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RESUME

De nos jours, la pollution sonore est un probléme majeur, notamment en milieu urbain. Plusieurs
types d'absorbeurs acoustiques, tels que les mousses a base de polyuréthane, sont actuellement
utilisés pour reduire le bruit des véhicules. Cependant, ces matériaux présentent des inconvénients
notables. Ils contiennent des ingrédients nocifs et complexes, et leur structure inflammable les rend

impropres a l'industrie aéronautique.

Cette recherche explore une nouvelle approche de production de matériaux acoustiques poreux
grace a une formulation respectueuse de l'environnement et un procédé simple. La méthode
consiste a créer une émulsion solide-stabilisée, contenant deux liquides non miscibles (une phase
aqueuse et une phase huileuse) et des particules solides qui stabilisent les gouttelettes de la phase
dispersée (ici, la phase huileuse). Le post-traitement comprend I'évaporation des liquides et le
frittage des particules. Ces émulsions solides-stabilisées sont également appelées émulsions de

Pickering, du nom de leur découvreur.

Pour obtenir la structure souhaitée, le pourcentage volumique de phase dispersée (phase interne)
doit dépasser 74 % vol., ce qui correspond a la fraction d’entassement maximale de la phase
dispersée. Au-dela de ce point, les gouttes de la phase dispersée sont déformées par la présence de
leurs voisines et la viscosité de I'émulsion augmente significativement, donnant naissance a un
matériau a 1’apparence d’une pate. L'émulsion de Pickering a phase interne élevée, abrégée en
HIPPE, est utilisée dans cette thése pour produire un matériau poreux en vue d’évaluer son potentiel

pour I’absorption du son.

En relevant les défis liés a la production de grosses gouttelettes dans les HIPPE et en augmentant
leur production a grande échelle, ces travaux font progresser la compréhension fondamentale et les
applications pratiques des HIPPE en régime d'écoulement laminaire. L'étude s‘articule autour de

trois objectifs principaux:

Production de larges gouttelettes mono dispersées dans les HIPPEs: Un nombre capillaire
modifié a été utilisé pour prédire precisément la taille des gouttelettes en intégrant la viscosité
effective de la phase continue, influencée par 1’agrégation des particules et les conditions de
traitement. A 1’aide de mesures in-situ de couple, I'impact des paramétres de traitement tels que le

taux de cisaillement, le temps d’émulsification et la concentration en PVA sur la taille des
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gouttelettes a été analysé. Les résultats soulignent le role essentiel des propriétés des particules

telles que la taille, la forme et la structure fractale sur formation des gouttelettes monodisperses de

grande taille, indispensables pour les applications impliquant les matériaux poreux.

Mise a I’échelle des HIPPEs dans un régime laminaire : L’étude a établi qu’un exposant de mise
a I’échelle de a = 0 (vitesse de rotation constante a toutes les échelles) garantit une taille de
gouttelettes cohérente, a condition que la géométrie et la formulation restent constantes. Ce travail
a également démontré que le maintien d’une puissance par volume constante (P/V) est essentielle
pour assurer la cohérence de la taille des gouttelettes, ce qui peut étre réalisé soit en maintenant
une vitesse de rotation constante, soit en ajustant la viscosité de la phase continue pour compenser
les limitations des équipements. La relation entre la taille des gouttelettes, 1’énergie spécifique (e/V)
et la puissance (P/V) fournit un outil prédictif pour la mise a 1I’échelle de la production des HIPPEs,

du laboratoire a I’industrie.

Performance acoustique des structures poreuses produites par HIPPEs : En ajustant les
conditions de traitement, des structures poreuses avec des tailles de pores, des niveaux de porosité,
de connectivité et de tortuosité variés, ont été obtenues. Les structures résultantes ont montré un
niveau d’absorption acoustique modulable: les plus grandes tailles de pores et de porosité ont
permis une absorption maximale a des fréquences élevées, tandis qu’une tortuosité plus importante
a amélioré I’absorption a de plus basses fréquences. En utilisant la modélisation des réseaux de
pores ouverts (OpenPNM), la microstructure 3D des matériaux poreux a €té analysée afin de
déterminer la relation entre la morphologie des pores, les paramétres non acoustiques et les
performances acoustiques. Le comportement sous-longueur d'onde de la mousse HIPPE en fait le
meilleur choix pour les applications ou le poids et I'espace sont limités.

Ce travail démontre la flexibilité et la robustesse de I’approche de production de matériaux poreux
par la génération de HIPPES comme gabarit. Cette méthode permet la constance et la prévisibilité
de I’émulsion a toutes les échelles. Pour la production de matériaux acoustiques, cette previsibilité

est un atout majeur pour la qualité du produit fini.
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ABSTRACT

Nowadays, people suffer from the noise pollution, especially in urban areas. Several type of sound
absorbers, such as polyurethane-based foams, are currently used to reduce vehicle noise; however,
these materials have notable drawbacks. They contain harmful and complex ingredients and

possess a flammable structure, making them unsuitable for use in aviation industry.

This research explores a novel approach for producing acoustic porous materials through an
environmentally friendly formulation and straightforward process. The method involves creating a
solid-stabilized emulsion, which contains two immiscible liquids (an aqueous phase and oil phase)
and solid particles that stabilize the droplet of the dispersed phase (the oil phase, in in this case),
and post processing, includes the evaporation of liquids and sintering particles. These solid-

stabilized emulsions also called Pickering emulsions, named in honor of their original discoverer.

To achieve the desired structure, the volume percentage of dispersed phase (internal phase) must
exceed 74 vol.%, which is the maximum packing fraction of dispersed phase. Beyond this point,
the viscosity of emulsion increase significantly, resulting in a paste-like material. The high internal
phase Pickering emulsion, which abbreviated as HIPPE are used in this thesis to produce sound

absorbing porous material.

By addressing the challenges associated with producing large droplets in HIPPEs and scaling up
their production, this work advances both the fundamental understanding and practical applications
of HIPPEs in the laminar flow regime. The study is divided into three key objectives:

Production of Monodisperse Large Droplets in HIPPEs: A modified capillary number was
developed to accurately predict droplet size by incorporating the effective viscosity of the
continuous phase, which is influenced by particle aggregation and processing conditions. Using in-
situ torque monitoring, the impact of process parameters such as shear rate, emulsification time,
and PV concentration on droplet size was quantified. The findings highlight the critical role of
particle properties (size, shape, and fractal structure) in modified capillary number and ultimately,

achieving monodisperse large droplets, which are essential for porous material applications.

Scale-Up of HIPPEs in the Laminar Regime: The study established that a scale-up exponent of
a = 0 (constant rotational speed across scales) ensures consistent droplet size, provided the

geometry and formulation remain constant. This work further demonstrated that maintaining
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constant power per volume (P/V) is key to droplet size consistency, which can be achieved by
either maintaining constant rotational speed or adjusting the continuous phase viscosity to account
for equipment limitations. The relationship between droplet size, energy input (e/V), and power

(P/V) provides a predictive tool for scaling up HIPPE production from laboratory to industrial

scales.

Acoustic Performance of Porous Structures Derived from HIPPEs: By adjusting processing
conditions, porous structures with varying pore size, porosity, connectivity, and tortuosity were
obtained. The resulting structures demonstrated tunable sound absorption performance, with larger
pore sizes and higher porosity achieving maximum sound absorption at higher frequencies, while
higher tortuosity enhanced absorption at lower frequencies. Using open pore network modeling
(OpenPNM), the 3D microstructure of porous materials was analyzed, validating the relationship
between pore morphology, non-acoustical parameters, and acoustic performance. The
subwavelength behavior of HIPPE foam suggests it has significant potential for applications where
the weight and space are constrained.

This work demonstrates the scalability and versatility of HIPPEs as a template for functional porous
materials, particularly in acoustic applications. By bridging the gap between formulation,
processing conditions, and scale-up strategies, this research offers a practical framework for
industrial production while paving the way for future studies on numerical simulation, alternative

formulations, and advanced impeller designs.
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CHAPTER 1 INTRODUCTION

1.1. Global Challenges

In recent decades, health problems induced by noise pollution have become a serious concern,
particularly due to the rapid development of the transportation industry. For instance, jet engines
emit the noise ranging from 200 Hz to 2kHz [1]. It has been also reported that during takeoff,
significant low-frequency (100-500 Hz) noise is generated, which can propagate over long distance
and significantly impact communities, since this noise is within the range of human hearing
sensitivity (20-20 kHz)[2][3]. The aviation industry has been trying to control aircraft engine noise
by means of many improvements and acoustic liners represent one of them [4]. These liners have
evolved from honeycomb structures to complex metamaterial structures which includes designing
internal microchannel [4].Figure 1.1 illustrates the different types of these metamaterials and their

complex design.
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Figure 1.1. Different metamaterial designs for low frequency sound absorption.[4] (a) dual resonate
metamaterial [5]; (b) perforated honey-comb-corrugation hybrid metamaterial [6]; (c) and (d) two
different space coiling designs [7][8].



Recent developments in the controlled production of polymer foams and their applications in sound
dissipation have captured researchers' attention [9]. This polymeric foams requires less installation
space and simplifies the challenges of designing metamaterial structures. It accomplishes this by
providing an internal structure with highly interconnected cavities that efficiently dissipates noise.
It is reported that the pore size has a significant effect on the sound absorption coefficient [10];
smaller pores increase the number of cavities to trap the sound waves, making porous structure
appropriate for dissipating low-frequency noise ( for instance a 200-micron pore size in Figure
1.2). However, a further decrease in pore size increase the sound reflection, leading to a low sound

absorption coefficient (100-micron pore size in Figure 1.2(a))[10].
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Figure 1.2. (a) simulated sound absorption at different pore size, (b-d) SEM image of sample 80-1, 80-
2,80-3, (e)-(g) root mean square value of sound absorption curve from 0-2000 Hz (dms,1000), 5000-6000
(Otrms,5000-6000), and (otrms,6400) [10]



Achieving such a precise structure relies on complex formulations, which are extremely difficult
to perfect due to the unpredictability of chemical reactions during the foaming process [11] ; for
instance, Figure 1.3 (c) cannot be achieved due to complexity of ingredients. Moreover, the use of
harmful ingredients, like isocyanates, and catalysts in their formulation poses an additional cost for

implementing safety measures for operators' health.
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Figure 1.3. SEM images of polyurethane samples, at different water and catalyst (DBTDL)content.
Magpnification for all samples is the same. The sample at condition ¢ cannot be obtained[12].



1.2. A Novel Solution

This thesis introduces a novel approach for fabricating porous structures from solid-stabilized
emulsions. These emulsions consist of a continuous aqueous phase containing solid particles and
a dispersed oil phase. During the mixing process, the immiscible oil phase is broken into droplets,
which are subsequently stabilized by the adsorption of solid particles at the oil-water interface. A
schematic of droplet stabilization by particles is illustrated in Figure 1.4 (A) [13]. The emulsions
can have varying concentrations of dispersed phase. A concentration of 74 vol% represents the
maximum amount at which the emulsion forms spherical droplets (Figure 1.4 (C)). Below this
concentration, the droplets remain stabilized but spaced farther apart (Figure 1.4 (B). Above this
concentration, the droplets adopt a polygonal shape resulting from the close proximity of their
neighbours and result in a structure of deformed drops separated by a thin film of the continuous
phase between the drops, everywhere in the produced emulsion. The result is an extremely high
viscosity, increasing with smaller drops, which makes these emulsions particularly suitable as

templates for structured materials.
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Figure 1.4. (A) Schematic of Pickering emulsion, (B)-(D) Schematic morphology of emulsion at <74
vol%, =74 vol.%, >74 vol.%, respectively[13].



