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Abstract

In cosmetic applications, emulsions are largely developed thanks to organic surfactants which lower
the interfacial oil/water tension thus enhancing dispersions stability. However, these organic
surfactants may raise toxicity towards the skin and environmental contamination issues. The
objective of the present work is to develop innovative emulsions stabilized by natural
montmorillonite particles. The influence of the dispersion and emulsification times as well as the
homogenization process (high shear mixer or ultrasonication) was investigated. Obtained mixtures
were conditioned at 40°C and their properties were studied over 72 hours from macroscopic aspects,
emulsified phase microstructure and droplet size assessments. The emulsion microstructure has
been shown to be highly sensitive to the manufacturing parameters. When emulsification time
increases, droplet size decreases leading to more stable emulsions. In addition, the macroscopic
aspect of emulsions is mostly governed by the homogenization process as ultrasonication efficiently
produces fully emulsified mixtures while high shear mixing does not. Therefore, the ultrasonication
process is demonstrated as an efficient tool to produce homogeneous stable Pickering emulsions
without surfactant and displaying microscopic droplet sizes. It also constitutes a promising method to
control parameters in industrial processes when manufacturing emulsions.
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1. Introduction

Nowadays, emulsions meet an important interest in several industries including food (Verkempinck
et al., 2018), petroleum (Atta et al., 2014; Ronald and Luis, 2016), pharmaceutical (Bouyer et al.,
2012) or cosmetic (Agredo et al., 2019; Terescenco et al., 2018) applications. As these emulsions are
thermodynamically unstable, their development is guaranteed by organic surfactants which limit
destabilization phenomena by lowering the oil/water interfacial tension. However, these
conventional organic surfactants may raise toxicity issues to the skin (Lémery et al., 2015) and
contaminate the environment (Kénnecker et al., 2011; Lechuga et al., 2016). Therefore different



studies developed conventional surfactant-free dispersions such as so-called historical Pickering
emulsions (Pickering, 1907; Ramsden, 1904) stabilized by solid colloidal particles.

Thus, stable Pickering emulsions were recently developed in food applications (Costa et al., 2018;
Young et al., 2018; Zhang et al., 2018), in the oil recovery field (Li et al., 2018; Liu et al., 2018) or in
the development of polymeric materials (Zeng et al., 2017). Compared to traditional emulsions, the
Pickering emulsions resist destabilization phenomena thanks to particles adsorption mechanism at
the oil/water interface. Due to high desorption energy per particle (Aveyard et al., 2003; Tzoumaki et
al., 2011), such a system induces irreversible interfacial adsorption of particles thus assuring a high
stability over time for the resulting mixture (Bjorkegren et al., 2017; Yan et al., 2015; Yusoff and
Murray, 2011).

To develop stabilized oil/water/particle systems, previous studies used various particle types such as
silica (Frelichowska et al., 2009; Katepalli et al., 2017; Vignati et al., 2003; Yan et al., 2015), clay
(Ganley et al., 2017; Garcia and Whitby, 2012; Guillot et al., 2009; Jurgelane et al., 2017) or cellulose
particles (Cherhal et al., 2016; Gestranius et al., 2017; Lu et al., 2018; Paximada et al., 2016). In other
cases, hydroxyapatite (Zhang et al., 2017), whey protein (Destribats et al., 2014) or iron oxide
particles (Udoetok et al., 2016) were also proven quite effective to stabilize oil/water emulsions.
However, emulsion stability is not only affected by the nature of particles as for a given chemical
composition the particle shape itself also plays a significant role on stability (Katepalli et al., 2017;
Madivala et al., 2009).

