), and magnetite (Bielas
and Jozefczak, 2020) in classical emulsions.

Among the particles to stabilize Pickering emulsions, clay minerals,
synthetic or natural, are well described in literature (Yu et al., 2021;
Wang et al., 2022; Lisuzzo et al., 2022). Here, shigaite-like layered
double hydroxides (LDH) have shown great potential (Amaral et al.,
2020, 2021) as Pickering particle. This hydrophilic LDH occurs in the
form of a mineral ([MngAl3(OH)18][(SO4)2Na]'12H20) (Cooper and
Hawthorne, 1996), and is easily synthesized by co-precipitation. It can
also exchange cations, anions, and even both simultaneously (Sotiles
et al., 2019, 2019a, 2019b; Sotiles and Wypych, 2019, 2020; Gomez
et al., 2020), unlike traditional LDHs, which can only exchange anions
(Crepaldi et al., 1999; Vaccari, 2002; Wypych and Satyanarayana,
2004).

The formation of modified LDH surfaces was previously explored to
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obtain hydrophobic characteristics (Park et al., 2005; Wypych et al.,
2005; Chen et al., 2014, 2020; Tao et al., 2014; Guo et al., 2016). These
interactions can occur through the process of silylation (silane grafting)
of chemical bonds via the reaction of silane with the hydroxyl groups on
the LDH surface, enabling precise control over the surface components
and porous characteristics for several applications (Wypych et al., 2005;
Wang et al.,, 2012; Xu et al., 2016; Zhang et al., 2017). Here, the
objective was to maintain particle properties such as morphology, sur-
face area and porosity after silane modification, improving their
compatibility with the oil phases.

Thus, the ease of synthesis and structural modification, as well as the
platelet-like morphology, make shigaite-like LDHs excellent candidates
for oil-in-oil Pickering emulsion stabilization, as evaluated in this work.
To extend the applications of shigaite-like LDHs, the hydrophobization
of the layered particles was performed using octadecyltrimethoxysilane
(OTMS - C21H4603Si), and the two particles were compared in castor oil
and silicone oil formulations.

2. Materials and methods
2.1. Materials

All chemicals were of reagent grade and used without further
treatment. All solutions were prepared using silicone oil (Exodo Cien-
tifica - p = 0.96 g em™3, 25 °C; y = 20.23 mN m™!) and castor oil
(Farmanil Quima - p = 0.96 g cm 3, 25 °C; y = 36.72 mN m " }). Neat and
grafted layered double hydroxides were prepared by using
Al5(SO4)316H,0 (Alphatec, 98%) MnSO4 (Alphatec, 98%), NaySO4
(Neon, 99.9%), NaOH (Neon, 97%), toluene (Synth, 99.5%), OTMS -
Co1H4603Si (Sigma-Aldrich, 90%) and ultrapure water (18.2 MQ cm, p
=0.997 g cm ™2 at 25 °C, Milli-Q system - Millipore).

2.2. Synthesis of S-Na/SO4 nanoparticles

The layered double hydroxide with the shigaite-like structure (S-Na/
SO4) and ideal formula [Mn0.666A10,333(0H)2]
[Nag.111(H20)0.666(S04)0.222]10.666H20 was synthesized by co-
precipitation with increasing pH, as previously reported (Sotiles et al.,
2019a). Solutions of MnSO4 (26.13 mmol), Al3(SO4)3 (6.53 mmol) and
NaySO4 (2.18 mmol) were dissolved in 100 mL of ultrapure water, with a
molar ratio of 6:3:1, and slowly titrated with a solution of NaOH (0.5
mol L) in a glass reactor, until reaching pH 9.05.

The precipitation was conducted at 90 °C, and to avoid contamina-
tion of carbonate, the reaction was performed with a continuous flow of
No. After precipitation, the materials were kept at 90 °C for 120 h,
centrifuged at 4000 rpm (centrifugal force of 2125 G, 5 min), washed
three times with ultrapure water and dried at 40 °C.