The size of these stabilized droplets is controlled through process conditions and formulation

parameters, directly affecting the porous structure morphology. These emulsions, also known as

Pickering emulsions — named after their first introducers, Walter Ramsden and Spencer Umfreville

Pickering, in the 19" century [14] . Recently, Pickering emulsions have found applications of

porous materials for biomaterials [15], catalysis [16], membranes [17], and more. However, their

acoustic performance remains unexplored.

In the field of sound absorption, an efficient material must have 1- maximum porosity, 2- the largest

number of interconnected pores, and 3- precise control of pore size to achieve the maximum sound

absorption performances [18]. During this project we aim to show that our novel approach,

producing acoustic porous structure from Pickering emulsion, can answer all of this requirements:

1-

Extremely high porosity can be achieved using concentrated Pickering emulsions. This is
achieved by evaporation of all liquids (continuous and dispersed phases) and by keeping the
particles as the remaining solid structure. The result is a high porosity structure. The dispersed
phase must reach concentrations exceeding 74 vol % to obtain these structures. It is preferable
to work at higher concentrations, and, in some case, the dispersed phase concentration can
surpass 85%. At these extreme conditions, the emulsions are called high internal phase
Pickering emulsion, or HIPPE.

The interconnectivity between pores can be achieved by creating small open holes in the walls
of the pores. These holes are formed through process such as particle sintering and the
evaporation of oil and water.

Finally, precise control of pores sizes can be achieved by adjusting the process condition during
the mixing of HIPPEs. HIPPE naturally tends to produce very uniform drop size distributions,
a very useful feature in applications with strict performance requirements from the porous
structure. The challenge is that HIPPE naturally tend to produce very small droplets once
equilibrium is reached. This is due to the autogenous milling effect of the closely packed drops
forced in motion by the agitator in the tank. Obviously, higher concentrations of dispersed
phase will tend to create conditions favorable to smaller sizes. This phenomenon is similar to
pushing a pile of rocks with a bulldozer; rocks will be crushed naturally in result of the forces
motion of the pile. In our case, controlling the size reduction of the drops is the main challenge

and the conditions to achieve this control are not known.



HIPPE offers all three requirements for producing porous materials for sound-proofing
applications. Hence, the production of porous materials using high internal phase Pickering

emulsion as templates represents a novel and promising approach for acoustic porous materials.
1.3. Addressing key challenges in the project

Controlling the large droplet size in HIPPE production is a significant challenge. The high
percentage of dispersed phase and the particles concentration both increase the viscosity of
emulsions [19] and the motion of the fluid in the viscous conditions favors the breakage of the
drops, hence reducing their droplet sizes below the desired value. Furthermore, high-pressure, or
rotor-stator mixers, commonly used to disperse particles and break droplets in these emulsions,
amplify the breakage capacity and damage the particles' structure [20]. This excessive breakage
leads to small droplets and ultimately small pore size in the final porous structure (less than 20

microns), which is unsuitable for sound absorption applications.

To achieve the required droplet sizes when processing HIPPEs, an appropriate mixing process
operating in the laminar regime is required. Among various impellers, the double helical ribbon
(DHR) is the most efficient, as it minimizes the energy consumption of high-viscosity emulsion
mixing within the laminar regime. Factors impacting droplet size, such as particle concentration,
viscosities of the dispersed and continuous phase, rotational speed, oil injection speed, and

emulsification time, should be systematically studied to achieve optimal control.

Maintaining similar droplet sizes across scales is essential for consistent control over the final
porous structure. While scale-up rules for mixing emulsions in the turbulent regime have been well-
documented showing that constant specific power or energy consumption can be considered for
scale-up criteria [21] — a knowledge gap persists in determining the scale-up rules for HIPPE in the

laminar regime.

Producing acoustic porous materials from HIPPE is a novel alternative approach for the acoustic
industry. Thus, there is no knowledge about the correlation between the emulsification processing
parameter, pore size, interconnectivity, and final sound absorption performance, and all of them

should be investigated.

While various solid particles can be used in HIPPE, selecting the appropriate particle for the final
porous material applicable to the aviation industry is challenging. Since the porous acoustic



material can be employed in harsh conditions, such as those found in aircraft engines, the particle

should have high thermal resistance. On the other hand, the particle should have an appropriate

affinity with the oil-water interface to provide maximum stability of droplets in the HIPPE.

1.4. Originality of this thesis

The general objective of the thesis is to develop a scalable process to prepare HIPPE as templates

for producing porous foams with controlled pore size distribution after post-processing of the

concentrated emulsion.

1.5.

This study introduces a straightforward and controllable method for producing porous
materials without the need for complex chemical components. Unlike existing approaches,
our method enables precise control over the material’s morphology through systematic
adjustments of the formulation and the processing parameters.

We present the first investigation into the effects of formulation and processing conditions
on the stability of high internal phase Pickering emulsions (HIPPES) to achieve
monodisperse large droplet sizes—an aspect that has not been previously explored in the
literature.

Furthermore, we establish, for the first time, a scaleup framework for HIPPESs, addressing
a critical gap in the understanding of their large-scale production.

We validate the applicability of the foams resulting from the HIPPE templates to sound
absorption. The foam structure is analyzed and characterized in order to determine the

relationship between the pore structure and the soundproofing characteristics.

Structure of the thesis

This paper-based thesis consists of three articles that have been published or submitted to scientific

journals. Chapters are organized as follows:

Chapter 1: Introduction: this chapter highlights the novelty of the thesis and its contribution
to addressing the global challenge, providing a comprehensive overview of the research
context and objectives.

Chapter 2: Literature review: This chapter provides a thorough review of the relevant
literature, discussing the current state of knowledge in the field and identifying the research

gaps that this thesis aims to address.



Chapter 3: First Article: “Production of Monodisperse Large Drop Emulsions by Means of
High Internal Phase Pickering Emulsions-Processing and Formulation”. This chapter
presents focuses on the production of monodisperse large drop emulsions using High
Internal Phase Pickering Emulsions (HIPPES), exploring the processing and formulation
aspects of this technique.

Chapter 4: Second Article: “Scale-up in High Internal Phase Pickering Emulsions”. This
chapter investigates the scale-up of HIPPEs, examining the challenges and opportunities
associated with large-scale production of these emulsions

Chapter 5: Third Article: “High Internal Phase Pickering Emulsion for Enhanced Sound
Absorbing Materials”. This chapter explores the application of High-Internal-Phase
Emulsions (HIPPEs) in the development of enhanced sound absorbing materials.

Chapter 6 discusses the broader implications of the research.

Chapter 7 concludes the thesis and provides recommendations for future research.



CHAPTER 2 LITRATURE REVIEW

2.1 Solid-stabilized emulsion

Solid stabilized emulsions utilize particles as stabilizers which adsorb onto the interface of two
immiscible liquids spontaneously. These emulsions are called Pickering to honor of the first
introducer of this technique “Pickering” [14]. Current research aims to substitute stabilizer with
particles due to the numerous advantages of solid stabilization. Compared to surfactants, particles
provide more stability, which is around 8 years for Pickering emulsion with starch granule [22].
for the emulsion since they reduce coalescence through steric barrier repulsion [23]. These
emulsions have recently gained significant attention in the academic community with more than

one thousand papers published annually over the past three years (Figure 2.1).
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Figure 2.1. Number of publications related to the “Pickering emulsion” in recent years, adapted from
Compendex.
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Many different particle types can be employed for Pickering emulsions. They have lower toxicity,
which make them applicable to drug delivery applications [24]. Particles can have special
properties like conductivity, and environmental sensitivity, enabling application such as
environment-responsive material [25]. These emulsions are also used in food [26], catalysis [16],

filtration membranes [17], and cosmetics [27].

Figure 2.2 categorizes the topics covered in Pickering emulsion research, focusing on nano

materials and their industrial applications.
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Low-dimensional structures: growth,..
Medicine and Pharmacology
Biomedical Engineering
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Polymer Products
0 1000 2000 3000 4000 5000 6000

Figure 2.2. Summary of the classification codes applied to Pickering emulsions research papers, adapted
from Compendex

2.2 Definitions
2.2.1 Solid-stabilized emulsion
Solid-stabilized emulsions are type of emulsions that contain two immiscible liquids and solid

particles that can disperse in one of the two phases. The wettability of particles, which are

quantified by the three-phase contact angle (0), dictated the type of emulsion [28]:
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If 6<90 : oil phase is the dispersed phase and aqueous phase will be the continuous phase (oil-in-
water emulsion); and if 6>90: aqueous phase is the dispersed phase and the oil phase will be the
continuous phase (water-in-oil emulsion),see Figure 2.3. When 6=90, particle adsorb with

maximum adsorption energy, and provide optimal stability [29].

Applying shear force during mixing, breaks the dispersed phase into droplets, and solid particles
adsorb at the newly generated interfaces, which prevent coalescence and enhance stability of

QO 010,

6 < 90° 6> 90°
o/wW .I ’ POE W/O

emulsion.

Figure 2.3. Schematic of particle adsorption around droplets, black spheres: particles, blue medium: water,
and yellow medium: 0il[28]

2.2.2 Droplet size and size distribution

In the literature, different terminologies have been used to describe the drop size. The most
important one is the Sauter mean diameter (surface area weighted mean), D,, which is determined
as follows:

_ Ynd}
32 — andlz

(2.1)

ni is the number of drops, and d; is the diameter of individual droplet within size class i. Volume-
weighted average (D43) is another average that is used in the literature. It is given by:

_Znid?
43 — and?

(2.2)

D10, Dso, and Dgp are also obtained in the cumulative volume droplet size distribution (DSD) plots,
which represent the droplet sizes at which 10%, 50%, and 90% of all drops are smaller than those

sizes.

Uniformity is another critical number that indicates the range of the size distribution:
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x Ui(dso —d;)
dso 2 v;

uniformity = (2.3)

where vi is the volume frequency in each size class.
2.2.3 Concentration of dispersed phase

The concentration of dispersed phase (¢) plays a critical role in determining the coalescence
frequency and the rheology of the emulsion. In the dilute systems, (¢ < 0.01) only hydrodynamics
affects the droplet size, since the collision frequency is extremely low, and coalescence can be
ignored [21]. In the moderately concentrated emulsions (0.01 < ¢ < 0.2), the coalescence may
occur, except for non-coalescing emulsions. The droplet size distribution is predictable based on
the single-phase flow concept, due to the small amount of dispersed phase which does not
significantly affect the rheology of continuous phase [21].

More concentrated emulsions (0.2 < ¢ < 0.50) are widely used in industry. In these emulsions, the
droplet size depends on its position in the vessel, due to the rapid coalescence. By employing
suspending agents, the theories for predicting droplet size for dilute systems can also be applied to
these emulsions [21].

Highly concentrated dispersed phase (¢ > 0.75) emulsions reach their maximum packing state. For
monodisperse spherical droplets, the maximum packing value is around 74% (hexagonal close
packing). When the emulsion reaches this packing state, the viscosity increases sharply and remains
high thereafter [30]. As a results, the mechanism of droplet breakage is completely different in this
type of emulsion. The drop size reduction results from the sole motion of the fluid mass. In this
state, the viscosity is orders of magnitude higher than any of the phase present in the emulsion. The

size reduction mechanism is similar to autogenous milling in the mineral industry.
2.2.4 Flow regime in emulsion preparations

Droplet size in the emulsion is determined by three different flow regimes [21] defined by the

Reynolds number:

Re which is calculated using the following equation:

(2.4)
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where D is impeller diameter and N is rotational speed; jtand p represent the bulk viscosity and

density of the emulsion, respectively [21].
The flow regimes are defined as follows:
- 0 <Re < 10: Laminar flow, characterized by smooth, continuous, and orderly fluid motion.