In fact, the production of Pickering emulsions depends on factors related to both the formulation
composition and the manufacturing process (Hall et al., 2011; Rosdi et al., 2018). As an example,
several research studies have investigated the effect of the particle size (Ge et al., 2017; Tsabet and
Fradette, 2015), particle wettability (Binks and Lumsdon, 2000; Bjorkegren et al., 2017; Li et al., 2012)
or particle concentration (Frelichowska et al., 2010; Kargar et al., 2012; Yan et al., 2015). The
influence of the dispersed phase nature (Fallah et al., 2018) and the oil/water ratio (Yan et al., 2015;
Zhang et al., 2017) has also been investigated.

But Pickering emulsions properties also strongly depend on manufacturing process parameters
(Chevalier and Bolzinger, 2013). Emulsions can be developed using various homogenizers such as
high shear mixers, ultrasound, colloid mills or high-pressure valve homogenizers (Trujillo-cayado et
al., 2018); further studies have investigated the influence of parameters such as the temperature (Li
et al., 2018; Tzoumaki et al., 2011) or the stirring rate (Fallah et al., 2018) on emulsion properties.

However, some information is still missing in the development and the production of Pickering
emulsions.

e Onthe one hand, few studies (Jurgelane et al., 2017) take an interest to the development of
Pickering emulsions for specific cosmetic applications.

e On the other hand, the study of the emulsification process is poorly documented (Tsabet and
Fradette, 2015) and a little knowledge is available about the effect of manufacturing
parameters on both the microstructure and the stability of Pickering emulsions.

Yet, the industrial process development of emulsion-based products is an essential step which often
results in loss of time, material waste and high development cost (Hall et al., 2011). At first view, it is
therefore essential to study how process parameters may impact emulsion characteristics and
stability. Furthermore, since emulsions are generally prepared in two steps including first a particle
dispersion step by ultrasonication followed by an emulsification step with a high shear mixer (Ashby
and Binks, 2000; Frelichowska et al., 2009; Pichot et al., 2009; Yan et al., 2015), a waste of time and



failings in the continuous control of properties for an industrial manufacture scale-up can be
assumed.

Therefore, the main objective of this paper is to develop Pickering emulsions stabilized by clay
particles for cosmetic applications with a unique homogenizer device. The second aim is to study the
influence of manufacturing parameters on emulsions stability and properties in order to optimize the
manufacturing process. For this purpose, the influence of different factors (dispersion time,
emulsification time, energy...) has been investigated on emulsions properties. Emulsions were
prepared in different dispersion and emulsification conditions using a high shear mixer on the one
hand and an ultrasonic probe on the other hand. As the emulsion stability is greatly influenced by the
storage temperature (Fallah et al., 2018), samples were stored at 40°C to accelerate aging
phenomena. Emulsions stability and properties were then monitored and characterized during 72
hours. Results of this study will allow identifying the influence of process parameters and will
determine how it is possible to obtain stable Pickering emulsions based on clay particles.

2. Materials & Methods

2.1. Materials

2.1.1. Raw materials
Three raw materials were selected to prepare emulsions:

- Asthe skin pH is comprised between 4.2 and 6.8 (Wagner et al., 2003), a phosphate buffer
solution (pH= 5.0, 0=1150 puS/cm, 20°C) was prepared to allow controlling the emulsions pH.
Sodium hydrogen phosphate NaH,PO, was firstly dissolved in water to obtain a solution
concentration of 0.02 M, then pH was adjusted with few drops of a NaOH solution.

- Isohexadecane (p= 0.8 g/cm?®) was selected as the oil phase and supplied by Croda France.

- Natural clay montmonrillonite particles, noted MMT, were chosen as the solid stabilizer due
to its natural, environmental and cosmetic-friendly character. The product Nanofil EXM 588
was supplied by Sid Chemie (Germany).

During experiments, the clay powder was used as commercially provided, with storage at 40°C to
prevent water absorption.

