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RESUME

Un processus d'émulsification est rencontré chaque jour ! Que ce soit simplement en lavant les
mains ou nettoyant les vétements, en utilisant une vinaigrette ou en buvant du lait, ou avec
I’émulsification de I’eau dans I’huile extraite par la suite. Ce peut étre un objectif ou un probléme.
Néanmoins, I’émulsification fait partie d’un plus grand domaine en ingénierie appelé mélange... et
ce dernier ne manque pas de lacunes. Sur le plan industriel, la résolution des problémes de mélange
repose principalement sur I'expérience de l'ingénieur et sur une méthode basée sur 1’essai et
I’erreur. Cette facon de faire méne a des produits non conformes aux spécifications et génere des
pertes de I’ordre de millions de dollars. Heureusement, ce comportement est en disparition grace
aux méthodes scientifiques qui sont étudiées et publiées chaque année. L'objectif principal ici est

de comprendre le procédé et non pas simplement d'atteindre les spécifications requises.

Les émulsions stabilisées par des particules, souvent appelées émulsions de Pickering, ont fait
I’objet de nombreuses recherches depuis la fin des années 1900. Avec le développement de la
science des matériaux, les chercheurs se sont généralement concentrés sur ’effet de chaque
ingrédient sur I’émulsion résultante. Le traitement de ces émulsions a suscité peu d'intérét, ce qui
est surprenant si I’on considére le fait suivant : comment les formulations développées a I'échelle
laboratoire peuvent-elles étre reproduites a plus grande échelle si le traitement n'est pas encore

compris ?

Le manque de documentation sur le traitement a été abordé comme suit. Premierement, il est apparu
évident qu'aucun effort n'a été consacré a la quantification de I'impact de la présence de particules
sur la capacité de génération d'interface. C'est une lacune scientifique due au fait que plusieurs
études ont démontré que les particules ont bel et bien un impact sur le média dans lequel elles sont
suspendues. D’un autre coté, il n'y a pas de consensus sur les conclusions : certains concluent que
la présence de particules augmente la turbulence et vice-versa. Par conséquent, afin de bien
comprendre le traitement des émulsions stabilisées par des particules, le processus d'émulsification
a été divisé en ses composantes principales : une suspension solide suivie d’une dispersion liquide.
L’impact de chaque composante sur I'émulsion finale a été identifié et quantifié pour une large
gamme de conditions d'émulsification. Deux mécanismes principaux ont été étudiés : la suspension
de particules et 1’émulsification. Bien que la génération et la stabilisation d'interface affectent

I'émulsification, la suspension de particules n'a pas été étudiée. La taille des gouttelettes augmente
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lorsque la taille des particules ou la viscosité de I'huile augmente et lorsque la concentration des
particules diminue. Cependant, des gouttelettes plus larges sont obtenues en augmentant la
concentration en particules dans certaines conditions. Ce comportement inattendu a été analysé en
examinant I’interaction entre les propriétés des particules solides et 1’énergie injectée. Une analyse
des échelles de longueur de turbulence a montré que ce comportement se produit lorsque la taille
des particules est plus grande que I'échelle de Kolmogorov.

Le deuxiéme objectif était le suivant : comment peut-on accomplir la mise a I’échelle des émulsions
de Pickering a I’aide d’une cuve agitée ? L'objectif principal de cette partie était de déterminer si
I'utilisation de particules au lieu de tensioactifs aura un impact sur la procédure de mise a I’échelle
tout en gardant a I'esprit que la méthode de stabilisation est completement différente pour ces deux
agents émulsifiants. Les criteres de mise a I’échelle classiques utilisés pour les émulsions a base de
tensioactifs ont été rassemblés et testés sur des émulsions diluées et concentrées. Les critéres
standard pour les émulsions stabilisées par les tensioactifs ainsi que pour des suspensions solides
ont été appliqués aux émulsions concentrées et diluées. Aucun des parametres étudiés ne pouvait
étre utilise comme critere de mise a I'échelle pour la production d'émulsions de Pickering.
L'utilisation du nombre de Weber, du nombre de Reynolds et de la vitesse en pointe comme critéres
de montée en puissance a entrainé des diameétres plus élevés avec la plus grande échelle, tandis que
la tendance inverse a été observee avec le temps de circulation et la dissipation d'énergie. La
meilleure mise a I’échelle a été obtenue avec le taux de dissipation d’énergie et la vitesse de pointe,
ce qui porte a penser que 1’exposant de mise a I’échelle appropriée serait compris entre 2/3 (taux

de dissipation d’énergie) et 1 (vitesse de pointe).

Le dernier objectif était, sur la base des conclusions du deuxieme article, de trouver un critére
d’échelle approprié, de 1’expliquer et de trouver ses limites. Bien que la principale différence
concernant la procédure de mise a I'échelle flt mise en évidence dans I'objectif précédent, cette
derniere section définit une regle de mise a I'échelle pour les émulsions de Pickering. Un exposant
de mise a I'échelle de 0.8 est approprié pour la mise a I'échelle des SSE, indiquant qu'une
combinaison de critéres est plus appropriée qu'un critére unique comme pour une emulsification
standard. L’exposant de mise a 1’échelle a ensuite été¢ mis au défi a I’aide d’un réservoir pilote de
250 litres et s’est révélé étre un critére de mise a 1’échelle approprié pour les émulsions de
Pickering, car il permet de prédire correctement la vitesse de rotation requise sur un facteur

d’échelle de 1000, rarement vu dans la littérature.
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ABSTRACT

An emulsification process is encountered every single day! Whether it is simply when washing
hands or clothes, using vinaigrettes or milk, or with water emulsified in oil that is then extracted.
It can be either an objective or a problem. Nonetheless, emulsification is part of a larger engineering
field called mixing which does not lack issues. Industrially, resolving mixing issues have mainly
relied on the engineer’s experience and on a trial-and-error method. Products that did not match
specifications generated millions of dollars in losses. However, this behavior is changing with a
large amount of scientifically based methods that are investigated and published every year. The
main objective here is to understand the process and not simply achieve the required specifications.

Solid-stabilized emulsions (SSEs) often referred to as Pickering emulsions, have been the focus of
a large amount of research since the late 1900s. With the development of material science,
investigators generally focused on the effect of each ingredient on the resulting emulsion, i.e.
droplet size. There has been little interest in the processing of these emulsions which is surprising
regarding this simple fact: how the formulations developed in the laboratory can be scaled if

processing is not yet understood?

The lack of literature towards processing was tackled as following. First, it appeared that there has
been no effort dedicated to quantifying the impact of the presence of particles on the interface
generation capacity. This scientific gap is due to the fact that several studies showed that particles
impact a stream, even if there is no consensus: some say that the presence of particles increases the
turbulence and vice-versa. Therefore, in order to fully understand the processing of solid-stabilized
emulsions, the emulsification process has been divided into its main components: solid suspension
and liquid dispersion. Their impact on the resulting emulsion has been identified and quantified for
awide range of emulsification conditions. Two main mechanisms were studied: particle suspension
and liquid dispersion. The droplet size increased when the particle size or the oil viscosity was
increased and when the particle concentration was decreased. However, larger droplets were
obtained by increasing the particle concentration under certain conditions. This unexpected
behavior was analyzed by examining the interaction between the properties of the solid particles
and turbulent energy. An analysis of turbulence length scales showed that this behavior occurs

when the particle size is larger than the Kolmogorov scale.



With the previous conclusions, the next question becomes: how can Pickering emulsions be scaled
using impeller agitated tanks? The main goal of this part was to determine whether using particles
instead of surfactants would impact the scaling procedure while keeping in mind that the
stabilization method is completely different for these two emulsifying agents. Conventional scaling
criteria used for surfactant-based emulsions and solid suspensions were gathered and tested on
diluted and concentrated particle-stabilized emulsions. Scale-up effects on the production of solid-
stabilized emulsions were investigated. Standard criteria for surfactant-stabilized emulsions and
solid suspensions (constant energy dissipation rate, Weber number, Reynolds number, impeller tip
speed, and circulation time) were applied to concentrated and diluted emulsions. None of the
parameters investigated was suitable for use as a scale-up criterion for the production of Pickering
emulsions. The use of the Weber number, Reynolds number, and tip speed as scale-up criteria
resulted in higher diameters with the largest scale while the opposite tendency was observed with
circulation time and energy dissipation. The best scale-up was obtained with the energy dissipation
rate and tip speed, suggesting that the suitable scale-up exponent would be between 2/3 (scale-up

exponent with the energy dissipation rate) and 1 (scale-up exponent with the tip speed).

The last objective was, based on the conclusions of the second paper, to find a proper scaling
criterion, explain it and finds its limitations. While the main difference regarding the scaling
procedure was highlighted in the previous objective, this last section defined a scaling rule for
Pickering emulsions that could be applied to systems that have been tested. Furthermore, the
scaling method was validated on a pilot scale of 250 liters thus reaching a scaling factor of 1000
which is uncommon in the literature. We previously showed that solid-stabilized emulsions cannot
be scaled using conventional emulsion scaling rules. A 0.8 scaling exponent was found to be
suitable for scaling SSE processes, indicating that a combination of criteria is more appropriate
than a single criterion as with a standard emulsification. This finding was validated using diluted
and concentrated emulsions and a wide range of oil viscosities (10 to 200 cSt), particle sizes, and
coverage potentials. The scaling exponent was then challenged using a 250 L pilot tank and proved
to be a suitable scaling criterion for Pickering emulsions in that it can correctly predict the required
rotational speed over a scaling factor of 1000. To better understand the significance of this new
scaling exponent, free particle systems were also investigated. The presence of particles reduced

coalescence efficiency by reducing the collision frequency between droplets.
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CHAPTER 1 INTRODUCTION

The objective of Chapter 1 is the contextualization of this project. Basics, such as emulsion
preparation, characterization, and stabilization, are presented as well as the general focus of this
thesis.

1.1 What is an emulsion?

The easiest answer would be that an emulsion is a stable dispersion of two (or more) immiscible
fluids. The best-known example of a dispersion is the mixing of water and olive oil. Emulsions are
found in numerous applications such as food (ex. mayonnaise, vinaigrette, milk), pharmaceutical
(ex. drug delivery), cosmetic (ex. skincare, sunscreen) and others (ex. paint, bitumen). Oil-in-water
emulsions have the general creamy (ex. cream) consistency while water-in-oil emulsions have a
greasy texture (ex. butter). They are not only encountered as end-products but also as a possible
problem such as water droplets in crude oil (Fig. 1-4). In that case, for example, the objective would
be to destabilize, i.e. separate, the emulsion to avoid further processing problems being corrosion
and increased energy consumption due to the presence of water.

During a dispersion process, one fluid will occupy the role of the dispersed phase (as droplets or
bubbles) and the second fluid will be surrounding the dispersed phase, i.e. continuous phase.
However, maintaining droplet stability against coalescence will require the use of an emulsifying
agent or stabilizer resulting in an emulsification process. Without it, the fluid dispersion tends to
get to its most thermodynamically stable state, i.e. the smaller contact area between the liquids as

soon as the energy input is stopped. It will result in a phase separation (Fig. 1-1).
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Figure 1-1 — Formation and destabilization of a (a) oil-in-water and (b) water-in-oil dispersion
[taken and adapted from Tadros (2013)]

1.2 How to characterize an emulsion?

1.2.1 Emulsion type

There are two main possible simple-type assuming an immiscible mixture of water and oil: oil-in-
water (O/W) or water-in-oil (W/O). Figure 1-1(a) exhibits an O/W dispersion and Figure 1-1(b)
shows a W/Q dispersion. It is possible, under certain conditions, to obtain a multiple-type emulsion,
i.e. oil-in-water-in-oil (O/W/Q) or water-in-oil-in-water (O/W/O). As it will be described in section
2.2.2, emulsion type is dictated by parameters such as the particle wettability (contact angle, 8) in
case of Pickering emulsions or the hydrophilic-lipophilic balance (HLB) in case of surface-active

agents, oil polarity and water pH.

1.2.2 Dispersed phase fraction

Emulsions are also classified according to their dispersed phase volume fraction (¢, in Equation
1.1).

V4V

ba (1.1)



where Vp is the dispersed phase volume and V¢ is the continuous phase volume, both in m*. With
this data, it is possible to determine if an emulsion is diluted, concentrated or in-between. This
parameter has a major impact on the processing of emulsions (ex. hydrodynamics) and their
transport (rheology) which will be detailed later in this thesis. According to Tsabet (2014), an

emulsion is said to be diluted when ¢, < 0.01 and concentrated when ¢, > 0.2.

1.2.3 Droplet size and size distribution

Emulsions are also characterized by their droplet size. More than often, droplet size is not uniform,
i.e. not monodispersed. In that case, a droplet size distribution analysis is performed to obtain
polydispersity data such as dy, dsq, dgg, and the Span.

d90 - le

Span =
dso

(1.2)

Another important droplet size parameter is the Sauter mean diameter (ds2) because it relates the

dispersed phase volume fraction to the interface generated (Agen) during emulsification.

6¢dg Z%i’f n;d;

d32 = = -
i=m 2
Agen  XiZ1'nyd;

(1.3)

Droplet and/or particle size distributions are generally presented as histograms with the frequency
of each size class. This frequency can be expressed either by number (Equation 1.4) or volume
(Equation 1.5).

n.
fuld) = e (14)

j=11y

nldf’
d)=—=————= (15
) =t (09)

Number- and volume-based frequencies should be used depending on what the objective is.
Imagine a box containing three golf balls and one basketball and the objective is to obtain a size
distribution of the whole system (golf balls plus the basketball). Using a number-based frequency,
the distribution will be more representative of the golf balls because there are three times more of
them than the basketball. However, using a volume-based frequency will result in a distribution
more representative of the basketball. How this relates to solid-stabilized emulsions? In this type

of emulsions, there are droplets and free particles in suspension in the sample. In order to get a size



distribution which represents the droplets, it is necessary to use a volume frequency. Number-based
frequency will exhibit a size distribution according to free particles in the system.

1.3 How to achieve stability?

The equilibrium between the fluids is achieved when minimizing Gibbs free energy thus reducing
the contact area (Equation 1.7). Equation 1.7 is the simplified form of Equation 1.6 (Gibbs-
Deuhem) for a system at constant temperature and composition. Dispersions are not
thermodynamically stable systems. Therefore, stopping power input or not using a stabilizer (or

emulsifying agent) will end in phase separation, i.e. smallest contact area possible.

dG® = —SOdT + Ady + Z ndy; (1.6)

_ GO 17
V—(g)m (1.7)

where G is the surface free energy (in J/mol), S° is the entropy (in J /mol. K), A is the surface (in

m?), y is the interfacial tension (in N /m), n; is the number of moles of the component i and y; is

the chemical potential of the component i.

Molecules that are in the bulk phase of the fluid are under equal forces from all sides. However,
molecules at the interface are under unequal inward attractive forces. This explains the spherical

shape of droplets. Table 1-1 presents the surface and interfacial tension of liquids against water.

Table 1-1 — Surface and interfacial tensions for liquids with water [taken from Shaw (1991)]

Liquid  Surface tension (mN/m) Interfacial tension (mN/m)

Water 72.8 N/A
Benzene 28.9 35.0
n-Octanol 27.5 8.5

n-Hexane 18.4 51.1




1.3.1 Surfactants (surface active agents)

Surfactants are the most commonly used emulsifying agents. They stabilize droplets by reducing
the interfacial tension between the fluids. They are molecules composed of a hydrophobic tail
having an affinity with the oil (non-polar) phase and a hydrophilic head having an affinity with the
aqueous (polar) phase (Fig. 1-2). Also known as amphiphilic molecules, they reduce interfacial
tension by gathering at the interface. The hydrophilic-lipophilic balance (HLB), introduced by
Griffin (1949), defines the ratio of hydrophilic to lipophilic parts of the molecule.

Molar weight of the hydrophilic part) (1.8)

HLB = 20 -
( Molar weight of the molecOule

It varies from 0 to 20 where 0 is obtained for a completely hydrophobic product and 20 for a fully

hydrophilic product. The HLB is calculated using Equation 1.8.

tail head

Figure 1-2 — Surfactant configuration: hydrophobic tail and hydrophilic head [taken and adapted
from Tsabet (2014)]

Table 1-2 presents the common classification of surfactants along with their advantages and

disadvantages and some interesting applications.



Table 1-2 — Classification of surface-active agents [taken and adapted from Shaw (1991)]

Class of
surface- Examples of molecules Advantages/Disadvantages Applications
active agents
_ Shampoos,
CH3(CH2)16CO0™Na* Cost and performance P
Anionic ot laundry
-Nat effective
CH;3(CH2)1,50; Na detergents
_ Anti-
CH3(CH)1,NH3 Cl Expensive but great o
Cationic cidal eff microbials,
+Rr— ermicidal effect
CH3(CH32)15N(CH3)3Br g anti-fungals
- Wetting
Lengths of hydrophilic and t
_ agent,
Non-ionic CH3(CH;),,(OCH,CH,)¢0OH hydrophobic groups can be
o clearners,
modified )
polishes
Ampholytic Dodecyl betaine Low toxicity and irritation Latex paint

Nevertheless, their use is generally associated with a higher cost and a negative impact on the

environment due to their petrochemical origins. Moreover, in certain industrial applications such

as skincare, the use of surfactants is often associated with toxicity and irritation. Therefore, an

alternative should be considered: the use of solid particles as stabilizers will be the main focus of

this thesis.

1.3.2 Polymers

Polymers can adsorb at an interface and stabilize liquid-liquid dispersions from coalescence by

forming a physical barrier. It is recommended to choose polymers that have hydrophilic and

lipophilic portions and to avoid the use of long chains polymers that could cause droplet



flocculation leading to coalescence. (Tsabet, 2014) This stabilizing agent will not be discussed in

this document.

1.3.3 Solid particles

Without reducing the interfacial tension, solid particles stabilize a droplet by creating a physical
barrier around it, which prevents coalescence (destabilization of the emulsion). Solid-stabilized
emulsions (SSEs) are also known as Pickering emulsions thanks to S.U. Pickering who observed
this phenomenon in 1907. (Pickering, 1907) The reader should be aware that despite being called
Pickering emulsions, it was W. Ramsden who first observed it in 1903. (Ramsden, 1903) Even
though the capacity of stabilizing droplets using solid particles was discovered in the early 1900,
the interest by the scientific community did not come until the late 20 and the beginning of the
21%t century. This interest is due to the development of material science, which led to the production
of a wide range of particles. Moreover, the lower cost and the environmentally friendly behavior
of this emulsification method have also their share of interest, economically and socially. (Yan et
al., 2001) (Aveyard et al., 2002)

Solid particles can contribute to the production of emulsions that are more stable than the
surfactant-based ones. They can be recovered after the emulsion destabilization, which is an
advantage regarding the particle life cycle. These particles can be obtained from a variety of organic
and mineral powders. However, there is a fundamental difference between surfactants and solid
particles: the first stabilize emulsions by reducing the interfacial tension between the fluids while
the second creates a physical barrier between the phases (Fig. 1-3). This difference suggests that

scaling parameters for conventional emulsions cannot suitable for solid-stabilized emulsions.

SURFACTANTS
SOLID PARTICLES

@
Y
| —> ...—)

Figure 1-3 — Surfactants replacement with solid particles [taken and adapted from Tsabet (2014)]



1.4 Why is there an interest in the use of solid particles?

1.4.1 Comparison between surfactants and solid particles

Solid-stabilized emulsions have the advantage of higher resistance against droplet coalescence
because the particles irreversibly adsorb at the interface, which renders the emulsion its stability.
The strong anchoring of solid particles is due to their affinity to both water and oil, while surfactants
need to be amphiphilic. Pickering emulsions are also famous for their “surfactant-free” character
enabling them to be attractive to the pharmaceutical and cosmetic industries where surfactants
show negative effect due to their toxicity. Another difference resides in the solubilization
phenomenon that is absent from SSEs. Indeed, surfactants can aggregate to form micelles, which

are soluble. It is not the case when particles aggregate.

Pickering emulsions have also been studied at a laboratory scale for other applications. Research
groups have prepared microcapsules, which are interesting for the pharmaceutical industry
regarding drug delivery. The biomedical field has also its own interest in SSEs because of their
higher stability at freezing temperatures. Surfactant-based emulsions tend to destabilize at freezing
temperature while SSEs show stability at low temperatures. Others have prepared porous and
composite materials using different methods such as polymerization. Moreover, nowadays, the
industries and the society are looking for greener alternatives to reach a sustainable development.
In this axis, SSEs can be considered greener than their surfactant counterpart because of their
ability to be recycled. Indeed, using a centrifuge, applying a magnetic or electrical field or changing
the particle wettability can break SSEs. This could lead to the recuperation of the particles and their
reuse. (Tsabet, 2014)

Furthermore, the reader should be aware that solid- (or particle-) stabilized emulsions can also be
an undesirable state such as water droplets in oil (petroleum industry). These water drops have to
be removed to reach refining specifications (less than 1% of water) to avoid risks of corrosion (due
to soluble salt in the water) and premature catalyst activation. It also prevents the accumulation of
water throughout the process. In that case, the main objective will rely on the destruction of the

emulsion, i.e. phase separation by particle desorption from the interface.



Figure 1-4 — Water emulsified in oil [taken from Amani et al. (2017)]

1.4.2 What am | interested at in this project?

Since they have been characterized at the laboratory scale only, solid-stabilized emulsions cannot
be produced on an industrial scale following a proper methodology. From an engineering
standpoint, this research project will aim to answer the following question: How solid-stabilized
emulsions can be scaled for process design following a methodology soundly based on the physical
sciences? This experimental project will cover oil-in-water emulsions stabilized by solid particles
in an intermittent (batch) mode of production using scales ranging from 0.25 liter to a pilot scale
of 250 liters. Diluted and concentrated emulsions with oil viscosities ranging from 10 to 5000 cSt
will be studied. The effect of particle characteristics (wettability and size), dispersed phase
properties (viscosity and concentration) and mixing configuration will also be studied. This project
will also include the design of impellers as well as mixing tanks. Finally, this study will explain
why, if it is the case, scaling SSEs varies from conventional emulsions. It should be noted that,
throughout this document, surfactant-stabilized emulsions are also referred to as conventional

emulsions. In the case of liquid-liquid dispersions, no emulsifying agent or stabilizer has been used.

1.4.3 Key originality of this thesis

This thesis was completed by doing things differently than what is commonly found in the
literature. First and foremost, solid-stabilized emulsions have been so far interesting to researchers
regarding their potential end-uses, i.e. applications. However, no interest has been given to the
following question: how do we get there, i.e. the processing? In other words, the processing of
Pickering emulsions is still lacking. SSEs were assessed from an engineering standpoint. A scaling

factor of 1000 has been achieved using two dispersion methods (radial and axial turbines). If the
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reader takes a look at the literature under our hand, it will be noticed that this is an element rarely

seen in this area of interest.