- 10 < Re < 10*: Transition flow, where the flow starts to become unstable and turbulent, but still

exhibits some laminar characteristics.
- Re > 10 : Fully turbulent flow, marked by chaotic, irregular, and three-dimensional fluid motion

The dilute emulsion is always controlled by turbulent flow, while in highly concentrated emulsions
the turbulent eddies are damped out and the bulk viscosity increases significantly. As a result,
laminar flow controls droplet dispersion in these emulsions. Droplet size prediction theories in
turbulent flow are not applicable in these emulsions, and models based on capillary number may
be applied.

2.3 Stabilization mechanism

A solid-stabilized emulsion can be much more stable than emulsions stabilized by surfactants, due
to steric particle barrier around the droplets, which prevents coalescence [29][23]. Capillary force
and particle interactions at the interface also play a vital role in stabilizing the emulsion when a

close-packed network of particles is formed [31][32].
2.3.1 Particle wettability

Particle wettability is determined by a three-phase contact angle at the interface of particles within
the oil-water interface. This contact angle is correlated with balance of free surface energy in the
particle-oil-water interface. Binks et al. conducted an extensive investigation regarding the stability
of Pickering emulsion, and they found that the stability of particles at the oil-water interface dictates
the type of emulsion and the stability emulsions. Based on the universal energy equation (2.5), they
found that the emulsion is most stable when the particle attachment energy reaches the maximum
at a contact angle of 90° [29][33] (Figure 2.4):

E = tR}Yow(1 + cosB,,,)? (2.5)

where y,,, is the interfacial tension between the oil and water phases, Rp is particle radius, and

0,15 the contact angle of the particle at the interface of two phases. It is concluded that the
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emulsion type is determined solely by particle wettability when oil and water are present in equal
proportions. The more hydrophobic particles, 8 > 90°, stabilize a water in oil (W/O) emulsion,
while more hydrophilic particles, 8 < 90° tend to produce an oil in water (O/W) emulsion [29][34].
The required energy to remove the particle from the interface of the two phases is several times

KT, which resulting in irreversible stabilization [35].
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Figure 2.4. The energy of particle attachment at the interface of two phases [29]
2.3.2 Particle size and shape

It is known that by increasing the particle size, the average droplet size increases gradually until
the emulsions become unstable and prone to coalescence [36]. Reducing particle size to a hundred
nanometers lowers the required particle concentrations to stabilize the emulsion, resulting in a
highly stable emulsion that remains intact even after 90 days of storage. For example, Tan et al.,
prepared a highly stable emulsion with only 0.5 wt% of 200 nm-particles [37].

The shape of the particle can vary including irregular [38], rod-like [39], globular [40], disk-like
[41], and spherical shapes. Creighton et al. also revealed that the maximum free energy of
adsorption occurs at a contact angle of 90°, and for disc-shaped particles, it is considerably higher
at the same surface area (Figure 2.5) [41].
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Figure 2.5. (a) Definition of transfer free energies for spherical and ultrathin disk-like particles; free
energy of stabilization (b) in an equal radius of a disk-shaped and spherical particle; (c) in a similar
surface area of a disk-shaped and spherical particle [41].

2.3.3 Electrolyte and particle surface charge

The particle surface charge has a strong impact on the stability of Pickering emulsions, and it
correlates with the pH and ionic strength [42]. The pH of the aqueous phase controls the

electrostatic and steric interactions between particles. The optimum level of interactions is essential
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for stable dispersion, preventing droplet coalescence, and ultimately ensuring the stability of the
emulsion [43].

It is reported that increasing the salt concentration to the oil/water-silica particle emulsion weakens
the repulsive forces between particles. Two phenomena can occur: firstly, it leads to the excess
particle aggregation in the aqueous phase and the resulting silica particle network increases the
emulsion’s Vviscosity once the electrolyte concentration exceeds a certain threshold (Figure 2.6)
[44][45]. Secondly, it reduces the electrostatic and steric repulsion and leads to emulsion
coalescence [21].
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Figure 2.6. Flow curve of o/w emulsion containing 10% silicone oil droplets stabilized by 5% H30 and
various NaClI[45].

2.3.4 Particle concentrations

The particle concentration significantly impacts the droplet size and final stability of the emulsion.
To stabilize the droplets, the total surface area of droplets should be covered by a monolayer of
particles[35]. Wan showed that if the ratio of the number of particles to the surface generated is
smaller than the critical value, phase inversion from stable O/W emulsion to unstable W/O
emulsion occurs under constant mixing process conditions[46]. By considering the geometry of the
droplet and solid particle adsorbed as a dense layer, the total particle mass for the desired droplet

size in the o/w emulsion was estimated using the following equation[47].

6 Moil
D = (2.6)
mean Poilqsolid Msolid

Where Moi is the oil mass, D,,.q, 1S the average droplet size, and a,;;4 1S the interfacial area

covered per mass of particles (Msolia)[47].
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Tsabet et al. demonstrated that to estimate the effectively covered interface, the particle size,
contact angle at the interface, and the coverage rate must be considered (Figure 2.7)[48].

Dpean — (2R, — h))2

Acov/drop = p%4n( 2 (2.7)

where p% represents packing fraction for a hexagonal close-packed particle configuration on the

surface, calculated as = 0.9069. R,, is particle radius and h is given by [48] :

2V3
h = R,(1 — cosb,,,) (2.8)

Particle

Figure 2.7. The contact angle between particle, oil, and water, and estimated the surface of droplet which
covered by particle [48].

Tsabet et al. also developed a semiempirical approach for estimating the final covered interface.
They defined two key concepts: The first one named the coverage potential, is a function of particle

properties such as particle size, concentration, or number (N, . ), and wettability. The second

total

concept, called the interface generation, is a function of processing parameters[48]. The balance
between these two definitions dictates the final covered interface. If the coverage potential is lower
than the generated interface, the final covered interface is a function of wettability, particle size,

and total number of particles N,

total”

Acov = n(RpSineow)z(Nptotal) (2.9)

If the coverage potential is higher than the interface generated, the processing parameters dictate

the final covered interface and several efficiency parameters can be adjusted to modify it [48].

Wan et al. [49] emulsified 5-10 vol% Pickering emulsions using pitched blade turbine (PBT) at
700 and 350 RPM, and investigated the effect of particles on the droplet breakage and coalescence.
They found that by decreasing rotational speed the droplet size increased noticeably when
emulsions stabilized with insufficient particles. In contrast, when the droplet size of emulsions

stabilized with sufficient particles remained constant.
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2.4 Low-to-moderately concentrated Pickering Emulsions

2.4.1 Preparation techniques

Mostly low-to-moderately concentrated emulsions are prepared with high-intensity mixers. Rotor-
stator homogenization is one of the techniques commonly used for preparing Pickering
emulsification [20][50]. In this technique, the rotation speed of the rotor and the homogenization
time control the droplet size. The rotational speed of the rotor ranges from 5000 to 30,000 RPM
and the homogenization time ranges from 30 seconds to a few minutes, which leads to droplet sizes

ranging from a few microns to hundreds of microns [20][50].

High-pressure homogenization is a continuous emulsification process that has been used for
Pickering emulsification [20][51][52]. A pre-emulsification process with a rotor-stator is typically
required before using the high-pressure homogenizer. In this technique, a high-pressure pump and
a homogenizing nozzle apply pressure to break the droplets, and the emulsion passes through
between 1 to 10 times to repeat the process (Figure 2.8). The pressure valve and the number of
circulation control the droplet size. The pressure ranges from tens to hundreds of MPa and the

droplet size ranges from hundreds of nanometers to hundreds of microns [20].

High pressure

2

Valve seat

Impact ring

Valve

Figure 2.8. Schematic of high-pressure homogenizer with standard homogenizing nozzle[20].
A few studies used the ultrasonic probe technique for Pickering emulsion preparations[39][20]. In
this technique, the probe vibrates at a frequency of 16kHz to 100kHz providing sufficient energy

for emulsification. Frequencies and amplitude of the probe and the emulsification time control the
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droplet size. The frequency of 20-40 kHz, the power intensity amplitude of tens to hundreds of
W/m?, and an emulsification time of a few minutes leads to droplets ranging from hundreds of

nanometers to hundreds of microns [20].

The membrane technique is another approach for Pickering emulsification which is typically
combined with an agitation system to facilitate droplet detachment from the membrane [20][53].
The pore size, injection rate, and the agitation speed control the droplet size in this emulsification
process. The pore size ranges from tens of nanometers to tens of microns and the final droplet size
is usually 3 to 9 times the pore size (Figure 2.9-a, b and c). Decreasing the injection speed decreases
the droplet size and improve uniformity, leading to a monodisperse size distribution. The increase
in agitation speed also decreases the size of the droplets by facilitating droplet detachment from
the membrane (Figure 2.9-d and e). In this process, a low viscous liquid should be used and the

particle adsorption rate at the oil-water interface must be considered to control the droplet size [20].
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Figure 2.9. Schematic of membrane emulsification, a) Direct membrane emulsification, b) premix

membrane emulsification, c¢) crossflow membrane (XME), d) rotational membrane (RME), e) stirred-cell
membrane (SCME)[20].

Microfluidic devices are used for preparing Pickering emulsions [54][20]. In this technique,

droplets in the laminar flow are broken by simple shear flow or elongational flow, and the
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continuous phase, containing the particles, stabilizes the droplets. The microchannel geometry and
flow rate precisely control the droplet size and enable to produce a monodisperse emulsion
[54][20].

Stirred vessel techniques, which are widely used in conventional industrial emulsification, have
recently been used for Pickering emulsifications [49][55][56][57][58][59]. Several types of
impellers have been used in these studies: pitched-blade turbine (PBT) [49][55][56][57][59],
Rushton turbine (RT) [56][57][58], and they produce droplet sizes that are two orders of magnitude
larger than the droplets produced by rotor stator homogenizers, high-pressure homogenizers,
membranes, and microchannels. Table 2.1summarizes all the production techniques for Pickering
emulsions. From this table, we can conclude that the smallest droplet sizes are obtained with high
pressure homogenizer, ultrasonication, and membrane techniques, while the largest droplet size
obtained with PBT and RT impellers. The shortest emulsification time, approximately 30 sec, is
achieved using rotor stator mixers. Except for the microchannel approach, all of these techniques
operate in the turbulent regime. all of these techniques, except the PBT and RT, are not suitable for

the scale-up production of Pickering emulsions.