2.1.2. Emulsion manufacture

Manufacture procedure used as reference

The parameters of model emulsions stabilized by MMT were respectively fixed at 1.00 % (w/w) MMT
concentration Cumr (Equation 1) and at 25.0 % (w/w) isohexadecane fraction as defined by Equation
2.

mmmTt

(Equation 1) fon = —2% (Equation 2)

C =
MMT Mpmr+MoittMwater Moyt Myater
In order to process emulsions, 0.20 grams MMT were firstly dispersed into a certain amount of the
buffered aqueous phase (Figure 1, step @) in a glass tube (Height 100 mm, @ 24 mm). Then, the oil
amount was added to the clay/buffered dispersion and emulsified (Figure 1, step @).
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Figure 1: Fabrication route of emulsions stabilized by clays

Both the dispersion @ and emulsification @ steps were performed in an ice batch to control the
manufacture temperature and prevent overheating due to emulsification energy. Thus, the final
emulsion temperature was measured and did not exceed 30 °C. During the emulsification step, the
homogenizer probe extremity was accurately positioned at the buffer solution/isohexadecane
interface. At the end, emulsions were degassed and finally conditioned in sealed glass tubes at 40°C
during 72 hours to accelerate the ageing and destabilization phenomena. In relation to Figure 1,
dispersion and emulsification steps occurred in respective specific T1 and T2 conditions which are
more detailed hereunder.

Influence of manufacturing parameters
In this study, two different homogenizers were selected to prepare emulsions:

- A high shear mixer (IKA Ultra-Turrax® T25 digital) equipped with a micro S25-18G dispersing
tool (noted HSM) (max speed: 24,000 rpm)

- Anultrasonic processor (Fisher Scientific FB-705 Sonic Dismembrator, 20 kHz) equipped with
a microtip probe (noted US) (maximum amplitude: 100 %)

The influence of both the dispersion and emulsification time was investigated on properties and
stability of model Pickering emulsions for each homogenization process, as schematized on Figure 2.

More precisely, the dispersion time influence was firstly studied using the high shear mixer. Clay
particles were dispersed in the buffer solution at a fixed 15,000 rpm speed. The dispersion time (T1)
was successively tested for different periods of time (2, 4, 6 minutes) whereas the emulsification
conditions were 4 minutes at 20,000 rpm (Figure 2A, triangles). In a second part, emulsions were
prepared according to 2, 4, 6 emulsification times while keeping dispersion time constant (2 minutes)
(Figure 2A, circles).

The other strategy consisted in producing emulsions using an ultrasonic homogenizer with identical
emulsification times as above (2, 4, 6 minutes). The dispersion energy and time were respectively
fixed at 20 % amplitude and 2 minutes whereas the emulsification energy equals to 20 % or 100 %
(Figure 2B).
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Figure 2: Schematic 3D representation of all te

sted manufacturing configurations

To summarize, the influence of the different factors exposed above was studied on emulsion initial
microstructure and stability to optimize the process. Corresponding dispersions configurations were

codified as follows for clarity:
Examples

F- HSM-DT1/ET2 With:

or
F- US-DT1-ET2-A2

2.2. Methods

F: Formulation

HSM: High Shear Mixer
US: UltraSonication

T: Time

D:Dispersion

E: Emulsification

A: Amplitude

Emulsions properties and stability were characterized over time at 24, 48 and 72 hours. Photographs
allowed observing phase separation over time and assessing the emulsifying ability, as reported
elsewhere (Ye et al., 2017). An emulsifying index (El) was defined in accordance to Figure 3 and
Equation 3 in order to describe macroscopic phase separation. More precisely, the emulsion height
(He) and the total height (H:wt) were measured by digital image analysis (Image J software) at three

positions (1, 2, 3) on the mixtures photographs.

3 Repetitions

Emulsion -
Total He}:ghz
Height (He)
(H::!}

Average (H: + HZ+ H3)
Average (HL, + HE,, + H,

x 100

(Equation 3)

Where:

He: Emulsion Height
Hiot: Total Height of mixture

Figure 3: Definition of the Emulsifying Index (EI)



The emulsion microstructure was also assessed using an optical microscope (Leica DMLP microscope)
equipped with a camera under the bright field. A Leica IM 1000 software was used to acquire
micrographs under magnifications x100 and x200. Emulsions droplets size distributions were
determined by static light scattering (SLS) using a laser diffraction particle size analyzer (Shimadzu
SALD-7500 Nano) equipped with a violet semiconductor laser (A: 405 nm).

