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ABSTRACT

Hypothesis: solid-stabilized Pickering emulsions have attracted a lot of attention recently due to
their surfactant-free character, and exceptional stability. At the moment, how the viscosities of the
liquid phases impact the processing of Pickering emulsions remain to be clearly understood - it is
however an important parameter to consider when developing chemical engineering processes
employing these multiphase liquids. Our first assumption was that the amount of emulsified
dispersed phase would drastically decrease as viscosity increases. Experiments and Findings: in
this work, we demonstrate that double water-in-oil-in-water (W/O/W) Pickering emulsions are
obtained in a single processing step when using very high viscosity silicone oils (= 10,000 cSt)
and a single type of sub-um silica particles modified with two grafted silanes and sodium alginate.
The formation of water sub-inclusions proceeds via a phase-inversion mechanism. These sub-
inclusions are subsequently stabilized and retained in the oil phase due to its viscosity, limiting
sub-inclusions mobility, and the presence of adsorbed particles forming dense layers at oil-water
interfaces, acting as barriers. The process we present is simple, requires a minimum number of
components, and allows the preparation of multiple emulsions which could then be used to

efficiently protect and/or transport a variety of sensitive encapsulated compounds.



Introduction

Multiple emulsions are multiphase fluids displaying a droplets-within-droplets type of dispersed
phase. The simplest ones are “double emulsions”, which are either water-in-oil-in-water (W/O/W)
or oil-in-water-in-oil (O/W/O) systems [1, 2]. Multiple emulsions have a wide range of potential
applications in fields such as the pharmaceuticals [3] and cosmetics [4, 5] industries, and food
systems [6]. They can be used as carriers for the triggered release of encapsulated drugs, active
compounds or sensitive molecules [7, 8], or as potential substitutes for red blood cells [9], to name

a few.

Surfactants are typically employed to stabilize multiple emulsions: hydrophilic surfactants for the
oil-in-water droplets, and hydrophobic surfactants for water-in-oil drops [10]. However,
surfactants can desorb from interfaces if exposed to temperatures above 70°C, which can be
undesirable, and can pose toxicity problems [11, 12]. Furthermore, when using surfactants,
multiple emulsions are typically thermodynamically and kinetically unstable [13]. The kinetic
barrier is caused by surfactant adsorption at the interface or the viscosity increase of the continuous
phase between the droplets, while the thermodynamic barrier results from the considerable energy
input required to disperse the surfactants [14]. Solid-stabilized emulsions, also known as
‘Pickering’ emulsions, can overcome these limitations [15]. Pickering emulsions involve solid
particulates strongly adsorbing at fluid/fluid interfaces, stabilizing the droplets of a fluid dispersed
in a second immiscible one, with the added benefit of avoiding the use of potentially harmful

organic surfactants [16].

Multiple Pickering emulsions are most often produced via a two-step process and require two
different and complementary interfacial stabilizers [17] — one hydrophilic, and one hydrophobic.

During the first step of emulsification, a primary emulsion is produced with the first interfacial
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stabilizer. Then, during the second emulsification step, this primary emulsion is in turn emulsified
with the second stabilizer, resulting in a droplets-in-droplets dispersion. Microfluidic approaches
[18, 19] using various flow-focusing [20, 21] techniques have also been developed to produce
multiple emulsions via one step processes. However, these techniques typically display low

production yields, limiting their industrial applications [22].

In order to obtain double Pickering emulsions, solid particles need to stabilize two different
interfaces with different/complementary curvatures. Janus particles [10, 23-27], block copolymers
[10, 13] and colloidal particles such as fumed silica particles [24, 25, 28] and bowl-like silicone
resins [26] have been used to form multiple Pickering emulsions. Nanofibrillated cellulose and
cellulose nanocrystals have also been used to produce Pickering double emulsions. Two types of
nanocelluloses, pristine and surface-modified, have been used to form O/W/O emulsions [29]. In
addition, the combination of surfactants with solid particles [30], amphiphilic copolymers [10] and
various polymers such as poly(ethylene imine) [31], a commercial water-soluble polymer, grafted
onto silica particles have been used to prepare multiple Pickering emulsions with low viscosity

oils and solvents [22, 29, 32, 33]