Table 2.1. Summary of the production technique for Pickering emulsions
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Technique Droplet size|Emulsification |Process Disadvantages Size Ref.
time conditions
Rotor stator  |1um- 30s-minutes  [Rotational -Non-Uniform mL- [20][50]
hundreds speed:  5000-|emulsions hundreds
Hm 30,000RPM | b ticle destruction M-
High-pressure |hundreds |A few|Pressure: -High energy|10 mL-|{[20][51][52]
homogenizer |nm- minutes/ consumption hundreds
hundreds gyg:; several &/(I)F—’r;undreds Risk of damaging mL
He y equipment with
abrasive material
-Particle destruction
-Difficult cleaning
Ultrasonic hundreds |A few minutes|Amplitude: -Broad distributions  |Hundreds|[39][20]
nm- 10s-100s watt | . .. : uL-
hundreds Particle destruction hundreds
pum Frequency: -Inappropriate forimL
scale-up
20-40Hz -Heat build-up
Membrane hundreds |A few hr to|Flow rate: -Only low viscous|mL- [20][53]48]
nm- tens hrs liquids hundreds
3 -1
Eifdreds 0.1 m*hr -Longer emulsification mL
-Inappropriate for
scale-up
Microchannels|1um- Less than 1{Flow rate: -Low throughput|mL [54][20]
hundreds |minute production
um 2-17mL.hrt | .
tepening o
the total
volume and -Inappropriate for
flow rate) scale-up
Mixing PBT  [200- 1-1000 minute|ROtUONAl ) iited to turbulent|1L [49][55]
800um speed: regime
Mixing RT 24 hrs. 350-700 RPM [55]
100-800 Weber -Medium
pum number=100- |concentration of
320 internal phase
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2.4.2 Effect of process conditions

For dispersed phase concentrations below 0.2 (¢<0.2), Chen and Middleman developed a model

for estimating the droplet size in the stirred tank based on the Weber number (We), defined as:

D3N?p
We=— (2.10)

where D is impeller diameter, N is rotational speed, p is emulsion’s density, and o is interfacial
tension. Based on Kolmogorov theory the droplet size is a function of We and impeller diameter
[60]:

Ds2/ ) — aweos (2.11)

where A is an adjustable constant which is a function of formulation. This model is only valid for

turbulent regimes where droplets are broken by turbulent eddies.

For concentrated emulsions, where the dispersed phase concentration is 0.2<¢<0.74, the droplet
coalescence increases due to the higher probability of collisions. In the turbulent stirred tank, the
frequency of particle droplet collisions and collision force dissipation are related to the energy

dissipation rate [55]:

(ST

s(DpDy) ~ € (2.12)
D;D
for ——— > }
Dy + Dp
F. = T p e%(%)g (2.13)
€2 7 Dy + D,
D;D
for ——_ <2
D4 + Dp
(22,
T +
F. ~ 7 * pg% (2.14)

where D, and Dj are the diameter of droplets and particles, ¢ is the collision frequency of droplet and

particle, ¢ is the turbulent energy dissipation rate,
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P N,p.N3D>
E==—=-—-
m; m;

(2.15)
where p, is continuous phase density 2 is the Kolmogorov length scale:
1

v3\*
1= <_> (2.16)

&
and v is the dynamic viscosity of emulsion.

Tsabet used the Calabrese model [61] to estimate the droplet size of a 53 vol% dispersed phase
emulsion [55]. This equation accounts for the impact of dispersed phase viscosity on the final
droplet size [55].

d
% = 0.053We%6(1 4 0.97 % Vi079)06 (2.17)

Vi

_ UaND (&)0-5 (2.18)

0  \Pa
where ¢ is interfacial tension between the two phases, p. and p, are densities of continuous and

dispersed phases, respectively.

Utomo et al. [59] compared the droplet size of emulsions stabilized with an emulsifier and nano
clay, using a PBT operated at 250 RPM to emulsify systems with 10-50 vol.% of the dispersed
phase. They found that D3> decreased with energy density per unit mass (Em), and derived the

following equation:
Ds, = CE,,* (2.19)

where C and x are constants that depend on the type of stabilizer. Utomo et al. concluded that the
droplet size of emulsion stabilized with nano clay has a stronger dependence on the energy
dissipation rate (C=1000-1700, and x ranges from -1 to -1.5), while the dependency of droplet size
of emulsion stabilized with an emulsifier showed a weaker dependence on the energy dissipation
rate (C=0.7-1.5, and x ranges from -0.26 to -0.4)[59].

Donmez et al.[57] emulsified a 43 vol % O/W Pickering emulsion using PBT and RT impellers at
800-1800 RPM. They found that energy dissipation rate and tip speed (V:;, = mND) has a
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significant effect on the final droplet size. At constant tip speed, RT, which produces more power,
resulted in a smaller D3> compared to PBT. For the same energy dissipation rate, PBT resulted in
the smallest droplet size since RT has a lower rotational speed at this constant energy dissipation

rate.

Donmez et al. [57] also investigated the effect of impeller size and the feeding time for the
dispersed phase on the final droplet size. They concluded that increasing impeller diameter
increases the tip speed at constant power per unit mass of emulsion, thus decreasing the droplet
size. However, increasing the feeding time of the dispersed phase diminishes the effect of impeller
diameter and results in a constant droplet size for impellers with T/2 and T/3, where T is the tank

diameter.
2.4.3 Rheology of Pickering Emulsion

Pickering emulsions exhibit complex rheological behavior. While dilute emulsions show
Newtonian behavior, as the dispersed phase concentration increases, the viscosity increases, and
non-Newtonian behavior observed. Moderately concentrated Pickering emulsions exhibit shear
thickening followed by shear thinning. Wolf et al. compared the rheological behavior of
conventional emulsions with Pickering emulsions, and observed that increasing the dispersed phase
volume fraction made both shear thickening and shear thinning behaviors more pronounced [62]
(Figure 2.10).
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Figure 2.10. Relative viscosity versus shear stress, open symbols: Pickering emulsions, Filled symbols:
surfactant emulsions[62]

Kinra and Pal [19] also investigated the shear thinning behavior of Pickering emulsions stabilized

by nanocrystalline cellulose (NCC). They used homogenizers to prepare emulsions of 12-74 vol.%
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dispersed phase at different particle concentrations. They found that increasing the dispersed phase
volume fraction significantly increases the viscosity, which in turn increase the consistency index
(k), and decreases the power-law index (n) (u = ky™™1) . This effect is amplified at higher particle
concentrations and a sharp increase in k was observed at 50 vol% of the dispersed phase (Figure
2.11). They attributed the shear thinning behavior of Pickering emulsion to two mechanisms. First,
by increasing the shear rate, the aggregates of droplets breaks up, and secondly, the droplets align
under higher shear[19].
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Figure 2.11. Shear thinning behavior of O/W emulsions at different vol% of the dispersed phase at fixed
NCC (2.91 wt.%, and 3.85 wt.%) [19].

Pal developed a model for estimating the relative viscosity of Pickering emulsions [30]. He defined
the Pickering droplet, covered with particles, as a rigid “core-shell” composite. This rigid layer
around the mobile droplets protected the droplet from transmitting stress from the continuous
phase. For this model, he used the effective radius, defined as follows [30] (Figure 2.7, Figure
2.12):
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(2.20)

Figure 2.12. Schematic of droplets in the Pickering emulsion, Rqis the droplet radius, and h is the
thickness of the particle layer[30]

h can be calculated using equation (2.8) and Figure 2.7.

The presence of particles around the droplet surface increases the total dispersed phase volume,
known as effective volume fraction (¢,)[30].

3

Ps =@ (1 + R%) (2.21)

The Einstein viscosity equation can be employed to estimate the relative viscosity for dilute

emulsions. Effective volume fraction must be used in this equation [30], so:

wo=t = 14250, (2.22)

He

For concentrated emulsions, Pal discussed the effect of the free volume in emulsions, which allows
the droplets to align under shear flow[63]. At higher volume fractions, droplets have less available

space and freedom to move, resulting in higher viscosity (Figure 2.13).

* o
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»

Pickering emulsion as a Jammed Pickering emulsion
disordered liquid (¢ << ¢g) (D~dbe)

Figure 2.13. Change in free scape between droplets from dilute to the jammed Pickering emulsion [30].
Pal defined the glass-transition concentration (¢,) and modified the equation for dilute

emulsions[30]:
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w=t_1425 (ﬂ) (2.23)
Ue 1- Perr

where p,- is relative viscosity, u is the viscosity of emulsion, u. is the viscosity of continuous phase,
and ¢.sf represents ¢, for dilute emulsions. When ¢, reaches ¢, the amount of ¢, is closed to

one.

For Pickering emulsion with a volume fraction in between dilute and glass-transition

concentrations, the following equation should be used to determine ¢, ¢[30]:

1— _ 2
e G[FEE) w
) 9

Pal determined the ¢, value, the maximum packing volume fraction of droplets, varies from 0.68

to 0.86, depending on the type of emulsions and its polydispersity [64]. For a completely

monodisperse emulsion, ¢, equals 0.74.

2.5 High Internal Phase Pickering Emulsions

High internal phase Pickering emulsions, called HIPPE, form when the droplets reach their
maximum packing state. As mentioned above for monodispersed spheres, the maximum packing
fraction is approximately 74% (hexagonal close packing). When the emulsion reaches this state,

viscosity increases sharply, and the emulsion exhibits non-Newtonian behavior [65].

The stabilization mechanism in HIPPE is a combination of a particle network in the continuous
phase and the adsorption of particles at the droplet interfaces. These mechanisms make emulsions
stand as a gel, which makes them an excellent choice for advanced applications. Polymeric high
internal phase Pickering emulsions (PolyHIPPES) are widely used as templates for porous material
and have applications such as permeable porous materials[66], 3D printing [67], biocompatible
scaffolds [15], support for catalysis [16], selective absorption of liquids [68], sensors [69], and
ultra-light functional porous materials [65].

2.5.1 Preparation techniques

High internal phase Pickering emulsions are mostly prepared on a small scale using a homogenizer
which is described in section 2.2.6.1, at 5000-20,000 RPM for 30 seconds to 5 minutes, producing
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droplet sizes ranging from a few microns to 100 microns [70][65]. The use of a homogenizer
requires high power input and may disrupt particle aggregation, leading to a non-uniform droplet
size distribution. This technique is also unsuitable for large-scale production because the high shear
zone is limited to a few millilitres around the homogenizer tip. As a result, large-scale production

would have large areas prone to droplet coalescence.

Recently, Abdulrasaq and Ayranci [71] prepared HIPPEs in a stirred tank using PBT and RT
impellers of various diameters. They found that higher energy dissipation in the impeller zone and
larger impeller breakup zone reduced the droplet sizes. Due to the higher power number of RT
impeller and its better dispersion geometry, it produced smaller droplet sizes compared to PBT at
constant tip speed. The breakup zone is critical when maintaining constant power per volume for

scale up. In this case, a larger impeller diameter is the best choice.

A few papers also used the handshaking method for HIPPE preparation [72]. However, this
technique has uncontrollable and unmeasurable power input. Nevertheless, it suggests that low
rotational speeds and power inputs can be sufficient to break droplets and suspend particles.

For high viscosities such as those found in concentrated emulsions, low-speed close-clearance
impellers are better suited, as they handle high-viscosity mixtures effectively. Examples of such
impellers include the Maxblend™ impeller [73], anchor impeller[74], Paravisc™ [75], coaxial
impellers [76] and helical ribbons (single helical ribbon SHR and double helical ribbon DHR) [75].
Among these, the DHR and Maxblend™ provide the highest shear homogeneity throughout the
entire volume [75]. Since the focus is on producing large droplet sizes, the DHR provides the
minimum required shear with the highest homogeneity. It is also the most energy-efficient option
for blending two immiscible liquids [77], as it has the shortest blend time for a given power input
[77].