Emulsions droplets sizes were characterized under dilution by dispersing the samples in a batch cell
of deionized water. As D.Terescenco describes (Terescenco et al., 2018), diluted emulsion samples
were stirred during the measurement and droplet size distributions were acquired using a Wing SALD
Il software.

In order to enhance reliability, measurements were performed twice within the whole emulsified
phase produced with the high shear mixer. For these last emulsions, a 50 % diameter (D50) was used
to highlight global evolutions of droplet size distributions. As D50 corresponds to the diameter which
splits the distribution in two identical halfs, this indicator constitutes one of the most meaningful
values for particle size distributions. For ultrasonicated emulsions displaying higher emulsifying
abilities, droplet size distributions were then thoroughly assessed at the top (T), middle (M) and
bottom (B) locations of the emulsified phase.

Thus, the visual observation, droplet size distributions and optical microscopy made possible to
assess the ability of prepared Pickering emulsions to resist to coalescence in different manufacturing
conditions.

3. Results

3.1. Emulsions produced using a high shear mixer

3.1.1. Influence of the dispersion time on emulsions properties

Figure 4 displays the influence of the dispersion time on properties of three emulsions. The
dispersion time varies between 2 and 6 minutes whereas other manufacturing parameters are
arbitrarily fixed. The dispersion rate was 15,000 rpm and the emulsification time and rate were
respectively 4 minutes and 20,000 rpm.

Visual aspects of mixtures are firstly observed at 24 hours on Figure 4A and show the coexistence of
both an emulsified and an aqueous phase in all preparations. A phase separation initially appears
after 24 hours. Most of the clay particles settled at the aqueous phase bottom. Nevertheless, the
emulsified portion after 24 hours appears quite similar between tested emulsions (Figure 4A), as well
as after 72 hours (Figure 4B). The emulsified phase amount is slightly reduced due to the ageing
phenomena with remaining identical emulsified portions whatever the dispersion time. Therefore,
macroscopic properties of emulsions are not significantly affected by the dispersion time.
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Figure 4: Comparison of emulsions produced at various dispersion times at 24 and 72 hours in terms
of visual aspect (A, B) and droplet size distributions (C, D)

However, some differences are observed in the evolution of droplet size distributions with the
dispersion time. At 24 hours (Figure 4C), the emulsions produced with 2 and 4 min dispersion times
namely present droplet sizes ranging from 30 to 110 um whereas the 6 min dispersion time produced
emulsion exhibits, through a narrower distribution, larger droplet sizes beginning at 50 um.

Differences in droplet sizes become more outlined at 72 hours, as shown on Figure 4D, in particular
for the emulsion produced with a 2 min dispersion time (4D, black curve and unfilled circles). A
secondary population of finer droplets appears ranging from 1 to 5 um. This emulsion produced with
the smaller dispersion time provides a distribution with smaller droplet sizes.

This observation is in good agreement with Figure 5 which refers to respective optical micrographs at
72 hours. In comparison to the F-HSM-D2-E4 emulsion (Fig 5 left), more coalescence and droplet
fusion phenomena appear on micrographs of both emulsions produced with a 4 min (Fig 5 middle)
and a 6 min (Fig 5 right) dispersion times (F-HSM-D4-E4, F-HSM-D6-E4). In correlation to droplet size
distributions (Figure 4D), optical micrographs remain relatively similar for emulsions produced with



the 4 and 6 min dispersion times ; this clearly evidences a loss of stability when increasing dispersion
step duration.