Another interesting key originality is how problems have been addressed. Throughout this thesis,
problems have been solved by decomposing them to their main constituents. Understanding each
component of a process is the main key that leads to success solving. In the case of solid-stabilized
emulsions, the literature presents these emulsions as a whole rather than a combination of well-
known processes: solid suspension followed by a liquid dispersion! This key approach was the
main reason for the completion of this thesis and the contribution resulting from it. It was also

validated using experimental work.
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CHAPTER 2 LITERATURE REVIEW

The objective of Chapter 2 is to “set the table” on what has already been subject for investigation
and what has not in order to identify remaining scientific gaps from a process engineering point

of view.

2.1 A bit of history

Ramsden (1903) and Pickering (1907) introduced particle stabilization at an interface more than a
century ago. Solid-stabilized emulsions (SSEs) were named after S.U. Pickering, who published a
report on particle stabilized oil-in-water (O/W) emulsions in 1907. Pickering noticed that finely
divided solid particles can act as stabilizers. He reported a stable oil-in-water emulsion stabilized
by solid particles adsorbed at the surface of paraffin oil droplets. Improved stability is shown in
comparison with surfactant-stabilized emulsions. Although the advantages of SSEs are explained
quite clearly by Pickering, surfactant-based emulsions were still preferred by the industry. It was
not until a few decades ago that SSEs attracted the attention of the scientific field with the

development of material science, which brought a wide range of particles.
2.2 What has been studied?

2.2.1 Pickering emulsions generation process

Since the late 20" and the early 21 century, numerous studies using different types of particles
have been dedicated to SSEs at a laboratory scale. The main conclusion was that the emulsion
stability results from the formation of a steric barrier around the droplets. (Binks, 2002) In other
words, the stabilization process is linked to the formation of a particle network around generated
droplets. This stabilization mechanism can be described in three steps (Tsabet, 2014):

(1) Particle approaches and reaches the fluid/fluid interface (film drainage and contact time
between particle and droplet)
(2) Particle adsorbs at the interface (through capillary rise)

(3) Formation of a particle network to stabilize droplets

These steps were highlighted through atomic force microscopy (AFM) experiments. Tsabet et al.

(2016) investigated the ingredient properties (oil, particles, and water) on particle adsorption
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dynamics at fluid/fluid interfaces using steps presented by Figure 2-1. The main conclusion was
that a repulsive force is involved during approach and contact steps and an attractive force during

adsorption. The ingredients effect on different steps is summarized in Table 2-1.

| Experimental Setup ] | Force measurement |

TqLaser

Photodetector Cantilever and
Coll. Particle

[

| Fluid or air - ‘

PTFE dish Hooke’s law: F = K-AZ

Figure 2-1 — Schematic representation of the AFM setup [taken from Tsabet et al. (2016)]

Table 2-1 — Effect of emulsion properties on the particle adsorption [taken and adapted from
Tsabet et al. (2016)]

Parameters Particles properties Oil viscosity Water pH & salinity
Significant
Approach (Effect on electrostatic
double layer force)
Significant impact
on these steps
Contact Significant
Adsorption
Detachment

Adsorption time Significant



13

2.2.1.1 Particle approaching the fluid-fluid interface

The approach step is when a particle first approaches and reaches the fluid/fluid interface. Many
studied the particle/fluid approach and collision. To do so, most of them used a method based on
the flow analysis of film drainage between the particle and the interface. (Jones & Wilson, 1978)
(Davis et al., 1989) (Chesters, 1991) (Abid & Chesters, 1994) (Saboni et al., 1995) (Jeelani &
Hartland, 1994) However, some interactions were not considered at the scale of the particle in this
method. These interactions are the following: van der Waals and electrical double layer forces
(defined by the DVLO theory which explains the stability of colloidal suspensions) and non-DVLO
forces such as hydration, hydrodynamic, hydrophobic and steric forces. Van der Wall forces
operate at an atomic and molecular level. Nevertheless, it can be defined at a macroscopic level
using the Hamaker constant (An), which can be obtained using AFM measurements. Table 2-2
presents typical values of this constant. The van der Waals force (F,4y/) €xpression between two
spheres is determined using equation 2.1. (Butt et al., 2005)

o= Ay RiR;
vaW ™ 6D2 R, +R,

(2.1)

where R: and R are the radii of both interacting bodies (spheres in this case) and D is their

separation distance. Riand D are expressed in meters and the Hamaker constant in Joules.

Table 2-2 — Hamaker constant (Aw) for different materials [taken and adapted from Bultt et al.
(2005) and Tsabet (2014)]

Material 1 Material 2 Medium Ax (x 1029 J) Reference
Teflon Teflon Air 3.9 Drummond et al. (1996)
SiO; SiO2 Water 1 Biggs et al. (1997)
SiO> Au Water 12-15 Hillier et al. (1996)
SiO; Mica Water 1.2 Vakarelski et al. (2000)
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As for the electrostatic double layer force, it was shown taking place between bodies in liquid
media with a high dielectric constant. It is present due to surface dissociation or from the adsorption
of free charges in the aqueous medium. (Liang et al., 2007) These forces can be observed in
colloidal dispersions. At low salt concentrations, there is a formation of a double layer charge
resulting in a repulsive interaction. When increasing the salt concentration, an attractive interaction

appears resulting in particle coagulation.

Non-DLVO forces appear at short ranges (1-3 nm) and can be much larger than DLVO forces.

Appendix A presents these forces.

2.2.1.2 Particle adsorption at the fluid-fluid interface

It starts when the liquid film between the particles and the droplet is completely drained and the
particle collides the interface, and it finishes when the particle reaches its equilibrium position at
the interface. The final position of a particle can be deduced from its contact angle, i.e. wettability
(6 in °). This step can be assessed using two approaches: (Al) the free energy or (A2) the force
balance approach. (Binks and Horozov, 2006) The free energy approach (Al) consider particle
adsorption only if there is a reduction in the interfacial energies of particles (Equation 2.2) and
droplets (Equation 2.3) after adsorption. (Tsabet, 2014)

Ep/interf < Ep/disp (2-2)

Ed/withp < Ed/withoutp (2-3)

It also assumes that the equilibrium position at the interface is reached when,

dE,
p/interf
—PET 0 (24
10 (2.4)
dEd/withp
—_—= 2.
10 0 (2.5)

where Epinter IS the interfacial energy of the particle at the interface, Episp is the interfacial energy
of the particle in the bulk phase (when dispersed), Eawith p IS the interfacial energy of the droplet
with adsorbed particles and Eawithout p 1S the interfacial energy of the droplet without particles.

Interfacial energies are expressed in Joules/m?2.



15

The force balance approach (A2) assumes that equilibrium is reached when the sum of all the
external forces is equal to zero. These forces are the capillary (Equation 2.6 from Princen (1969)
and Rapacchietta et al., (1977)), the buoyancy (Equations 2.7 and 2.8), the hydrostatic (Equation
2.9), and the gravity (Equation 2.10). Joseph et al. (2003) and Singh et al. (2005) did the force
balance using the following equations:

Fyz = VOWZ(znrc) = 27T Yow Sin ¢ sin (6 + ¢.) (2.6)

3 2
pwgnr (2 — 3 cos¢, + cos“¢p,)
FB/W = pwprg == 3 : < (27)

_ pognr® (2 + 3cosgp. — cos’P.)
- 3

Fg/0 = Pog (V;J - V;aw) (2.8)

Fy = —(po — pw) 9 zc (7 sing.)*  (2.9)

4mr3
2D

Thus, the particle equilibrium position (Equation 2.11) can be deduced using the force balance

approach.

2 _ _
sin b, sin(@ + ¢,) _97°(p, pw)_(4_pp

Po Zc
Sy —(1—=cos¢p.)?- (2 —cos¢p.) + 7sm2¢>c) (2.11)

Pw — Po
2.2.1.3 Particles form a network at the fluid-fluid interface

The third and final step is the formation of a particle network. Emulsion stability depends on the
network compactness and number of layers at the interface. Some studies showed that particles
must form at least one layer to prevent destabilization. (Yan et al., (1994, 1995)) Others showed
that stable solid-stabilized emulsions could be generated without covering the entire interface.
(Midmore, 1998) (Vignati et al., 2003) Therefore, there are many possible network configurations
that can stabilize emulsions. They can be divided into five categories (Lopetinsky et al., 2006)
(Binks and Horozov, 2006) (Tsabet, 2014):

1. Droplets are entirely covered (close-packed hexagonal particles) (Figure 2-2a)

2. Droplets are entirely covered (with a common layer between two droplets) (Figure 2-
2h)

3. Partial particle flocculation (Figure 2-2c)
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4. Particle aggregation at the interface (Figure 2-2d)
5. Particles form a 3D network (Figure 2-2e)

(d) (e)

Figure 2-2 — Particle network configurations [taken from Tsabet (2014)]

2.2.2 Properties of Pickering emulsions

One important research angle was the investigation of Pickering emulsion properties. Similarly, to
surfactant emulsions, Pickering emulsion type, size distribution, stability, and rheology were
widely considered. Table 2-3 presents a summary of studies related to the impact of the properties

of involved parameters on solid-stabilized emulsions.

Results are showing that particle wettability defining the particle affinity for both fluids (i.e. water
and oil) is a central parameter that is affecting both emulsion type and stability through the control
of particle position at the interface (Fig. 2-3). The contact angle giving this position can be

determined using equation 2.12 from Hey and Kingston (2006),

cos B, = Yso ~ ¥sw (2.12)

Yow

where y,, is the interfacial tension between the solid particle and the oil phase, ys, is the interfacial
tension between the solid particle and the water phase and y,y is the interfacial tension between
the oil and water phases. Interfacial tension is expressed using Newton per meter (N/m), which is

equivalent to J/m?.
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Air or oil
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Water

Air or oil

Air or oil A
W Water

Water

Figure 2-3 — Contact angle for particles adsorbed at an interface [taken from Langevin et al.
(2004)]

Zhou et al. (2011) proposed the following equation 2.13 in order to determine the oil-water contact

angle (6,,,) knowing the air-oil and air-water contact angles, respectively 6,, and 6,,,.

cos 6,,, = Yaw cos O,y — Yao cosf,, (2.13)
ow ow

Contact angles smaller than 90° will tend to form o/w emulsions because of their hydrophilic
affinity (ex. metal oxides) and vice-versa for contact angles bigger than 90° (ex. silica). (Binks,
2002) Kruglyakov et al. (2004) proposed a relationship between the particle contact angle and the

surfactant HLB (Equation 2.14) which makes it easier to compare these two stabilizers.

1+ cos6,,
1 —cosé,,,

2
HLBparticte = ( > (2.14)

When a particle sits at an oil droplet interface, for example, it forms a steric barrier and is locked
in place. Levine et al. (1989) presented an expression to quantify the required energy (E) to desorb,

I.e. extract a particle from a given interface (Equation 2.15).
E =nr?yow - (1 +cosb,,)? (2.15)

where r is the particle radius (in m). The “+” sign is used when particles are desorbed into the oil
phase and vice-versa with the “-” sign. The higher desorption energy needed to destabilize
Pickering emulsions is in contrast with surfactant-based emulsions where surfactants adsorb and
desorb at a faster scale. (Binks, 2002)
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Table 2-3 — Pickering emulsion properties: type, size, and stability [taken from Tsabet (2014)]

Emulsion property

Parameter

Reference

Particle wettability
Hydrophilic: O/W, Hydrophobic: W/O
Hydrophilic + hydrophobic: O/W/O or

N. Yan et al. (2001)

B.P. Binks et al.
(2000, 2005)

R. Aveyard et al.

W/O/W (2003)
B.P. Binks et al.
Emulsion type (2002, 2005)
Controlled by particle Oil polarity K. Golemanov et al.
affinity to oil and water Oil/particle affinity (2006)
J. Frelichowska et al.
(2009)
N. Yan et al. (1996,
Aqueous phase pH 1997)
mean Surface harges andlor urfacants | B BNk etal
(2006)
B.P. Binks et al.
Particle size (2001)
Emulsion size Decreasing particle size S. Tarimala et al.
(2004)

Droplet size is reduced by

Particle concentration

Increasing particle concentration

S. Arditty et al.
(2003)
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Table 2-3 — Pickering emulsion properties: type, size, and stability [taken from Tsabet (2014)]

Emulsion property

(continued)

Parameter

Reference

Emulsion stability

Emulsion stability is
improved by

Particle wettability

Contact angle ~90°

B.P. Binks et al.
(2000, 2005)

R. Aveyard et al.
(2003)

Particle size distribution

Using small monodisperse particles

S. Tarimala et al.
(2004)

Particle concentration

Increasing particle concentration

S. Arditty et al.
(2003)

B.P. Binks et al.
(2003, 2004, 2005)

Salt concentration

Increasing the salt concentration to
promote partial particle flocculation

B.P. Binks et al.
(2005, 2006)

T.S. Horozov et al.
(2007)

Oil viscosity

Decreasing oil viscosity

K. Golemanov et al.
(2006)

C.-O. Fournier al.
(2009)

Particle shape

Increasing the particle aspect ratio

B. Madivala et al.
(2009)
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While the effect of the formulation on emulsion properties has been widely investigated, the
processing was much less considered. This aspect was investigated by some members of the URPEI
at Polytechnique Montreal and interesting findings have been reported in the literature. (Fournier
et al., 2009) (Reyjal et al., 2013) (Tsabet and Fradette, 2015a, 2015b, 2016) (Wan and Fradette,
2017) Tsabet et al. (2015) studied the combined effect of the impeller speed and oil viscosity, as
well as the effect of the impeller speed and particle concentration on emulsion size and stability.
They proposed a correlation to predict the droplet Sauter mean diameter from operating conditions.
Starting by comparing the interface generation potential (Agen) to the particle coverage potential
(Acov), the proposed model associated efficiency to each stabilization step to determine the
effectively covered interface:

A = Min (Agen, Acov) (2.16)

Agrr = Arn (Ecor* Erpcr * Eatt + Ecov) (2.17)

The first efficiency is the particle/droplet collision efficiency (E.,;). Itis related to the film drainage
process between a particle and a droplet during approach. The second efficiency is the three-phase
contact line (TPCL) efficiency (E7p¢;) related to the probability of formation of a stable meniscus
around the adsorbed particle. The particle attachment efficiency (Ey4;.) is the third efficiency. It is
a function of attachment and detachment forces exerted on the particle. It defines the particle
stability at the interface. The last efficiency is the droplet coverage efficiency (E,,). It defines the
system capacity to prevent coalescence through the formation of a particle network around the
droplets. Details on the calculation of these efficiencies are presented in Appendix B. The model
was validated in a 1 L vessel for a wide range of oil viscosities (20 — 5000 cSt), Weber numbers
(100 — 600) and coverage potentials (5 — 20 m?). Figure 2-4(a) presents a comparison between the
model prediction and the effectively covered interface obtained experimentally for different oil
viscosities. Figure 2-4(b) presents the same comparison, but for different interface coverage
potentials, also known as the theoretically covered interface.
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Figure 2-4 — Comparison between the correlation and experimental results for different (a) oil

viscosities and (b) interface coverage potentials [taken from Tsabet et al. (2015)]

Tsabet et al., (2015) determined optimal conditions to obtain the smallest and narrowest droplet
size distribution. Impeller speed and emulsification time results showed that the shear level at the
impeller zone, the energy dissipation rate and the circulation time are the important parameters
regarding stabilization.

Rheological behavior of SSEs was also considered by several studies. Results showed a shear-

thinning behavior with a yield stress following the Herschel-Bulkley model (Herschel and Bulkley,
1926):

T=Ty + kHB j/a (218)

where t is the shear stress (in Pa), t, is the apparent yield stress (in Pa), kyp is the consistency

index, a is the power law index and y is the shear rate (in s2).

Torres et al. (2007) showed that the yield stress, the consistency, and the power law index are
sensitive to particles concentration. Thixotropy and viscoelasticity were also reported. (Torres et
al. 2007) (Braisch et al., 2009) (Simon et al., 2010) It was also highlighted that the rheological
behavior is closely linked to the particle concentration and aggregation and to the phase’s rheology.
Table 2-4 summarizes relevant works and their results. The emulsion viscosity increases when the
dispersed phase fraction is increased due to the increase in the number of droplet and aggregate
formation. The increase of the dispersed phase fraction induces a transition towards a rheofluidifier

behavior with thixotropic or viscoelastic effects.
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Table 2-4 — Studies on Pickering emulsions rheology [adapted from Tsabet (2014)]

Reference System Particle
0 : . -
Midmore (1998) Concentrat_eq (75%) carnation Partially floc_culated silica
oil in water particles
Torres et al. (2007) Hexane in water Silica, bentonite or kaolin
Braisch et al. (2009) Concentrated corn oil in water Silica nanoparticles
Simon et al. (2010) Water in decane or decane in Hydropr_]c_Jblc or hydrophlllc
water silica particles

2.2.3 Applications of Pickering emulsions

Solid-stabilized emulsions can be used to generate new materials either as a final or intermediate
product. A literature review by Leal-Calderon et al. (2008) presented the potential of SSEs towards

new materials. Table 2-5 presents a summary of this review.
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Table 2-5 — Potential applications of SSEs [adapted from Leal-Calderon et al. (2008)]

Application

How?

Advantage/Application Reference

Monodisperse
emulsions

(Fig. 2-5)

Stimulus-responsive
materials

Naturally occurring
particles used for
SSEs

Permeable capsules
(Fig. 2-6)

Limited coalescence
method: producing
excess of interface

compared to the
amount of available
solid particles

Use of stimulus-
responsive particle
which acts when
modifying a
parameter such the
pH, temperature,
ionic strength,
magnetic field, etc.

Use of bacteria and
virus particles (also
known as bio-
nanoparticles)

Completely cover
droplet with
particles. Then,
locking the particles
together by either
aggregation,
polymer adsorption
or particle fusion
(sintering). Use
centrifugation with a
solvent comparable
to what is inside
droplets

(1) Surfactant-free
monodisperse emulsions
(2) Tuneable mean size (um
to cm)
(3) Simple and multiple
emulsions
(4) Long stability (over
months)

Arditty et al.
(2003, 2004)

Fujiii et al. (2004,
20054, 2005b

2006)
(1) Destabilizing an Binks et al.
emulsion “on-demand” (2006)
(2) Drug delivery _
opportunities Ngai et al.
(2005, 2006)
Melle et al.
(2005)
Dorobantu et al.
(2004)
(1) Biocompatibility
(2) Monodisperse particles Ru?;e(z)l(l)g)t al.
(3) High stability
Binks et al.
(2005)

Dinsmore et al.

(2002)
(1) Functional foods Hsu et al. (2005)
(2) Drug delivery for ) )
biomedical applications ~ Simonic et al.
(3) Controllable permeability (2004)
Prestidge et al.
(2006)
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Figure 2-5 — Monodisperse O/W emulsions using limited coalescence [taken from Arditty et al.
(2003 and 2004)]

Figure 2-6 — SEM image of a capsule [taken from Hsu et al. (2005)]

2.2.4 Scaling Solid-Stabilized Emulsions

Similar to most mixing processes involving several mechanisms, the definition of a scaling rule for
solid-stabilized emulsions is not a straightforward operation and no work was dedicated to this

aspect. For conventional emulsions, criteria were defined depending on the system (Table 2-6).

The studies on scaling conventional dispersions and emulsions are useful in the sense that they will
be considered as a starting point for this project. Indeed, as it will be presented later, conclusions
drawn from these studies will be tested on Pickering emulsions. The results generated from this

starting point will be helpful in the orientation that this project took.
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Table 2-6 — Studies on the scaling of conventional emulsions

Formulation &

Emulsification Geometrical Characterization
Reference Physical Scale-up factor ~ Recommended rule
system parameters method
properties
— Numerical analysis
g = Wl _ Constant P/V and
_ ) _ based on solving the ) )
, Stirred tanks with ~ T1=0.15m o /n- =13 & _ average circulation
Podgdrska population balance TilTy = ) )
6-blades Rushton T/D = pp/pc = 1.03 ) ) time without
et al., 2001 ) equation to obtain ~ 3.33//6.66//16.66 )
turbine 1.49//2.11//3 ) geometrical
2 droplet size N
similari
= 0.034 N/m distribution Y
dq = 0.15 Numerical analysis
) ) Constant P/V and
Baffled stirred _ based on solving the ) )
, _ _ Wp/Mc=1& _ average circulation
Podgérska, | tankswitha6- ~ T1=0.15m population balance _ _
Up/puc = 500 _ _ T2/T1=6.66 time without
2005 blades Rushton T/D=3 equation to obtain ]
) op/pc = 1 ) geometrical
turbine b7FC droplet size o
similarity

0 =0.04N/m distribution



Table 2-6 — Studies on the scaling of conventional emulsions (continued)

Formulation &
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Emulsification Geometrical Characterization Recommended
Reference Physical Scale-up factor
system parameters method rule
properties
Highly
concentrated Emulsion stability: No
W/O emulsions ~ Back scattering light dimensionless
Oil: decane analysis (Turbisoft variables
MA2000
dodecane, ) commonly
CGpdEVi/G - - Vtankl =100 hexadecane Droplet size Vtankl =100 mL used in scale-
et al. 2010 Stirred tanks with a mL distribution: Ontical wdi
., istribution: ica = up studies,
helix mixer % Water = 91 - _ P _ Vianie/Viania P
D; =11 mm microscopy (Zeiss 6.85 such as the
95 wt% )
Axiovert 100 A) Reynolds
Stabilizer: Span
P Emulsion rheology: number, was
80 HAAKE RS150 suitable for
S:0 (wt./wt.) = rheometer this system

15:85-29:71
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Table 2-6 — Studies on the scaling of conventional emulsions (continued)

Formulation &

Emulsification Geometrical Characterization
Reference Physical Scale-up factor ~ Recommended rule
system parameters method
properties
O/W emulsions
Paddle
i (1.5 wt%)
impellers: Dy
= 60//90 mm Continuous
Flat metallic Marine phase: Water with
suc t membranes in or b viscosity modifier Droplet size
uareze baffled & propetier: L (CMCNa) distribution: Laser Constant impeller
al, 2013) unbaffled tanks =60 mm diffraction tip speed with
o Dispersed phase: i TilT1=1.5//12.25 )
with different D/IT=033& technique geometrical
. Food-grade extra T
impellers (2 Paddle D/IT=0.5 (Malvern similarity
) virgin olive oil .
impellers & 1 H/T=1 Mastersizer S)

. (up =51 mPas,
marine propeller)

Dimpeller— pD = 886 kg/m3)
membrane = 9

Stabilizer: Tween

mm
20® (2 Wi2b)



Table 2-6 — Studies on the scaling of conventional emulsions (continued)

Formulation &
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Emulsification Geometrical Characterization Recommended
Reference Physical Scale-up factor
system parameters method rule
properties
Highly
concentrated Low
W/O emulsions surfactant
Glass jacketed Continuous concentration:
vessels Agitated T = 50 phase: N2 = Ny
May- 1= mm i
(May=—1 ith a three-level p- Dodecane Droplet size (Dy/D2)°5
M _ _ istribution: . P
asnou et 4 pitched blade D/IT=09& _ distribution: Optical TiT1=2 _
Dispersed . . High
al., 2013) imoeller H/T=08 microscopy (Optika)
P phase: Milli-Q surfactant
water (bq = concentration:
0.9) Na = N
Stabilizer: Span (D1/D2)°

80® (HLB = 4.3)
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Table 2-6 — Studies on the scaling of conventional emulsions (continued)

Formulation &

Emulsification Geometrical Characterization
Reference Physical Scale-up factor ~ Recommended rule
system parameters method
properties
Highly
concentrated
W/O emulsions Emulsion stability:
Back scattering light
Continuous . i
analysis (Turbisoft
i hase:
(May- Glass jacketed phase MA2000)
vessels Agitated ~ T1= 50 mm Dodecane _ Constant P/V with
Hosnou el ith a three-level Droplet size TilT1=2/14 trical
with a three-leve =0. i o _ ilTy = geometrica
al.,, 2014) _ DIT=09& Dispersed distribution: Optical | S
P-4 pitched blade H/T=0.8 phase: Milli-Q . ) similarity
) microscopy (Optika)
impeller water (¢q =
0.9) Emulsion rheology:

Stabilizer: Span
80® (HLB =
4.3)

HAAKE Mars Il

rheometer
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2.3 What has not been studied?