Regarding the effect of viscosity (u), previous studies [34-38] have demonstrated that the oil phase
viscosity has an effect on the formation of Pickering emulsions, in particular on droplet size [36-
39]. Increasing the viscosity of the dispersed oil phase typically results in the formation of larger
droplets. However, the effect of viscosity remains only partially understood when it comes to the
processing and formation of Pickering emulsions — especially for fluids with p > 5,000 cSt — and
has not been investigated when it comes to the formation of multiple Pickering emulsions. The
main objective of this work is to assess the impact of high viscosity oils on the processing and
microstructure of solid-stabilized emulsions. Quite surprisingly, by using a single type of sub-um
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silica particles modified with surface-grafted sodium alginate (SA), a natural polysaccharide [40],
we demonstrate that multiple emulsions are formed when the oil viscosity reaches a value of

10,000 cSt.
2. Experimental Section
2.1 Materials

Sub-pm silica particles (SP) with the following properties were kindly supplied by Nippon
Shokubai Trading Co. : average diameter d ~ 100 nm, specific surface area S = 72 + 3 m?-g'!
(measured with a BET instrument model ASAP 2020 from Micromeritics Instrument
Corporation). Trimethoxy(propyl)silane (TMPS, 97%), (3-aminopropyl)trimethoxysilane
(APTMS, 97%), N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC, > 98%)),
N-hydroxysuccinimide (NHS, 98%), alginic acid sodium salt (SA, from brown algae) (CAS. 9005-
38-3, molecular weight = 60 kDa, pKa = 3.5) [41], Na,CO3-NaHCOs3 buffer solution (pH 10.01),
sodium azide (> 99%), and 5-(4,6-dichlorotriazinyl)aminofluorescein (DTAF) (D0531) were all
purchased from Sigma-Aldrich and used without further purification. Ethanol (99.8%) was
purchased from Thermo Fisher Scientific. Solutions of HCI 1 N and NaOH 12 N were of analytical
grade and prepared without further purification with Milli-Q (DI) water (18.2 MQ-cm, Synergy
185 system by Fischer Scientific). Silicone oils with a broad viscosity range (linear
polydimethylsiloxane fluids, 10, 1,000, 5,000, 10,000 and 30,000 cSt) were purchased from

Clearco Products Co., Inc.
2.2 Particle Surface Modification

2.2.1 Silanes Surface Grafting



In order to alter surface wettability and graft SA on silica particles, two different silanes were
grafted simultaneously on the surface of silica particles. In a typical batch, as previously reported
[42], 10 g of SP particles and 100 ml of a 95% v/v solution of ethanol and DI water were added in
a hydrophobized erlenmeyer flask. The suspension was then stirred at 600-700 rpm with a
magnetic stirrer, at room temperature [43]. The pH was maintained in-between 4.5 - 5.5 with HCI
I N. 1.04 ml of APTMS (allowing the subsequent grafting of alginate) and 1.05 ml of TMPS
(allowing control of particle surface wettability) were added simultaneously dropwise while
stirring, following a targeted surface concentration of 10 moleculesnm™ (5 molecules-nm? of
APTMS, and 5 molecules:nm of TMPS) [44]. The reaction was carried for 12 h and the particles
were next collected by centrifugation (Sorvall RC 6+, Thermo Fisher Scientific) at 12,000 rpm for
20 min. The particles were cleaned by washing twice with ethanol to rinse off any remaining
unreacted silane. The silane grafted particles, identified as SP-Sil, were dried at 70 °C for 2 hrs in

a vacuum oven.
2.2.2 Sodium Alginate Grafting

Part of the SP-Sil particles were next modified by grafting SA using a 1% w/v aqueous solution.
0.4 g of SA was first solubilized in 40 ml of DI water (1% w/v). 0.29 g of EDC and 0.17 g of NHS
(EDC/NHS molar ratio = 1) were added to the SA aqueous solution (molar ratio of EDC/-COOH
= 0.1, based on the quantity of SA’s -COOH groups) [45]. 4 g of SP-Sil particles were next added
to the solution and the pH was adjusted to 4.5 using HCI 1 N. The suspension was left to react at
room temperature for 15 h, and the mixture was next centrifuged at 12,000 rpm for 20 min to
collect the SA-modified particles, designated from this point as SP-SA particles. They were

washed 3 times with DI water and dried at 70 °C for 10 h in a vacuum oven.