2.3. Synthesis of silane-modified S-Na/SO,4 nanoparticles

According to an adaptation of the procedure previously described
(Guo et al., 2016), approximately 1 g of S-Na/SO4 was dispersed in 25
mL of toluene, and then 2.5 mmol of OTMS was added dropwise to the
mixture and kept in an inert Ny atmosphere. After stirring for 24 h at
80 °C, the resulting material was washed three times with toluene,
centrifuged at 4000 rpm (centrifugal force of 2125 G, 5 min), and then
dried at 80 °C.

Oriented X-ray diffraction (XRD) patterns were obtained after
placing the last washing slurry on glass holders and drying at room
temperature. The measurements were carried out with a Shimadzu
diffractometer (model XRD-6000) with CuK, radiation source of A =
1.5418 A, current of 30 mA, a voltage of 40 kV, time of 2° min~! and step
of 0.02°.

Fourier-transform infrared (FTIR) spectra were obtained in trans-
mittance mode using KBr pellets containing about 1 wt% of the sample.
The pellets were produced at pressure of 7 tons for 5 min (hydraulic

Applied Clay Science 238 (2023) 106947

press, Shimadzu SSP-10A) and analyzed in a Bruker Vertex 70 spectro-
photometer. The spectra were collected from 400 to 4000 em !, with 32
scans and resolution of 2 em L.

Scanning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) measurements were performed with a Tescan Vega3LMU
microscope with AZ Tech software. Sample dispersions were deposited
on copper tapes and after EDS analysis, they were coated with a thin
gold layer for image acquisition.

Transmission electron microscopy (TEM) analyses were performed
using a JEOL JEM 1200EX-II microscope operating at 120 kV. Sample
dispersions were deposited on 2 mm copper grids, coated with amor-
phous carbon and dried at room temperature.

Silicon was quantified in the S-OTMS sample using an ICP-OES
spectrometer (Thermo Scientific-model iCAP 6500), and the data were
treated with the ThermoiTeVa Analyst software, version 1.2.0.30. The
samples were dissolved in a solution containing 1.0% HNO3/H2SO4 (v/
v) and analyzed in duplicate.

Surface area analysis was performed by Brunauer-Emmet-Teller
(BET). adsorption/desorption of Ny isotherms using a Quantachrome
NOVA-2000e analyzer at —196 °C, after degassing the samples at
110 °C.

2.4. Preparation and characterization of emulsions

The oil-in-oil emulsions were prepared by dispersing 0.1, 0.25, 0.50,
0.75 or 1.0 wt% of S-Na/SO4 or S-OTMS particles in different silicone oil
fractions (@5 = 0.3, 0.5, 0.7), followed by inclusion of castor oil. These
mixtures were subjected to ultrasound treatment using a probe (Sonics
Vibra Cell; SM0220, Misonix) for 1 min at 40% amplitude (750 W and
20 kHz frequency) and kept at a constant temperature (22 °C). Then, the
macroscopic study of the emulsions was performed by obtaining images
at specified time intervals since preparation. The emulsion preparation
was evaluated for 30 days. In addition to this assessment, the height of
the emulsified volume was digitally measured using the Image J soft-
ware to compare each tube to the total volume before shaking.

Microscopic images of the emulsions were obtained using an optical
microscope (Zeiss Vert.Al). Images were acquired at 200x magnifica-
tion. For this, the emulsions were placed on a coverslip for microscopic
analysis. The droplet diameter was measured 24 h after preparation and
all images obtained were processed using the Image J software.

Confocal microscopic images of the emulsions were obtained using a
Nikon laser confocal microscope (model AR1+) at 200x and 600x
magnification. For this analysis, the particles were stained with rhoda-
mine B (10 ppm, excitation of red fluorescent particles at 563 nm, and
emission at 595 nm). In contrast, the castor oil phase was stained with
Nile blue (10 ppm, excitation of blue fluorescence at 641 nm and
emission at 700 nm). Twelve shots were superimposed using the NIS
program’s large image mode, combining the 12 images to form a wide
frame (4429 x 2253 pixels). The type of emulsion (silicone-in-castor or
castor-in-silicone) was analyzed 24 h after preparation and all images
obtained were processed using Image J.