4 min 6 min

Figure 5: Influence of the dispersion time on the emulsion microstructure at 72 hours (Magnitude x100)

From these results, the combination of droplet size distribution curves (Figure 4C) and optical
micrographs (Figure 5) leads to pursue the emulsion manufacturing process optimization and
investigate the influence of the emulsification time on emulsions produced using a 2 min dispersion
time.

3.1.2.Influence of the emulsification time on emulsion properties

The influence of emulsification time on emulsions properties was investigated using a 2 min
dispersion time and keeping a 15,000 rpm rate. Then, emulsification was performed at 20,000 rpm
during from 2 to 6 minutes. Figures 6A and 6B refer to the El and statistical 50% diameter evolutions
over time whereas Figure 6C displays respective micrographs observation at 24 hours.

In a similar way as above, only partial emulsification is observed as shown by the emulsification
indexes around 40 % whatever the emulsification time (Figure 6A). This index slightly changes over
time going from 40.3 £ 0.9 % at 24 hours to 32.8 + 1.7 % at 72 hours, thus indicating an averaged
stability for the corresponding emulsions over time.

Figure 6B reports then the average droplet size D50 (from static light scattering) for the emulsion
phase of the corresponding mixtures. The 50 % diameter respectively equals to 67 um, 46 pm and 37
pum for the 2 min, 4 min and 6 min emulsification times. Thus, the droplet size becomes smaller as
the emulsification time increases. Another point is that D50 remains constant over the tested period
of time (up to 72 hours) suggesting in a similar way a good stability of the emulsified phases and of
the corresponding oil-water interfaces over time.
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Figure 6: Influence of the emulsification time on the emulsifying index (A), on the 50 % diameter (B)
and microstructures (x 100) at 24 hours (C)

To sum up, initial emulsion phase characteristics are strongly affected by the manufacturing process.
Results show that the longer 6 min emulsification time leads to smaller droplet sizes, as outlined by
Figure 6B and 6C.

Results also highlight that emulsions remain partial (El: 40 %) in the conditions tested in the present
work. In addition, the longer the emulsification time, the smaller droplet sizes in the emulsion phase.
Surprisingly, the resulting emulsion phase appears stable whatever the initial average droplet size
thus indicating a stable oil-water interface. An attempt to increase the emulsifying index was
performed by manufacturing the mixture with the maximal speed of the high shear mixer (24,000
rpm), but no El improvement was observed on emulsion visual aspect (results not shown). Therefore,
the next part describes the preparation of the same mixtures using another manufacturing process,
namely ultrasonication, in order to investigate the effect of process energy on the resulting water-oil-
clay mixtures properties.

3.2. Emulsions produced using ultrasonication

3.2.1. Optimization of the emulsification amplitude on the emulsifying index
In a first step, the influence of the ultrasonic probe amplitude was investigated on the visual aspect
of mixtures displaying same mixture composition as the one investigated in the first part of this
paper. The dispersion step was kept constant at 20 % amplitude whereas the emulsification energy
was fixed at 20 or 100 % amplitudes. Emulsions were produced after a constant 2 min dispersion
time by applying 2, 4, 6 min emulsification times.

Figure 7A firstly displays the visual aspect of emulsions produced using a 20 % emulsification energy
after 24 hours. In an outstanding way, the emulsifying index of the oil phase is considerably increased
with the ultrasonic process when compared to the results obtained with the high shear mixer. The
emulsion phase appears predominant for all samples even if a weak phase separation occurs for the
F-US-D2-E2-20% formulation (at 2 min emulsification time). Thus, both 4 and 6 min emulsification
times (F-US-D2-E4-20% and F-US-D2-E6-20%) lead to macroscopically nearly fully emulsified mixtures
as illustrated by a 96 % emulsifying index (plain blue curve and diamonds) on Figure 7B.
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Figure 7: Observation at 24 hours of emulsions produced with a 20 % energy (A) and comparison of
emulsifying indexes for two different ultrasonic amplitudes (B) (20 % and 100 %)

Furthermore, using a 100 % emulsification amplitude leads to an improvement of El value as visible
on Figure 7B. Indeed, the El value is significantly increased for the emulsion produced with a 2 min
emulsification time (F-US-D2-E2-100%) while only a slight El improvement is observed for 4 and 6
min emulsification produced emulsions.