Very little literature exists on using low-speed impellers for producing emulsions. For instance,
asphalt was successfully emulsified using an anchor impeller at 95% dispersed phase in surfactant-
based emulsions with rotational speed less than 180 rpm [74], demonstrating narrow droplet size
distributions and efficient processing.
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2.5.2 Effect of process conditions

The hydrodynamics of the breakup zone dictate the final droplet size in the HIPPESs in both the
laminar and turbulent regimes [71]. Although there is limited knowledge about the effect of
processing conditions on the HIPPES process in the laminar regime, concepts from conventional
emulsions prepared in the laminar regime, such as the capillary number and viscosity ratio, can be
applied since the HIPPE prepared in laminar regime. Additionally, general concepts already used
in Pickering emulsions preparation in the turbulent regime, such as power consumption, revolution

number, Reynolds number, and tip speed can also be explored in our study.

In the laminar flow, viscous stresses cause droplet breakup, while the interfacial forces around the
droplet will limit the extent of the breakup [78]. In an idealized laminar flow with a simple shear
or extension field, a droplet will break into smaller droplets if the viscous forces overcome the
interfacial tension between the two phases. The capillary number (Ca) represents the ratio of
viscous forces, generated from the shearing flow, to interfacial forces, Laplace pressure [78]:

4
" 2Yow
/Dys

where D, is the volume-average droplet diameter, and y is the deformation rate (shear rate)

Ca (2.25)

required to break up a droplet. y,,, represents the interfacial tension between the two phases, and

U is the viscosity of the continuous phase.

Depending on the type of flow field- simple shear flow (SSF) or simple extension flow (SEF)- the
capillary number is a function of the viscosity ratio (‘u a/ u.)- If the capillary number (Ca) goes

beyond a certain critical threshold (Cacrit), the droplet breaks apart, forming smaller droplets with
lower Ca values. At the same time, these tiny droplets often merge back together, increasing their
size and raising Ca again. As a result, over time, the system naturally shifts toward the critical
capillary number, as the cycle of droplet breakup and coalescence continues. Figure 2.14
reproduced the data from previous work conducted by Grace compare with Mutsakis in the paper

of Fradette et al. [79]. It illustrates how the critical capillary number (Cacrit) is divided into two
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regions based on different flow fields at varying viscosity ratio. It shows that simple shear alone
cannot break droplets above a viscosity ratio of 3.5. However, extensional flow is always strong

enough to break droplets into smaller sizes, regardless of the viscosity ratio.

—a-—Mutsakis et al 1986
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Figure 2.14. Comparison of capillary number [79]
Multiple empirical models predict the critical capillary number based on the viscosity ratio between
the dispersed and continuous phases [80][81], and examine how the viscosity ratio affects the
droplet breakage [82]. In these models, the Ca value is determined for dilute emulsions, assuming
that the effect of the neighboring droplets is negligible. These studies assumed a constant viscosity
for the continuous phase throughout the emulsification process. However, assuming constant
continuous phase viscosity may not be accurate for Pickering emulsions, where the continuous
phase can be non-Newtonian, and the presence of micro-sized particles adds complexity to the

system.

The revolution number is another effective parameter for mixing two non-Newtonian liquids [83].
The revolution number is the product of rotational speed and time. It indicates how many times the

droplets pass through the high shear zone, which is critical for determining the final droplet size.
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The effect of tip speed, Reynolds number, and power per mass were investigated by Abdulrazaq
and Ayranci [71]. They found that in general, increasing power per mass, Reynolds number, and
tip speed generally resulted in higher breakage capacity and smaller droplet size [71]. They also

reported that the impeller dimensions and their types have an impact on this general trend.

To sum up, most process conditions are a function of emulsion viscosity, which may exhibit
behaviors such as shear thinning, shear thickening, thixotropy, and rheopexy. Therefore, the
viscosity of emulsions is one of the most crucial factors that should be investigated in HIPPE

preparations.
2.5.3 Rheology of High Internal Phase Pickering Emulsion

HIPPEs not only exhibit a viscoelastic behavior [84], but the continuous phase may also display
complex rheological behavior. Depending on particle size, shear rate, and the repulsive force
between particles, the continuous phase can exhibit both shear thinning and shear thickening [85],
as well as time-dependent behavior, thixotropy, and rheopexy [86][87]. The observed behavior
depends on experimental conditions and the formulation. The nonlinear rheological behavior of the
concentrated suspension forming the continuous phase must be considered when calculating the

viscosity ratio to estimate the capillary number.

Wu et al. produced a HIPPE gel and demonstrated that the emulsions exhibit a high storage

modulus and yield stress, which improved as the droplet size decreases [88] (Figure 2.15).
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Figure 2.15. Viscoelastic properties of Pickering emulsion gels: a)Strain sweep of elastic modulus G’ and
viscous modulus G” with different droplet sizes at constant frequency 10 rad.s™ . b) Frequency sweep of
elastic modulus G’, viscous modulus G and viscosity at constant stress 1Pa. ¢) dependency of elastic
modulus G’, viscous modulus G”, and yield stress on the droplet size [88].

Pal also investigated the effects of droplet size and volume fraction on the rheological properties

of HIPPE [89]. They found that, by increasing the volume fraction of dispersed phase, both the
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viscosity and the storage modulus increased. This effect was particularly significant in the presence
of finer droplets, where the storage modulus increased substantially (Figure 2.16) [89].

1000

t Coarse emulsions

..............

B OB E e e aNaa
o E e ER e
et o LN

| ¢=80.43%
V ¢=82.63%
O ¢=85.05%
® ¢=B88.95%
A ¢=91.75%
O ¢=94.02%

Storage modulus (Pa)
2

40
1
S ) . 10 100 300

YT v v T —rrer

Fine emulsions

OO0

o EER O
—- el
=r<

O $=78.55%
100 4 o=81.8%
® 6=86.05%
A ¢=88.8%
B ¢=91.78%
O $=94.02%

Storage modulus (Pa)

10

1

add

1 10 100 3Inn

Shear stress (Pa)

Figure 2.16. Comparison the storage modulus of HIPPEs at fine and coarse droplet size [89].
2.6 Scale-up in stirred tanks

For scale-up in any application, the first step is to determine the level of uniformity in the
distribution of solids or droplets, as well as the rate of any existing reactions. Next, a reliable
correlation that describe the relationship between key process parameters, mixer design, and the
physico-chemical phenomena should be established. Following this, the most effective processing
parameters that govern these phenomena, preferably in the dimension less form should be

identified. This correlation should be employed to estimate the required process conditions in the
different scale [21].
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For scale-up in the stirred tanks it is essential to consider geometric design across different scales,
as this affects on flow and shear distribution in the vessel. To address this, the dimensional ratios

of various tanks and impeller elements can be analyzed. These include, but not limited to:

e D/T: impeller diameter (D) to the tank diameter (T); evaluates the ratio of overall pumping
capacity to fluid shear.

e W/D: blade width (W) to the impeller diameter (D); investigates the ratio of microscale to
the macroscale mixing process.

e C/T: impeller clearance from the vessel bottom (c)to tank diameter (T); explores the

uniformity of solid distribution [21]

A schematic illustrating these tank and impeller elements is shown in Figure 2.17.

4

Figure 2.17. Schematic of impeller and tank design

2.6.1 Definitions for scale up in emulsification

Retaining the fluid dynamics of an emulsification process during scale-up is essential for
maintaining consistent emulsion properties at all scales. This can first be achieved by running the
emulsification process in geometrically similar vessels. Extrapolating emulsification conditions
from one scale to the next requires the following equation to estimate the rotational speed of the

impeller[21]:
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Dy

N, = N; * (D_2>“ (2.26)

where subscripts 1 and 2 refer to the reference and the extrapolated scales, respectively. N is the
rotational speed of the impeller, and D is the impeller diameter. The scale-up exponent o ranges
from 0 to 2 and is directly related to the fluid mechanics that govern the emulsification [21]. Note
that the expression can also be used to extrapolate mixing processes in general, not only

emulsification.

A value of 0 represents constant rotational speed condition, which is used to maintain constant
mixing time and constant power per volume in the laminar regime [77]. The scale-up exponent of
0 is obtained when the total power consumed during emulsification per total volume of emulsion
is kept constant. In the laminar regime, the power consumed through emulsification can be

calculated using the following equation:
P = KpuN?D3 (2.27)

where P is the power consumed during emulsification, N is the impeller rotational speed, K, is the

ratio of power number (Np = NZDS) to the Reynolds number, and p is the emulsion viscosity.

p
Since K,, is a function of impeller design and the second scale is geometrically similar, K, remains

constant. By diving the equation 2.27 to the total volume of emulsion and considering that the
volume of a cylindrical tank is directly proportional D3,(tank height is a ratio od tank diameter),

the following equation is obtained:
P/V = N2D° = constant (2.28)

In the turbulent regime, a scale-up exponent of 0.67 is used for conditions with constant energy
dissipation rate[21]. which applies to uniform particle or droplet dispersion in the turbulent regime.

This value is derived from the following equation:
P = NppN3D> (2.29)

where Np is power number, which is function of impeller design and Reynolds number. If the goal
Is to maintain constant power per unit volume and ensure similar flow patterns across scales, the

power number should remain constant. Under these assumptions, the equation simplifies
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to:
P/V = N3D? = constant (2.30)
Thus, in the form of equation of 2.26 the scale-up exponent is 2/3 or 0.67.

A scale-up exponent value of 1 is recommended for maintaining constant tip speed during simple

blending operation [21].The tip speed obtained from the following equation:
U=mnND (2.31)

Finally, for scaling-up droplet dispersion a constant Reynolds number criterion in the turbulent
regime have been reported. This results in a scale-up exponent of 2 based on the following

equation[21].

__ pND?
m

Re (2.32)

2.6.2 Scale-up in highly concentrated emulsions

For highly concentrated emulsions (not stabilized by particles), scaling up using a constant
Reynolds number as a scaling criterion has been shown to be ineffective. Using constant Re, during
scale-up decreases the rotational speed from 1600 RPM at 100 mL to 780 RPM at 685 mL [90].
This reduction in rotational speed provides insufficient shear to break droplets, ultimately resulting

in undesirably larger droplet sizes at the larger scale [90].

Gingras et al. produced emulsions through the inline SMX and helical static mixer[91]. They found
that the average droplet diameter scales with specific power once equilibrium is reached, while
before equilibrium, droplet size scales with the mixing energy. Meanwhile, May-Masnou et al.
regarded rotational speed and power per unit volume (P/V) as scale-up invariants [92][93],
applying, the scaling exponents of 0 and 0.67[92][93]. They found that at high rotational speed and
long feeding time, the scale-up exponent of 0 resulted in similar droplet size and rheological
properties. However, these studies used emulsifiers to stabilize small droplets (under 20 microns)
at rotational speeds of 500-1800 RPM using pitched blade impellers, operating outside the laminar

regime.
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2.6.3 Scale-up in Pickering Emulsions

In the case of solid stabilized Pickering emulsions, Al-Haiek found that the scale-up factor in
medium internal phase contents (<50%) emulsions operating in the turbulent regime should be
between 0.67 and 1. This value is due to the combination of two simultaneous processes: the first
is the simple blending of two liquids, requiring a scale-up exponent of 1, and the second is the

suspension of solid, which requires o = 0.67 [56].

The key takeaway from Al-Haiek’s work on the scale-up and processing of concentrated emulsions
is the list of parameters to consider for the simultaneous processes. These parameters include the
minimum rotational speed required to suspend particles [S6] and droplets [94], the ability of
particles to effectively cover the interface and ensure drop stability [48], and the capacity of the

mixing system to generate interface i.e., produce droplets[48].