2.3 Particle Surface Characterization
2.3.1 Zeta Potential Measurements

The zeta potential (§) was measured with a Zetasizer Nano ZSP instrument (Malvern Instruments
Ltd., Worcestershire, UK) for SP, SP-Sil and SP-SA particles. The particles were initially
dispersed in DI water (pH adjusted in-between 2.0 to 10.0 with HCl 1 N or NaOH 12 N). The
measurements were conducted at 25 °C at a particle concentration of 0.01 g-ml'!, on at least three
different samples. All samples were freshly prepared before testing, and disposable folded
capillary cells (DTS1070) were used. The electrophoretic mobility was determined and the

Smoluchowski model was then applied using the instrument’s software to obtain £ [46].

2.3.2 Contact Angle and Oil Surface Tensions Measurements

The contact angles @between water and particles, in air, were obtained with an OCA20 tensiometer
(DataPhysics Instruments GmbH) at 25°C. The contact angles were directly measured on the
surface of compressed pellets (0.1 g, 12 mm diameter and 0.5 mm thickness) made from SP or SP-
SA particles, using a laboratory press (Model C 3100-212, Carver, laboratory Press, USA)
applying a pressure of 70.2 MPa, which was maintained for 2 min once reached. Each pellet was
then placed on the instrument and a ~4 pL droplet of DI water at the desired pH (2.0 to 10.0,
adjusted using HC1 1 N or NaOH 12 N) was carefully placed on the surface of the compressed
pellet using a syringe with an internal needle diameter of 0.52 mm (Hamilton, model 1750TLL,
500 pL). Images of the sessile water droplets on the pellets were automatically recorded every 0.1
s, until the drops completely penetrated into the pellets. The first images were used as values of
the contact angles. For both SP and SP-SA particles, three compressed pellets were prepared for

each tested pH. Complementary contact angle measurements of water droplets onto pellets of



compressed particles, and glass slides (both pristine and modified with sodium alginate), immersed
in 10 or 10,000 cSt silicone oils were also obtained. The surface tensions of both silicon oils were

measured by pendant drop experiments using the same optical tensiometer.
2.4 Emulsions Preparation and Characterization

The emulsions were prepared in glass vials (i.d. 1.2 cm, h. 4.6 cm). The oil volume fraction ¢, was
varied from 0.1 to 0.8, and the particle concentration from 2% to 12% (g-100 ml!), at pH 7.0 for
a total volume of 15 ml. Unless explicitly mentioned, the emulsions were all prepared by weighing
the required mass of particles (0.6 g) in the glass vials, followed by the addition of the required
volume of water. The oil phase was next added dropwise over 4 min and dispersed using an
homogenizer operated at 24,000 rpm (Cole-Parmer LabGEN 125, equipped with a 0.5 cm (inner
diameter) element). Once the oil was completely added, mixing was continued for another 2 min.
The type of emulsion was determined by conductivity measurements (aqueous phase conductivity

~ (0.7-3.5 uS; silicone oil phase conductivity = 0 puS) and by visual observation.

2.4.1 Optical Characterization of Emulsions

The emulsions droplets were visualized by dark field optical microscopy (Olympus BXS51 by
Cytoviva, Objectives = 10x and 50x Plan Fluorite, and 60x UPL Fluorite Oil, and 100x UPL
Fluorite Oil Camera Q imaging, Retigna 2000R fast 1394, cooled color 12 bit). A drop of each
emulsion was diluted with a drop of water at pH 7.0. The diluted emulsion was then spread on a
microscope glass slide (Fisher Scientific). Photographs of the emulsions in glass vials were taken

with a Nikon DX AF-S Nikkor 18-55mm 1:3.5-5.6 G camera.