The emulsion obtained using a 6 min process (F-US-D2-E6-100%) is undoubtedly the most complete
emulsion according to Figure 7B (El = 98 %). On this basis, the microstructure of the corresponding
formulation was thoroughly investigated over time in the next part to test its stability over time.

3.2.2. Droplet size distributions of the emulsion produced with a 6 min emulsification
time

Figure 8 displays local droplet size distributions of the ultrasonicated emulsion produced at 100 %

amplitude with a 6 min emulsification time. As described in the experimental part, granulometry

measurements were performed by sampling distinct parts of the emulsion vial. Corresponding

droplet size distributions analyzed at the emulsion top, middle and bottom are superimposed at 24

hours (8A), 48 hours (8B) and 72 hours (8C).

Figures 8A and 8B interestingly show identical distributions curves referring to the top, middle and
bottom analyzed locations, thus suggesting that the produced emulsion is completely homogeneous.
Furthermore, droplet size distributions appear highly similar at 24 and 48 hours but show significant
differences at 72 hours (Figure 8C). Size distribution curves clearly indicate the occurrence of a
destabilization process with a shift of smaller droplets population to larger droplets for both bottom
and middle part of the emulsion. Figure 8C also evidences a relative increase of larger droplet
population, thus illustrating the possible start of flocculation or coalescence phenomena.

11
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Figure 8: Evolution at 24 hours (A), 48 hours (B) and 72 hours (C) of droplet size distributions in the
emulsion produced with a 6 min emulsification time at 100 % amplitude

Nevertheless, it can be concluded that ultrasonication produces fine, homogeneous and relatively
stable emulsions, which is not achieved by the mechanical high shear mixer in spite of process
optimization. In order to outline the important results of the present development, macroscopic and
microscopic properties of emulsions produced using both the high shear mixer and ultrasonic
processes were finally extensively compared in the following section.

3.3. Comparison of emulsion properties using both high shear mixer and

ultrasonic homogenization processes
Previous preparations obtained either by high shear mixer and ultrasonic processes and having the
best initial structure and stability over the ageing time (Figures 6 and 8) were selected and compared
at 24 hours. Thus, Figure 9 presents the emulsion visual aspect (9A), the emulsifying index (9B), the
50 % diameter obtained by static light scattering (9C) and the optical microstructures (9D) as a
function of the emulsification time. On Figure 9A, the emulsification process appears as the most
significant factor impacting the ability to get oil phase emulsification. Indeed, ultrasonication leads to
complete and visually homogeneous emulsions (El = 100 %) while the high shear mixed emulsions
display a multi-phase character (El = 40 %) and clay sedimentation. The multi-phase character does
not evolve with the emulsification time for emulsions produced with the high shear mixer as the El
equals to 40 % and the regression slope is almost null (Figure 9B). On the contrary, ultrasonicated

12



formulations display an El close to 100 % and show a slight increase with emulsification step
duration, as illustrated by the trend curve positive slope (Figure 9B).
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Emulsification speed: 20,000 rpm Emulsification amplitude : 100 %
A ‘4mn |' 6 min |
E #RST 20,000 rpm O US 100 %
100 [ T o
80 Slope: 0.40
F 60
T A0 @eeeeeeeeeeeereeeeennnns N *
20 Slope: 0.02
0 4 } i
2 4 6
Emulsification time (min)
F-HSM-D2-E6 F-US-D2-E6-100%
for the 6 min

emulsification
time

10
8

D
150 % D (um) US

Emulsification time (min)

Figure 9: Effect at 24 hours of High Shear Mixer (HSM) and UltraSonication (US) homogenization
processes on emulsion visual aspect (A), Emulsifying Index (El) (B), optical microstructure (x 200) (C)
and 50% diameter extracted from particle size distributions (D)

13



Therefore, the ultrasonic process is much more efficient for producing complete emulsions than high
shear mixing (Figures 9A and 9B). The ultrasonic process is also efficient to produce emulsions
displaying fine droplets of the order of 1 micron. As illustrated by Figure 9C, the mechanical high
shear mixer only provides large droplets of the order of tens microns with clay particles observed at
the oil droplet surface.