Apparent contact angle analyses were performed with a DataPhysics
OCA 15 Plus tensiometer using the sessile drop method. Sample pellets
were produced at 5 tons for 5 min (hydraulic press, Carver model C,
USA). Then, a droplet of oil (2 pL) was placed on the surface, and the
pellet-oil-air contact angle was measured. To determine the three-phase
contact angle, pellets-silicone-castor (2 pL of silicone oil was inserted
under the pellets submerged in the castor oil) was measured. All mea-
surements were obtained at 22 °C using a Hamilton syringe (Bonaduz,
Switzerland) in triplicate. The contact angle was determined using the
SCA 20 Data Physics software (Filderstadt, Germany).

2.5. Rheological properties

The rheological studies were performed using a TA Instruments HR-
10 rheometer equipped with cone geometry (40 mm in diameter and
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350 mm gap). Measurements were carried out at a constant temperature
of 25 °C, controlled by a thermostatic bath. Oscillatory stress amplitude
sweeps were performed from a stress amplitude (1) of 0.01 Pa to 200 Pa
at a frequency of 1 Hz, where the elastic modulus (G') and viscous
modulus (G”) vs. stress amplitude were recorded. Oscillatory frequency
sweeps were obtained from a frequency range of 10 to 0.01 Hz at 0.01 Pa
(within the linear viscoelastic regime of all tested emulsions).

3. Results and discussion
3.1. Silane modified S-Na/SO4 characterization

The X-ray diffraction patterns of S-Na/SO4 and S-OTMS (Fig. 1a)
revealed a series of basal peaks typical of layered compounds, where the
basal distances were calculated using the third basal peak as 11.03 A.
There was no difference in the XRD patterns of both samples, indicating
that the grafting process occurred at the surface of the particles, not
between the layers. The basal distances were compatible with the pre-
vious results of Sotiles et al. (2019a), who previously synthesized S-Na/
SOy particles.

The FTIR spectra (Fig. 1B) showed bands for S-Na/SO4 and S-OTMS
in the regions 1146, 1105, 954 and 616 cm ™ * assigned to typical S-O
vibrations. The 1, bands observed at 954 cm ™! and v4 at 616 cm ™! were
attributed to S-O vibrations of sulfate present in a distorted tetrahedral
environment interacting with water molecules, alkali cations and
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Fig. 1. XRD patterns (A) and FTIR spectra (B) of S-Na/SO,4 (a) and S-OTMS (b).
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positively charged layers (Sotiles et al., 2019a). Absorption bands
attributed to the metal-oxygen (M-O) were observed at 767, 535 and
424 cm™ !, and broad bands attributed to O-H vibrations from the lattice
and adsorbed/intercalated water molecules were observed at 3428
cm L. The band at 1639 cm ™! was attributed to water molecule bending
vibration.

As indicative of chemical modification on S-OTMS FTIR spectra was
observed the presence of bands at 2957, 2920 and 2851 cm ™}, attributed
to C-H stretching vibrations of the OTMS moieties grafted to the LDH
particles, suggesting chemical modifications. At lower wavenumbers,
bands in the region of 1145-1107 cm ™! were related to additional bands
of Si-O-Si and SiO-C stretching mode vibrations (Carrasco et al., 2020),
occurring at the same position as the typical S-O vibrations, limiting
other FTIR attribution due to OTMS modification. To obtain more in-
formation about silane modification, ICP-OES analyses were performed
and S-Na/SO4 value did not indicate the presence of silicon as expected,
while S-OTMS showed 4.75 wt% of silicon.

SEM images of S-OTMS particles (Fig. 2a) indicated the presence of
platelet-like particles less than 1 pm in diameter with hexagonal
morphology and nanometric thicknesses, typical of LDH.

Despite the magnetic stirring for 5 days for grafting of the silanol
group, the morphology of the materials did not change. The particles
had preserved edges, as observed by the TEM image (Fig. 2b). BET an-
alyses (Fig. S2) showed a small reduction in the surface area (from 21.56
m?/g in S-Na/SO4 to 14.81 m2/g in S-OTMS), indicating the reduction of
the area of the basal planes to adsorb Nj, due to the grafting of the
organic moieties.

The presence of the silicon from the silanol group in S-OTMS and
carbon from the organic moiety were attested by EDS (Fig. 2c), as was
the case of the elements expected in the inorganic matrix (Mn, Al, S, Na,
0). Furthermore, mapping the surfaces of the samples (Fig. 2d) revealed
that all elements were homogeneously distributed throughout the
samples at the indicated resolution.