2.4.2 Confocal Laser Scanning Microscopy (CLSM) Analysis



CLSM observations were realized with an Olympus IX 71 inverted confocal microscope (Olympus
Canada Inc., Richmond Hill, ON, Canada) using 40x and 60x objective lenses (2048x2048 pixels
resolution). 5-(4,6-dichlorotriazinyl)aminofluorescein (DTAF, DO0531, Sigma-Aldrich) was
covalently linked with SA. This dye was specifically chosen since it reacts directly with hydroxyl
groups in aqueous solution at pH 9.0 and at room temperature to form covalent links with SA [47].
First, 10 mg of DTAF were added to 50 ml of NaxCO3-NaHCOj; buffer solution (0.1 M, pH =
10.0). Next, 2.0 g of SA were dissolved in the DTAF solution, and the resulting solution was then
left overnight to react at room temperature with stirring at 600-700 rpm. Finally, the reaction was
stopped the following morning by adjusting the pH to 7.0. This value ensured quick diffusion of
the counterions during the following dialysis step against Milli-Q water for 48 h to remove
counterions and unreacted DTAF. Bacteria growth was inhibited with sodium azide (0.02 wt%)
and the Milli-Q water was changed at 2 h intervals. Finally, a yellow powder was recovered after
dialysis and freeze-drying (DTAF-labelled SA). The observation of fluorescent SP-SA particles
was realized by recording the emission between 510 nm and 550 nm, by exciting DTAF at 488

nm.

3. Results

3.1 Zeta potential and contact angle measurements

Zeta potentials ({) and contact angles (6) were measured as a function of pH for pristine (as
received) silica particles (SP), silanized particles (SP-Sil, only for {) and particles modified with

sodium alginate (SA) (SP-SA) (Figure 1).
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Figure 1. Values of zeta potentials  (a) and contact angles & (b) as a function of pH (2.0 to 10.0),

for the three types of silica particles: pristine (SP), silanized (SP-Sil), and grafted with sodium
alginate (SP-SA).

SP particles possess a slightly negative € value at pH 2.0 that diminishes to a nearly constant
negative values (-40 mV) as the pH increases from 3.0 to 10.0 (Figure 1a). This is explained by
the deprotonation of hydroxyl groups (pKa= 3.5 [48]) on the particle surface as the pH increases
[49]. SP-Sil particles display a positive € value of +58.0 mV at pH 2.0 due to the significant
protonation of APTMS amino (-NH>) groups at low pH. When the pH ranges from 3.0 to 10.0,
an inferior and nearly constant positive ¢ value of +25.0 mV is obtained. This is due to the
deprotonation of the hydroxyl groups, and the gradual deprotonation of positively charged
APTMS (-NH3") groups to neutral -NH: groups, on the particle surface. Finally, at pH 2.0, SP-
SA particles behave differently compared to SP particles, since  increased to +22.5 mV due to

the protonation of both (-COOH) groups and remaining surface amino (-NHz2) groups. As the
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pH increases, the gradual deprotonation of both amino groups and SA carboxylate groups (pKa
= 3.5) results in a nearly constant { value of -40 mV, similar to SP. Furthermore, the
homogenization processing of SP-SA particles did not alter the surface chemistry, since the
patterns of particles before and after processing are similar. These results confirm the grafting
of the two silane reagents, followed by SA, with the surface-grafted APTMS. Similar results
were obtained in a previous publication [40].

The wettability of SP and SP-SA particles was characterized via the contact angle () of water

droplets deposited onto the surface of compressed disks of particles, in air, over a pH range of 3.0

to 10.0 (Figure 1b). On unmodified SP particles, § increases from 22° to 30.5°, while the pH
increases from 3.0 to 10.0. For SP-SA particles, 0 increases above 50° and the particles become
more hydrophobic compared to pristine particles (but more hydrophilic compared to SP-Sil
particles, see [40]), which is due to a balance effect between the hydrophobic silanes and
hydrophilic SA. The £ and 6 measurements confirm the surface modification of silica particles
with both APTMS and TMPS silanes, followed by the coupling between SA and APTMS [42].
In complement, we have measured the contact angles of water droplets deposited onto pellets
of compressed particles, and glass slides (to eliminate the effect of pellet surface roughness),
for both pristine and sodium alginate modified surfaces, when immersed in 10 cSt or 10,000
cSt silicone oils (Figure S1, Tables S1 and S2). First, water droplets deposited onto pellets of
compressed particles immersed in 10 cSt silicone oil display relatively similar trends to results
in air (Figure S1): 74° £ 7° for pristine particles, 165° + 13° for silanized particles, and 63° + 4°

for SA-modified particles, illustrating that we recover a more balanced
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hydrophilic/hydrophobic behavior once the silanized particles are grafted with sodium
alginate. Second, the water contact angles measured in both oils display systematically higher
values compared to contact angles measured in air, indicating an affinity of the silicone oils for
both the silica particles and glass slides due to their similar compositions.