Furthermore, the influence of the emulsification time on both kinds of emulsions is revealed when
considering the droplet size evolution (Figure 9D). In both cases, the 50% diameter markedly
decreases by 50 % when the emulsification time increases. However, the order of magnitude of
droplet sizes remains different between two processes and the droplet size reduction with the
increasing emulsification time leads to distinct 50% diameters, what remains in good correlation with
distinct microstructures (figure 9C).

Thus, besides the emulsification time influence on macroscopic and microscopic properties of
emulsions produced by both process, results of this study have undoubtedly highlighted the major
impact of the homogenizing process on emulsion formation, microstructure and stability.
Optimization of experimental conditions made possible to obtain stable and totally emulsified
systems with montmorillonite clay particles. In the next part, results will be discussed with an
attempt to highlight some links and potential correlations with other studies.

4. Discussion

The first objective of this paper was to prepare emulsions stabilized by clay particles for cosmetic
applications by studying the effect of homogenizing process. Results show that montmorillonite clay
particles have a high potential for the stabilization of O/W emulsions, as it was suggested by previous
Guillot’s observations (Guillot et al., 2009). Both high shear mixer and ultrasonic processes
successfully provided a certain amount of emulsified fraction, the ultrasonication technology being
much more efficient. Furthermore, the one-step process used allows a better control of incorporated
ingredients amounts whatever the homogenizer. It also induced less time (Costa et al., 2018) and a
better reliability during the manufacture of emulsions.

Then the second aim was to study the influence of manufacturing parameters on the emulsion
stability and properties in order to better understand and control the manufacturing process.
Thereby, several manufacturing parameters were tested on emulsion properties. Results firstly show
that the emulsions produced with high shear mixer are very likely to undergo clay sedimentation, as
Zhang already observed with emulsions produced with another mechanical vortex mixing (Zhang et
al., 2015).

Nevertheless, the droplet size distributions of these emulsions slightly evolve once the phase
separation has occurred. A barely significant difference in droplet sizes (Figure 4D) and
microstructures (Figure 5) appears after 72 hours and shows that the emulsion produced with a 2
min dispersion time leads to smaller droplets and thereby less coalescence phenomena than others.
In other words, the smallest dispersion time leads to the more stable emulsion over the time. Such a
result is enough surprising and it could be explained by some hypothesis. On the one hand, clay
particles would tend to settle less at smaller times leading to the presence of a greater amount of
particles to stabilize the oil/water interface during emulsification. On the other hand, this result
could be also explained by the particle size generated by the dispersion and powder disaggregation
step. At shorter times of 2 minutes, clay particles would be less individualized and their sizes would
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be also larger, leading to thicker interfacial films stabilizing the water/oil interface. Conversely, for
longer dispersion times of 4 and 6 minutes, the particles disaggregation would be more efficient than
for the 2 minutes dispersion time. The particle sizes would be also smaller, leading to thinner and
more sensitive interfacial films to destabilization phenomena. This hypothesis seems to be in good
agreement with Figure 5 but it would need to confirm. Through this observation, the dispersion step
would represent a crucial step to indirectly adjust emulsion properties and stability from particle
sizes and the powder disaggregation quality.

Nevertheless, the dispersion time doesn’t influence the visual aspect of emulsions in this study
(Figure 4A). In similar way, the emulsification time neither plays a significant role on the emulsifying
index (Figure 6A) which is relatively low (40 %). The produced emulsions remain partial and the phase
separation appears in the early hours. As outlined by the results by Lee and Zhang (Lee et al., 2019;
Zhang et al., 2017), the ultraturrax shear force energy may be insufficient to overcome the energy
barrier of particle adsorption and to totally stabilize oil droplets in the mixture, leading to
macroscopic phase separation.