3.2. Characterization of Pickering emulsions

A series of emulsions were prepared to contain a silicone oil fraction
ranging from 0.3 to 0.7 in castor oil with increasing concentrations of
particles previously dispersed in the silicone phase. S-Na/SOj4 particles
were used in previous works by our research group (Amaral et al., 2021)
to efficiently stabilize oil-in-water emulsions and were used here as
starting materials for the chemical modification of the surface. The color
differences of the tubes prepared with and without particles were
noticeable. The particles were brown, and when increasing the content
of these particles in the formulation, a dark-brown color was observed
(Fig. 3). To investigate the long-term stability of the emulsions, they
were evaluated for up to 30 days (Fig. 3).

The mixture of oils, free of particles, had no complete phase sepa-
ration after 30 days due to self-emulsification, observed for a small
volume fraction when compared to the emulsions prepared with S-Na/
SO4 and S-OTMS particles. This behavior was associated with the low
surface tension between the oily phases. After adding particle to the
systems, the emulsions containing S-Na/SO4 particles were considered
macroscopically stable, with complete emulsification at the highest
particle concentration (1.00 wt%). On the other hand, emulsions con-
taining S-OTMS particles in fractional volumes with respect to S-Na/SO4
had smaller droplets at the top, a more emulsified portion in the middle
of the tube, and dispersed particles at the bottom of the tube, dispersed
in the oil with greatest affinity (silicone oil). This effect was noticed in all
formulations with different particle contents present.

The type of emulsion obtained with solid particles depends on how
these particles adsorb onto the liquid interface. In this case, the emul-
sions prepared were all oil-in-oil types, with the continuous phase being
castor oil and the dispersed phase being silicone oil. The degree of
particles’ wettability was given by the three-phase contact angle be-
tween the particles and the oil (Fig. 4).
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Fig. 2. SEM (scale bar of 1 pm) (a) and TEM image of a single crystal (scale bar of 200 nm) (b), EDS spectra (c) and the corresponding element mappings (scale bar of

50 pm) (d) of S-OTMS particles.
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Fig. 3. Photographs of the vessels after 30 days obtained by shaking equal
volumes of castor oil and silicone oil with particles ranging from 0.10 to 1.00 wt
%. Emulsions containing silicone oil (®s = 0.5).
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Fig. 4. Evaluation of the three-phase contact angle of emulsions containing a
drop of silicone oil in a layer of particles, using castor oil as continuous phase.

The Finkle rule (Finkle et al., 1923) states that stabilization in not
possible if the particle is not wetted by both phases, and that the phase
that preferentially wets the particles will act as the continuous phase.
This behavior was validated with the lamellar particles: the hydrophilic
phase (S-Na/SO4) formed an angle of 43.6° and the hydrophobic phase
(S-OTMS) formed a contact angle of 90.3°, as presented in Table S1.

In the oil-in-oil system, castor oil contained a higher amount of
ricinoleic acid, a naturally occurring fatty acid that has a hydroxyl at its
twelfth carbon. This hydroxyl facilitates its interaction with S-Na/SO4
particles, while silicone oil contains a linear chain of repeating units of
poly(methylsiloxane) [-Si(CH3)20-1, with side groups that interact more
easily with the S-OTMS particles. Thus, the modified particles projected
more into the silicon phase over time (chosen for particle dispersion)
with an initial three-phase angle of 112° and a final one of 77°, sug-
gesting some kinetic aspects associated with the wettability measured.

In turn, the S-Na/SO4 particles formed an angle of 162°, indicating
that both particles, when in contact with both liquids, initially projected
more towards the castor oil phase, leading to the formation of a silicone-
in-castor emulsion. These differences in the contact angle promoted
macroscopic differences in the emulsions formed (Fig. 3), and the af-
finity of S-OTMS for the silicone phase stood out, in which most of the
particles were dispersed in the silicone phase (bottom phase of the tube).
The hydrophobization reduced the polarity of the S-OTMS particles, as
ideally desired for stabilization of oil-in-oil type emulsions.