Interestingly, the contact angles measured in the 10,000 cSt oil are also systematically superior
(or nearly equal) to results in the 10 cSt oil. In complement, the surface tensions of both oils
are quite comparable (yiocsc = 20.8 £ 0.2 mN/m and Y0000 st = 22 £ 1 mN/m, Table S3). These
results indicate a difference in particle wettability between the two oils, and suggest that the
differences in emulsion stability observed between the 10 ¢St and 10,000 cSt are of
thermodynamic origin. However, at this point, the molecular origin of these differences
remains unclear and will be addressed in a future publication. Interestingly, Avazpour et al.
[50] recently demonstrated that a 10° difference in particle wettability can be enough to have

a selective effect on particle adsorption.

3.2 Emulsion stabilization with pristine and modified silica particles

We first assessed the capacity of SP, SP-Sil and SP-SA particles to stabilize emulsions comprised
of low and high viscosity silicone oils (SO, 10 and 10,000 cSt) and water (W) (Figure 2). Both SP
and SP-SA particles stabilize oil-in-water emulsions with 10 cSt oil (Figure 2a-b). However, only
SP-SA particles stabilize 10,000 ¢St oil droplets (average droplet diameter d = 63 £ 26 um), while
the oil phase remains mostly un-emulsified and phase separated when using SP particles (Figure

2c¢-d) — this is one of the highest tested oil viscosity reported in the literature for the preparation of
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Pickering emulsions. SP-Sil particles do not stabilize emulsions, most probably due to their

significant hydrophobic character, as the contact angles show in the previous section.

“aySpioest AN W b) SP-SA-10 cSt
Cd=1THd4pm o v g~ d=712pm

¢) SP-10,000 cSt
able emulsion

Figure 2. Macroscopic aspect and optical microscopy pictures of Pickering emulsions prepared
with 4% particles (w/v) at ¢, = 0.1 : a) SP particles with 10 cSt oil; b) SP-SA particles with 10 ¢St
oil; ¢) SP particles with 10,000 cSt oil (un-emulsified oil indicated with white arrow); d) SP-SA
particles with 10,000 ¢St oil. Note that the sedimenting phase in a) and c) are very small emulsified

silicon oil droplets (see Figure S2).
Looking at the microstructure, oil droplets obtained with the SP-SA particles and the 10,000 cSt
oil show a significant amount of sub-inclusions within the droplets (see also Supporting
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Information video file “Emulsion - 10_000 ¢St oil.avi” showing flowing droplets with sub-
inclusions). Such a feature is not observed in the 10 ¢St oil droplets. This was an unexpected result,
since multiple emulsions prepared with only one type of particles (here, SP-SA particles) have not
been reported so far at such a high oil viscosity [23-24, 26, 28]. In the next section, oils of
increasing viscosities are used to detect the onset of formation of these composite droplets using

SP-SA particles.

3.3 Effect of oil viscosity on the formation of multiple emulsions

Figure 3 illustrates the effect of increasing oil viscosity from 1,000 to 30,000 cSt on droplet
microstructure, for constant contents of SP-SA particles (4%) and oil volume fraction (¢, = 0.1).
Interestingly, stabilized oil droplets are observed even at such high oil viscosities. At 1,000 cSt
and 5,000 cSt (Figure 3a-b), a few water droplets sub-inclusions can be observed (although not
obvious, see white arrows in Figure 3a and b) in certain oil drops. The number and size of water
droplets sub-inclusions significantly increases when the oil viscosity reaches 10,000 and 30,000
cSt (Figure 3c-d). At 10,000 cSt (Figure 3c), nearly all of the observed oil droplets contain sub-

inclusions.

Viscosity is clearly a key-factor driving the formation of these multiple emulsions. In the next
section, confocal laser scanning microscopy is employed to see if SP-SA particles are present at

the surface of both oil droplets and water sub-inclusions.
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Figure 3. Effect of oil viscosity on the formation of multiple emulsions. Macroscopic (vials,
pictures taken right after processing) and optical microscopy pictures (taken right after processing)
of Pickering emulsions prepared with 4% SP-SA particles and ¢, = 0.1 silicone oil content, at pH
=7.0: a) 1,000 cSt; b) 5,000 cSt; ¢) 10,000 cSt and d) 30,000 cSt.