To ensure particles are suspended in the liquids within stirred tanks, the rotational speed must
exceed the just suspended speed (Ns). Beyond this threshold, the number of particles available for
droplet coverage decreases [48], leading to insufficient coverage [49] and the coalescence of
partially covered droplets, which resulted in a non-uniform emulsion. Additionally, sufficient shear

stress must be applied to ensure adequate droplet breakage and interface generation [48].
2.7 Sound absorption in porous material

When a sound wave encounters a material, its interaction—whether reflection, transmission, or
absorption—depends on the material's properties. The sound absorption mechanism for the porous
material is explained using energy dissipation theory. Generally, sound energy is divided into the

reflection, absorption, and transmission energy [95].
E;=E,+E, +E, (2.33)

where E; represents the incident sound energy on the material, E; is reflected energy, Ea represents
the energy absorbed by material, and E: is energy transmitted through it. The sound absorption
coefficient, «, is defined as the ratio of absorbed sound energy to the incident sound energy [18]
(Figure 2.18).

(2.234)

E.-+E E,
a=1-— =—
E;

E;
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Figure 2.18. a) Schematic of different types of acoustic energy in in contact with the porous materials b)
Schematic of energy dissipation in porous material [18]

In the porous material, sound energy dissipates through the following mechanisms[18]:

1. Periodic compression and release of air inside the cavity cause the pore walls to resonate,

damping the sound wave by converting sound energy into mechanical energy.

2. Periodic compression and release of air inside the cavity dissipates the energy by converting
it into Kinetic energy and hence, thermal energy.

3. Vibration of air molecules inside the pores dissipate energy through viscous effect .
Based on these mechanisms, porous material should meet the following criteria [18]
1. Contain high number of open pores let the sound wave to penetrate.

2. Have appropriate pore size, interconnectivity, and interstices based on the desired frequency

bandwidth to achieve a high absorption coefficient.

3. Include continuous channels which connect the surface and inner pores.
2.7.1 Porous material for sound absorption

Porous material is generally classified into organic, hybrid, and inorganic foam based on the
chemical material involved in the foam structure. In this section, we briefly review the sound

absorption performance of conventical foams [18].
2.7.1.1 Organic foam

Organic foams are widely employed in noise reduction duo their low-cost production techniques
and tunable porosity and pore size, achieved by adjusting formulations. The morphology of foams
is closely linked to their sound absorption performance, as the distribution of pathways within the

foam structure significantly influences sound energy dissipation[18].
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Polyurethane (PU) is a well-known organic foam sound absorber among polymers due to its ease
of processing and its ability to produce various microstructures. Extensive research has been
conducted on PU to date. Sung et al. investigated how molecular structure of isocyanate, which is
the main ingredient of PU-based foam, affect the fabrication of flexible foam used as a sound
absorption material[11]. They stated that the solidification rate affects the pore opening ratio. They
explained that if the cavity pressure is higher than the wall strength, an open structure will form.
At a low drainage flow rate (related to matrix modulus), a partially opened structure will form if
the wall solidifies before rupturing. Finally, if the wall solidifies completely before the opening

process begins, a fully closed structure will form (Figure 2.19).
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Figure 2.19. a) morphology of polyurethane, b) opening mechanism of a pore[18] [11]
Yang et al. investigated the effect of PU morphology, ranging from fully-open to semi-open
structures, on sound absorption performance [96]. They also validated the Johnson-Champoux-
Allard (JCA) model using experimental data and found that it deviated from test results at certain
frequencies, especially for partially opened cell structures. To address this, they defined a new
parameter to calculate non-acoustical properties and fitted their newly estimated sound absorption

coefficient to the experimental data.

Based on the morphology investigation (Figure 2.20) and the sound absorption performance

(Figure 2.21), they concluded that the partially-opened structure with a very thin membrane



39

(sample S6) could absorb sound energy more efficiently than a fully-open unit cell, at frequency
of 500-4000 Hz [96].
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Figure 2.20.SEM image of the fully/ or partially-open structure of PU foam [96]
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Figure 2.21. Sound absorption performance of samples in the Figure 2.20, left to right and up to down S1-

2.7.1.2 Hybrid foam

S9

In addition to chemical control, incorporating particles and fibers into foams, which is called hybrid

foam, dissipates sound energy more efficiently. Hybrid foams are generally produced by two

techniques. The first technique begins with the preparation of a dispersion of resin and particles.

Afterward, the foam is cured at the appropriate temperature. In the second technique, the prepared

foam is immersed in a particle dispersion. The particles deposit inside the foam cells, forming a

membrane layer, which increases tortuosity and enhances air resistivity, thereby improving sound

absorption. Melamine foam/ Graphene oxide (MF/GO) is an example of this type of foam, which

has been investigated by Nine et al. [97] (Figure 2.22).



41

=3
N !

1.0

0.8

0.6 "
==== Control-MF
e MFGO-1
— MFGO-2
—— MFGO-3
—— MFGO-4
e MFGO-5

-
-
=
i
)
=
[
o
o
=
2
—
o
b
(e}
7]
Q
<

1000 2000 3000 4000

Frequency (Hz)

Figure 2.22. The effect of adding graphene into the melamine foam on the sound absorption performance,
(2)-(d) are SEM of samples, and (e) is the sound absorption coefficient of samples. scale bar of (a)-(d) are
500 pm [97]

The particle size and distribution play a crucial role in sound adsorption. For example, hybrid foam
composed of polyurethane and carbon nano tube (PU/CNT) demonstrates optimal sound absorption
coefficient, near to one, performance between 400-1600 Hz when treated with ultrasonic wave for
40 min. Baferani et al. reported that ultrasonication decrease the average of pore size and increase

the reticulation rate, which enhance the interaction of CNT surface with the sound waves, thereby
improving sound absorption performance [98] (Figure 2.23).
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Figure 2.23. SEM image of (a) PU foam, (b) PU/CNT without sonication and (c) PU/CNT with 40 min
sonication, (d) is the sound absorption coefficient of samples [98]

It has been demonstrated that the orientation of channels formed by particles and fillers in the
hybrid foam significantly affects sound absorption performance [99]. When a sound wave
transmitted vertically into the hybrid foam, partial reflection occurs, reducing sound absorption
efficiency (Figure 2.24.a). In a parallel orientation, sound waves have higher potential for
transmission through, making absorption inefficient (Figure 2.24.b). Finally, when a sound wave
enters at an oblique angle, the increased travers path enhance air flow friction, maximizing sound

energy dissipation (Figure 2.24.c) [99].
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Figure 2.24. Propagation of sound wave in the hybrid foam [99]

2.7.2 Fabrication technique

2.7.2.1 Direct foaming process

Commercial acoustic materials are produced through a direct foaming process. The most well-
known foam prepared using this method is polyurethane-based foams, which consists of
monomers, foaming agents (mostly isocyanates), and a catalyst. The most critical parameters in
this technique are the number of pores which correlated with density, as well as the size distribution
of the pores, which are controlled through formulation, like manipulating the monomers, and

process conditions, like increasing the foaming speed.

For instance, Gwon et al. reported that by modifying the formulation and increasing the pore wall’s
modulus, the pores can better tolerate the gas pressure generated by foaming agents. As a result,
small holes are created, connecting neighboring pores without causing coalescence. Ultimately, a
higher number of uniformly smaller pores were formed in the foam, providing a more irregular
path for sound waves to dissipate, increasing the sound absorption coefficient (case 1 and 2.Figure
2.25 and Figure 2.26 [12]).

They also demonstrated that decreasing the pore wall’s modulus led to pore coalescence, creating
large, non-uniform pores and reducing the total number of pores within the foam. Consequently,
the sound waves encountered fewer pore walls and were weakly dissipated (case 3 .Figure 2.25
and Figure 2.26 [12]).
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Figure 2.26. Absorption coefficient of the flexible polyurethane foam for three different case illustrated in
Figure 2.25

2.7.2.2 Leaching technique

The leaching technique offers precise control over pore size and interconnectivity [100] [101]. In
the leaching technique, varied sizes of salt particles are dispersed in the polymeric matrix in a layer-
by-layer manner; after curing of the polymeric matrix the salt is dissolved through the leaching
process. Mosanenzadeh et al.[100] showed that the sample prepared using salt particles with

diameters of 500-700 microns had the highest sound absorption, as shown in (Figure 2.27) [100].
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Figure 2.27. a) fabrication of gradient leaching porous material. b) SEM images of gradient foam. c) and
d) sound absorption of foam [100].

2.7.2.3 Additive Manufacturing

Additive manufacturing is an emerging method for producing porous sound-absorbing material.
High sound absorption can be achieved by adjusting the filament thickness, the distance between
filaments (lattice parameter), and the printing orientation [102]. Analytical models for additive
manufacturing suggests that the optimal morphology for maximum sound absorption involves a
filling fraction of 40-50 % and a filament diameter between 50-200 microns, equal to 0.5-0.75 Dsp
for Figure 2.28 [102]. However, these structures typically exhibit sound absorption peaks above

3000 Hz and require modifications to perform effectively at lower frequencies (Figure 2.28).
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Figure 2.28. The average sound absorption at 2000-10000Hz as a function of the filling factor and
filament diameter [102].

2.7.3 Sound absorption acoustic models

Numerical simulations on sound absorption in porous materials have recently attracted significant
attention due to their ability to compute sound propagation in complex porous materials [96]. Since
1940s, analytical models for sound absorption coefficient have evolved significantly, and the
number of physical parameters required for accurate predictions has increased. Figure 2.29
demonstrates a comparison between various numerical models of porous material, depicting the

types of porous materials and the number of physical properties required for prediction [96].

The Johnson-Champoux-Allard (JCA) model and its extended models, Johnson-Champoux-
Allard-Lafarge (JCAL), and Johnson-Champoux-Allard-Pride-Lafarge (JCAPL) are the most
commonly used for porous materials with complex structures. These models rely on several non-
acoustical properties, including open porosity (¢), static air flow resistivity (o), high frequency
limit of the tortuosity (« ), Static viscous tortuosity («,), viscous characteristic length (), thermal

characteristic length (), static viscous permeability (qo), and static thermal permeability (qo ).
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Figure 2.29. Comparison of analytical model for sound absorption of porous material with rigid skeleton
[96]

Sound absorption prediction models theoretically calculate the efficiency of energy dissipation in
porous sound-absorbing materials. The sound absorption coefficient can be predicted using the

material's surface acoustic impedance through the following equation[103]:

7—7,\
Q= —<~ ) (2.359)

where Z is the surface impedance and Z, is the air impedance equals to p,c,. Here, c, is the sound

velocity in air. In the hard backing configuration, Z is defined as:
Z =—jZ, cot(kl) (2.36)

where [ is the thickness of porous material, k is wave number and Z. is the characteristic

impedance, which are defined by

Z;= ﬁeke (2.37)

(2.38)
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where g, and K, are density and bulk modulus of the equivalent fluid. Based on the JCAPL model,

these parameters defined as [104]:

Pe = Polter | 1+ —55—5-Gj(w) (2.39)

-1

~ P -1
K _ro y — 14 (2.40)

e
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where w is the frequency, p, is density of air, y is the adiabatic constant, P, static pressure of air,

u is the viscosity of fluid, B. is the Prandtl number, ¢ is porosity, a., is tortuosity, and o air flow

resistivity. G;(w) and G;'(w) are functions that defined by Johnson to correlate viscous and thermal

characteristics properties:

8aooq0 WPy
- = [1+]j 2.41
8awq'y wpoq'  Fr
G':(w)= [1+] o 0 2.426
j(w) j Jj 200 1 ( )

Where g, and g’ are viscous and thermal permeability, Aand A" are viscous and thermal
characteristic length. JCAPL model agree well with the sound absorption coefficient, especially at
low frequency. However, it requires more non-acoustic parameters that cannot be obtained
analytically or measured easily, making these models more complex. Accordingly, in most studies,
the JCA model is employed to predict sound absorption, often with small modifications, especially

for semi-open porous material.
2.7.4 Non acoustic parameters in porous material

Based on the acoustic models, the final sound absorption performance is a function of the non-
acoustical properties of the porous structure [105]. These properties include porosity, tortuosity,

viscous and thermal characteristic length, viscous and thermal permeability, all of which are
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functions of the microstructure. Therefore, investigating the microstructure and the morphology is

essential for understanding these non-acoustical parameters.
2.7.4.1 Porosity

The porosity of samples represents the proportion of its volumed filed with air. This is calculated

using the following equation:

psample

$p=1- (2.43)

Pbuik

where psampie i calculated by measuring samples’ volume and weight, and pp,; can be

experimentally obtained using a pressure difference technique (pycnometer) or fluid saturation
(Archimedes’ principle)[106].