Rodier et al. (2017) described the modification of graphene oxide
(GO) particles with five different alkylamines to stabilize oil-in-oil
emulsions. After functionalizing both surfaces and the edges of GO
nanosheets, stable emulsions of DMF-octane and acetonitrile-octane
were obtained. Binks and Tyowua (2016) evaluated the hydro-
phobization of silica particles to stabilize emulsions with different
vegetable oils and silicone oil with different viscosities using modified
silica particles. They observed a phase inversion in emulsions containing
equal volumes of the two oils, from silicone in vegetable (S/V) to
vegetable in silicone (V/S), when the hydrophobicity of the particles
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increased. The values in the three-phase contact angles (silica-sunflower
oil-silicone) decreased as the silica hydrophobicity increased, 150° with
hydrophilic particles and 44° with hydrophobic ones.

Based on the contact angles (0) of water, silicone oil and castor oil
with the S-Na/SO4 and S-OTMS particles surfaces, was possible to
determine the solid surface free energy (7;) and both solid polar (42) and
solid dispersive (%) components. The liquids surface tension (7;) and the
liquids components polar (y£) and dispersive (yf) were found in litera-
ture using similar liquid compositions (Table S1).

To obtain 75, 7 and 12 was used the Owens, Wendt, Rabel and Kaelble
(OWRK) method (Eq. (1)) (Owens and Wendt, 1969). The interactions
between solid and liquid are defined as polar (p) and dispersive (d) in-
teractions. The y; is the sum of the two parts, (¥ + yf), where the polar
interactions are associated to permanent dipole or Keesom forces,
associated to polar interactions. The dispersive components (London
forces) are weak forces associated to induced and temporary dipole
interactions.

nliveot) o [ 1
N m\/;fﬁ @

Our results demonstrated, by OWRK method (Fig. S1), that S-Na/SO4
particles presented a y; of 53.42 mJ/m?; the dispersive component of y¢=
18.10 mJ/m? and a polar component of 72 = 35.35 mJ/m?. As observed
the polar component is ~3 times the dispersive one, indicating a more
polar surface. S-OTMS particles presented a different behavior, the y
was of 25.09 mJ/m?, and the dispersive component was yf: 20.07 mJ/
m? and the polar component was 2 = 5.02 mJ/m2 A two times
reduction of y;, and yf> 72 (~4 times) for S-OTMS particles, when

(@)  S-Na/SO, particles
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compared to S-Na/SOy4 particles, confirming the chemical modification
and the formation of a hydrophobic particle.

3.2.1. Confocal fluorescence microscopic image

Experiments using confocal laser scanning microscopy of the emul-
sions with the addition of S-Na/SO4 particles suggested the Pickering
effect, with particles organized at the interface (Fig. 5a-b), observed as a
white layer of particles in these gray scale images (Fig. 5b). Silicone oil
emulsions were indicated as black areas, and the castor oil continuous
phase was stained with Nile blue fluorescent dye, associated with gray
areas in the images.

The Pickering effect was observed in all formulations (Fig. 5a). The
particles were aggregated at the droplet interface and also dispersed in
the continuous phase. The S-Na/SO4 emulsions formed a silicone-in-
castor emulsion in the 0.3 and 0.5 fractions of silicone regardless of
the particle concentration. However, when increasing the silicone
fraction in the system (®s = 0.7), a castor-in-silicone emulsion was
formed. In this process, the increase of the silicon volume fraction
formed castor-in-silicone emulsions. At higher concentrations of parti-
cles, a visible increase in the viscosity was observed by tilting the tube at
45°, and the emulsions produced were apparently stabilized due to the
depletion effect observed. S-Na/SOy4 is a hydrophilic particle and should
preferably form silicone-in-castor emulsions. Based on this, a possible
explanation for the presence of multiple emulsions such as castor-
in-silicone-in-castor (gray areas within the dispersed phase) could be
that initially, silicone-in-castor emulsions were formed, and the rapid
separation process of phases led to the formation of small stable droplets
of castor in silicone.