3.4 Internal drop microstructure investigated by confocal microscopy

In order to visualize the SP-SA particles by CLSM, the particles were tagged with DTAF. Figure
4 clearly indicates that the particles are surface-active and form dense layers, both on the surface
of the oil droplets, and at the surface of sub-inclusions — indicating that the sub-inclusions are
comprised of water. This means that these SP-SA particles can indeed stabilize both O/W and W/O

emulsions, even though previous work [40] shows that they prefer the former conformation.
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Figure 4. CLSM pictures of Pickering emulsions (¢, = 0.1, 10,000 cSt) with 4% (wt/vol) SP-SA
particles tagged with DTAF, showing the interfacial adsorption of particles both at the oil surface
and water sub-inclusions (indicated with white arrows in the latter case). Note that the particles
contained inside the drop on the right are most probably a 2D projection of the particles covering

the top of a droplet (spherical cap).

3.5 Effects of oil and particle concentrations

To investigate the effect of oil and water contents on the formation of these double emulsions, four
different oil volume fractions were compared (for the 10,000 ¢St silicone oil), namely ¢, = 0.05,
0.1, 0.2 and 0.3, at a constant particle content of 4% (w/v). The results are shown in Figure 5. At
#o=0.05 (Figure 5a), most of the oil phase was emulsified, and multiple droplets were obtained.
Increasing the silicone oil fraction to ¢, = 0.1 also resulted in the formation of multiple droplets,
and further increasing ¢, to 0.2 and 0.3 led to an apparent wider size distribution. All emulsions
exhibited sub-inclusions. In other words, the amount of oil seems to have no significant effect on

the amount or size of sub-inclusions.
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d=162 £33 pm T d=70%34 pm
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Figure 5. Effect of oil fraction ¢, on the formation of multiple emulsions comprised of 4% (w/v)
SP-SA particles and 10,000 cSt silicone oil, at pH = 7.0 (micrographs taken right after processing):
a) o =0.05; b) ¢, =0.1; ¢) ¢o = 0.2 and d) ¢, = 0.3 (d). Vials display emulsion stability after 10

months.

A similar conclusion is reached when the particle content is varied, at a constant oil content. Figure
6 illustrates the internal structure of oil droplets (10,000 cSt silicone oil, ¢, = 0.1) when the particle
concentration increases from 2% to 12% (w/v). Again, we can see that increasing the particle
content does not have a significant impact on the number and size of water sub-inclusions in the
oil droplets (except at 12% content, where we can see more smaller droplets without sub-
inclusions), even though it has an impact on the macroscopic appearance of the emulsions. We
then next investigated the effects of three processing parameters: (1) the duration of oil addition,

(2) the processing time and (3) the components mixing sequence.
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a) 2%
d=451 45 pm

d) 12%
d =38 %33 um

Figure 6. Effect of particle concentration on the oil droplets internal structure in emulsions
prepared with SP-SA particles (w/v) with 10,000 cSt silicone oil (¢, = 0.1) at pH = 7.0 : a) 2%
particles (w/v); b) 4%; c) 6% and d) 12%. Micrographs and vial pictures taken right after

processing.

3.6 Effects of processing variables: duration of oil addition, processing time, and

sequence of mixing

The effect of silicone oil addition duration is illustrated in Figure S3, for emulsions comprised of
4% particles and 10,000 cSt oil (¢, = 0.1). Adding the oil in 1 min (+ 5 minutes of additional
processing time) or 6 min (with no additional processing time) does not significantly alter the
internal oil droplet structure in terms of water sub-inclusion number and size. If the duration of oil
addition instead is kept constant at 4 min, while the additional processing time is varied — 2 min