Since the interest in the use of solid particles for liquid-liquid stabilization is still recent, studies
were mainly focused on the production and study of these emulsions at a laboratory scale. So far,
research aimed at evaluating emulsion stability, according to different parameters: particles, water
and oil characteristics. However, from an engineering point of view, the processing and scaling
have not yet been covered. Indeed, a literature review reveals that no methodology for scaling SSEs
has been established. The concept of scaling is important in engineering since it allows the large-
scale production of formulations developed in the laboratory. It was covered by the literature
regarding conventional liquid-liquid mixtures (with and without surfactant) as presented in Table
2-6. Paul et al. (2004), a reference book in the field of mixing presented different scaling criteria
for conventional blends (Table 2-7).

Table 2-7 — Scaling criteria for conventional liquid-liquid dispersions [taken and adapted from
Paul et al. (2004)]

Parameter Non/slowly coalescing system  Rapidly coalescing system
Scaling criterion P/V = constant Circulation time = constant
Limitation (V./Vs) 100:1 10:1to 20:1

D/T 0.3-0.5 =05




31

CHAPTER 3 THESIS ORGANIZATION

The objective of Chapter 3 is to present the research problem that this thesis will answer.

Furthermore, the general and specific objectives will be detailed in order to “map out a route”.

3.1 Research problematic and scientific gap

Literature review highlighted the high potential of solid-stabilized emulsions in different industrial
fields. Nonetheless, the lack of information on processing and does not allow a proper and
intelligent design of a large-scale production facility. Moreover, differences between surfactants
and solid particles suggest that scaling parameters for surfactant-based emulsions could be not

applicable to SSEs.

Indeed, due to the complexity of involved mechanisms, most of mixing operations at the industrial
scale are governed as "trial-and-error" experiments. Decisions are taken based on experience rather
than a fundamental understanding of involved phenomena because several gaps remain in the
literature. Thus, engineers will have to rely on previous tests to achieve the desired properties.
However, for (often!) economical and obvious reasons, this practice should be changed. Poor
mixing can be responsible for almost $100M in losses every year for a large company. (Paul et al.,
2004) From a scientific point of view, this practice demonstrates the lack of knowledge of
phenomena taking place in a mixing system. The deficiency raised by the literature review, which
will be the subject of this project, is the lack of information on the scaling and processing of

Pickering emulsions.

Since interest in Pickering emulsions is recent, it is quite normal that this void exists. Several
research groups are interested in SSEs due to the significant potential they provide. Studies by
these groups contributed to the scientific progress. From an industrial perspective, establishing
scaling methods and a good knowledge of phenomena involved in the production of these
emulsions can reduce costs regarding process development as well as losses in terms of material
and human resources. This project is also in a continuity of projects done by Polytechnique
Montreal on Pickering emulsions. Indeed, several students contributed to the knowledge expansion
on these emulsions: Tsabet and Fradette (2015 and 2016), Wan and Fradette (2017), Reyjal et al.
(2013), Fournier et al. (2009).
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3.2 General objective

The literature review showed that an increased interest in Pickering emulsions has emerged in
recent years. This subject has been extensively researched. However, as shown, scientific gaps
remain, especially regarding the processing and scaling of these emulsions. Therefore, this thesis
has the general objective of developing a methodology for scaling solid-stabilized emulsions. In

order to achieve this main objective, three specific objectives will be detailed in the next section.

This thesis will mainly focus on the generation of Pickering emulsions. Why? The author of this
thesis relies on the principle that in order to efficiently decompose an emulsion to its main
constituents it is important to understand its formation. However, work done by Bing and Fradette
(2017 and 2018) is kindly recommended for readers seeking information about SSEs
destabilization.

3.3 Specific objectives

3.3.1 Determine the impact of the presence of particles on the processing of

solid-stabilized emulsions.

This is the topic of the first paper. In order to fully understand the processing of solid-stabilized
emulsions, the emulsification process has been divided into its main components: solid suspension
and liquid dispersion. Their impact on resulting emulsion has been identified and quantified for a
wide range of emulsification conditions using several characterization techniques (ex. particle

vision microscope, laser diffraction method).

3.3.2 Verify the applicability of conventional emulsions scaling criteria on

solid-stabilized emulsions.

This is the topic of the second paper. The main goal of this part is to determine whether using
particles instead of surfactants will impact the scaling procedure while keeping in mind that the
stabilization method is completely different for these two emulsifying agents. Conventional scaling
criteria used for surfactant-based emulsions were gathered and tested on diluted and concentrated
particle-stabilized emulsions in three geometrically similar scales with two impeller flows (radial

and axial).
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3.3.3 ldentify parameters regulating solid-stabilized emulsions scaling.

This is the topic of the third and last paper. While the main difference regarding the scaling
procedure was highlighted in the previous objective, this last section will define a scaling rule for
Pickering emulsions that could be applied to the systems that have been tested in this project.
Furthermore, the scaling method will be validated on a pilot scale of 250 liters thus reaching a

scaling factor of 1000 which is uncommon in the literature.
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CHAPTER 4 ARTICLE 1: DETERMINATION OF SCALING RULES
FOR SOLID-STABILIZED EMULSIONS: THE COUNTERINTUITIVE
EFFECT OF PARTICLES ON DROPLET SIZE

Alexandre Al-Haiek, Emir Tsabet, and Louis Fradette
URPEI, Chemical Engineering Department
Polytechnique Montréal, 2900 Edouard-Montpetit, Montréal, Canada, H3C 3A7

Submitted in AIChE Journal

Abstract

The processing of solid-stabilized emulsion (SSEs) was analyzed to identify mechanisms that are
relevant for suitable scaling. Two main mechanisms were studied: particle suspension and
emulsification. While interface generation and interface stabilization affect the emulsification
process (Tsabet and Fradette, 2015), particle suspension has not been studied. We experimentally
investigated the effect of particle suspension on SSEs. Oil-in-water emulsions were produced using
off-centered pitched blade and Rushton turbines in unbaffled 5-L tanks. Silicone oils were used as
the dispersed phase, glass beads (dz2 ~ 3, 35, and 65 um) were used as stabilizers, and deionized
water was used as the continuous phase. Emulsions were characterized by droplet size distribution
measurements using a Malvern Mastersizer 3000. Liquid dispersions were characterized by
analyzing images obtained using a particle vision microscope (PVM). The droplet size increased
when the particle size or oil viscosity was increased and when the particle concentration was
decreased. However, larger droplets could be obtained by increasing the particle concentration
under certain conditions. This unexpected behavior was analyzed by examining the interaction
between the properties of the solid particles and turbulent energy. An analysis of turbulence length
scales showed that this behavior occurs when the particle size is larger than the Kolmogorov scale.
We tested different Stokes regimes and showed that a viscous flow regime (larger fluid response
time) exhibits the same behavior as that reported in the literature. On the other hand, high particle

concentrations in the inertia flow regime (larger solid response time) stabilized larger droplets.

Keywords: Pickering emulsions, scaling, power-law, suspension, emulsification, and stirred tanks.
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4.1 Introduction

Although W. Ramsden and S.U. Pickering were the first to describe solid-stabilized (Pickering)
emulsions in 1903 and 1907, respectively, these emulsions only began to attract serious attention
in the late 1990s. William Haynes (1860) and the Bessel brothers (1877) reported that particles
adsorb to interfaces. The Bessel brothers, for example, who were trying to concentrate ore minerals,
used a graphite flotation process to adsorb graphite flakes to air bubbles (Chelgani et al., 2015).
Solid-stabilized emulsions have recently received increasing attention from the scientific
community due to the huge potential of their structures and properties. Figure 4-1 presents the
number of papers published on Pickering emulsions over the past 100 years, with an emphasis on

the past 25 years.
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# of publications

Figure 4-1 — Data obtained from EngineeringVillage.com using a Pickering AND emulsion*
within Subject/Title/Abstract search criterion

Because so many articles have been published on Pickering emulsions, the following literature
review has been divided into the six main research groups that have worked on solid-stabilized
emulsions, with a focus on the particle types they used and their main conclusions. The first group,
which is headed by Bernard P. Binks, has published over 200 articles on the subject. Over the years
they have used a large variety of particles ranging from bentonite, silica, latex, and a composite
microgel to wax and FesOs. They have worked with modified and unmodified particles (by
changing their wettability) and with different liquid mixtures. They reported that particles of
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intermediate hydrophobicity (6,,, ~ 90°) produce highly stable emulsions and that highly
hydrophobic (6,,, > 90°) and hydrophilic (6,,, < 90°) particles produce less stable emulsions.
They used mixtures of hydrophilic and hydrophobic particles to produce emulsions at the phase
inversion point. They also investigated the use of amphiphilic or Janus particles to produce
emulsions and found that these emulsions are more stable than conventional solid-stabilized
emulsions. They also reported that increasing the particle concentration leads to smaller stable
droplets due the higher coverage potential. Binks et al. (2001) also showed that it is possible to
produce stable emulsions without covering the entire droplet surface and that the stability of
emulsions can be enhanced by reducing the particle size. Pickering emulsions can be stabilized by
using particle/surfactant mixtures or particles alone and by adjusting the pH if pH-sensitive
surfactants and/or particles are used. The pH of the aqueous phase has an impact on particle
adsorption at the interface through particle flocculation. Binks et al. (1999) showed that a medium
degree of particle flocculation resulting from the addition of electrolytes and their impact on the
repulsive electrical double layer force enhances the stability of emulsions. Higher particle
flocculation, however, decreases the stability of emulsions. They also showed that oil polarity has
an impact on oil/particle affinity and interfacial tension, which also control emulsion stability. A
higher oil polarity reduces interfacial tension and increases wettability. Polar oils tend to form
water-in-oil emulsions and non-polar oils tend to form oil-in-water emulsions (Binks and Clint,
2002). Modifying the emulsion temperature using thermo-sensitive particles has been shown to be
a main parameter for controlling phase inversion. One recurring key point is that the studies by this
group have only been carried out with nanoparticles. However, it should be noted that interparticle
forces lead to the formation of clusters that do not exceed a few microns in diameter (single digit

numbers).

Chevalier et al. (1991) worked with bare silica and recently published a review on Pickering
emulsions. They reported that suspensions of polar oils and hydrophilic particles tend to give more
stable oil-in-water emulsions. Oil polarity has an impact on interfacial tension and particle
wettability and thus on droplet size and emulsion type. Once again, these studies were conducted
exclusively with nanoparticles. They also stated in their review that most of the studies on SSEs

were conducted using nanoparticles < 100 nm in size or ranging from 0.1 um to 1 pm in size.

Jacob Masliyah and Bruce Bowen have together published more than 400 articles on oil sands and

emulsification. They worked with fine kaolinite clay, fumed silica nanospheres, and polystyrene
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particles (references). Levine et al. showed that particle stability depends on energy wells at the
interface in which particles get trapped (reference). They proposed equation 4.1 to deduce the

energy (E in Joules) needed to remove a particle from an interface,
E = nR?youw (1 £ cos6,,,)? (4.1),

where R is the particle radius (in m), you (in N/m) is the interfacial tension, and 6,,,, is the particle
wettability (in °). They showed that particle wettability has an impact on emulsion type. Oil-in-
water emulsions are more likely to form with hydrophilic particles and water-in-oil emulsions are
more likely to form with hydrophobic particles, while mixtures of hydrophobic and hydrophilic
particles tend to produce multiple emulsions. They reported that one layer of particles must form
at the droplet interface to prevent destabilization, that numerous particle layers and increasing
particle compactness reduce the demulsification rate, and that a high contact angle results in a
compact particle layer at the interface. On the other hand, hydrophilic particles tend to flocculate
and form a less compact layer. In addition, high particle concentrations tend to reduce the
demulsification rate. They controlled emulsion stability using particle/surfactant mixtures. They
also showed that decreasing the pH reduces the adsorption rate of a particle at the interface.
Furthermore, an increase in pH will lead to an increase in the demulsification rate. They mainly
worked on the impact of the pH of the agueous phase on particle wettability and on emulsion type
and stability. Liu et al. (2006) showed that adding an electrolyte to the aqueous phase reduces
repulsive double layer forces due to the presence of free ions, which screen surface charges. Like
others, Masliyah and Bowen worked with particles under 1 pum in size.

Dai et al. (2008) worked with particles (polystyrene beads, for example) up to a few microns (4
um) in size. They reported that particle motion at the interface is dependent on particle size and
wettability, oil viscosity, and interface curvature, that it is not necessary to cover the entire interface
to get stable dispersions, and that small monodispersed particles increase the stability of emulsions.

Tarimala et al. (2004) also showed that reducing particle size reduces droplet size.

Di Sun et al. worked with layered double hydroxide particles no more than 300 nm in size. They
showed that emulsion stability can be improved by adding electrolytes, which results in partial
particle flocculation, and that emulsion stability decreases if the particles are highly flocculated.

The studies mentioned above used different particle types with specific properties, including

nanoparticles. In some cases, clusters formed but never exceeded a few microns in size. This is
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important to keep in mind. These studies never investigated the processing or generation of solid-
stabilized emulsions. Much research has been devoted to investigating the impact of particle and
aqueous and oil phase properties on the stability of the final emulsion. However, to our knowledge,
no articles on the processes and the characteristics of the processes used to produce emulsions have
been published. Although the stabilization of droplets by particles has been extensively
documented, little information is available on how to make particles accessible to the oil-water
interface by solid suspension. The aim of the present study was to determine the impact of the solid
suspension step on the processing of solid-stabilized emulsions and to quantitatively assess the

characterization techniques commonly used for solid suspensions and liquid dispersions.

In addition to stabilization, one of the main and first steps involved in the production of solid-
stabilized emulsions is the suspension of particles (stabilizers) in the continuous phase. Solid
suspension is essentially determined by the minimum impeller speed required to suspend all the
particles in the continuous phase. A useful criterion for characterizing solids suspension is the just-
suspended speed (Njs) (Zwietering, 1958). Although numerous studies have used Zwietering’s
correlation to study various conditions (impeller type, geometrical ratio of the tank, particle size,
mixing regime), the correlation has many limitations and lacks accuracy. Ayranci and Kresta
(2013) proposed the following correlation, which is based on Zwietering’s correlation under a fully

turbulent regime (Re > 10%), to better deduce the just-suspended speed:

0.5 1/6
C(9Gs—pD\*® dy°x™ T
Nis =4 3 — (4.2)
pL N,"*D2/3D
where,
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where g is the acceleration due to gravity (m/s?), p; is the solid density (kg/m®), p; is the liquid
density (kg/m?), d,, is the particle diameter (m), N,, is the impeller power number, D is the impeller
diameter (m), T is the tank diameter (m), and X is particle loading (%). Increasing the particle size
(dp) and/or particle concentration (X in Equation 4.2) increases Nj. We used Equation 4.2 to

calculate Njs.
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Although numerous studies have been devoted to investigating the effect of particle properties on
the stabilization of Pickering emulsions and the effect of these properties on pure solid suspensions,
to the best of our knowledge, no studies have looked at the interaction between these two effects

in the emulsification process.

The effect of particles on turbulence has been extensively studied. There is, however, no consensus
on the way it effects the entire system. Ebert (1992) and Yang and Shy (2005) found that increasing
the particle concentration reduces turbulent kinetic energy levels in turbulent flows in horizontally
positioned cylindrical vessels. Elghobashi and Truesdell (1993) remarked that the experimental
data available to them at the time showed that the presence of particles in a system can increase or
decrease the kinetic energy of the main carrier fluid. Jianren et al. (1997) showed that increasing
the particle size results in greater fluid turbulence dampening in a gas crossflow over a cylinder.
Druzhinin and Elghobashi (1999), Druzhinin (2001), and Ferrante and Elghobashi (2003) studied
the particle size to Kolmogorov length scale ratio and showed that the dissipation rate of turbulent
kinetic energy decays at a higher rate in a particle-free system, and that smaller particles cause a
reduction in the turbulent energy decay rate. Ferrante and Elghobashi (2003) used a direct
numerical stimulation to show that particles with a Stokes number lower than 1 increase the
turbulent kinetic energy rate and the energy dissipation rate (¢,,,). They attributed this to an increase
in inertia as the solid particles follow the streamline. On the other hand, they showed that particles
with a Stokes number greater than 1 reduce both ¢,,, and turbulent kinetic energy due to particles
moving across the streamline and counteracting the energy in the flow. Unadkat et al. (2009) and
Micheletti and Tianneskis (2004) also reported that particles with a Stokes number greater than 1

cause a decay in the turbulent kinetic energy rate.

Gabriele et al. (2011) used particle image velocimetry (PI1V) to study the effect of large particles
on the liquid mean velocity, turbulent Kinetic energy, and energy dissipation rates. They used a
PBT-agitated cylindrical vessel with an up-and-down pumping configuration and observed small
variations in liquid velocities when particle concentrations were increased. However, the turbulent
Kinetic energy rate near the impeller dropped significantly (30-40%) while the solid hold-up

increased.

Li et al. (2017) recently used the PIV technique to study the impact of particles on the turbulence

rate in a PBT-agitated tank in a turbulent regime, i.e., a Reynolds numbers > 10* They observed a
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strong turbulence dampening effect in the presence of the particles and very strong phase coupling
with particles in the fluid velocity fields. When the solid volume fraction was increased, this
dampened the overall circulation pattern as well as the fluid velocity fluctuation levels. They
attributed this to the obstruction of the flow by the particles near the bottom of the tank, which
disturbed the main recirculation pattern, i.e., the flow pattern, and shifted it upward. The effect of
the particles weakened in the volume above the impeller, slowing the recirculation pattern and
resulting in reduced turbulence. More recently, Li et al. (2018) used the PIV technique to show that
particles dampen the average velocity fields in the tank as well as the turbulence rate (Reynolds
number) in the fluid both experimentally and using a direct numerical simulation in a stirred tank

operated in the transitional regime (Reynolds number between 1000 and 10,000).

Based on results showing that the fluid turbulence rate controls the production of the interface
during emulsification (references) as well as particle attachment when solid-stabilized emulsions
are generated (reference), we investigated the impact of solid suspension during emulsification on
the resulting solid-stabilized emulsion. More generally, we clarified the impact of the presence of

particles on the resulting emulsion.

Most studies to date have focused on emulsion stability. However, the few that have focused on

processing considered an average power dissipation rate (&4, EQuation 4.4) in a stirred tank.
3n5
Eqp = — =——— (4.4),

where P is the power (in J/s), Viig is the liquid volume in the tank (in m3), Ny is the dimensionless
power number, p is the fluid density (in kg/m?), N is the impeller speed (in st), and D is the impeller

diameter (in m).

While experimental results indicate that particles have an impact (no consensus on the type of
impact) on the flow, the role of particles in energy splitting between the production of an interface
and the suspension of particles in a stirred tank is poorly understood. There are thus many
unanswered questions concerning how energy is distributed in a stirred tank during particle-

stabilized emulsification processes.
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4.2 Materials and methods

The general experimental methodology we used can be divided into three main steps. The first step
was to prepare the emulsification setup (5-L scale) using a pitched-blade turbine (PBT) or a
Rushton turbine (RT). The second step was to prepare the emulsion. The particles (3, 35, or 65 um)
were first suspended in the continuous phase (deionized water), and the dispersed phase (silicone
oil of the desired viscosity) was then added to the suspension. In the third step, the droplet size and
distribution of the emulsions were characterized using a laser diffraction method. The parameters

considered were diameters (d; where i is 10, 50, 90, or 32) and polydispersity (span).

4.2.1 Materials

Pure silicone oils (Clearco Inc., USA) of different viscosities (Table 4-1) were used as the dispersed
phase, deionized water was used as the continuous phase, and glass beads were used as stabilizers.
Particle sizes and contact angles were measured using a laser diffraction technique (section
4.2.2.4.4) and a capillary rise method (section 4.2.2.4.1), respectively (Table 4-2).

Table 4-1 — Properties of the silicone oils

scosty ) Densiy (hg/)  DYIOmIC iscosty - sufoce tensior
10 935 9.35 20.1
50 960 48.00 20.8
100 966 96.60 20.9
200 968 193.60 21.0

Table 4-2 — Properties of the glass beads

Particle size (um)  Density (kg/m®)  0,,(°)  0g0(°)  Oouw(®) Type Supplier
3 2520 90+4 81+1 94+4 Hydrophilic Cospheric LLC
35 2520 74+2 55+4 78+ 6 Hydrophilic Potters Inc.

65 2520 72+2 26+3 84+ 3 Hydrophilic Potters Inc.
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4.2.2 Experimental methods

4.2.2.1 Emulsification setup

Emulsions were produced in an unbaffled 5-L tank using a 4-blade PBT or a 6-blade RT (USI-
MAX, Canada). The impellers were off-centered to prevent the formation of a vortex (Fig. 4-2).
This configuration has the same mixing performance as a baffled tank with a centered impeller
(Nishikawa et al., 1979) (Novak et al., 1982) (King et al., 1985) (Karez et al., 2004) (Karez et al.,
2005) (Montante et al., 2006). Table 4-3 gives the dimensions of the emulsification setup.

& 4P

£

X

(a) (b)

Figure 4-2 — Emulsification systems with (a) a PBT or (b) an RT [taken from Tsabet and Fradette
(2015)]

Table 4-3 — Geometrical parameters of the components for each scale

Geometrical parameters Dimension (cm)
Tank diameter (T) 16.30
Impeller diameter (D) 5.43
Length of one blade (L) 1.36
Height of one blade (W) 1.09
Baffle thickness (J) 1.63

4.2.2.2 Formulation

Diluted and concentrated oil-in-water (O/W) emulsions were prepared using 5% and 30% dispersed
phase fractions (¢a).

$g = —2— (4.5),

T Vp+Ve
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where Vp is the volume of the dispersed phase (in m®) and V¢ is the volume of the continuous
phase (in md).

4.2.2.3 Emulsification preparation

The solid particles were dispersed in the desired amount of deionized water for 10 min at 480 rpm.
The oil was then gently added, and the mixing was continued for a further 24 h. Samples were
collected under agitation using a large-tip opening pipette to prevent droplet breakage. The

emulsification steps are illustrated in Figure 4-3.