In the cryo-TEM image (Fig. 6) obtained from the silicone-in-castor

5-Na/S0,
particles
Ta

silicone oil

Fig. 5. (a) Confocal fluorescence microscopic image of emulsions containing silicone oil and castor oil (silicone oil fraction ranging from 0.3 to 0.7) and S-Na/SO4
particles ranging from 0.10 to 1.0 wt% after preparation. 50 pm scale bar. (b) Closer view of one droplet of the emulsion containing silicone oil (®sg 3) and castor oil

along with 1.0 wt% of S-Na/SO, particles after preparation.
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Fig. 6. Cryo-TEM image of a silicone-in-castor emulsion stabilized by 0.50 wt
% S-Na/SO4 particles and equal volumes of the two oils 24 h after preparation.
Emulsion containing silicone oil (®s = 0.5).

oil emulsion stabilized by particles of S-Na/SO4, two oil phases were
distinguished from each other by their different coloration: castor oil is
the light areas compared to the dark silicone oil. A small droplet can be
seen in the TEM image (Fig. 6), with the particles arranged around the
dark droplets (silicon oil). In addition, the smaller particles formed a
network of interconnected particles in the continuous phase (castor oil),
showing that hydrophilic particles of different sizes and shapes are
effective in stabilizing oil-in-oil emulsions.

Using confocal fluorescence microscopy, spherical droplets of sili-
cone with S-OTMS aggregates dispersed in this phase were also observed
(Fig. 7a-b), indicating that most particles here were preferentially in the
silicone phase than the castor oil phase.

The formulations containing the S-OTMS particles (Fig. 7a) showed
silicone emulsions in castor oil at ®s of 0.3 and 0.5 and in the highest
silicone compositions of the system (®s of 0.7), there was phase inver-
sion at all particle concentrations. However, there were bicontinuous
regions, as in ®s of 0.5 with 1.0% by weight of particles, viewed
microscopically in large mode (Fig. 7b), with a region containing sili-
cone emulsions in castor oil and a region containing castor oil emulsion
in silicone, in addition to particles dispersed in the silicone phase. Since
the S-OTMS particles were grafted with octadecyltrimethoxysilane on
the basal surfaces, hydrophobic particles were generated that partially

(@)  S-OTMS particles
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interacted with/wetted the silicone phase, as observed in the measure-
ments of the three-phase contact angle. Additionally, it was possible to
create multiple emulsions in these bicontinuous systems.

The relationship between the rheology and the stability of these
Pickering emulsions with hydrophilic and hydrophobic particles was
systematically evaluated.

3.2.2. Rheological study of emulsions

The effect of S-Na/SO4 and S-OTMS particles on the emulsions were
studied by dynamic oscillatory rheology to measure the apparent vis-
cosity and G’ and G" moduli. The rheological response of the emulsion
formulations was measured after 30 days of storage. Fig. 8 shows the
apparent viscosity as a function of shear rates. Low viscosity of the pure
oils (0.67 Pa.s for silicone oil and 0.57 Pa.s for castor o0il) was observed
over the entire shear range, but when dispersing S-Na/SO4 (Fig. 8a)
particles in silicone, the viscosity increased smoothly to 0.92 Pa.s, while
in the system with castor oil, the viscosity was unaffected.

On the other hand, the emulsified system exhibited non-Newtonian
behavior, with higher viscosity than pure liquids and a gradual
decrease in the viscosity, and the absence of a plateau at low shear,
suggesting the formation of permanent networks. Initially, the emulsion-
S-Na/SO4 system showed viscosity of 4.17 Pa.s and a shear thinning up
to ~0.93 Pa.s, indicating that the emulsion droplet network was
destroyed by shearing the sample, causing a decrease in viscosity.
Compared with the emulsified system containing the S-OTMS particles
(Fig. 8b), a small increase in apparent viscosity was observed at the very
beginning of shearing (1.12 Pa.s), which decreased rapidly to 0.71 Pa.s.

The results presented in Fig. 9a show that the rheological properties
of Pickering emulsions with S-Na/SO4 particles evolved with increasing
particle concentration. In all rheological curves, G’ and G* increased in
magnitude with increasing frequency applied, with G” being more sig-
nificant than G", indicating that the emulsions presented elastic
behavior, characteristic of solid viscoelastic fluids.