vs 8 min —, again no clear difference is observed, as Figure S4 shows.
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This led us to look at the sequence of components addition (Figure 7). Until now, the particles
were first added to water, and the oil phase was gradually added to form an O/W emulsion. In
Figure 7a-b, the particles were first mixed with water, and the resulting suspension was gradually
added to the minor oil phase while homogenizing (final composition: ¢, = 0.2). In the second row,
Figure 7c-d, the particles were dispersed first in the oil phase, and water was gradually added
subsequently (final composition: ¢, = 0.2). In Figure 7a and ¢, mixing was stopped right after
phase inversion (right after the formation of an O/W emulsion), when water becomes the
continuous phase, while in Figure 7b and d, mixing is continued for 2 min after the complete
addition of the aqueous particle suspension (b) or water (d). In all cases, we observe that the oil
droplets contain a large number of very small water droplets sub-inclusions (Figure 7b and c are
particularly striking), contrasting sharply with the previous results, which showed less but larger
sub-inclusions. This indicates that phase inversion probably plays an important role during the
formation of these multiple emulsions, while further processing after phase inversion does not

affect significantly the sub-inclusions (at least for a short additional processing time).
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a)d=39%25 pm _

Figure 7. Effect of mixing sequence on Pickering emulsions appearance and microstructure,
prepared with 4% (w/v) SP-SA particles and 10,000 cSt oil at pH = 7.0. In (a, b), particles are first
dispersed in water, then the aqueous suspension is gradually added in oil while homogenizing: a)
processing stopped when phase inversion occurs (oil-in-water emulsion is formed); b)
homogenizing is prolonged 2 min after the complete addition of particle suspension (¢, = 0.2). In
(c, d), particles are first dispersed in the oil phase, then water is gradually added in the (oil +
particle) suspension while homogenizing: c¢) process stopped after phase inversion occurs; d)

homogenizing is prolonged 2 min after complete addition of water (¢, = 0.2).

4. Proposed mechanism for the formation of multiple Pickering emulsions

By modifying the surface chemistry of silica particles with a natural polysaccharide, in this case
sodium alginate, and by using highly viscous silicone oils, we have promoted the formation of
multiple (W/O/W) Pickering emulsions via a one step process — this contrasts sharply with the
more traditional approach using two types of particles/surfactants, and two successive mixing
steps. Viscosity clearly plays an important role, since multiple emulsions are only significantly

formed for 10,000 and 30,000 cSt oils (Figure 3). CLSM observations also reveal that SP-SA
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particles cover both interfaces — the outer oil-water interface of the primary emulsion, and the
water-oil interface associated to water sub-inclusions (Figure 4). This can be explained by the SP-
SA particulates “intermediate” wettability — less hydrophilic than the pristine SP particles, but

more hydrophilic compared to the silane grafted particles (SP-Sil) (Figure 1).

It is pertinent to note that the oil volume fraction and particle content do not have a significant
impact on the sub-inclusions size and number when the oil is added dropwise to the major water
phase containing particles (Figures 5 and 6) — suggesting coalescence does not play a significant
role. However, when water (with or without particles) is added dropwise to the minor oil phase
until phase inversion occurs, the internal structure of the oil droplets reveals a high number of
smaller water droplets sub-inclusions, that remain trapped in the oil phase as processing continues
(at least for a few minutes, Figure 7). Clearly, phase inversion can play an important role. When
emulsions are prepared by adding dropwise the aqueous phase (Figure 7), water droplets are
dispersed in the oil phase and are stabilized by SP-SA particles, forming the first emulsion. When
catastrophic phase inversion occurs (when the water volume fraction goes over 55 vol%), the oil-
in-water emulsion is formed, and the initial water droplets in the oil phase remain trapped in the
oil droplets (see Figure S5). We believe that this phenomenon is due to (1) the reduced mobility
of droplets in a very viscous liquid, and (2) to the shell of particles formed at the surface of the oil

droplets — explaining the persistence of sub-inclusions when processing is prolonged.

In the case when the oil phase is added dropwise (with oil being the minor (and ultimately)
dispersed phase, Figures 3, 5 and 6), water sub-inclusions are rapidly formed in the highly viscous
and initially large oil droplets by an “engulfing” mechanism, before the oil droplets significantly
reduce in size (due to the high viscosity, oil droplets are larger and more difficult to form), which

would explain why fewer sub-inclusions are observed for these processing conditions. To verify
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this hypothesis, we have taken emulsion samples right after the addition of the first, and second,
drops of oil (10-20 seconds and 30-40 seconds, respectively, after processing begins) (Figure S6).
Optical microscopy micrographs show that no sub-inclusions are observed early in the process
(right after the addition of the first drop of oil, Figure S6a), while sub-inclusions are seen after the
second drop of oil has been added (Figure S6b). Schematic illustrations explaining the formation

of multiple emulsions via gradual water addition and phase inversion, or by gradual oil addition,