2.7.4.2 Viscous Permeability (static air flow resistivity)

The viscous permeability, also known as static permeability, is a key parameter in estimating the
sound absorption coefficient. It determines how easily a sound wave can penetrate a porous
material. Based on Darcy’s law [107], the air flow resistivity (o) is the ratio of dynamic viscosity
of air (u) to the permeability of air in the porous structure (qo). It can be measured experimentally

or estimated numerically:

o=— (2.344)

2.7.4.3 Viscous and Thermal characteristic Length

Johnson, Koplik, and Dashen (1987) introduced the concept of viscous characteristic length. This
parameter defines the relationship within the velocity field inside the porous material. It is function
of tortuosity a.,, viscosity of air or any liquids that is used for the test (1), ¢ porosity, and air flow

resistivity (o). For porous material with a shape factor of c it is given by [108]:

1 [8aeu
c

A= b0

(2.345)

Allard et al. later established that thermal characteristics length is correlated with viscous

characteristic length so:
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1 [|8ay
AN =— a (2.46)
c , Qo

where ¢’ is a coefficient related to the geometry of the pores.

2.7.4.4 Tortuosity

The tortuosity is an intrinsic property of the porous material that depends on its pore-level topology.
It represents the ratio of the penetration path of air flow inside the porous material to the thickness
sample. A more complex topology results in a longer penetration path and higher tortuosity. Some
fully analytical and semi-analytical models predict the tortuosity factor in idealized topology. For
example, for completely uniform porous structure with n pores of radius R the tortuosity factor
(ao) is described as following equation [109]:

1
a =
®  cos?8

(2.47)

where 6 is the angle between the axis of the oblique pores and the normal to the surface. However,
in reality, the unit cell has a complex topology and deviates from analytical prediction. Therefore,
tortuosity can be measured experimentally or from inverse characterization approach from the

acoustic performance.

The reflection ultrasound technique is used to experimentally measure tortuosity. In this technique,
the instantaneous oblique reflection coefficient, »(z,6), of the first reflected wave at the material's
surface is measured. This coefficient is obtained by ratio of the amplitude of the wave reflected
from the material (Am) to that of a rigid surface (Ar) at the same contact angle (Figure 2.30)[110].

Am
r(t,0) =" (2.48)

At high frequencies (60-180 kHz) and contact angles of 20-45 degrees, tests are conducted, and

the average tortuosity is calculated using the following equation:

2

z 2 1471 ¢
o = — 1+ (1—(;51’719)2) with z =

1—1rcos@

(2.49)

where ¢ is porosity and r is the reflection coefficient.
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2.7.4.5 Thermal permeability

The thermal permeability qo’ is a complex parameter representing the relationship between the
pressure-time derivative and the mean temperature. Lafarge et al. reported a basic equation based

on the porosity of samples and their characteristic thermal length [107]:
’ 1 12
T,=goA (2.50)

Therefore, the non-acoustical parameter can be estimated based on the morphology analysis and
the estimated unit cell. Then their can be evaluated using inverse characterization techniques

through the surface impedance testing and fitted to the JCAL model.
2.7.5 Pore size and interconnectivity in porous material

The pore size and connectivity number—defined as the number of channels connecting pores to
neighboring pores, allowing airflow to traverse from one pore to another—can be visualized in
three dimensions using open-source pore network modeling (OpenPNM) [111]. This technique has

recently been used to analyze the 3D morphology of rocks[112], and composites [113].

This model is integrated into the commercial software Dragonfly and helps determine pore size
distribution, the average number of throats per pore (connectivity), the distance length between
connected pores, and tortuosity. Figure 2.31 illustrates and example of 3D visualization of pore
network in porous materials [113].Despite the promising potential of this technique for visualizing
3D morphology, it has not yet been used to correlate morphology with non-acoustical and

acoustical parameters.
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Figure 2.31. a) Sparse and b) dense graphs of pore model for a polymeric composite ¢) schematic of the
sparse and dense graph path [113]

2.8 Summary of the literature review

The application of solid-stabilized emulsions has been extensively investigated across various
fields. However, their potential in controlled foam production remains unexplored. While the
effects of processing conditions on moderately concentrated Pickering emulsions in the stirred
tanks have been studied, there is a lack of knowledge regarding HIPPE preparation in stirred tanks.
Most studies on HIPPEs have employed homogenizers operating in the turbulent regimes, which
typically result in small droplet sizes with large size distributions. Although scale-up approaches
for moderately concentrated Pickering emulsions in the turbulent regimes have been stabilised,
there is no existing literature addressing the scale-up of HIPPE in laminar regimes.

The literature review also revealed that the sound absorption performance of porous materials
depends on factors such as pore size, interconnectivity, open porosity, and other non-acoustical
properties. The final porous material produced through HIPPE technique must meet specific
criteria to achieve high sound absorption efficiency.
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CHAPTER 3 OBJECTIVES

This work aims to investigate a novel approach for producing acoustic porous material from high
internal phase Pickering emulsions (HIPPES). To achieve the desired sound absorption properties,
the pore size-primarily prepared through HIPPE-must be sufficiently large to allow sound wave to
penetrate. Achieving large droplet size, around 200-800 microns, in HIPPE is particularly
challenging due to their high viscosity, and this has not been previously studied. A controllable and
predicable approach for determining the required process conditions to achieve the desired droplet
size across scales is necessary, emphasizing the need to define a new scale-up rule for HIPPE in
stirred tank systems. Furthermore, controlling the pore size and interconnectivity of porous
material produced through HIIPE preparation is a novel approach that has not yet been explored.
Establishing a correlation between the final porous structure and its non-acoustical and acoustical

performance in these materials warrants further investigation.

Based on these research gaps and challenges, the main objective is to develop a scalable process to
prepare high internal phase Pickering emulsion that can be post-treated to produce controlled
porous material. Three specific objectives are proposed:

e Production of Monodisperse Large Drop Emulsions in HIPPE
o Develop monodisperse large-droplet HIPPEs (100-800 microns) by controlling
processing conditions and formulation. This will be addressed in the 1% article.
e Scale-Up Rule for HIPPEs in Stirred Tanks
o Determine the scale-up rule for HIPPE production in stirred tank systems,
particularly in laminar regimes. This will be addressed in the 2" article
e Acoustic Porous Material and Structure-Performance Correlation
o Post-treat the HIPPE from our process into porous materials and establish their
potential for being used as sound-proofing foams. Establish a correlation between
the porous structure and the final acoustic performance. This will be addressed in

the 3 article.
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4.1 Chapter’s connection to the main objective

This chapter covers article 1, where we present a novel approach for generating high internal phase
Pickering emulsions with large droplets (>100 microns) and narrow size distribution. Our method
combines highly concentrated emulsification with droplet stabilization by micron-sized particles.
While previous studies relied on energy-intensive high-pressure mixing, limiting their applicability
to fine droplets smaller than 50 microns, our approach offers a scalable and cost-effective
alternative for achieving controlled large droplet size. This work provides valuable insights for

both researchers and industrial applications.

My contribution to the articles includes conceptualization, methodology, experimentation,

analysis, writing original draft, and literature review.

4.2 Abstract

High internal phase Pickering emulsions (HIPPE) have received significant research attention in
the last two decades due to their potential for a wide range of applications. The appropriate
processing of such high-viscosity emulsions, hundreds of times more viscous than that of the
continuous phase, and the control of the final droplet size both remain challenges to be tackled.
Our research targeted this knowledge gap by examining the influence of the emulsion formulation
and the processing conditions on the final droplet size. The dispersed phase fraction (100 cSt silicon

oil) ranged between 75 to 80%. The emulsions were produced in a regular mixing tank equipped
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with a helical ribbon impeller rotating at low speed (100 to 150 RPM). The effective viscosity of
the continuous phase was obtained from experimental torque measurements. The droplet size
distributions were measured after emulsification and dilution in continuous phases. It is shown that
the capillary number, obtained from the observed emulsification performance, can help predict the
final droplet size. Our approach provides a straightforward methodology to generate concentrated

Pickering emulsions with controlled and predictable droplet size.

4.3 Introduction

Emulsions solely stabilized by solid particles at the oil-water interface were described by Ramsden
and Pickering[14] about a century ago. Their behavior and properties have been actively
investigated in recent decades [23][29][114] and some applications along with
them[12][18][20][34][100][101]. The substitution of solid particles for traditional surfactants in
such emulsions (also known as Pickering emulsions) offers numerous advantages, making them
ideal for applications in fields including biomedicine[115][116], food[26], fine chemical
synthesis[117], cosmetics[27], and fine 3D structures[118][119][120].

The use of particles in replacement of chemical surfactants not only strengthens the emulsion
against coalescence but also lowers the risks of harmful surfactant release to the environment.
Furthermore, the solid particles can be selected to suit some specific applications of the produced
emulsions[117][121][115][15][122][65].

Low-volume and energy-intensive apparatuses such as high-pressure homogenizers and ultrasonic
probes are reported as emulsion generators[20]. However, high-pressure equipment produces small
droplets with a considerable degree of polydispersity in the emulsion droplets[51]. Additionally, it
may destroy the larger solid particles[123]. Other equipment to produce Pickering emulsions,
including microchannels[124], static mixers[125][126], and membranes[53], are limited to small
scales, not appropriate for applications on larger scales, as the design of such equipment poses
significant challenges[20].

Large-capacity emulsification often requires the use of a high-speed rotating impeller in a mixing
tank. Pitched blade turbines (PBT) have the capacity to emulsify large volumes of fluids and are
known to generate larger droplets (>75 um) compared to high-pressure homogenizers[32], [49].