Inversely, the ultrasonic homogenizer leads to fine, stable and homogeneous emulsions. The droplet
size distributions are polydisperse but the average droplet size is very low (around 2 um) (Figure 8
and 9) and the emulsifying index equals to 100 % (Figure 7A and 9B). The droplet network appears
dense (figure 9C). In an outstanding way, the US process is efficient in the production of Pickering
emulsions. The ultrasonicated emulsions display better stability and lower droplet sizes than those
produced by high shear mixer. That result is in good agreement with other studies (Paximada et al.,
2016; Zhang et al., 2015). Nevertheless, it is worth noticing that the emulsification time variation has
a similar effect on the droplet size whatever the process used. When the emulsification time
increases, the 50% diameter namely decreases (Figure 9C). That observation may be explained by
different migration kinetics and by a greater ease for the clay particles to be located at the interface
for longer mixing times.

Thus, ultrasonication constitutes an effective tool for the production of Pickering emulsions stabilized
by solid particles, as confirmed by Cichoski (Cichoski et al., 2019). In correlation to Zhang conclusions
(Zhang et al., 2015), the emulsification process can be used as a trigger to modify and adjust oil
droplets microstructures and emulsions properties. As ultrasonication leads to a heat increase,
specific conditions should be used to regulate the temperature of an industrial process in order to
prevent raw materials degradation. As noted in the experimental part (2.1.1), produced emulsions
temperatures did not overcome 30 °C. Furthermore, emulsions were prepared using only 1 % (w/w)
montmorillonite clay particles, which is low compared to other studies using a 6 mass % illitic clay
(Jurgelane et al., 2017). Therefore, this study allows demonstrating that both the US cold
homogenization process and the low clay amount lead to the development of stable ecologically-
optimized emulsions. This is a highly promising result for answering to requirements of more
environmentally-responsible cosmetic and personal-care applications.

5. Conclusion
The objective of this study was to develop innovative surfactant-free emulsions only stabilized by
solid particles for cosmetic applications. As clay represents a natural and cosmetic-friendly raw
material, montmorillonite particles were selected to stabilize model oil/water emulsions. To better
optimize the emulsion production, the influence of manufacturing parameters on
macro/microstructure properties and stability of a model emulsion was investigated. Among the
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different parameters, the influence of both the emulsification time and the homogenizer tool
(ultrasonic probe and high shear mixer) was studied. Emulsions were monitored over time at 40 °C
and characterized to test their stability. Results of this study show that:

1. Emulsions stabilized by clay particles were successfully produced and are very stable over the
time: despite possible observed phase separation in some cases, the associated
microstructure and droplet size remain constant over time.

2. Whatever the homogenization process, increasing the emulsification time leads to reducing
the emulsion droplet size, and consequently improving emulsion stability.

3. Alow mechanical dispersion time improves emulsion stability and may be due to the
presence of larger particles stabilizing the oil/water interface thanks to a thicker clay
interfacial film.

Therefore, the dispersion conditions have an interesting effect on emulsion properties and stability.
The mechanical high shear mixer use would allow improving the emulsion stability from a rougher
disaggregation of particles. This hypothesis would be to deepen for a better manufacturing emulsion
process adjustment.

Nevertheless, it is shown that the emulsification process is the most significant factor impacting the
emulsion stability. Ultrasonicated emulsions are visually complete in contrast to the mechanical high
shear mixer produced ones which are multi-phased. Therefore, results highlight that the ultrasonic
process constitutes an efficient tool to produce complete and stable Pickering emulsions displaying
fine droplet sizes. It appears as an interesting and promising technology to better control and
regulate emulsion properties during a continuous industrial manufacture.
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