Qil

-
Solid/waterdispersion Adding oil Taking samples

Figure 4-3 — Steps used to prepare a solid-stabilized emulsion [taken from Tsabet et al. (2015)]
4.2.2.4 Emulsion characterization

4.2.2.4.1 Particle wettability

Particle wettability was evaluated by taking contact angle measurements using the capillary rise
method developed by Fournier et al. (2009). This method is also detailed in Al-haiek et al.

(submitted, see article 2 of this thesis).

4.2.2.4.2 Viscosity and rheological behavior

The viscosities of the solid suspensions were measured using a Malvern Bohlin Gemini rheometer.
A double helical ribbon (DHR) geometry was used to determine the rheological behavior of the
solid suspensions. The geometric parameters of the DHR are given in Figure 4-4 and Table 4-4. A
DHR is recommended for solid suspensions because of its pumping capacity (Bertrand et al., 2018),
which prevents particle sedimentation even at low shear rates (Patterson et al., 1979) (Ait-Kadi et
al., 1997) (Brito-De et al., 1997) (Brito-De et al., 1998).
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Figure 4-4— Double helical ribbon

Table 4-4 — Geometrical parameters of the double helical ribbon

Geometrical parameters DHR (in mm)
Shaft diameter (d) 5.87
Impeller diameter (D) 39.56
Height of the impeller (L) 55.38
Distance between ribbons (W) 18.78
Impeller thickness (e) 1.63

The effective shear rate generated by the DHR was determined using the Metzner constant (k)

given by:
Veff = kSN (46),

where . is the effective shear rate (s™1) and N is the rotational speed (in rpm). The Metzner
constant was deduced using the experimental methodology of presented in Fradette (1999). This
method requires to first determine the power number for the impeller (Np) as a function of the
Reynolds number for a Newtonian fluid. Second, the torque is measured for different speeds for
the non-Newtonian fluid and therefore Ny can be calculated. The effective Reynolds number can
also be calculated and used to obtain the effective, i.e. process viscosity. This effective viscosity is
then used to determine the effective shear rate. Last step is to calculate kg using equation 4.6.

Experimental measurements showed that the Metzner constant was approximately 20 + 2, which
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is close to the values reported in the literature (Brito-de la Fuente et al., 1997) (Coulson and
Richardson, 1993).

4.2.2.4.3 Emulsion type

Emulsion type was determined by measuring conductivity using an Okton conductivity meter
(CON 110 series).

4.2.2.4.4 Droplet size distributions

The droplet size distributions in the emulsions were determined using a Malvern Mastersizer 3000
combined with a laser diffraction technique. Plastic pipettes were used for sampling. The narrow
tip was cut off to provide a large opening and prevent shear that could break larger droplets and
result in unrepresentative samples of the emulsion. The pipette was inserted halfway in the tank,
and three samples were taken at 10-s intervals. The sampling interval was higher than the
circulation time to ensure that the samples were representative of the whole tank. Low-density
plastic pipettes were used rather than glass pipettes because of their inherently hydrophobic nature,
which prevents droplets from sticking to the wall of the pipette.

The droplet size distribution in the liquid dispersions was determined by analyzing images acquired
using a particle vision microscope (PVM). Bing and Fradette (2017) have reviewed and compared

these methods.

Emulsions were characterized using the Sauter mean diameter (ds2), which is the relationship

between the dispersed phase volume fraction (¢,) and the generated interface (4,.y,).

694
d32_A

(4.7)

gen

4.2.2.4.5 Theoretical coverage potential

The capacity of the system to cover the generated droplets (Acov) Was determined from the particle
properties using equations 4.8 to 4.11 (Tsabet and Fradette, 2015 and 2016):

4 R,
Vl/particle = 3 (4.8)

Nparticles = L (4.9)
p* Vl/particle
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. 2
Acovjrp = (R sinb,,,)" (4.10)

Acov = Acov/lp * particles (4‘-11)’

where Rp is the radius of the particles (in m), Vijparicte is the volume of the particles (in m3), mp is
the mass of the particles in the system (in kg), p is the density of the particles (in kg/m?), Nparticles

is the number of particles in the system, and 8,,, is the contact angle (in °).

4.3 Results and discussion

4.3.1 Effect of particle loading and oil viscosity on the droplet size of diluted

emulsions

Figure 4-5 shows the evolution of the Sauter mean diameter with respect to different particle
concentrations and oil viscosities. In the case of 10 cSt silicone oil, the droplet size increased when
the coverage potential was reduced or the particle size was increased. Higher particle
concentrations stabilized more interface while larger particle sizes reduced particle attachment
efficiency (Fig. 4-5). The RT, as expected, generated smaller droplets than the PBT because it
produces higher shear levels and shorter circulation times. A more viscous silicone oil (200 cSt)
exhibited different behavior. The increase in droplet size when the coverage potential was reduced
was only observed with the smallest particles (3 pum), while a surprising decrease in droplet size
was observed when larger particles with lower coverage potentials were used. This counterintuitive
behavior was observed with both impellers, indicating that the shear level has no impact on the
results. The particle size effect was seen with both impellers, with the droplet size decreasing at
the lowest coverage potential when the particle size was switched from 3 um to 35 um. The
surprising decrease in droplet size was also observed at the highest coverage potential when the
particle size was switched from 35 pm to 65 pum. This inversion in droplet size versus particle size
and coverage potential suggests that two competitive mechanisms affect interface generation and

emulsion stabilization.
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Figure 4-5 — Effect of particle size on emulsion size using different impellers, with ¢; = 5% v/v
and (1) 10 cSt oil or (2) 200 cSt oil

The effect of oil viscosity was investigated further in order to pinpoint the reasons for this
unexpected behavior (Fig. 4-6). Larger droplet sizes were produced with higher particle
concentrations when 50 ¢St oil and 35 pm particles were used (Fig. 4-6(a)) and when 10 cSt oil
and 65 um particles were used (Fig. 4-6(b)). These results confirmed that competitive processes

related to particle size and oil viscosity affect interface generation and emulsion stabilization.
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Figure 4-6 — Effect of oil viscosity on emulsion size using a PBT, with ¢; = 5% (v/v) and (a) 35

pm or (b) 65 um particles

4.3.2 Effect of particle loading and oil viscosity on the droplet size of

concentrated emulsions

We also investigated the behavior of concentrated emulsions. Figure 4-7 shows the Sauter mean
diameters of concentrated emulsions with different particle concentrations and oil viscosities. Both
impellers produced the same size of droplets and exhibited the same variation in particle size with
both viscosities, confirming that these phenomena are independent of the flow pattern.

An increase in droplet size was observed once again when higher concentrations of larger particles
(35 and 65 um) were used than when higher concentrations of smaller particles (3 pum) were used.
These results showed that the unexpected effect of particle concentration on droplet size is more

pronounced with concentrated emulsions.

Based on a thorough analysis of the emulsification procedure, three main conditions must be met
to produce stable Pickering emulsions. The first condition is that the system must be able to suspend
and disperse the particles because they cannot attach to an interface and droplets cannot be
stabilized if they are not suspended. The second condition is that the emulsification system must
be able to generate an interface for droplets to be produced. The third condition is that the properties
of individual particles must control particle attachment to the interface. Since the coverage potential
acts on a global scale, the observed phenomena must be related to the complex and combined

influence of the particles on their own suspension and on interface generation.
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Figure 4-7 — Effect of particle size on emulsion size using different impellers, with ¢4, =
30% (v/v) and (1) 10 cSt oil or (2) 200 cSt oil

4.3.3 Effect of particle loading on interface generation

To assess the effect of particle loading on the ability of the system to generate an interface, the

surfaces of the particles were modified to make them highly hydrophilic (6,,, — 0°) and to make

their attachment at the interface impossible. Droplet size was measured by image analysis (PVM)

during mixing after reaching the equilibrium state.

Figure 4-8 presents the effect of the coverage potential on the droplet size of the dispersions

produced with 30% (v/v) 200 cSt silicone oil and 3 um and 65 pm glass beads using the PBT at

480 rpm. Typical PVM images are presented near their corresponding droplet size.
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As with Figure 4-7, the black curve in Figure 4-8 shows that there was an increase in droplet size
when more 65 pm glass beads were added to the system. The increase in size was caused by a less
effective interface generation mechanism due to the presence of more particles and was not related
to the stabilization process. There was also an increase in droplet size when more 3 um glass beads
were added, especially with respect to the case without particles with the lowest coverage potential
when the addition of more particles had almost no effect on droplet size. However, Figure 4-8 also
shows that the 3 um particles produced larger droplets at the lowest coverage potential, suggesting
that the capacity of the system to generate an interface is reduced in the presence of 3 um particles
compared to the system without particles. These findings show that particle size has an impact on
the process leading to an increase in droplet size when the particle concentration is increased.

900

0 0.1 0.2 0.3 04

Coverage potential (m?)

Figure 4-8 — Effect of coverage potential on dispersion size using a PBT, with 3 um and 65 pum
glass beads (¢4 = 30% (v/v) and 200 cSt oil)

4.3.4 The influence of solid particles on suspension viscosity

The rheological behavior of solid suspensions was analyzed and was compared to the properties of
the continuous phase to determine the effect of the presence of solids using the method described

in section 4.2.2.4.2. The results are shown in Figure 4-9.
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The experiments yielded some interesting findings, some reported in the literature, others not. The
3 um glass bead suspensions exhibited Newtonian behavior, with a viscosity similar to that of
deionized water (~1 mPa.s), regardless of the level of particle loading. However, the 65 um glass
bead suspensions behaved in a shear-thinning mode, with viscosities 10 to 100 times higher than
the 3 um particle suspensions. An increase in viscosity with an increase in particle concentration
has been reported in the literature (Ovarlez et al., 2006) (Stickel and Powell, 2005) (Buscall, 1991)
(Zhu et al., 2017). On the other hand, an increase in viscosity with an increase particle size is the
opposite of what has been reported in the literature (Mewis and Wagner, 2012) (Konijn et al., 2014)
(Chen, 2006) (Del Gaudio et al., 2013). For the same solids loading, for example 0.65 m?, the
viscosity of the 65 pm glass bead suspension was 100 times higher than that of the 3 um glass bead

suspension.

The lowest solids loading with 65 um glass beads resulted in a viscosity that was 10 times higher
than water at the same shear rate in the mixing tank, while the highest solids loading resulted in a

viscosity that was 100 times higher.

Various models have been developed to describe the impact of dispersed solids on the viscosity of
suspensions. Although most of the models state that viscosity is mainly affected by the solids

volume content, as shown in Table 4-5, they do not take particle size into account.

Table 4-5 — Models showing the impact of dispersed solids on the viscosity of the suspension

Authors Equation Conditions

$ < 0.05

Einstein (1906) N = NMmeaium (1 + [n]¢) (4.12)

Batchelor (1977) 1 = Mmeamum (1 + [N + x$*) (4.13)
=[n] -
U ¢
Roscoe (1952) = (1 - —) (4.14)
Nmedium m

Flow field around a
single sphere
Independent of particle
size

Adapted Eq. 4.12 for
many monodispersed
spheres
0.15 < ¢ <0.2

First attempt to express

n as a function of ¢,,
¢ > 0.05
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Krieger- _ _ .
Dougherty L = (1 — d)i) (4.15) - Vall(_j fO:pIO>W0agd high y
(1959) Nmedium m .

where 1 is the viscosity of the suspension, 1,,.4ium 1S the viscosity of the suspending medium, ¢
Is the particle volume fraction, ¢,, is the maximum particle packing volume fraction, [n] is the
intrinsic viscosity of the suspension, and 1/Mmeaqium 1S the relative viscosity of the suspension. It
should be remembered that Einstein’s equation is considered as a starting point in suspension

rheology (Pabst, 2003).

Particle aggregation may occur in a high solids content suspension, which has an impact on the
rheology of the suspension. Particle aggregates encompass part of the suspending medium, which
in return increases the apparent particle content thus increasing its apparent viscosity (Graham et
al., 1984) (Tsutsumi et al., 1994). While the viscosity of the suspension increases even with low
particle fractions, particle interactions are assumed to be negligible, meaning that the viscosity of
the suspension is controlled by the flow medium (Newtonian because of water in this case).
Particles in dilute suspensions move randomly, and their behavior does not change when the shear
rate increases. At higher particle concentrations, this random movement will cease due to the
closeness of the particles, which start to pack, aggregate, and form networks. This results in a higher

viscosity and a higher particle content. (Zaman et al., 1996)

A higher solids content increases particle collision, which in turn increase the friction and the
resulting shear force required to maintain the flow (higher suspension viscosity). Particle
interactions result in a higher viscosity at a lower shear rate. On the other hand, increasing the shear
rate breaks up aggregates, reducing the apparent particle content and thus lowering the viscosity,
i.e., shear-thinning behavior. Shamlou (1993) stated that ¢,,, is a function of the shear rate. At a
lower y there is a random three-dimensional particle distribution, where ¢,, = 0.632 for
monodispersed spherical particles. Increasing y increases ¢,, to 0.708, resulting in shear-thinning
behavior (see Equation 4.15). This can be explained by a change in the flow around particles from
random to ordered. This has been validated by simulations and scattering experiments, with layers

of particles forming as the shear rate increases (Krieger and Dougherty, 1959).
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As mentioned in Chen (2006), particle size and distribution have their share of impact on
suspension viscosity due to their influence on collisions and packing. At any given solids volume
content, the presence of smaller particles results in a higher suspension viscosity because of the
shorter distance between the particles, which increases the strength of the interactions compared
with larger particles. It has also been reported that the shear-thinning phenomenon is more present
with smaller particles (Van der Werff and De Kruif, 1989) (Zaman et al., 1996) (Zaman and
Moudgil, 1998) (Lee et al., 1999) (Olhero and Ferreira, 2004). Indeed, finer particle suspensions
are more viscous at lower shear rates due to higher interparticle attraction, which increases the
resistance to flow. This is in contradiction with our results, which show that larger particles lead to
higher viscosities (Fig. 4-9). (Mewis and Wagner, 2012). This is where the notion of particle size
distribution becomes important. Indeed, it has been observed that suspensions of polydispersed
particles are less viscous than suspensions of monodispersed particles due to the higher packing
rate (¢,,) of polydispersed suspensions, which results in a higher flow capacity of particles with
identical volume loading. Smaller particles can fill the interstices between larger particles (Chong
etal., 1968) (Chong et al., 1971) (Olhero and Ferreira, 2004) (Mewis, 1996) (Zaman and Moudgil,
1998).

The particle sizes (based on the Sauter mean diameter) used in the present study are presented in
Table 4-2. The polydispersity of the 3 um particles was higher than that of the 65 um particles
(Table 4-6). As mentioned previously, increasing polydispersity increases ¢,, due to the finer
particles moving between the larger particles. This increase in maximum packing reduces the

relative viscosity of the suspension.

Table 4-6 — Polydispersity of the solids used in this study and for Figure 4-9

D3> Dio Dsp Dso Span

m d90_d10

dSO

31 3 9 272
6535 65 95  0.92
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This result (Fig. 4-9) can explain the larger droplets observed when the coverage potential increases
with 65 um glass beads. Indeed, a higher suspension viscosity results in a decrease in the effect of
turbulent energy on the interface generation process, leading to an increase in droplet size. Some
studies, including the one by Stamatoudis and Tavlarides (1985), showed that smaller droplets can
be produced by increasing the viscosity of the continuous phase. However, this does not explain
the results of the present study. In fact, Figure 4-10(b) shows that there was a decrease in droplet
size when the viscosity of the continuous phase was increased. There is, however, one key point,
i.e., the studies mentioned above used a Newtonian continuous phase. The viscosity of a Newtonian
fluid remains constant regardless of the shear rate whereas the viscosity of a non-Newtonian fluid,
such as the suspensions investigated in the present study, changes throughout the agitated vessel.
Indeed, as the results in Figure 4-9 show, once the solid-liquid mixture (for a large particle load) is
in the high shear zone near the impeller, its effective viscosity will decrease until it reaches a
medium viscosity. Based on the literature, large droplets are generated in the impeller zone because
of the low viscosity in this zone. The droplets then follow the streamline to a zone far from the
impeller where the viscosity is higher due to the lower shear rate. According to Tsabet and Fradette
(2015), the higher viscosity of the continuous phase reduces stabilization efficiency by increasing

the drainage time during the particle-to-droplet approach.

1.0E+00
A Deionized Water
— @ =3 pum and 0.03 m?
(@]
1.0E-01 O

— B —=65pum and 0.03 m?

Viscosity (Pa.s)

10 100 1000

Shear rate (s?)

Figure 4-9 — Viscosity of solid suspensions using deionized water as the dispersing medium
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Nonetheless, the increase in droplet size was observed with the largest particle size, indicating that
the decrease in the capacity of the system to generate an interface is not just associated with friction
between suspended particles that results in an increase in the viscosity of the continuous phase.
Indeed, much work has been devoted to studying the impact of suspended particles on turbulence,

as discussed above.

4.3.5 The impact of the presence of particles on turbulence
The interaction between particles and turbulence is usually characterized by the Stokes number

(St), which is the particle to fluid response time ratio (Equation 4.16).

nppdpND
o

St = (4.16),

where g is the viscosity of the continuous liquid phase (in Pa.s), p, is the particle density (in
kg/m?®), d, is the particle diameter (in m), N is the impeller rotational speed (in s™), and D is the
impeller diameter (in m). Table 4-7 gives the calculated Stokes numbers under the conditions

considered.

Table 4-7 — Calculated Stokes numbers under the conditions considered

Particle Dsp(um) 3 35 65
Stokes number |1 13 25

Depending on the value of the Stokes number, two regimes can be defined. The first regime occurs
when the particle response time is larger than the fluid response time. In this case, the particle no
longer follows the streamlines. On the other hand, a particle with a smaller response time will
adhere tightly to the fluid streamlines. Whether or not a particle follows the streamlines can be
related to the Kolmogorov scale (1), which represents the smallest eddies generated in the agitated

vessel (Equation 4.17). Shaw (1991) proposed that when n > d,,, the particle will tend to follow

the flow of the medium, which is related to Stokes’ second regime.

NL
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According to the Stokes numbers calculated above, the 3 um glass bead suspension behaved as a
viscous flow, i.e., the 3 pm particles tended to follow the fluid streamline. The particle response
time was shorter than that of the fluid response time. On the other hand, the 35 um and 65 pm glass
bead suspensions were either in the transitional or the inertial regime, suggesting that these particles
tended to move across the streamlines and not along the fluid streamlines. Furthermore, the smallest
eddy size calculated based on the system conditions we used was 50 pm in size, which clearly
demarcated the 3 um particles from the 35 pum and 65 pum particles. It should be noted that even if
the dz2 of the 35 pum particles was lower than the Kolmogorov scale, we used polydispersed
particles, which included particles above 50 pum. Moreover, the size is considered more relevant
than the absolute value itself. The calculations given in Table 4-7 show that there is a demarcation,
with the 3 um particles on one side of the Stokes regime values and the 35 um and 65 um particles

on the other.

The positive and negative impacts of particles on turbulence have been investigated in depth by
others. However, there is no consensus as to whether particles impact turbulence positively or
negatively based on flow regimes and eddy size. In the present study, an increase in the particle
concentration of either the 35 um or the 65 um particles generated larger droplets, which could be
interpreted as a decrease in the overall emulsification efficiency of turbulence. Indeed, an efficient
emulsification process will tend to generate the smallest and most uniform (monodispersed) droplet

size possible.

When the 3 um glass beads were suspended in the aqueous phase, and based on the analysis of the
Stokes regime given above, the particles followed the streamline, minimizing energy loss from the
system. These conditions did not increase the energy dissipation rate or decrease the turbulent
kinetic energy of the system, but they did free up energy for surface generation during the addition
of the oil phase. The opposite was true for the 35 um and 65 pum glass beads, which behaved
“negatively,” that is, they crossed over the streamlines, which reduced the turbulent kinetic energy

available for droplet generation and resulted in a larger droplet size.

The impact of the Stokes regime on the various emulsification systems can be validated by varying
the solid and/or fluid response time by modifying the particle density and/or fluid viscosity. For
the 35 pm particles, the fluid viscosity had to be increased to 9 mPa.s to reach a Stokes number

equal to 1. For the 65 um particles, the fluid viscosity had to be increased to 17 mPa.s to reach a
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Stokes number equal to 1. The fluid viscosity was increased using a range of diluted glucose
solutions.
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Figure 4-10 — Effect of adjusting the Stokes regime by controlling the viscosity of the continuous
phase using (a) deionized water (1 mPa.s) and (b) two glucose solutions (9 and 17 mPa.s to give

Stokes values of 13 and 25, respectively) as the continuous phase

The response time of particles can also be adjusted by modifying particle density. The 35 um glass
beads used so far had a density of 2520 kg/m?, which resulted in a Stokes number that was related

to the inertial flow regime. To decrease the particle response time until the viscous flow regime is
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reached (the same regime as for the 3 um particles), 35 um hollow glass beads with a density of
220 kg/m® were used. The emulsification results using these low-density particles are shown in
Figure 4-11. Decreasing the Stokes number to the viscous flow regime while keeping the particle
size constant resulted in a droplet size similar to that reported in the literature. Consequently, if
more particles are used, the droplets generated by the emulsification conditions are smaller, which
iIs in line with the expected behavior. Once again, this indicates that the Stokes number is the most
important parameter for monitoring particle behavior in emulsions. A lower particle density
decreases the amount of energy required by the solid suspension process and, consequently,
increases the fraction of available energy required to generate a liquid-liquid interface. This
increase in available energy was also seen with smaller droplets. It is important to remember that
the inertia of a moving particle is a function of its weight, i.e., its density. If this is expressed in
terms of just-suspended speed (Equation 4.1), lower density particles will suspend more easily than

higher density particles.

600

&Stk=1
@ Stk =13 to 1 (5%v/v)
B Stk = 13 to 1 (30%v/v)
400 *
€ T
2
b @ ;
0 200
@
o \\\\\
0 0.1 0.2 0.3 0.4

Coverage potential (m?3)

Figure 4-11 — Effect of adjusting the Stokes regime by varying the particle density using 35 pum
hollow glass beads with diluted (5% v/v) and concentrated (35% v/v) emulsions using a PBT and

200 cSt oil as the dispersed phase

As mentioned above, the 3 um glass bead suspensions exhibited Newtonian behavior, with a
viscosity of the same order of magnitude as water at both high and low particle concentrations.
However, the 65 um glass bead suspensions exhibited non-Newtonian shear-thinning behavior and,

as such, higher particle concentrations produced smore viscous suspensions. In terms of energy, a
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higher viscosity decreases the Reynolds number, i.e., the turbulence in the mixing tank. A higher
viscosity also consumes a larger amount of the power input from the motor, leaving less energy to
generate an interface. During stabilization, a more viscous continuous phase will reduce
coalescence and smaller droplets will be stabilized. In the present case, energy is consumed by the
system to suspend the particles, leaving less energy to generate an interface. This only occurs when
the particles in the system are in the inertial regime, i.e., when the particle response time is larger

than that of the fluid response time.

The increase in the viscosity of the continuous phase also has an impact on the stabilization process.
For instance, the drainage time between a particle and a droplet increases with viscosity, resulting
in lower collision efficiency, as reported by Tsabet and Fradette (2015). The reduction in collision
efficiency reduces the stabilized interface, resulting in the production of larger droplets. In addition,
the lower energy dissipation rate following solid suspension results in a lower collision frequency

between particles and droplets, which reduces the stabilized interface.