At the highest concentrations of S-Na/SO4 particles (1.0% by
weight), drastic changes in the droplet size distribution were observed
(large and deformed droplets, as seen in Fig. 5). These changes partic-
ularly affected the rheology of the emulsion. Furthermore, the higher
concentration of particles resulted in higher storage modulus and
stronger elastic behavior.

This was because continuous phase particles can form a network
structure, and the higher the concentration, the stronger the structure is,
indicating high stability of the Pickering emulsion. The phase transition

g} '\ /400 ym
‘bottom tube

Jrmmnf
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Fig. 7. (a) Confocal fluorescence microscopic image of emulsions containing silicone oil and castor oil (silicone oil fraction ranging from 0.3 to 0.7) and S-OTMS
particles ranging from 0.1 to 1.0 wt% 24 h after preparation. The scale bar is 50 pm. (b) Total tube image (large mode).
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Fig. 9. Rheology data for emulsions containing silicone oil (s = 0.5) and
stabilized with (a) S-Na/SO4 and (b) S-OTMS at various concentrations: ()
square for 0.1 wt%, (a) triangle for 0.5 wt%, (@) circle for 1.0 wt% and elastic
modulus (G/, solid symbols) and viscous modulus (G”, open symbols) as a
function of frequency (Hz). The oscillatory stress studies for the emulsions are
shown in Fig. S3.

point (red circular area) appeared at high frequencies and is attributed
to the structural rearrangement of the emulsion or flow (Matos et al.,
2018; Xu et al., 2021). With S-OTMS particles (Fig. 9B), the transition
point occurred at low frequency and only at the highest particle con-
centration (1.0 wt%).

In the Pickering emulsions stabilized with layered particles, higher
particle contents improved the stability. The reason for this may be that
particle-particle interactions and particle-liquid interactions were
increased at higher concentrations, forming a network structure. This
network was more evident for the S-Na/SO4 formulation, suggesting
that the rheological properties of this model emulsion were mainly
determined by the emulsified phase and/or dispersed phase, since the
droplet size and the interactions between the droplets were clearly of
greater importance. This result was different than that of the S-OTMS
formulation, which presented a weak network structure formed by
spherical droplets. These considerations explain the sensitivity of
rheological measurements to the observed changes in emulsion
microstructure.

Thus, we demonstrated that easily synthesized S-Na/SO4 and S-
OTMS particles were able to stabilize oil-in-oil emulsions. In addition,
the modification of shigaite-like LDH with OTMS resulted in a change in
the solubility profile, with linear alkyl chains making them more
dispersible in the silicone oil, which in turn defined the dispersed phase
of the emulsion. This system can be used in cosmetic formulations,
coatings and biomedical applications that are sensitive to the presence
of water. For example, Binks and Tyowua (2016), revised the formula-
tions with two immiscible oil phases, and found as lubricants on fibers,
foam inhibitors, electro-reological fluids and display devices, personal
care and cosmetics, vehicles for chemical reactions and pharmaceutical
formulations.

4. Conclusion

A shigaite-like layered double hydroxide with the ideal formula
[MngAl3(OH)181[(SO4)2Nal 12H20 (S-Na/SO4) was synthesized by co-
precipitation with increasing pH, and the particle surfaces were graf-
ted with octadecyltrimethoxysilane (S-OTMS), in an apolar medium.
Oil-in-oil Pickering emulsions stabilized by layered double hydroxides
were explored in terms of affinity, stability and morphology by confocal
laser microscopy and rheology techniques. Two particles with different
hydrophobicity were analyzed: S-Na/SO4 (hydrophilic particle) and S-
OTMS (hydrophobic particle) at different concentrations of particles and
fractions of silicone in castor oil. The total emulsified volume was ach-
ieved with the S-Na/SO4 particles, suggesting high stability for up to 30
days. The sensitivity of the rheological measurements indicated the
formation of a weak gel for the S-Na/SO4 formulation, that contributes
considerably to emulsion stabilization, due to particle-particle and
particle-liquid interactions, formed by deformed droplets and a weaker
gel structure for S-OTMS and by spherical droplets for high concentra-
tions of particles. Thus, the simplicity of synthesis of layered particles
and preparation of oil-in-oil emulsions make them ideal for water-free
applications and open a new interfacial area to explore.
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