%
e
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are presented in Figure 8.
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Figure 8. a) Schematic illustrations of the formation of multiple emulsions by gradual oil addition.
First, large droplets of oil are formed due to intense mixing (homogenizer in grey) and small water
droplets are transferred or “engulfed” into the oil droplets; b) In comparison, gradual water
addition results in the dispersion of water droplets. As water addition increases, phase inversion

happens and oil droplets are now dispersed, retaining water sub-inclusions.
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The formation of sub-inclusions via phase inversion in highly viscous systems has been reported
in binary melt-processed polymer blends of polypropylene/polycarbonate and polyethylene
copolymer/polyamide by Favis et al. [51-53]. They found that increasing the viscosity of the
dispersed phase (polypropylene) caused an increase in the concentration of sub-inclusion droplets
because of the lower sub-inclusion droplets mobility — also resulting in a higher retention of sub-
inclusions in the dispersed phase. Interestingly, they were also able to increase significantly the
number of sub-inclusions in polyamide droplets via a phase inversion process during the
processing of polyethylene copolymer/polyamide blends, like we demonstrate in Figure 7. By
prolonging the mixing time, they demonstrated that the sub-inclusions gradually migrated to the
matrix phase — unlike our system, the polymer droplets were not covered with particulates shells
preventing the transfer of sub-inclusions. Regarding the formation of sub-inclusions in emulsions,
previous works underlined that when steady-state is achieved, the number of sub-inclusions
entering the dispersed phase droplets (via droplet-droplet coalescence) should be balanced by the
sub-inclusions escaping the droplets [54-56]. Droplet escape should then be more difficult as the
viscosity of the dispersed phase increases — this is indeed what we observe in our systems, since
sub-inclusions are only observed with high viscosity oils. However, the formation of sub-
inclusions occurs early during processing even at very low volume fractions of dispersed phase,
which appears more difficult to explain solely via a droplet-droplet coalescence mechanism.
Finally, this approach represents an interesting and simple strategy to prepare multiple emulsions

with a minimum number of components.

5. Conclusion

Viscosity plays an important role when designing and scaling up processes in chemical
engineering. While a few articles have looked at the effect of the dispersed phase viscosity on the
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formation of Pickering emulsions (over a range of 10 to 5,000 cSt), the few reports available
typically conclude that the amount of emulsified dispersed phase decreases as viscosity increases

[34-37], when all other parameters are kept constant — which is intuitively expected.

In this work, we demonstrate that viscosity can also play a significant microstructuring role when
processing Pickering emulsions. We have prepared, in a one-step process by simultaneously
mixing all components, multiple (W/O/W) Pickering emulsions using highly viscous silicone oils
and a single type of sub-um silica particles surface-modified with two silanes, and sodium alginate.
The technique we present necessitates a minimum number of steps and components — in particular,
no additional types of particulates or surfactants are employed, nor particulates with complex
structures and/or surface chemistries. Oil viscosity controls the formation of water sub-inclusions,
which are only observed when the oil viscosity is equal or superior to 10,000 cSt. Furthermore,
the formation of sub-inclusions is enhanced when phase inversion occurs during processing, when
water is added dropwise to the oil [27]. Finally, both the water sub-inclusions/oil droplets, and oil
droplets/continuous aqueous phase interfaces, are covered with particles, indicating a balance of

hydrophilic/hydrophobic properties.

The high viscosity of the oil phase, combined with the particulate barriers at the interfaces,
contribute in stabilizing the water sub-inclusions, and in inhibiting their transfer in the continuous
aqueous phase during processing. The mechanism is highly reminiscent of sub-inclusions
formation in highly viscous melt-processed polymer blends, in which phase inversion during
processing can lead to the kinetic trapping of sub-inclusions in the dispersed phase [51-53].
However, since no particles are present at interfaces in this case, the sub-inclusions gradually

migrate to the continuous phase with mixing time. Further investigations are required at this point
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to understand what controls the viscosity threshold over which sub-inclusions start to appear, and

how their amount and size can be controlled.
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