4.4 Conclusions

Our objective was to investigate the counterintuitive relationship between droplet size and coverage
potential. Emulsions were produced in 5-L agitated vessels with either a PBT or an RT. We show
for the first time that droplet size increases in tandem with an increase in the coverage potential (or
particle fraction). This counterintuitive behavior only occurred when 35 pum and 65 pum glass beads
were used. The 3 um glass beads gave the same results as those reported in the literature. The
smallest particles moved in viscous flows at lower orders of magnitude than the Kolmogorov scale
according to their calculated Stokes number. The Stokes number calculated for the 35 um and 65
pum particles placed these particles in a transitional/inertial regime. They thus moved in flows of
the same order of magnitude as the Kolmogorov scale. Our results and analyses indicated that
larger particles interact negatively with the main flow, i.e., they decrease the amount of energy
available for droplet generation and, as a result, they reduce emulsification efficiency. Our analyses
also provide a partial explanation for the inconsistencies reported in the literature on the impact of

particles on turbulence. The Stokes number can be used to predict the behavior of a given system.
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Abstract

Scale-up effects on the production of solid-stabilized emulsions were investigated. Given the
geometrical similarities of the three scales used (0.25, 5, and 35 L), emulsions were prepared using
off-centered pitched blade and Rushton turbines in unbaffled tanks. Standard criteria for surfactant-
stabilized emulsions (constant energy dissipation rate, Weber number, Reynolds number, impeller
tip speed, and circulation time) were applied to concentrated and diluted emulsions. Silicone oil
(50 cSt) was used as the dispersed phase in water, and glass microspheres (ds2 ~ 3 um) were used
as a stabilizer. Emulsions were characterized by droplet size measurements using a Malvern
Mastersizer 3000. The Sauter mean diameter (dsz) as well as dvio and dveo Were used to compare
emulsions. A decolorization technique was used to evaluate mixing times. None of the parameters
investigated was suitable for use as a scale-up criterion for the production of Pickering emulsions.
The use of the Weber number, Reynolds number, and tip speed as scale-up criteria resulted in
higher diameters with the largest scale while the opposite tendency was observed with circulation
time and energy dissipation. The best scale-up was obtained with the energy dissipation rate and
tip speed, suggesting that the suitable scale-up exponent would be between 2/3 (scale-up exponent

with the energy dissipation rate) and 1 (scale-up exponent with the tip speed).

Key words: Pickering emulsions, scale-up, suspension, emulsification process, and stirred tanks.
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5.1 Introduction and theoretical basis

Emulsification processes are used in a wide range of applications, including the production of
foods, cosmetics, pharmaceutics, and chemicals (Chappat, 1994). In general, emulsions are
stabilized by decreasing the interfacial tension using amphiphilic molecules called surfactants.
However, solid particles have attracted growing interest as stabilizing agents in recent years. They
have proved to be quite useful in generating emulsions that are more stable and have a longer shelf-
life than their surfactant-stabilized counterparts. The stabilization of emulsions using particles is
becoming increasingly popular, especially for cosmetics and pharmaceutics, in which surfactants
are a major cause of skin irritation and can be toxic. (Chevalier et al., 2013) (Wu et al., 2016) The
biomedical industry is also interested in these emulsions because of their higher stability at freezing
temperatures. They have also been used to prepare porous and composite materials. In addition,
various industries, as well as consumers, are increasingly looking for “greener” alternatives with a
view to sustainable development. Pickering emulsions can be considered “greener” than their
surfactant counterparts because the solid particles can be recycled. Centrifugation and magnetic
fields can be used to break up properly designed Pickering emulsions. This powerful and unique

feature makes it possible to recover and reuse the particles.

The ability of solid particles to act as stabilizers in emulsions was first reported by W. Ramsden
and S.U. Pickering (Ramsden, 1903) (Pickering, 1907). These two pioneers showed that it is
possible to produce emulsions that are more stable than surfactant-stabilized emulsions for longer
periods and in harsher conditions. However, these types of emulsions attracted no significant
interest until the 1980s when studies on solid-stabilized emulsions (SSEs) explored the effects of
different components on emulsion stability, type, size, and rheology. Several studies have shown
that the high stability of SSEs is mainly due to the formation of steric particle networks around the
droplets (Yan et al., 1994) (Binks B. , 2007) (Horozov et al., 2005) (Arditty et al., 2003), which is
facilitated by the elevated energy of attachment of the particles to the interface. Studies on emulsion
stability have also shown that particles of intermediate hydrophobicity (with a contact angle of
~90° between the particle and the liquid phases) generate the most stable emulsions (Binks et al.,
2000) (Aveyard et al., 2003) (Binks et al., 2005). Research on particle size (Tarimala et al., 2004)
and concentration (Arditty et al., 2003) has revealed that droplet size decreases when particle size

is decreased or when particle concentration is increased. Studies on oil viscosity have shown that
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emulsion stability is enhanced with higher viscosity oils (Golemanov et al., 2006) (Fournier et al.,
2009). Emulsion type has also been studied by investigating the effect of particle wettability (Yan
etal., 2001) (Binks et al., 2000) (Binks et al., 2005) (Aveyard et al., 2003), oil polarity (Golemanov
et al., 2006) (Frelichowska et al., 2009), and the pH of the aqueous phase (Yan et al., 1996) (Binks
et al., 2006). Emulsion type is controlled by particle affinity with oil and water, such that
hydrophilic particles stabilize oil-in-water droplets and hydrophobic particle stabilize water-in-oil
droplets. Particle wettability is also affected by the pH of the aqueous phase, which in return
dictates emulsion type. The effects of particle size (Binks et al., 2001) (Tarimala et al., 2004) and
particle concentration (Arditty et al., 2003) on the size distribution of emulsions have also been
studied. Rheology studies have shown that SSEs follow the Herschel-Bulkley model (Midmore,
1998) (Torres et al., 2007) (Braisch et al., 2009).

While the effect of the formulation on SSE properties has been investigated in depth, emulsion
processing has received much less attention. Tsabet et al. (2015a) did, however investigate the
effect of oil viscosity, impeller speed, and particle coverage potential on emulsion properties. They
proposed a modelling procedure to predict droplet size from process conditions (Tsabet et al.,
2015b). They first determined and compared the interface generation potential and the particle
coverage potential to deduce a theoretical covered interface, and then determined the stabilization
efficiencies in order to deduce the effectively covered interface and mean droplet size. This semi-
empirical approach was validated experimentally in a mixing tank using a wide range of oil
viscosities (20 — 5000 cSt). The capacity of the system to generate an interface was quantified using
Weber numbers (100-600) and coverage potentials (5-20 m?). However, one question remains.
Given our current state of knowledge of solid-stabilized emulsions and process design, is this

enough to start the mass production of emulsions using solid particles?

Like most mixing processes involving several mechanisms, defining a scale-up rule for solid-
stabilized emulsions is not a straightforward task and, to date, not much work has been devoted to
this aspect. Different criteria have been defined for conventional emulsions, depending on the
system properties. Table 5-1 presents a review of studies on conventional emulsion scale-ups and

their conclusions.
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Table 5-1 — Review of scale-up rules for conventional emulsions

Formulation &

Emulsification Geometrical Characterization
Reference Physical Scale-up factor ~ Recommended rule
system parameters method
properties
_ Numerical analysis
= Bl _ Y Constant P/V and
_ i _ based on solving the ) )
, Stirred tanks with ~ T1=0.15m  , /n- =13 & _ average circulation
Podgdrska population balance TilTy = ) )
6-blades Rushton T/D = pp/pc = 1.03 ) ) time without
et al., 2001 ) equation to obtain ~ 3.33//6.66//16.66 )
turbine 1.49//2.11//3 ) geometrical
o droplet size N
similari
= 0.034 N/m distribution Y
dq = 0.15 Numerical analysis
) ) Constant P/V and
Baffled stirred _ based on solving the ) )
, _ _ Wp/Mc=1& _ average circulation
Podgérska, | tankswitha6- ~ T1=0.15m population balance _ _
Up/puc = 500 _ _ T2/T1=6.66 time without
2005 blades Rushton T/D=3 equation to obtain ]
) op/pc = 1 ) geometrical
turbine b7FC droplet size o
similarity

0 =0.04N/m distribution
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Table 5-1 — Studies on the scaling of conventional emulsions (continued)

Formulation &

Emulsification Geometrical Characterization Recommended
Reference Physical Scale-up factor
system parameters method rule
properties
Highly Emulsion stability:
concentrated Back scattering
W/O emulsions . -
light analysis No dimensionless
Oil: decane, (Turbisoft variables
_ dodecane, MAZ2000) Vi =100 commonly used in
Capdevila et hexad
o 2010 | Stirred tanks with Vtank1 = 100 mL exadecane Droplet size mL scale-up studies,
a helix mixer D;=11mm % Water=91- distribution: Optical  \/,,n0/Viankt = such as the
95 wt% microscopy (Zeiss 6.85 Reynolds number,
Stabilizer: Span Axiovert 100 A) was suitable for
80 Emulsion rheology: this system
S:0 (WtAwt) = HAAKE RS150
15:85 - 29:71 rheometer




Table 5-1 — Studies on the scaling of conventional emulsions (continued)

Formulation &
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Emulsification Geometrical Characterization Scale-up
Reference Physical Recommended rule
system parameters method factor
properties
O/W emulsions
(1.5 wt%)
Paddle Continuous
impellers: D1 = phase: Water
Flat metallic ith Viscosi
60//90 mm with viscosity
membranes in modifier
Marine ;
(Sudrez et al., baffled & (CMCNa) Droplet size _
propeller: Dy = o Constant impeller
2013) unbaffled tanks i distribution: Laser ) )
S 60 mm Dispersed e _ TilT1 = tip speed with
with different diffraction technique )
_ phase: Food- 1.5//2.25 geometrical
impellers (2 D/IT=0.33 & (Malvern o
_ grade extra _ similarity
Paddle impellers D/IT=05 o Mastersizer S)
virgin olive oil
& 1 marine -
HIT=1 (up =51 mPa:s,
propeller)

Dimpeller—membrane

=5mm

pp = 886 kg/m®)

Stabilizer:
Tween 20® (2
wit%)
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Table 5-1 — Studies on the scaling of conventional emulsions (continued)

Formulation &

Emulsification Geometrical Characterization Scale-up
Reference Physical Recommended rule
system parameters method factor
properties
Highly
concentrated
Glass jacketed W/O emulsions Low surfactant
vessels Agitated T = 50 Continuous concentration:
1= mm i
(May-Masnou | With a three-level phase: Dodecane Droplet size N2 = N1 (D1/D2)%®
A i DIT=09& distribution: Optical ~ Ti/T1 =2
etal,2013) | P-4 pitched blade Dispersed phase: . . High surfactant
H/T=08 microscopy (Optika)

impeller

Milli-Q water
(ba = 0.9)

Stabilizer: Span
80® (HLB = 4.3)

concentration:

N2 = N1 (Dl/Dz)O
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Emulsification Geometrical Characterization Scale-up
Reference Physical Recommended rule
system parameters method factor
properties
Highly Emulsion stability:
concentrated  Back scattering light
WI/O emulsions  analysis (Turbisoft
Glass jacketed Continuous MA2000)
(May-Masnou | yjessels Agitated T1= 50 mm _ _ Constant P/V with
_ phase: Dodecane Droplet size TilT1= _
etal, 2014) | with a three-level D/IT=09 & o . geometrical
_ Dispersed phase:  distribution: Optical 2114 o
spersed phase
P-4 pitched blade H/T = 0.8 similarity

impeller

Milli-Q water
(ba = 0.9)

Stabilizer: Span
80® (HLB = 4.3)

microscopy (Optika)

Emulsion rheology:
HAAKE Mars Il

rheometer
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The six studies presented in Table 5-1 are useful because they propose potential scale-up criteria
that can be tested on solid-stabilized emulsions. Over the years, an enormous amount of research
has been done in an attempt to establish a scaling method for surfactant-stabilized emulsions and
dispersions. However, there is no unique method, and scaling methods are more or less system
dependent (Table 5-1) and depend on parameters such as the dispersed-to-continuous phase
viscosity ratio, the surfactant concentration, and the mixing configuration. Moreover, a
methodology for scaling Pickering emulsions is lacking, especially a proper methodology for
generating solid-stabilized emulsions. Nonetheless, we collected the scaling methods (Table 5-1)
used for conventional surfactant-based emulsions and dispersions in order to investigate their
potential applicability to Pickering emulsions. These methods were used as a starting point for

understanding SSE scaling. The purpose of the present work was to answer the following questions:

(i) Is it possible to use one of the conventional dispersion and surfactant-based emulsion
scale-up criteria on SSEs?
(i) If not, is it possible to find a clue or gather insights from these criteria for future

investigation on SSE scaling?

5.2 Materials and methods

The general experimental methodology can be divided into three main steps. The first step was to
prepare the emulsification setups (scales from 0.25 to 35 L) using an off-centered pitched-blade or
a Rushton turbine. Impeller rotation speeds were set to match the required scaling criteria. The
impeller speeds chosen as a function of scale for each criterion are presented in section 5.2.1. The
second step was to prepare the emulsion itself. The particles were first suspended in the continuous
phase, and the dispersed phase was then added to the suspension. In the third step, the droplet size
and distribution of the emulsions were characterized using a laser diffraction method. The relevant
parameter for successful scaling was the variation in the diameters (d;, where i is 10, 50, 90, or 32)
between two scales. If using one criterion led to Ad; = 0 (for all i), then scaling was considered
successful. The same procedure was repeated for all the criteria (Table 5-2). The steps are detailed

in the following sections.
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5.2.1 Equation development

Based on a literature review, five criteria were selected, and their usefulness as a scale-up rule for
Pickering emulsions was investigated. The first parameter investigated was the Reynolds number
(equation 5.1), which is the ratio of inertial forces to viscous forces:

ND2
Re =227 5.1y
e
my,+m
pe = Mt (5.2)
Pw  Pp

e =y |1+ 2564 (SE0E)] (5.3),

where p, is the apparent density (in kg/m?) of the continuous phase (equation 5.2), p,, is the density
(in kg/m?®) of water, p, is the density (in kg/m®) of the oil, N is the rotational speed of the impeller
(in s1), D is the diameter of the impeller (in m), u, is the viscosity (in Pa.s) of the emulsion
calculated using Taylor’s equation (equation 5.3) (Taylor, 1932), u,, is the viscosity (in Pa.s) of
water, u, is the viscosity (in Pa.s) of the oil, and m,, and m, are the weights (in kg) of the water
and the particles, respectively, in the system. Assuming a constant formulation of the emulsion,
keeping the Reynolds number constant between two geometrically similar scales resulted in
equation 5.4, from which the impeller speed at the larger scale (2) can be obtained from a similar
system at the smaller scale (1):
W=+ (2 s
D,

Due to the presence of highly concentrated emulsions in the present work (up to 30% v/v), it may
have seemed appropriate to use the equation proposed by Phan-Thien et al. (1997) to determine the
viscosity of the emulsion. However, this equation does not provide satisfying results with dispersed

phase volume fractions below 40%, which is why we used Taylor’s equation.

The second parameter investigated was the Weber number (equation 5.5), which is the ratio of

inertia forces to surface tension, expressed as

PCN2D3 _ pc(ND)Z

We = g B (G/D)

(5.5),
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where o is the surface tension (in N/m). The Weber number plays an important role in
emulsification because it scales the ability of a given system to create droplets by inertia ((ND)?)
versus the capacity of the droplets to resist deformation by Laplace pressure (c/D). Considering
constant physical properties (density and interfacial tension), keeping the Weber number constant
between two geometrically similar scales resulted in the following equation for impeller speed at

each scale:

3
1

N, =N Diy 5.6
2 = Ng * (D_2> (5.6)
The third parameter investigated was the speed of the impeller tip. Keeping this parameter constant

resulted in the following equation:
D,
D,

The fourth parameter investigated was the power per unit of volume & (W/m?) obtained from
equation 5.8. The effect of keeping the specific power constant with respect to the rotational speed
is given by equation 5.9.

_ P _ NppN?D®

€Ty %

(5.8)

2
Pl
N, = N, * (D—:)3 (5.9),
where V is the volume of the emulsion (in m®) and N, is the Power number.

The fifth parameter investigated was circulation time, which has been used to scale up rapidly
coalescing systems in stirred vessels. It can be calculated using equation 5.10 (Paul et al., 2003):

_ Viank
t, = Ny D3N (5.10),

where tcirc is the mean circulation time, Nq is the flow number (0.79 for a pitched blade turbine and
0.72 for a Rushton turbine under turbulent conditions) (Paul et al., 2003), N is the impeller speed,
D is the impeller diameter, and Viank is the tank volume. Considering geometrical similarity, an

equal circulation time results in an equal impeller rotational speed.
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Table 5-2 summarizes the parameters investigated and their effects on the rotational speed for
geometrically similar scales. For each parameter, the relation for calculating the impeller speed at
the second scale is presented. Table 3 presents the impact of a constant criterion on the evolution
of the other parameters when transitioning from scale 1 to scale 2. In other words, when keeping
one parameter constant through all scales, it will force the other parameters to increase or decrease
when scaling. Maintaining a constant circulation time (t.) between the 0.25 and 5-L scales, for
example, will result in a higher power per unit of volume at the 5-L scale. This is due to the larger
power input needed to maintain the same 0.25-L circulation time at a larger scale. Indeed, equation

10 states that when the tank volume is increased (Viank), Ny - D3 - N should be increased to keep ¢,

constant between the 0.25 and 5-L scales. Table 5-3 is insightful when it comes to explaining the
behavior of the resulting droplet size (see section 5.3) while scaling with different criteria. If the
correlations for predicting droplet size in a liquid dispersion or a solid-stabilized emulsion process
are examined as described in Tsabet and Fradette (2015), the parameters presented in Table 5-3
would be of utmost importance when it comes to understanding the phenomena taking place in an

agitated vessel.

These criteria were all tested using conventional emulsions. Some, such as the P/V criterion,
allowed for the scale-up of these emulsions. However, Pickering emulsions differ from
conventional emulsions by the presence of solid particles in the formulation. Indeed, complete or
at least satisfying particle suspensions are required to maximize particle-droplet contact and
stabilize Pickering emulsions. Some of these criteria are thus also used to scale up solid-liquid
systems. Jafari et al. (2012) published a review of scale-up rules used for solid-liquid dispersions
in agitated vessels. A large number of the articles they cite propose the use of power-law exponents
ranging from 0.8 to 1. A reasonable scale-up rule for Pickering emulsions would be an amalgam

of the procedures used for solid-liquid and conventional liquid-liquid dispersions.



Table 5-2 — Scale-up criteria investigated

Criteria Constant N> = fct (Nz)

D2
Reynolds number | ND?* N, = N, * (D_1>

2

N W

Weber number | N?D® N « (gl>
2

Mixing time N6, N, = N;

D
Impeller tip speed ND N, = N, * (D_1>
2

wIN

Specific power N3D? N, = N * (%)
2

Table 5-3 — Effect of a constant criterion on parameter evolution

Criterion Teo/Tea €2/€1 va/vi Wesy/We: Res/Re:

Tc = constant 1 >1 >1 >1 >1
€ = constant >1 1 >1 >1 >1
v = constant >1 <1 1 >1 >1
We = constant | >1 <1 <1 1 >1
Re = constant | >1 <1 <1 <1 1
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5.2.2 Materials

Soda lime glass microspheres (Cospheric LLC, USA) with a density = 2500 kg/m?, a ds2 = 3.23
um, a dio = 1.36 pm, a dsp=6.19 um, a deo = 14.12 um, and a contact angle (8,,,) = 94° £ 4° were
used as stabilizers. The contact angle was determined using the method developed by Fournier et
al. (2009), which is described in section 5.2.3.4.4 (Tsabet et al., 2016). Fifty centistoke (cSt) pure
silicone oil (Clearco Inc., USA) with a density of 960 kg/m? was used as the dispersed phase, and

deionized water was used as the continuous phase.
5.2.3 Experimental methods

5.2.3.1 Emulsification setup

Emulsions were produced using unbaffled tanks and off-centered impellers (Fig. 5-1). This
configuration prevents the formation of a vortex and has the same mixing performance as a baffled
tank with a centered impeller (Nishikawa et al., 1979) (Novak et al., 1982) (King et al., 1985)
(Karez et al., 2004) (Karez et al., 2005) (Montante et al., 2006).

S
O

(@) (b)
Figure 5-1 — Emulsification system with (a) a PBT and (b) an RT [taken from Tsabet (2014)]

Three sizes of tanks (0.25, 5, and 35 L) were used to perform the scale-up experiments with a 4-
blade pitched-blade turbine (PBT) and a 6-blade Rushton turbine (RT) (USI-MAX, Canada). The
characteristic dimensions of each scale are given in Table 5-4 while the geometrical similarities

that were kept constant for each scale are given in Table 5-5.
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Table 5-4 — Geometrical parameters of the components for each scale

Geometrical parameters Scale 1: 0.25 L (incm) Scale 2: 5L (incm) Scale 3: 35 L (in cm)

Tank diameter (T) 6.50 16.30 35.50
Impeller diameter (D) 2.17 543 11.83
Length of one blade (L) 0.54 1.36 2.96
Height of one blade (W) 0.43 1.09 2.37

Table 5-5 — Geometrical similarities between each scale

Geometrical /P Hi/T D/L D/W T/R T/C

similarities

where D is the diameter of the impeller, T is the diameter of the tank, Hiiq is the height of the liquid
in the tank, L is the length of the impeller blade, W is the width of the impeller blade, R is the off-
centering distance, and C is the clearance of the impeller.

5.2.3.2 Formulation

Oil-in-water emulsions (o/w) were prepared for each experiment. Two dispersed phase fractions
were considered (diluted at ¢g = 5% v/v and concentrated at ¢4 = 30% V/v). The quantities of each
phase used at each scale for the two concentrations (¢) are given in Table 5-6.

__"p
Vp+Vc¢

ba (5.11),

where Vp is the volume of the dispersed phase and V¢ is the volume of the continuous phase, both

in mS.
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Table 5-6 — Composition of each formulation used for each scale

Scale 1: 0.25 L Scale2: 5L Scale 3: 35 L

Phase (ing) (in g) (in g)

30% 5% 30% 5% 30% 5%
Continuous phase | 151.2 205.2 2380.7 3231 24596.6 33381
Dispersed phase | 62.2 104 979.5 163.2 10119.7 1686.6

Stabilizer 5.3 0.9 83.3 139 8608 1435

5.2.3.3 Emulsion preparation

The preparation of an o/w emulsion began by pouring deionized water into the tank. The impeller
was turned on and was set at the selected rotational speed. The solid particles were then added and
were mixed for 10 min to disperse the particles in the water and break up aggregates, if any. The
oil was then gently added to the water/particle mixture, and mixing was continued for a further 24
h. Figure 5-2 illustrates the basic steps for preparing a solid-stabilized emulsion and for sampling

the emulsion at the end of the process.

Solidiwater dispersion Adding oil Taking samples

Figure 5-2 — Steps to prepare a solid-stabilized emulsion [taken from Tsabet and Fradette (2015)]
5.2.3.4 Emulsion characterization

5.2.3.4.1 Emulsion type

The emulsion type was determined by conductivity measurements using an OAKTON conductivity

meter (CON 110 Series).



7

5.2.3.4.2 Emulsion size distribution

The droplet size distribution was obtained using a Malvern Mastersizer 3000. Emulsions were
characterized using the Sauter mean diameter (dsz), dio, and deo. Plastic pipettes were used for
sampling. The narrow tip was cut off to prevent high shear at the tip that could break larger droplets
and result in an unrepresentative sample of the emulsion. The pipette was dipped halfway into the
tank, and three samples were taken, with a 10-s delay between samples, which was higher than the
circulation time (see section 5.3.1) and which ensured a representative sampling of the whole tank.
Low-density polyethylene plastic pipettes were used rather than glass pipettes because of their

inherently hydrophobic nature, which prevents droplets from sticking to the wall of the pipette.

5.2.3.4.3 Mixing and circulation time measurements

The decolorization technique of Cabaret et al. was used to measure mixing and circulation times
(Cabaret et al., 2007). The pH indicator, an aqueous solution of 0.08% (w/w) of bromocresol
purple, was poured into the tank and was mixed into the previously prepared emulsion. The pH
was controlled using a predetermined quantity of acid (1 M HCI) or base (1 M NaOH). Mixing
times were obtained by recording the change in color from purple to yellow, i.e., when the pH
changed from 6.8 to 5.2 (Fig. 5-3). The change in color was recorded using a Sony Digital
Handycam (DCR-PC101). The video was analyzed using customized software to obtain the
decolorization curve and determine the mixing time. The circulation time is 20% of the mixing
time (Paul et al., 2003).

pH > 6.8 pH < 5.2

T

Color evolution

Figure 5-3 — Change in color using the decolorization method [taken from Tsabet and Fradette
(2015)]
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5.2.3.4.4 Contact angle measurement

As mentioned previously, the properties of solid-stabilized emulsions are very sensitive to particle
wettability, which affects both emulsion type and stability by modulating the particle attachment
process and interactions at the interface. Because they are based on contact angle measurements
on flat surfaces, most of the experimental techniques used to quantify this key parameter are
unsuitable for solid particles because of the effect of porosity on reproducibility. Capillary rise
methods have been proposed as an alternative, but they also have limitations due to particle packing
inside the capillary tube. In order to include the effect of particle structure on the capillary rise
process, Fournier et al. (2009) proposed that the Blake-Kozeny equation (Equation 5.12), which
describes the flow through packed spheres in a cylindrical tube, be used:

h_ gDk fers
¢ =PI S0 (a1

where h is the height of the liquid front (in m) at time ¢ (in s), p is the density of the particles
(kg/m®), Dso is the mean diameter of the particles (in m), g is equal to 9.81 m/s?, 1 is the viscosity
of the liquid (in Pa.s), and &, is the effective porosity of the bed. By measuring h at a given

number of times t, it is possible to deduce the effective porosity of the bed.

The effective radius given by

A€ ff RC
= (513),
where R, is the radius of the capillary tube (in m) and K = 25/6 is the tortuosity factor as
determined by Bird et al. (1960). Knowing the immersion depth of the capillary tube in the liquid
L (in m) and the liquid surface tension y; (in N/m), the contact angle 6 (in rad) is obtained from

the Washburn equation (Equation 5.14) describing the capillary rise kinetics (Siebold et al., 1997):

Ty CO

) _ s@
h“ 4+ 2hL = —277 t (5.14)

Once the particle contact angle has been obtained for both phases, the particle contact angle at the

water-oil interface can be deduced using the equation of Zhou et al. (2011):

oS By, = L cos O, — ::“” cos B,, (5.15),

Yow ow
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where 6,,, is the contact angle at an oil-water interface (in °), 6,,, is the contact angle at an air-
water interface (in ©), 6,, is the contact angle at an air-oil interface (in °), y,,, is the surface tension
of water (in N/m), y,, is the surface tension of the oil (in N/m), and y,,, is the interfacial tension

between the oil and water (in N/m).

In the present work, the experimental setup was first validated by reproducing the conditions of
Fournier et al. (2009). Pyrex capillaries (dcap = 0.8-1.1 mm) (Corning Inc., NY, USA) were filled
with Atomet 95 iron powder (dso = 34 um and p = 2.25 g/cm?®) (QMP, Montreal, Canada). To
prevent the bed of particles falling from the capillaries, a 4-mm-long column of glass wool was
inserted into the capillaries before the iron powder was added. After dipping the capillaries in the
liquid, capillary rise was filmed using a Sony Digital Handycam (DCR-PC101). The video was
analyzed using customized software to obtain the height of the liquid front “h” using a ruler and

the rising time “t” (Fig. 5-4).
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Figure 5-4 — Capillary rise set-up

Very good agreement was observed with the results of Fournier et al. (2009), who reported a
contact angle of 67° + 5° with iron particles while we observed a contact angle of 71° + 5° with
similar particles. The measurements were recorded using iron particles and 3 um glass beads, for

which we obtained a contact angle of 94° + 5°, and were reproducible (Fig. 5-5).
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Figure 5-5 — Contact angle with glass beads

5.3 Results and discussion

5.3.1 Circulation time

The first step was to confirm that the impeller rotational speed corresponded to the same circulation
time for a given geometry. Decolorization experiments were performed at different impeller
rotational speeds for two scales. Table 5-7 presents an example of when the same rotational speed

(900 rpm) resulted in the same mixing time and the same circulation time.

Table 5-7 — Mixing and circulation times using the pitched blade turbine

0.25L 51
Parameter
900 rpm
Experimental mixing time (s) 588 5.64
Experimental circulation time (s) 1.18 1.13
Theoretical circulation time (Equation 10) (s) | 1.78 1.79
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Figure 5-6 presents a comparison of droplet size distributions between two scales when circulation
time was used as a scale-up criterion with the PBT for diluted and concentrated systems.

N =700 rpm and ¢4 = 5% N =700 rpm and ¢4 = 30%
25
— 20 —_
§ s
E 5
2 10 2
3 &
a 5 a
0
0 700 1400 2100 2800 3500 0 500 1000 1500
Size (um) Size (um)
0251 <-0.25L
D32 =332 +55 pum D10=200 + 35 um D90 = 1636 + 287 pm 85| D32=526+22 pm D10=382+ 17 um D90 =765+ 33 um
e5L D32=232+36 um D10=165+ 23 um D90 = 361 + 64 um D32=317+2um D10=242+2 um D90=438+5 um

(a) (b)
Figure 5-6 — Droplet size distribution when the same circulation times were used for (a) a diluted

and (b) a concentrated system with the PBT

Figure 5-7 presents a comparison of droplet size distributions between scales when circulation time

was used as a scale-up criterion with the RT for diluted and concentrated systems.

N =700 rpm and ¢4 =5% N =700 rpm and ¢4 = 30%

25 25
20 = 20
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.5 15 - é 15
=}
3 10 2 10 -
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0 500 1000 1500 0 500 1000 1500
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(a) (b)

Figure 5-7 — Droplet size distribution when the same circulation times were used for (a) a diluted

and (b) a concentrated system with an RT



82

Keeping the circulation time constant between two scales did not generate emulsions with the same
droplet characteristics for the PBT and RT. Increasing the scale resulted in smaller droplet sizes,
indicating that breakage and stabilization were more efficient and/or coalescence was less effective.
With the same impeller rotational speed, increasing the scale resulted in a higher Reynolds number,
Weber number, €, and tip speed (Table 5-3), indicating that the ability of the system to generate an
interface also increased. It can be assumed that the coalescence frequency also increased as the
droplet/droplet collision frequency increased with the energy dissipation rate. However, the
particle/droplet collision rate also increased with the energy dissipation rate, promoting droplet
stabilization and counterbalancing the increase in droplet/droplet collision frequency. A
comparison of the PBT and the RT results showed that smaller sizes were obtained with the RT,
indicating that the RT had a higher breakage capacity. This was mainly due to the number of blades
(6 blades for the RT vs. 4 blades for the PBT) and the nature of the flow patterns generated. The
RT generates two circulation loops while the PBT generates one longer loop with fewer passages
of droplets in the high shear impeller zone where breakage occurs. The scale-up operation with the
PBT also gave slightly better results than those obtained with the RT for concentrated emulsions
while the opposite occurred with diluted systems. This effect is related to the breakage and
coalescence mechanisms. For concentrated emulsions, droplet size is controlled by the coalescence
mechanism while breakage is the dominant phenomenon associated with diluted systems. Breakage
was less efficient with the PBT while coalescence was more efficient because of the larger
circulation loop. It should be noted that these experiments were only carried out at the 0.25 and 5
L scales due to safety considerations with respect to the operation of the 35 L impeller shaft at such
a high speed (700 rpm).

5.3.2 Reynolds number

Figures 5-8 and 5-9 present a comparison of droplet size distributions between two scales when
using the Reynolds number as a scale-up criterion with the PBT and the RT for diluted and
concentrated systems. The impellers produced completely different emulsion characteristics
between the two scales. Smaller droplets were obtained with the smaller scale for the same
Reynolds number with the PBT and the RT. This was due to the fact that the speed of the impeller
tip, the Weber number, and the power input were greater in the smaller system at a constant

Reynolds number, which generates more interface (Table 5-2). In addition, for the same Reynolds
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number, the circulation time decreased at the smaller scale, resulting in a decrease in droplet/droplet
collision efficiency and thus in coalescence efficiency. The RT produced smaller droplets than the
PBT for both scales and for both emulsion concentrations. In these cases, the experiments were
only conducted at the 5 and 35 L scales. Achieving such a highly turbulent Reynolds condition at
the 0.25 L scale would have required a very high speed due to the small impeller diameter, which
could not be achieved with our setup. In addition, it would not be safe to use such a high speed.

Reynolds = 34 000 and ¢ = 5% Reynolds = 34 000 and ¢, = 30%
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Figure 5-8 — Droplet size distribution using the same Reynolds number for (a) a diluted and (b) a

concentrated system with the PBT
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Figure 5-9 — Droplet size distribution using the Reynolds number for (a) a diluted and (b) a

concentrated system with the RT
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Figures 5-10 and 5-11 show a comparison of the droplet size distributions between the scales when

using the Weber number as a scale-up criterion with the PBT and the RT for diluted and
concentrated systems.
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Figure 5-10 — Droplet size distributions when the same Weber number was used for (a) a diluted
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system and (b) a concentrated system with the PBT
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Figure 5-11 — Droplet size distributions when the same Weber number was used for (a) a diluted

system and (b) a concentrated system with the RT

As with the Reynolds number, using the Weber number as a scale criterion resulted in smaller
droplets at the smaller scale for the PBT and the RT. This effect was also due to the increase in the

energy dissipation rate and the tip speed at the smaller scale (Table 5-3), which generates an
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interface, and to the decrease in the circulation time, which reduces coalescence efficiency.
However, the Reynolds number decreased at the smaller scale, indicating that this parameter cannot
be used to characterize the ability of the system to generate an interface but that it may be related
to the coalescence process. It should be noted that achieving a Weber number of 100 at the 35 L
scale would not have led to the formation of an emulsion. Indeed, for this condition, the rotational
speed would have been too low to enable droplet formation.

5.3.4 Power per unit volume

Figures 5-12 and 5-13 present the effect on droplet size distribution of using the energy dissipation
rate as a scale-up criterion using the PBT and the RT for diluted and concentrated systems. The
experiments were not carried out at the 0.25 L scale due to the high speed required.

P/V =70 W/m3and ¢4 = 5% P/V =70 W/m3 and ¢4 = 30%

20 20

15 4 15 4

10 10

Distribution (%)
Distribution (%)

T T 8 - 0
0 250 500 750 1000 0 250 500 750 1000
e Size (um) sl Size (um)
D32 =340+ 68 um D10 =211 + 34 um D90 = 680 * 155 um D32=477 £19 um D10 =354 £ 18 um D90 = 690 + 23 um
°351 D32 =317 +31 pm D10 = 246 + 23 um D90 = 590 + 72 um ®35L D32=397£9 um D10=281+5pum D90 =601 + 16 um
(a) (b)

Figure 5-12 — Droplet size distribution when the same P/V was used for (a) a diluted and (b) a

concentrated system with the PBT
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Figure 5-13 — Droplet size distribution when the same P/V was used for (a) a diluted and (b) a

concentrated system with the RT

Increasing the scale resulted in a slightly smaller droplet size for both impellers. This was due to

the increase in the capacity of the system to generate an interface following the increase in the

ratios of the Weber number, the impeller tip speed, and the Reynolds number, as shown in Figure

5-14 for different ND? representing the variation in the energy dissipation rate. Indeed, Figure 5-
14 shows that keeping a constant P/V increased the Weber number, the Reynolds number, and the

tip speed at the bigger scale. All these increases improved the emulsification process by producing

smaller droplets, which are more stable than bigger droplets. However, the size distributions

presented in Figures 5-12 and 5-13 were very close to those obtained when a constant Reynolds

number and a constant circulation time were used. These findings suggest that keeping the energy

dissipation rate constant can produce a better scale-up. This scale-up criterion is notably used for
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slowly coalescing liquid-liquid systems that can be equivalent to solid-stabilized emulsions if the
stabilization rate is much higher than the coalescence rate.
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Figure 5-14 — Effect of N3D? on the parameters used to characterize the scale-up operation

5.3.5 Tip speed

Figures 5-15 and 5-16 present comparisons of droplet size distributions at different scales when
using tip speed as a scale-up criterion with the PBT and the RT for diluted and concentrated

systems.
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Figure 5-15 — Droplet size distributions when the same tip speeds were for (a) a diluted and (b) a

concentrated system with the PBT
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Figure 5-16 — Droplet size distributions when the same tip speed was used for (a) a diluted and

(b) a concentrated system with the RT

Figures 5-15 and 5-16 show that increasing the emulsification scale caused an increase in droplet

size. This effect can be attributed to the decrease in the energy dissipation rate since it is the only

parameter that decreased when the Weber number was increased (Table 5-3). On the other hand,

the results were very close to those of the cases when the Reynolds number or the Weber number

were used as a scale-up criterion, which suggests that using tip speed as a scale-up criterion is very

close to the conditions required for achieving a consistent scale-up.

5.3.6 Summary

Keeping the energy dissipation rate or the impeller tip speed constant provided a more accurate
scale-up than keeping the Reynolds number or the Weber number constant. However, an analysis

of ds2 obtained showed that the change in droplet diameter depended on the value of the power-law

scale-up exponent (o), as shown in Table 5-8.
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Table 5-8 — Difference between D3z values

Criterion Power law exponent () D3z (51)—D32(35L) D32(0.251L)—D32(51L)
Circulation time 0 - 209
P/V 2/3 80 um -
Tip speed 1 -91 pm -
Weber number 1.5 - -317
Reynolds number 2 -311 pym -

Table 8 shows that when the power per unit volume was used as the scale-up criterion, the droplets
were 80 microns larger at the smaller scale (5 L). When the tip speed or the Reynolds humber was
used as the scale-up criterion, the droplets grew smaller as the scale grew larger. There was thus
an inversion of the sign of the size prediction between the case of a constant tip speed and the case
of a constant energy dissipation rate (91 vs 80 um). The same inversion was observed between
the Weber number and the circulation time (—317 and 209 um) for the two largest scales (5 and 35
L). The inversion of the resulting size at the larger scale suggests that the best-suited scale-up
exponent value is between 2/3 and 1. This remains to be proven experimentally, but all the
indications presented above point in this direction. The work presented here can be considered as
a first step in determining the most appropriate value for a scale-up exponent that is applicable to

solid-stabilized emulsions.

5.4 Conclusions

The recent interest in the use of solid particles to stabilize emulsions has generated valuable
information on the phenomenon at a laboratory scale. This information is helpful for developing
formulations and for understanding the basic principles driving emulsification. However, a better
understanding of the methods used to scale-up these emulsions is required. Many design rules for
conventional liquid-liquid mixtures and for mixing in general are available in the literature. The

present work reviewed widely used scale-up criteria and investigated their utility for scaling-up
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Pickering emulsions. The Reynolds number, Weber number, impeller tip speed, circulation time,
and specific power were used as scale-up parameters using three scales (0.25, 5, and 35 L) and off-
centered PBT and RT with geometrically similar unbaffled tanks. None of the scale-up parameters
investigated generated equivalent physical properties at different scales suitable for scale-up.
However, a further analysis showed that the best-suited power-law exponent would most probably
be between 2/3 and 1.
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Abstract

We previously showed (Al-haiek et al. (submitted)) that solid-stabilized emulsions (SSEs) cannot
be scaled using conventional emulsion scaling rules. We thus performed new experiments to

determine the appropriate scaling exponent (a):

N, = N, (g—:)u (6.1)

The present study was based on results indicating that a suitable power law exponent should be
between 0.67 and 1. Identical configurations (off-centered pitched blade and Rushton turbines)
were used to produce diluted and concentrated oil-in-water emulsions in unbaffled tanks with four
geometrically similar scales (0.25, 5, and 35 L, and a 250 L pilot scale). Silicone oils were used as
the dispersed phase, glass beads (dz2 ~ 3, 35, and 65 um) were used as stabilizers, and deionized

water was used as the continuous phase.

The emulsions were characterized by droplet size distribution measurements at equilibrium with
the laser diffraction method using a Mastersizer 3000 (Malvern). The scaling effect was evaluated
by comparing the Sauter mean diameters (ds2) and two other characteristic diameters (dvio and
dvo).

A 0.8 scaling exponent was suitable for scaling SSE processes, indicating that a combination of
criteria is more appropriate for scaling SSEs than a single criterion as with a standard
emulsification. This finding was validated using diluted and concentrated emulsions and a wide

range of oil viscosities (10 to 200 cSt), particle sizes, and coverage potentials. The scaling exponent
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was then challenged using a 250 L pilot tank and proved to be a suitable scaling criterion for

Pickering emulsions in that it can correctly predict the required rotational speed over three size
decades.

To better understand the significance of this new scaling exponent, free particle systems were also

investigated. The presence of particles reduced coalescence efficiency by reducing the collision
frequency between droplets.

Keywords: Pickering emulsions, scaling, power-law, emulsification, and stirred tanks.
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6.1 Introduction

Emulsions are used in many applications in the cosmetics, pharmaceutical, chemical, and other
industries (Chappat, 1994). Emulsifying agents are used to stabilize dispersed phase droplets in the
continuous phase. Surfactants are commonly used to reduce the interfacial tension of emulsions.
However, surfactants are, in many cases, expensive and hazardous and can be solubilized by
micelle formation. (Leal-Calderon et al., 2008) The beginning of the 20th century saw increasing
interest in solid particles as a new type of stabilizing agent. The ability of solid particles to act as
stabilizers was first reported by W. Ramsden (1903) and S.U. Pickering (1907), but it took almost
a century for the scientific community to show interest in this kind of application, mainly because
of advances in materials science. Many studies have been devoted to the qualitative understanding
of SSEs at the laboratory scale since the end of the 20th century. A number of articles on the
differences and similarities between solid particles and surfactants have also been published (B.P.
Binks, 2002) (R. Aveyard et al., 2003).

The properties of Pickering emulsions have been a major research focus. These properties can be
divided into three main categories: emulsion type, emulsion size, and emulsion stability. Particle
wettability has been shown to influence emulsion type and stability. Particles of intermediate
hydrophobicity produce the most stable emulsions while hydrophilic particles produce oil-in-water
(o/w) emulsions and hydrophobic particles produce water-in-oil (w/0) emulsions. Multiple
emulsions have also been produced using combinations of particles of opposite wettability.
Multiple emulsions such as oil-in-water-in-oil (o/w/0) and water-in-oil-in-water (w/o/w) emulsions
(B.P. Binks et al., 2000) (N. Yan et al., 2001) (R. Aveyard et al., 2003) (B.P. Binks et al., 2005)
have been produced using ranges of conditions and formulations. Emulsion stability can be
improved by adding small monodispersed particles (S. Tarimala et al., 2004), increasing the
particle concentration (S. Arditty et al., 2003) (B.P. Binks et al., 2003) (B.P. Binks et al., 2004)
(B.P. Binks et al., 2005), decreasing oil viscosity (K. Golemanov et al., 2006) (C.-O. Fournier et
al., 2009), increasing the salt concentration to promote partial particle flocculation (B.P. Binks et
al., 2005) (B.P. Binks et al., 2006) (T.S. Horozov et al., 2007), and increasing the particle aspect
ratio (B. Madivala et al., 2009). The size of droplets decreases with increases in particle
concentration (S. Arditty et al., 2003) (Tsabet and Fradette, 2015), decreases in particle size (B.P.
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Binks et al., 2001 and S. Tarimala et al., 2004) (Tsabet and Fradette, 2015), and decreases in oil
viscosity (Tsabet and Fradette, 2015).

The studies mentioned above have generated a considerable amount of information on SSEs.
However, there is a gap in the literature with respect to process design and scale-up rules for these
systems. Al-Haiek et al. (submitted) evaluated the applicability of the scaling rules used for
surfactant-stabilized emulsions and liquid-liquid dispersions, i.e., the Reynolds number, the Weber
number, the energy dissipation rate, the circulation time, and the speed of the impeller tip. Although
none of these criteria alone was suitable for scaling SSEs, a combination of different criteria with
a power-law exponent (o) between 0.67 and 1 would provide an appropriate rule for scaling SSEs:
a«

N, = N, (g—:) (6.2)

This supports the assumption that SSEs are solid suspension/liquid dispersion hybrids. Indeed, a
power-law exponent of 0.67 represents a constant power per unit of volume criterion that is
commonly used for scaling liquid dispersions. In addition, a constant impeller tip speed can be used

for solids suspension scaling.

The present work was aimed at confirming our previous results (Al-haiek et al., submitted) and
determining a suitable rule for scaling SSEs. We used two different impellers (PBT and RT) to
investigate a wide range of parameters, including oil viscosity, oil volume fraction, particle size,

and particle coverage potential.

6.2 Materials and methods

6.2.1 Materials

Glass beads (Cospheric and Potters Inc.) were used to stabilize oil-in-water (o/w) emulsions.
Particle wettability was determined using the capillary rise method developed by Fournier et al.
(2009) and detailed by Al-haiek et al. (submitted). Table 6-1 shows particle affinity with different
media (air, oil, and water). Particle size distributions (Fig. 6-1) were obtained using a Mastersizer
3000 (Malvern).
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Table 6-1 — Properties of glass beads used as dispersion stabilizers

Particle size (um) Density (kg/m3) 64w (%)  Bao(?)  Oow(®) Supplier

3 2520 90+4 81+1 94+4 CosphericLLC
35 2520 744+2 55+4 78+6 Potters Inc.
65 2520 724+2 26+3 84+ 3 Potters Inc.
21
_ 14
3
c dy; ~ 35 um
k=)
a 7
d zau:r:.‘
0 B-o s 8 o8 — = e s 9 o 2 " . > Tcm. .
0 26 52 78 104 130

Size (um)

Figure 6-1 — Particle size distribution of each size of glass bead

Pure silicone oils (Clearco Inc., USA) of different viscosities were used as the dispersed phase and
deionized water was used as the continuous phase. The physical properties of the oils were
confirmed using an MCR502 rotational rheometer (Anton Paar) to measure their dynamic
viscosities and an OCA 20 pendant drop instrument (DataPhysics Instruments GmbH) to measure

their surface and interfacial tensions (Table 6-2).
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Table 6-2 — Properties of the silicone oils

Kinematic Density Dynamic viscosity  Surface tension  Interfacial tension
viscosity (cSt) (kg/m?) (mPa.s) (N/m) (N/m)
10 935 9.35 2.01E-02 4.2E-2
50 960 48.00 2.08E-02 4.2E-2
200 968 193.60 2.10E-02 4.2E-2

6.2.2 Experimental methods

6.2.2.1 Emulsification setup

Oil-in-water emulsions were produced in standard unbaffled tanks of different scales (0.25, 5, 35,
and 250 L) using a 4-blade PBT or a 6-blade RT (USI-MAX, Canada). The impellers were off-
centered (distance from center) to prevent the formation of a vortex (Fig. 6-2). This configuration
has the same mixing performance as a baffled tank with a centered impeller (Nishikawa et al.,
1979) (Novak et al., 1982) (King et al., 1985) (Karez et al., 2004) (Karez et al., 2005) (Montante
et al., 2006).

& &
\/I il
(a) PBT (b) RT

Figure 6-2 — Emulsification systems

Geometrical similarities between the different scales were based on the standard ratios given in
Table 6-3, where D is the impeller diameter, T is the tank diameter, Hiiq is the height of the liquid
in the tank, L is the length of the impeller blade, W is the width of the impeller blade, R is the off-
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centering distance, and C is the impeller clearance. Table 6-4 gives the geometrical parameters for

each scale.

Table 6-3 — Geometrical similarities between the scales

T/D Hig/T D/L D/W T/R TIC

3 1 4 5 6 3

Table 6-4 — Geometrical parameters for each scale

Geometrical parameters Scale 1 - 0.25L Scale2-5L Scale3-35L Scale4-250L

(cm) (cm) (cm) (cm)

Tank diameter (T) 6.50 16.30 35.50 60.50
Impeller diameter (D) 2.17 543 11.83 20.17
Length of blade (L) 0.54 1.36 2.96 5.04
Height of blade (W) 0.43 1.09 2.37 4.03
Baffle thickness (J) 0.65 1.63 3.55 6.05

6.2.2.2 Formulation

Diluted and concentrated oil-in-water (O/W) emulsions (¢4 = 5% and 30%) were prepared using
three silicone oils (10, 50, and 200 cSt).

U+ Vg

ba (6.3),

where Vp is the volume of the dispersed phase and V¢ is the volume of the continuous phase, both
in m3. Particle concentrations were expressed as their coverage potential. The theoretical coverage

potential (Acov) Was obtained from equations 6.4 to 6.7 (Tsabet and Fradette, 2015 and 2016):

TRy
Vl/particle = T (6.4)

my
Nparticles =———— (6.5)

p* Vl/particle
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. 2
Acov/ip = r[(Rp sin HOW) (6.6)
Acov = Acov/lp * Nparticles (6-7)1

where Rp is the radius of the particle (in m), Viparicte is the volume of the particle (in m3), my is the
mass of the particles in the system (in kg), p is the density of the particles (in kg/m®), Nparticies is the

number of particles in the system, and 6,,, is the oil-water contact angle (in °). Figure 6-3 illustrates
the dimensions of a particle.

Figure 6-3 — Particle adsorbed to an oil-water interface

The same oil-to-particle volume ratio (¢, = V,/V,,) was reproduced at each scale. Table 6-5 gives
the equivalence between the theoretical coverage potential and the oil-to-particle volume ratio at

each scale for different oil concentrations using 3 pm glass beads (regimes 1 and 2).

Table 6-5 — Equivalence between the oil-to-particle volume ratio (¢,) and the theoretical

coverage potential (m?) at each scale for different oil concentrations (¢,)

Scales (inL) ¢, = 6 (Regime 1) ¢, = 80 (Regime 2)

¢d:5% ¢d:30% ¢d:5% ¢d=30%

0.25 53 321 4 25
5 842 5052 65 387
35 8 700 52199 667 4002

250 43 061 258 372 3301 19 809
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6.2.2.3 Emulsion preparation

To prepare o/w emulsions, solid particles were gradually added to the desired amount of deionized
water under agitation. The particles were dispersed for 10 min at the required rotational speed. The
oil was then gently added, and the mixing was continued. Samples were collected after 24 h to
characterize the resulting emulsions. Tsabet and Fradette (2016) showed that complete
emulsification takes a few hours. Mixing the emulsions for 24 h ensures that the equilibrium droplet

size is reached. Figure 6-4 illustrates the emulsification procedure.

r__2>

Solidiwater dispersion Adding oil Taking samples

Figure 6-4 — Steps used to prepare a solid-stabilized emulsion [taken from Tsabet and Fradette
(2015)]

6.2.2.4 Emulsion characterization

The emulsion type (O/W or W/O) was determined by measuring conductivity using a CON 110
conductivity meter (Oakton). The emulsion size distributions were determined using a Mastersizer
3000 (Malvern). The span was calculated to estimate the distribution widths while the Sauter mean

diameter (ds2) was used as the mean diameter:

dog— d
90 10 (6.8)

Span =
dso

6
dsy = 222 (6.9),

Agen
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where ¢, is the dispersed phase volume fraction (Equation 6-3), A, is the generated interface (in
m?), and dio, dso, and dgo are the diameters (in m) at which 10%, 50%, and 90% of the sample

volume is composed of droplets with diameters less than that value.

6.3 Results and discussion

According to a previous study (Al-haiek et al., submitted), which showed that the suitable power-
law exponent («) for SSE scaling should be between 0.67 (constant energy dissipation rate: P/V)
and 1 (constant impeller tip speed: v,;,,), exponents located between these two values were tested
to find the most suitable one for scaling SSEs. Figure 6-5 gives the Sauter mean diameter at each
scale. The only horizontal line that passed through all the average sizes at all the scales and that

provided the lowest standard deviation between the scales considered (o,4,, = 6%) was obtained

with a power law exponent of 0.8.

1000
800 [ 02
- T B
€ % ®
= °
= H o1
S 400
a i I A A0.8
200 .
° ©0.67
0 L L L L
0.1 1 10 100 1000 10000
Scale-up factor

Figure 6-5 — Effect of the power-law exponent on the Sauter mean diameter at different scales

using a PBT

The applicability of this exponent was challenged for different formulations using radial and axial
impellers (Rushton and pitched blade turbines, respectively) under two different impeller speed

regimes (Table 6-6).
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Table 6-6 — Impeller speed at each scale based on the 0.8 exponent

Scales Impeller speed (rpm)

Regime 1 Regime 2
Scale1-0.25L | 1000 1200

Scale2-5L 480 576
Scale3-35L 258 309
Scale 4 — 250 L 168 202

6.3.1 Effect of coverage potential

The stabilization of Pickering emulsions is controlled by either the interface generation potential
or the coverage potential (Tsabet and Fradette (2016)). Figure 6-6 presents the average drop size
as a function of the amount of particles (expressed as ¢,), with oil viscosity as a parameter. A
transition occurred in all the curves beyond ¢, = 60, where there are enough particles to cover the
generated interface. Based on these results, scaling of the various systems used in our experiments
was performed using particle concentrations that allowed both regimes (¢, = 6 and ¢, = 80) to

be tested.

As expected, larger droplets and wider distributions were observed with the 200 cSt silicone oil
because the high viscosity lowered the capacity of the system to generate an interface (Fig. 6-6).
However, similar results were obtained with both oils, including a plateau zone at a lower ¢,
followed by a diameter increase at a higher ¢,,. The zone to the left of ¢,,= 60 is the region where
emulsification is controlled by the interface generation potential of the system because there are
enough particles to cover and stabilize the generated interface (droplets). At higher ¢, values (¢,
= 60), when the oil/particle mass ratio increased, emulsification was controlled by the coverage
potential of the particles, resulting in an increase in droplet size because of a decrease in the amount
of particles. Nevertheless, because less interface was generated with the 200 cSt silicone oil, the
transition point occurred at an oil-to-particle volume ratio of 60 while the increase in droplet size

occurred at a slightly lower value with the 10 cSt silicone oil.



102

800 4
A D32 (10cSt) B D32 (200cSt)
A Span (10cSt) O Span (200cSt) l
600 Controlled i Controlled J_ 3
by interface 3 by coverage
£ generation ' potential
3 400 — & 2 5
~ -] * ' T i Q
3 ! v
[a] : I
200 ?ﬁ—:é 1
A A 3
0 1 ; 1 1 0
0 30 60 20 120 150
d’p = Von/vp (kg/kg)

Figure 6-6 — Determination of the emulsification state

Figures 6-7 and 6-8 present the results obtained with the 10 cSt silicone oil and the 200 cSt oil,
respectively. The 0.8 exponent was suitable for scaling SSEs at both particle concentrations and
for all the conditions considered (oil viscosity and impeller type), with a maximum standard
deviation of 1% in the Sauter mean diameter (Table 6-7). This suggested that the 0.8 exponent is
not affected by the amount of particles, the droplet size, or the flow pattern. Larger droplets with
wider size distributions were obtained with the most viscous oil (200 cSt), and smaller droplets
were produced with the RT because it generates higher shear and a lower circulation time than the
PBT.

Table 6-7 — Standard deviations for scaling

RT PBT

Pp=6 ¢, =80 P,=6 ¢, =80

0.0 1.0 1.0 0.0

04,, (%)
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Figure 6-7 — Effect of particle loading on the scaling of SSEs using 3 um glass beads and 5%
(v/v) 10 cSt oil
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Figure 6-8 — Effect of particle loading on scaling SSEs using 3 um glass beads and 5% (v/v) 200

6.3.2

Effect of particle size

cSt oil

Two different particle sizes (35 and 65 pum glass beads) were considered to validate the 0.8

exponent obtained with the 3 um glass beads. The physical properties of the particles are given in

Table 6-1. The Sauter mean diameters and spans are shown in Figure 6-9. The associated size

distributions were obtained with the PBT and the RT. Slightly larger sizes were obtained with the

65 um glass beads. Nevertheless, the effectiveness of using an 0.8 exponent for scaling SSEs under
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the considered conditions was confirmed. The standard deviations from the predicted sizes were
1% for the 35 pum beads and 3% for the 65 pm beads.
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Figure 6-9 — Scaling SSEs using (a) 35 um and (b) 65 um glass beads

6.3.3 Effect of the dispersed phase fraction

Diluted (¢ = 5%) and concentrated (¢ = 30%) emulsions were prepared using the 50 cSt silicone
oil, and the 0.8 exponent was tested with the PBT and RT under both mixing regimes (dominated
by coverage potential, with #=6, or dominated by interface generation, with #,=80, respectively)
(Table 6-5). The Sauter mean diameters and spans obtained at each scale are presented in Figures
6-10 and 6-11.

The effectiveness of using a 0.8 exponent for scaling SSEs with particles was confirmed for both
dispersed phase fractions (5% and 30%), with a maximum standard deviation of 6% for the
predicted ds> and 14% for the span between the different scales (Table 6-8). This again indicated
that the scaling exponent is not affected by the flow pattern as the PBT produces one circulation

loop while the RT produces two loops pushing sideways (Fig. 6-2).

Increasing the dispersed phase fraction resulted in larger droplets with a wider distribution at each
scale. Increasing the coalescence rate and rotational speed resulted in smaller droplets with a
narrower distribution, as with conventional emulsions (Arriola-Medellin et al., 2008) and SSEs
(Tsabet et al., 2015). The RT generated smaller droplets than the PBT, mainly because the 6-blade
RT generates more shear than the 4-blade PBT (Paul et al., 2004). The dispersed phase fraction

had less effect on droplet size when the RT was used, indicating that breakage was the dominant
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mechanism with the RT while coalescence was the dominant mechanism with the PBT. This
behavior can also be explained by the difference in flow patterns because droplets return more
rapidly to the high shear zone around the RT impeller.
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Figure 6-10 — Effect of the dispersed phase fraction on SSE scaling using 3 um glass beads and
50 cSt oil with Regime 1
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Figure 6-11 — Effect of the dispersed phase fraction on SSE scaling using 3 um glass beads and
50 cSt oil with Regime 2
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Table 6-8 — Standard deviations for the scaling results using the PBT

(nbd =5% d)d = 30%

Regime 1l Regime2 Regimel Regime 2
O4,, (%) 2 6 2 1

Tspan (%) 6 10 14 4

6.3.4 Effect of oil viscosity

The 0.8 exponent was also challenged with two other oil viscosities. Figures 6-12(a) and 6-12(b)
present the mean diameters and spans obtained with the 10 cSt and 200 cSt silicone oils for a
dispersed phase volume fraction of 5% (v/v) using the PBT (Fig. 6-12a) and the RT (Fig. 6-12b).
The other parameters were kept constant (coverage potential, ¢, = 31, and rpms of Regime 1). As
expected, increasing the oil viscosity resulted in larger droplets and wider distributions with both
impellers. At the highest viscosity, less interface was generated and particle attachment at the
droplets surface was hindered. However, comparable sizes were obtained with both impellers,
especially with the highest viscosity. This behavior showed that coalescence is less effective in a
system equipped with a PBT, suggesting that emulsification is mainly controlled by the breakage

process at higher viscosities.

A maximum standard deviation (o,,,) of 1% was obtained with the 10 cSt silicone oil compared
to 13% with the 200 cSt silicone oil at the different scales. The emulsification results again
validated the use of the 0.8 value as a suitable exponent for scaling SSEs when the same

geometrical parameters are used.
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Figure 6-12 — Effect of dispersed phase viscosity on SSE scaling using 3 um glass beads with ¢4
= 5% (v/v) with Regime 1

6.3.5 General discussion: What does the 0.8 value mean?

The applicability of the 0.8 exponent for scaling SSEs was validated with different parameters,
including particle fraction and size, oil fraction, oil viscosity, and impeller speed using PBT and

RT impellers.

To better understand the origin of this exponent value, the generation of SSEs was divided into the
fundamental mechanisms involved, including solids suspension and interface generation, which
was sub-divided into breakage, coalescence, and droplet coverage, as described by Tsabet and
Fradette (2016). The preliminary analysis presented here might explain why the 0.8 exponent is
located between the exponent of a constant energy dissipation rate (« = 0.67) used to scale liquid-
liquid dispersions and the exponent of a constant impeller tip speed (¢ = 1) often used to scale
solids suspension systems. Table 6-9 summarizes the effect of using 0.8 as an exponent on the

numbers and parameters most widely used to quantify the mechanisms mentioned above.

Is each mechanism reproduced when switching from one scale to another, or is there a
complementary effect between the different processes, resulting in the same emulsion properties,

or do the mechanisms behave differently from one scale to another.
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Table 6-9 — Effect of using a 0.8 exponent on characteristic numbers and parameters

Effect of the 0.8 Effect on scale-  Effect on scale-
Parameter/number Tendency
exponent up down
Re Re
Reynolds number ~ND? 2—: = (scaling factor)®*° R_ej >1 R_ej <1
We We
Weber number ~N?Dp3 %= (scaling factor)®*” Wej >1 Wej <1
tc tc
Circulation time ~N~1 a2 (scaling factor)®?’ —2>1 —2<1
tey tCl tCl
. v, . V2 VZ
Impeller tip speed ~ND — = (scaling factor)®?’ —>1 —<1
Vi Vl Vl
- & , &2 &2
Specific power ~N3D?  —=(scaling factor) **3 =<1 =>1
& & &

To verify this hypothesis, interface generation was separated from the other processes by preparing
liquid-liquid dispersions without particles. The 0.8 exponent was applied to scales 2 (5 L) and 3
(35 L) under regimes 1 and 2, which are controlled by interface generation and coverage potential
capacity, respectively (Table 6-5), using two different phase fractions (5% (v/v) and 30% (v/v)).
Dynamic droplet size distributions were measured with a PVM probe (Mettler Toledo) using the

procedure developed by Wan and Fradette (2017).

There was an increase in Sauter mean diameters when moving from scale 2 to scale 3 under both
regimes (controlled by interface generation or coverage potential capacity, respectively),
suggesting that there was a decrease in the breakage rate or an increase in the coalescence rate, or
both (Figures 6-13a and 6-13b).
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Figure 6-13 — Effect of the dispersed phase fraction on scaling liquid-liquid dispersions without

particles using 50 cSt oil

Breakage is generally considered to take place in the impeller zone, and the Sauter mean diameter
is usually associated with the Weber number (Equation 6.11) through a balance between the
energies or forces favoring droplet generation and those preventing it (Chen et al. (1967), Brown
et al. (1970), Van Heuven et al. (1971), Coulaloglou et al. (1976), and Calabrese et al. (1986)):

%~We—°-6 (6.10),

where
chizDi3

ow

We =

(6.11)

The ratio of Sauter mean diameters between the two considered scales is given by:
)
D;

It can also be given using the energy dissipation rate or the scaling factor X:

/ (@> = (We ™) seqie 3/ (We™ ") seqre 2 (6.12)

Scale 3 Di Scale 2

_04 _
(DBZ)Scale 3 ((Ni3Di2)Scale 3) — <(€)Scale 3

0.4
= x0052 (6.13)
(D32)scate 2 (Ni3Di2)Scale 2 (&)scate 2)

Equation 6.13 gave a ratio of 1.12 for the scales considered in our experiments, which is very close

to the experimental results reported in Table 6-10. As the average factor was 1.18, it can be deduced
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that the increase in droplet size when scaling up with the 0.8 exponent was due to the decrease in
the energy dissipation rate.

Table 6-10 — Ratio of Sauter mean diameters between scale 3 and scale 2

Regimel  Regime 2

Dispersed phase fraction ¢; | 5% 30% 5% 30%

D
(D3z)scate 3 1.05 132 1.11 1.23

(D32)Scale 2

Equation 6.13 can be simplified when a perfect scaling is considered (constant energy dissipation
rate), such that:

B (Di)Scale 2

-2/3
(Ni)Scale 3 _ (Di)Scale 3
(6.14)
(Ni)Scale 2

On the other hand, the coalescence rate is generally quantified by the product of droplet collision

frequency and coalescence efficiency, as reported by Konno et al. (1988) and Wright et al. (1994):
I'(d,d) = A(d,d) - Freqcoly,, (6.15),

where I (d, d) is the coalescence frequency, A (d, d) is the coalescence efficiency, and Freqc,, P

is the collision frequency. Although the collision frequency is also a function of the energy
dissipation rate, as noted by Coulaloglou and Tavlarides (1977), Lee et al. (1987), Prince et al.
(1990), and Luo (1993), it is also related to the considered scale through the tank volume:

Freqcor,y = C.D5"*. &} Vianie. N3 /(1 + ¢4) (6.16),

where C is a constant, & is the turbulent energy dissipation rate, Dq is the mean diameter of the

droplets, Nq is the droplet number density, and Vank is the tank volume.

Coalescence efficiency is based on a film drainage theory such that it is also related to the energy

dissipation rate through the collision force, as shown by Chesters (1991).

The ratio of coalescence frequencies at scales 3 and 2 is given by:
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1/3
(FT’QQCold/d)Smle 3 ((S)Sazle 3> <(VtL)5mle3> = X099 (6.17)
. (Vtank)Scale 2 .

(Freqcmd/d)s (&) scate 2

cale 2

Equation 6.17 shows that there is a higher collision frequency at the largest scale because the tank
is larger and the circulation time (Equation 6.18) is longer, resulting in higher droplet collision
rates and coalescence rates. The breakage rate is simultaneously reduced because the droplets take
more time to move back into the impeller zone.

Vtank

teire = ———=—— (6.18
Cclrc Nq'Dl?"NL( )

Equations 6.17 and 6.18 show that the droplet size increases when scaling up given that coalescence
is more significant and breakage is less effective at the larger scale because of the locally lower
energy dissipation rate and longer circulation time.

We next investigated the effect of solid particles on scaling. In addition to stabilizing droplets, solid
particles also have an effect on the hydrodynamics in the mixing tank. However, particles must
first be suspended before they can stabilize droplets. Solids suspension is generally characterized
by the just-suspended impeller speed (Njs), which is the minimum impeller speed required to
suspend all the particles in the tank. Numerous correlations have been developed to determine Njs,

but most are based on the empirical correlation developed by Zwietering (1958):

0.45
9(ps = pdy)*** yO1XO
N = A( s M ”) (6.19),

pl dg-ZSDO.SS
where g is the acceleration due to gravity (m/s?), p, is the density of the solids (kg/m®), p, is the
density of the liquid (kg/m3), d, is the particle diameter (m), S is Zwietering’s constant, v is the
kinematic viscosity (m?/s), D is the impeller diameter (m), T is the tank diameter (m), and X is the

particle loading (%).

This correlation was adapted by Ayranci and Kresta (2013) to include the effect of impeller type
and geometry under a fully turbulent regime (Re > 10%):
0.5 ;1/6n
— d,) X" T
Ny = 4 <g(ps Pz)) p

o) wpomd 20
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where
11
d30N3U0'1 D A -0.05
A=5s| 2L —(g p) (6.21)
D60 T P

The impeller speeds considered in the present work were chosen to exceed the Njs calculated using
equations 6.20 and 6.21. The fully suspended state was confirmed visually. However, Njs is not the
only parameter used to design solids suspension procedures, it is also used to stabilize emulsions.
Homogeneity, aggregation, and the interaction with turbulence are also very important. These
aspects resulted in different scaling rules, depending on the process conditions and objectives
ranging from a constant energy dissipation rate (a = 0.67) to a constant impeller tip speed (o= 1).

These criteria have been summarized in various publications, notably one by Jafari et al. (2012)

With SSEs, it is important to disperse the particles and avoid the generation of aggregates in order
to produce stable droplets with the narrowest size distribution possible. To determine the impact
of particles on scaling SSEs, stabilized droplet sizes were compared to the droplet size obtained
without particles at different scales using the 0.8 exponent, with different dispersed phase fractions
and two different regimes. A decrease in droplet size was observed in many cases when using
particles (Table 6-11), indicating that particles affect interface generation through breakage and

coalescence.

Table 6-11 — Comparison of droplet size with solids stabilization and without particles under

regimes 1 and 2

Regime 1 Regime 2

Dispersed phase fraction ¢; 5% 30% 5% 30%

Without particles 280 396 241 313

(D32)Scale2
With particles 297 389 219 348

Without particles 293 521 267 386

(D32)Scale3
With particles 297 396 220 343
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The generation of smaller droplets in the presence of particles than in the absence of particles
indicated that breakage is promoted when particles are used and that coalescence is prevented. This
increase in performance with particles indicated that particles have an impact on the energy
dissipation rate since it affected both breakage and coalescence as well as the stabilization process
via stabilization efficiencies, as reported by Tsabet and Fradette (2016). It can thus be deduced that
the effective energy dissipation rate should be considered when scaling SSEs. The energy

dissipation rate is a function of the absolute scale size.

Based on our results, it can also be deduced that the 0.8 exponent is mainly related to the capacity
of the system to suspend particles when the properties of the particles allow very fast stabilization
given that this exponent is independent of oil viscosity and the oil fraction, the particle size and

mass fraction, and the impeller speed and type.

6.4 Conclusions

We developed a scaling method for SSEs that can be used with a wide range of oil viscosities (10
to 200 cSt), particle sizes (3 to 65 um), dispersed phase volume fractions (¢, = 5 to 30%), and
coverage potentials (¢, = 6 to 80). The method is based on the use of a 0.8 exponent. It was
validated with radial- and axial-type impellers at a scaling factor of 1000 (0.25 to 250 L). The value
of the exponent remained constant and was independent of the parameters mentioned above.
Liquid-liquid dispersion experiments showed that a free particle system cannot be scaled using a
0.8 exponent and that such systems must be scales using a 0.67 exponent, as reported in the
literature, since the impeller speed must be increased from one scale to the other to counteract the
effect of coalescence. Collision efficiency increased with the scale because of a longer circulation
time, which increases the collision frequency and thus the coalescence rate. The presence of
particles acted as a barrier, which reduced coalescence. Free particle systems also show that
breakage efficiency decreases with scale because droplets take more time to return to the breakage
zone. As such, the impeller speed can be lowered in the presence of particles, i.e., the power law
exponent can be increased. This behavior is linked to the balance between the two main
components of SSEs: particle suspension and liquid-liquid dispersion. The 0.8 exponent lies

between the two rules usually used for scale ups.
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CHAPTER 7 GENERAL DISCUSSSION

As chemical engineers, previous and current students of the Pickering team in the URPEI have
made it their objective to understand and vulgarize the processing of solid-stabilized emulsions.
This is of primary importance in order to properly scale-up end-products that have been subject of
numerous researches since the late 1900s. Fournier et al. (2009) described the effect of the
dispersed phase viscosity on the generation of solid-stabilized emulsions and, by doing so,
developed a method to determine the particle wettability. This method was used in this thesis.
Reyjal et al. (2013) explored the thermal transfer within a stabilized emulsion and coupled it with
a model. Thermal transfer is of primary importance when it comes to processing. Tsabet and
Fradette (2015, 2016) studied the particle adsorption dynamics at a water-oil interface and the
effect of numerous processing parameters. It resulted in a semi-empirical correlation that is able to
predict droplet size for a wide range of conditions. Recently, Wan and Fradette (2017) described
the relation between particle concentration and phase inversion which is crucial regarding the
problematic of water emulsified in oil. Bing Wan recently worked on the processing dynamics of

particles exchange at the interface.

This thesis has also contributed to the knowledge regarding the processing of solid-stabilized
emulsions. As the saying goes: “Beauty is in simplicity”. Therefore, the processing of these
emulsions was approached by decomposing it into simpler, better understood processes. The first
step was to assess Pickering emulsions as the combination of a solid suspension and a liquid
dispersion process. Doing so, it was noticed that there has been no research on the effect of particle
presence on the processing of these emulsions within agitated vessel. However, plenty of papers
reported that particles present in a flow will impact the turbulence level. Three particle sizes (3, 35
and 65um) and different oil viscosities (10 to 200 cSt) were used in a 5 L unbaffled tank equipped
with an off-centred impeller (PBT or RT). A gap between the common literature and collected data
was observed. Indeed, when increasing particle concentration for a certain particle size (35 and
65um), droplets became larger and not smaller as the literature would have predicted. However,
emulsions produced with 3 um particles followed conventional conclusions found in the literature.
To show that this behavior is related to particles effect on turbulence and not to the stabilization

process, particles wettability was modified making them highly hydrophilic to hinder their
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attachment at the interface. Using a particle vision microscope (PVM), it was possible to track

droplet size evolution during emulsification.

Results showed that when increasing the concentration of 35 and 65 um particles larger droplets
were produced, while 3um particles exhibited the opposite behavior confirming that interface
generation is affected through flow conditions. The Stokes number was identified as the
dimensionless number describing observed behaviors. It is used to characterize the behavior of
solids suspended in a fluid medium. Comparing the particle to the fluid response time, it indicates
if particles are following the liquid streamlines (St < 5) or are deviated from them following their
own inertia (St > 40). Calculation of Stokes number gives values higher than 10 with 35 and 65
um particles while 3 um particles gives a Stokes number of 1. This conclusion was validated with
results obtained using hollow glass beads to investigate the impact of particles density, or by adding

glucose to control the continuous phase viscosity.

Based on these findings it was then asked if the scaling of solid-stabilized emulsions is similar to
scaling standard emulsification using surfactant or if it is affected by particles suspensions process.
Geometrically similar impeller agitated vessels were designed and built with different scaling
factor (1, 15, 100, 1000). Both radial- and axial-type impellers were used in order to assess the
impact of the flow pattern on the scaling method. Conventional scaling criteria used for either solid
suspensions and liquid dispersions were tried over Pickering emulsions. None of them work as to
replicate droplet size and size distribution from a 0.25 L beaker to a 250 L tank. Nonetheless, it
was observed that there is a sign switch between using a constant power over volume (Ad; > 0)
and constant impeller tip speed (Ad; < 0). This suggested that it might be possible to find a suitable
scaling (power-law exponent) criterion between @ = 0.67 and 1 that would result in Ad; = 0.
Moreover, results also suggested that the idea of visualising solid-stabilized emulsions as a

combination of a solid suspension and liquid dispersion is a valid point of view.

The final objective was to find a suitable scaling criterion and assess if the phenomenon observed
with particle sizes (first objective) is scale dependent. The same procedure and apparatuses were
used here. It was shown that a power-law exponent equal to 0.8 was able to replicate droplet size
and size distribution from a 0.25 L beaker up to a pilot scale of 250 L with both a pitched-blade
and Rushton turbine. This exponent was validated for three particle sizes (3, 35 and 65 um) both

with high and low loadings using dispersed phase viscosities ranging from 10 to 200 cSt. This
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exponent (a¢ = 0.8) represents a balance between interface generation and coalescence.
Furthermore, it continues to validate the relevance of comparing Pickering emulsions to a mix of
two processes: solid suspension and liquid dispersion. Also, the same phenomenon observed in the
first objective were larger droplets were obtained with a higher particle loading was seen in larger
scales. This concluded that the phenomenon is not scale dependant and that the presence of

particles, whatever the vessel size, will impact the energy level.

What where only questions in the beginning where answered and it is without a doubt that
knowledge regarding the processing solid-stabilized emulsions has moved forward. This thesis
contributed to the understanding of the effect of the presence of particles on the production of
emulsions and was able to propose a method for their scaling (x1000) using agitated vessels. This
kind of scaling factor is rarely seen in the literature and gives this thesis its originality. Furthermore,
the approach used to understand and work with Pickering emulsions, i.e. as a combination of solid

suspension and liquid dispersion, is shown to be valid according to results.
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS

Mixing processes are present in different shapes and forms in numerous industries. It can be found
as a standard impeller agitated vessel, a static mixer setup, a rotor-stator configuration or in a more
indirect way such as in a fluidized bed or column. However, one thing does not change whatever
the mixing configuration or objective is: a science-based approach is still lacking in the industry
which has generally relied on trial-and-error. A science-based approach would help reduce the
amount of waste generated from bad mixing therefore being also an economical incentive; bad
mixing results in millions of dollars in loses every year! Furthermore, a science-based approach

would help improve the knowledge in the field of mixing thus opening more doors.

As part mixing, emulsification processes are found in many applications such as food (ex.
mayonnaise, vinaigrette), pharmaceutical (ex. drug delivery), cosmetic (ex. skin care, sunscreen)
and others (ex. paint, bitumen) making them a priority in our lives. Most of nowadays emulsions
are produced using surfactants which in some cases, as in pharmaceutical and cosmetics, is not

recommended due to their petrochemical origins. Thus, a replacement of surfactants is needed.

In order to replace surfactants and use a science-based approach for problem solving, this thesis
considered the use of solid particles, known as solid-stabilized (Pickering) emulsions. If we take a
look at the literature, many have studied this type of emulsion from a chemistry standpoint. This
helped discover the large variety of possible products. What is still missing, however, is the
engineering standpoint, i.e. the processing and scaling of these emulsions. Few researchers have

considered this standpoint and where presented in Chapters 1 and 2.

The general objective was to develop a methodology for scaling solid-stabilized emulsions. In order

to achieve this main goal, three specific objectives were completed.

In the first specific objective (Chapter 4), we identified and studied quantitively the impact of the
presence of particles on the processing of solid-stabilized emulsions. It was analyzed to identify
mechanisms that are relevant for suitable scaling. Two main mechanisms were studied: particle
suspension and emulsification. While interface generation and interface stabilization affect the
emulsification process, particle suspension has not been studied. We experimentally investigated
the effect of particle suspension on SSEs. Oil-in-water emulsions were produced using off-centered
pitched blade and Rushton turbines in unbaffled 5-L tanks. Silicone oils were used as the dispersed
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phase, glass beads (dz2 ~ 3, 35, and 65 pum) were used as stabilizers, and deionized water was used
as the continuous phase. Emulsions were characterized by droplet size distribution measurements
using a Malvern Mastersizer 3000. Liquid dispersions were characterized by analyzing images
obtained using a particle vision microscope (PVM). The droplet size increased when the particle
size or oil viscosity was increased and when the particle concentration was decreased. However,
larger droplets could be obtained by increasing the particle concentration under certain conditions.
This unexpected behavior was analyzed by examining the interaction between the properties of the
solid particles and turbulent energy. An analysis of turbulence length scales showed that this
behavior occurs when the particle size is larger than the Kolmogorov scale. We tested different
Stokes regimes (flows) and showed that a viscous flow regime (larger fluid response time) exhibits
the same behavior as that reported in the literature. On the other hand, high particle concentrations
in the inertia flow regime (larger solid response time) stabilized larger droplets.

In the second specific objective (Chapter 5), we verified the applicability of conventional emulsions
scaling criteria on Pickering emulsions. Scale-up effects on the production of solid-stabilized
emulsions were investigated. Given the geometrical similarities of the three scales used (0.25, 5,
and 35 L), emulsions were prepared using off-centered pitched blade and Rushton turbines in
unbaffled tanks. Standard criteria for surfactant-stabilized emulsions (constant energy dissipation
rate, Weber number, Reynolds number, impeller tip speed, and circulation time) were applied to
concentrated and diluted emulsions. Silicone oil (50 cSt) was used as the dispersed phase in water,
and glass microspheres (ds2~ 3 um) were used as a stabilizer. A decolorization technique was used
to evaluate mixing times. None of the parameters investigated was suitable for use as a scale-up
criterion for the production of Pickering emulsions. The use of the Weber number, Reynolds
number, and tip speed as scale-up criteria resulted in higher diameters with the largest scale while
the opposite tendency was observed with circulation time and energy dissipation. The best scale-
up was obtained with the energy dissipation rate and tip speed, suggesting that the suitable scale-
up exponent would be between 2/3 (scale-up exponent with the energy dissipation rate) and 1

(scale-up exponent with the tip speed).

In the last and third specific objective (Chapter 6), we identified and quantified parameters
regulating the scaling of these emulsions. We thus performed new experiments to determine the
appropriate scaling exponent (). The study was based on results indicating that a suitable power

law exponent should be between 0.67 and 1. The scaling effect was evaluated by comparing the
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Sauter mean diameters (ds2) and two other characteristic diameters (dvio and dveo). A 0.8 scaling
exponent was suitable for scaling SSE processes, indicating that a combination of criteria is more
appropriate for scaling SSEs than a single criterion as with a standard emulsification. This finding
was validated using diluted and concentrated emulsions and a wide range of oil viscosities (10 to
200 cSt), particle sizes, and coverage potentials. The scaling exponent was then challenged using
a 250 L pilot tank and proved to be a suitable scaling criterion for Pickering emulsions. To better
understand the significance of this new scaling exponent, free particle systems were also
investigated. The presence of particles reduced coalescence efficiency by reducing the collision

frequency between droplets.

This thesis contributed to the understanding of processing and scaling of solid-stabilized emulsions.
Moreover, it also needs to contribute on what is needed next. Here are some of many more research

topics suggested for further investigation:

Mixing equipment. We considered, in this thesis, the use of an off-centered impeller within a
standard agitated vessel with certain geometrical ratio. However, a large variety of mixing
apparatus could also be used such as rotor-stator, static mixer or adding baffles to an agitated vessel
can be tested and their impact on the resulting emulsion should be quantified (ex. droplet size and
power consumption). This would render data available that would be helpful in choosing the right
configuration for large scale design and production as a function of constraint. The scaling method
presented in Chapter 6 could be validated on these apparatuses. Moreover, the optimal setup for

each application needs to assessed.

Baffle issues. In the author’s opinion, the use of baffles will encounter numerous issues. First, using
baffles in a solid suspension process arise the issue of dead zone. There is a high risk of
accumulation zones around the baffles which impacts the homogeneity of the mixing and sends
erroneous data. Furthermore, adding a third phase in case of Pickering emulsions will encounter
the following problem: one of the two liquid phases will have more affinity to the baffle
material...reducing the available interface and increasing the accumulation of particles around the

baffles. These are all issues that were observed in the laboratory but were not investigated.

Emulsions are not only solutions. Emulsions are also present in the form of a problem rather than
a solution (end-use product) if we take the water emulsified in oil as an example. Thus, it is

important to dedicate efforts towards the large scale demulsification process using what is now
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known. In other words, demulsification is as important as emulsification. Working on how to
modify in-situ the particle wettability or aggregate the emulsified water droplet are two distinct

possible investigations.

Transportation of emulsions. Another major topic is the emulsion transport. To do so, it is
important to understand the rheological properties of the product. Thus, it would be interesting to
test the emulsion using the double helical ribbon used in Chapter 4 to quantify the viscosity of solid
suspensions. The rheology of solid-stabilized emulsions is complex considering that conventional
geometries such as bob and cup and cone plate are not useful. Using the same apparatus as in
Chapter 4, the emulsion’s viscosity can be determined. The author’s opinion is that it is plenty

feasible with the apparatus found at Polytechnique Montreal.

Using interface to our advantage. More phenomena happen at the interface than in the bulk phase.
Interface can be used to transport material (ex. minerals) of interest whether by pipeline or by
fluidization for example. The use of an emulsification process to render material transportable then
to demulsify in-situ is a topic that should be more investigated. Furthermore, the ability of
modifying particles properties is a great area of interest when it comes to stimuli responsive

materials. It can be used for health benefits such as in drug delivery.

Scaling emulsions made of a mixture of solid particles and surfactants. One interesting topic that
was not covered in this thesis is the co-stabilization of droplets using a mixture of surfactants and
solid particles. Scaling methods should be examined for these kinds of emulsions and the reason is
simply: this thesis demonstrated that particle presence reduces the energy left for interface
generation. Interface generation capacity, as the Weber number shows, can be increased by
reducing the surface tension which can be achieved by using surfactants. Therefore, using a mixture
of surfactants and particles can mitigate the reduction of energy left after solid suspension thus

generating smaller droplets.
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APPENDICES

APPENDIX A —NON-DLVO FORCES AND COMPLETE EXPRESSION OF
THE STERIC FORCE

Table 8-1 summarizes the non-DLVO forces.

Table 8-1 — Non-DLVO forces during particle/fluid approach [taken from Tsabet (2014)]

Forces Type Definition Expression Reference

(1) Attributed to the formation of
aqueous molecular layers at
interfaces that depend on
physico-chemical properties
(2) Associated with required
energy to remove the water
layer adsorbed at the interface

F(D) Leikin et
= Ke™P/Po g1, (1993)

Usually

Hydration .
repulsive

Unknown origin but may be
associated with the water F
Hydrophobic | Attractive  migration from the gap between R
two surfaces to the bulk water =

phase (due to lack of affinity)

Drelich et
—CyeH/Po al. (2000)

Associated with friction induced Frya

. . e Chan et al.
Hydrodynamic | Repulsive by the drainage of the thin liquid R? aneta
i = 6TV — (1985)
film between surfaces D
Arise when chain molecules
Steric ) attach to surface and form an F(D) McLean et
Repulsive overlapping structure that = 4mRP,(...) al.(2005)

prevents approach

where Do is the characteristic decay length, H is the separation distance, Co is the pre-exponential
parameter, D is the separation distance, n is the dynamic viscosity of the liquid, v is the approach
velocity and R is the sphere radius. McLean et al. (2005) proposed Equation 8.1 for the calculation
of the steric force:
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F(D) = 4nRP, 2L LAY D' _9 8.1
@ =anvr, (T (i) -(55;) -3)

where R is the radius of the particle, Ly is the brush thickness at equilibrium, D is the separation
distance, kj is the Boltzmann constant, T is the temperature, N is the sum of all segments in a chain
of polymer, a is the length of each segment and s is the average distance between grafting points
on the surface. P, is defined by the following equation:

_ ksTN <n2>1/3 a*/3

PO 2 E _510/3 (8.2)
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APPENDIX B - CALCULATIONS OF STABILIZATIONS EFFICIENCIES

PARTICLE/DROPLET COLLISION EFFICIENCY (EcoL)
This expression has been presented by Coulaloglou’s Ph.D. thesis in 1975,
t
B ~ 0 (~C1%) (83)

where tq is the film drainage time, tc is the contact time and C: is a constant. Levich (1962)
expressed the contact time using Equation 8.4, which applies in the turbulent regime.

2
-0, (Dg + Dp)3

&

t, (8.4)

Wl

Jeelani and Hartland (1994) defined Equation 8.5 for drainage time calculation.

3mn R}
t; =
¢ 4hngcol(1 + (3nclcirc/2hind))
where Fco is the collision force, Rt is the radius of the film, nc is the continuous phase viscosity, ng
is the dispersed phase viscosity, hj is the initial film thickness, her is the critical film thickness and
l.irc 1S the circulation length. Vrij and Overbeek (1968) calculated hyc using Equation 8.6.

1

h. =0.267 Arfh Y 8.6
cr — . 67T’}/0WAp ()

(8.5)

where y,,, is the interfacial tension between water and oil, As is the surface area of the film, An is
the Hamaker constant and Ap is the excess pressure in the film. The surface area of the film can be
deduced from the Laplace pressure equation,

2
Feor = ApAf = R

ow

The radius of the film can be calculated using Equation 8.8. It assumes a spherical deformation and

a small film thickness.
R; = R, si g 8.8
s = Rpsin| cos SmR? (8.8)

p

Thus, the collision force can be deduced from these equations proposed by Levich (1962),

8
Vs 2 DdD 3 DdD
Fo o Coep.s3 p P )>21 (89
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4
. (DD,
r \D;+D, DyD,
" \Dg+D,

Fcol ~ C4_ Pc

7 . > <1 (8.10)

A= 3/g)%% (8.11)
where Fco is the collision force, &, is the turbulent energy dissipation rate, A is the Kolmogorov

length scale (Equation 8.7), Dy is the particle diameter and Dy is the droplet diameter.

THREE-PHASE CONTACT LINE EXPANSION EFFICIENCY (EtpcL)

This expression was taken from particle/bubble interactions during flotation processes. Schulze et
al. proposed it in 1993.

t
Erpe, =1 — exp (— J ) (8.12)

trpc,,

where tc can be calculated using Equation 8.4. The time required to reach the critical line radius is
calculated using the following equations:

- Rrpc(tiv1) — Rrpc(ty)
. Vrpc(ti)

+t; (8.13)

where Rrec(ti+1) is calculated using Equation 8.14,
Rrpc(tiy1) = Rpsinf;y;  (8.14)

and V+rc is calculated using Equation 8.15 proposed by Phan et al., (2003),

dR
Vipe = dfé‘: E};V) (63— 63(D)) (8.15)
9In(+2)n
-

YOW

91n (}E—Z)n

Vepe(tiyr =t + At) = (63 = (6141 = 6; + 06%)) (8.16)

He_eo

AB =
Ny

(8.17)
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where Ny is the dynamic contact angle step number and 6, is the initial dynamic contact angle (t
=0). Figure 8-1 presents an adsorbed particle at an interface (forming the three-phase contact line).

Droplet

Figure 8-1 — Schematic representation of the three-phase contact line [taken from Tsabet et al.
(2015)]

PARTICLE ATTACHMENT EFFICIENCY (EaTT)

Flotation process has also been used to define the particle attachment efficiency. Equation 8.18
presents this efficiency,

Egee =1 - exp(l - CAtt(FAtt/FDet)) (8.18)

Scheludko et al. (1975) defined the attachment force (F,;;) for a sphere particle at a liquid interface,

2

0
Fyee = 2y,uw R, (cos (E)) (8.19)

The detachment force (Fp,) was considered to be the sum of the hydrodynamic (Fy,4), Laplace
pressure (Fqp) and gravity (F,) forces.

FDet = FHyd + FLap + F:q (820)

Jeelani et al. (1994) defined these forces.
4 3
Frya = §7erppat (8.21)

where a; is the acceleration in a turbulent flow field,

1.9¢2°

= (8.22)
(Ra + Rp)

ag 1/3

2Yow

Frap = ApAp = (nRgsinzeow)( R,

) (8.23)
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4
F, = §7rRSppg (8.24)

DROPLET COVERAGE EFFICIENCY (Ecov)

The droplet coverage efficiency is calculated using Equation 8.25.

FreCICold ECoalescence

E., 6 = - d 8.25
cov eXp FTeCICO le ( )
d

where Freqcouy,, is the droplet/dropet collision frequency, Freqcoy,,q is the particle/droplet

collision frequency proposed by Coulaloglou and Tavlarides (1977), Lee et al., (1987), Prince and
Blanch (1990) and Luo (1993). E;paiescence 1S the coalescence efficiency. The first two are

calculated using Equations 8.26 and 8.27 respectively. The Ecyqiescence 1S Calculated using
Equation 8.3.

2 2\ 05 1
Freqcoty, ;= Cs(DZ+D3)| D2+ D2 ) & VianikNaNprotar |/ Npja  (8.26)
p/ 14

7 1

Freqcor, y = CeD3eVeaneNG /(1 + ) (8.27)

where C is a constant, &, is the turbulent energy dissipation rate, Dy is average particle diameter,
Dq is the average droplet diameter, Ng is the droplet number density, Npotar IS the total particle
number density, Np/ is the number of particles required to cover one droplet and Viank is the tank
volume.
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APPENDIX C — CALCULATIONS OF DROPLETS DIAMETER BEFORE
(Roi) AND AFTER PARTICLE ADSORPTION (Ron)

The droplet diameter before particle adsorption (R;) has been defined using a Taylor development
(Levine et al., 1991):

3

R
(ﬁ) =1+ Np/d(Rp/4Rd1)(Rp/Rd1)2[(2 + €05 0,,,) (1 — cos B,,,)% — (9Rp/4Rd1)Sin290W
1

+-] (8.28)

where R, is defined by Equation 8.29
Ry = (Dmean - (ZRp - h))/z (8'29)
and N, 4 is defined by Equation 8.30

Acov/ldroplet
n(Rp(l — sin HOW))Z

Ny/q = (8.30)

Figure 8-2 is a schematic representation of the droplet diameter before and after particle adsorption.

Particle

Figure 8-2 — Droplet diameter before and after particle adsorption [taken from Tsabet et al.
(2015)]