They are however limited to low-viscosity emulsification.
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High internal phase Pickering emulsions are referred to as HIPPE and occur when the emulsion
drops reach their maximum packing state. For spheres of size, the maximum packing value is
around 74% (hexagonal close packing). Different lattice structures can lead to packing fractions
ranging from 34% to 60%. When the emulsion reaches this packing state, the viscosity increases
sharply and remains high thereafter. Similarly to dilute emulsions, a wide variety of particle types
and particle sizes, oil types, and processing conditions are employed in the preparation of HIPPEs,
and can be found in reviews[65].
For high viscosities such as the ones encountered in concentrated emulsions, low-speed close-
clearance impellers are more appropriate as they natively deal with high viscosity mixtures.
Examples of such mixers are the Maxblend impeller[73], anchor impellers[74], Paravisc[75], and
helical ribbons (Single helical ribbon SHR and double helical ribbon DHR) [75]. Very little
literature exists about the use of low-speed impellers applied to the production of emulsions. For
instance, asphalt was successfully emulsified using an anchor impellor at 95% dispersed phase in
a surfactant-based emulsions[74]. Very narrow droplet size distributions and easy processing were
demonstrated; however, they produced very fine droplet size which is not appropriated for us
The viscous stresses generate the droplet breakup in the laminar flow[81][127] while the interfacial
forces around the droplet will limit the extent of the breakup. The capillary number (Ca) represents
the ratio of viscous forces to interfacial forces (Laplace pressure) from the shearing flow:
4

7 b

where p. represents the viscosity of the continuous phase, ¥ denotes the shear rate, y,,, is the

Ca (4.1)

interfacial tension between dispersed and continuous phases, and D,3 is the diameter of a droplet.
The droplet breaks if Ca exceeds a critical value (Cacrit); the new droplets have smaller diameters
and Ca becomes lower. Simultaneously, small droplets tend to coalesce, leading to increased
diameter and Ca. Thus, the observed or effective capillary number of a given process will tend to
“move towards” the critical capillary number if enough time is allowed for droplet rupture to occur
repetitively.

Multiple empirical models predict the critical capillary number based on the viscosity ratio between
the dispersed and continuous phases[80][81] and report the effect of viscosity ratio on the curvature
of droplet breakage[82]. In these models, the Ca value is obtained for dilute emulsion, where the

effect of the neighboring droplets is neglected. This literature made use of constant viscosity for
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the continuous phase over the emulsification time. This assumption of constant continuous phase
viscosity might not be accurate for Pickering emulsions where the continuous phase may be non-
Newtonian, and the presence of micron-sized particles induces more complexity.

HIPPEs not only exhibit a viscoelastic behavior themselves[84] but also the continuous phase
might reveal complex rheological behavior. Depending on the particle size, the shear rate, and the
repulsive force between particles, the continuous phase can exhibit both shear thinning and shear
thickening[85], as well as time-dependent behavior, thixotropy, and rheopexy[86][87]. The
observed behavior is a complex function of experimental conditions and formulation. The
nonlinear rheological behavior of the concentrated suspension forming the continuous phase must
be considered for calculating the viscosity ratio.

Despite extensive research on the fundamentals and the properties of concentrated Pickering
emulsions, there is still a lack of understanding regarding the control of the final droplet size and
the impact of the processing conditions on HIPPEs in the laminar regime. This research aims to fill
this gap by studying the impact of the process and the formulation on the produced droplet size.
This work seeks to develop methods for precise control and estimation of droplet sizes under low

shear rates.
4.4 Material and Methodology
4.4.1 Material

The dispersed phase for all emulsions was silicone oil with a viscosity of 100 ¢St (Clearco Products
Co. Inc., USA). The continuous phase was formed of an aqueous phase that contained dissolved
Polyvinyl alcohol (PVA) (Alfa Aesar, US) in distilled water at concentrations ranging from 2 to
4%. Polyimide (PI) powder with a primary diameter of 4 microns (P84NT, Evonik Fibers GmbH)

was uniformly dispersed in the continuous phase prior to any oil addition.

To create a HIPPE, the dispersed phase concentration must exceed the maximum packing fraction
of the droplets. In this study, oil concentrations (dispersed phase) of 75vol% and 80 vol% were
employed. While not reported here for the sake of conciseness, the torque evolution during
emulsification clearly demonstrated the achievement of a concentrated emulsion state when a sharp
increase in torque was indeed recorded and showed ratios of final/initial torques of 3 to 10. The
continuous phase comprised aqueous solutions of PVA at 2, 3, and 4 wt.%, and adequate amounts
of PI to cover the oil droplets. Based on the expected droplet size range at the target PVA

concentrations, three levels of Pl concentrations were determined to ensure full drop coverage.
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Consequently, 6 P1 vol% in two different continuous phase volumes were calculated (20-23-25
vol%, and 25-28-32 vol.%) for samples containing 75% and 80% oil, respectively. All emulsions

were prepared based on the full factorial design of all variants summarized in Table 4.1.

Table 4.1.Table of variants and level for formulation

Level 1 Level 2 Level 3
PVA solution (wt.%) 2 3 4
PI (g) 0.7 0.8 0.9
Oil (Vol%) 75 80 )

The PI volume fraction, which is employed for all results, is calculated based on its volume in the
continuous phase. The density of Pl is 1.4 g/cm?, and the volume of the continuous phase is 2 mL

and 2.5 mL for emulsions prepared with 80 vol%, and 75 vol%, respectively.

4.4.2 Emulsification

4.4.2.1 Emulsification Setup and Procedure

The high internal phase Pickering emulsions were prepared using a 3D-printed double-helical
ribbon within a 20 mL tank. The required quantity of particles was initially dispersed in the PVA
solution by subjecting the mixture to 100-150 RPM for one minute. Subsequently, the oil was
injected at a constant flow rate of 2.5 mL per minute, while agitation was maintained. The oil
injection port was located at the base of the side wall of the tank (see Figure 4.1). This configuration
allowed the oil to be injected at the bottom of the tank, in the most favorable zone for emulsification
at low impeller speed. The torque meter recorded data during the mixing process for future
calculations. The dimensions of the apparatus are given in Figure 4.1. These dimensions are

representative of efficient ribbon designs, as recommended from the literature[21].
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Figure 4.1Schematics and dimensions of the setup.
4.4.2.2 Processing conditions

To examine the impact of the emulsification time on the droplet size, three pre-established
revolution number (nr) of the impeller were applied consistently during the emulsification process.
The revolution number corresponds to the rotation speed multiplied by the emulsification time.
This approach is justified by the fact that the HIPPE emulsification process operates in the laminar
regime due to the very high viscosity of the concentrated emulsion. In this viscous flow regime, it
1s the amount of shear stress exerted on the emulsion that is expected to dictate the drop size
reduction process. Exploiting the very high viscosity and the laminar regime, we can relate the
number of rotations of the impeller to the potential of droplet rupture. The maximum torque value
measured at the end of the emulsification step allows us to access average stress which in turn is
related to the energy consumption.
Two values of rotation speeds, chosen for their ability to supply ample pumping capacity within
the tank, were employed. The first selected revolution number is much larger than the
dimensionless mixing time reported for helical ribbons in the literature[128]. Six process
conditions (C1-C6) corresponding to each formulation, and three replication runs were conducted
for each experiment. The list is presented in
Table 4.2.
The emulsions being viscous with non-Newtonian behavior, the shear rate is defined as per the
Metzner and Otto concept following[21]:

Yy = KN (4.2)
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where y is the shear rate, N is the impeller rotation per second, and Kj is the Metzner and Otto
constant. K represents the capacity of a given impeller geometry to generate shear at a given
rotation speed. Despite being called a “constant”, this impeller characteristic may sometimes vary
with the flow behavior index of the fluid (n) in the power-law expression of the viscosity®®. Based
on the published values[129],[130] from the literature and the double helical ribbon geometry used
here, we assumed an average K value of 30 from the Brito-De La Fuente et al. [130] for a similar
geometry and considering the flow behavior index (n) between 0.6-0.8.

Table 4.2. Process conditions

Condition Rotation speed Revolution number (nr) Emulsification time
number (N(RPM)) (min)
C1(100/800) 100 800 8
C2(100/1600) 1600 16
C3(100/2400) 2400 24
C4(150/800) 150 800 5.33
C5(150/1600) 1600 10.66
C6(150/2400) 2400 16

4.4.3 Methodology

This section introduces the equations used for estimating the viscosity of the continuous phase for
two different approaches: formulation and in-situ torque measurement. For formulation-based
viscosity estimations, the measurements of PI particle size distribution (PI PSD), the zeta potential
at different PVA concentrations, and the PVA viscosity are required. For torque-based viscosity,
the emulsion's torque is recorded during mixing and is correlated to the continuous phase viscosity

through analytical equations.

4.4.3.1 Emulsion characterization

4.4.3.1.1 Determining droplet size and particle size

Particle and droplet sizes were assessed using dynamic laser scattering (DLS) with the Mastersizer
3000 instrument from Malvern Panalytical, UK. The Malvern software provided various droplet
size parameters, including D1o, Dso, and Dgo, Which represent sizes at which 10%, 50%, and 90%
of the volume of all droplets are smaller, respectively. Additionally, the mass-weighted average

size (Da43) was reported, which best represents the total droplet size within the emulsion. It is given

by:
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_ Ynd}

BT (4.3)

where n; is the number of droplets at each size class (d;).
4.4.3.1.2 Determining fractal dimension of particle

To identify the particle aggregation structure after emulsification, a 2 mL sample of the produced
emulsion was collected from the mixing tank and diluted with water. The dilution was performed
in a 20 mL tank with the DHR rotating at 100 or 150 RPM for one minute. Free particles were
collected at the bottom of the tank once the agitation was stopped, and the mixture had settled. The
fluid used to transport the samples during analysis had the exact same composition as the
continuous phase (PVA solution at different percentages) to minimize agglomeration or dispersion

due to ionic strength changes.

The slope of the log-log intensity-scattering angle (I vs. q) graph obtained from the DLS

corresponds to the fractal dimension, Ds in the following equation [131],[132].

1(q) o< q~Pr (4.4)

The slope is estimated in the domain where Rg*q > 5 where the relation is linear [131]. Ry is the

particle gyration radius (half of Da3), q is the scattering angle, and I is the scattering intensity.
The compactness of aggregation is represented by the structure prefactor, kq (Eq (4.5)):

R\Pr

ny = kg (-2) (45)

To

where the aggregate's particle number is n,, and the primary particle's radius, ro, was set at 0.33
microns based on minimum D1 which was observed for the PI particle at PVA 4 wt.%. The cubic
ratio of Rg /ro is used to estimate n,, since a fully spherical aggregate with a gyration radius R,

contains n,, individual spheres of radius ro.

4.4.3.1.3Scanning electron microscopy

Two scanning electron microscopes were used to study and characterize the morphology of the
polyimide particles: Tabletop SEM Hitachi at 5-15kV, for statistical analysis, as well as Ultra-high-
resolution SEM Hitachi (Regulus 8220) at 2kV for a more accurate description of the texture at

higher resolution. Polyimide particles were analyzed before any process and after the
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emulsification process. A 2 mL sample of the produced emulsion was collected from the mixing
tank and diluted with water. The dilution was performed in a 20 mL tank with the DHR rotating at
100 or 150 RPM for one minute. The samples were then frozen at -80 °C for one hour and subjected

to freeze-drying for 5 days.
4.4.3.1.4 Zeta potential of particle dispersion in PVA solutions

The particle's zeta potential is obtained using a Zetasizer (Malvern Panalytical, UK). First, the
natural pH of the PVA solutions (2, 3, and 4 wt.%) was measured at 6.08, 5.88, and 5.7,
respectively. At a concentration of 5 mg/mL and a temperature of 25°C, at least three distinct
samples of each suspension were measured. Folded capillary cells DTS1070 were utilized. The
equipment determined the electrophoretic mobility, and the software subsequently applied the

Smoluchowski model to calculate the zeta potential.
4.4.3.1.5Surface and interfacial tension

To measure surface and interfacial tension between two liquids, the Wilhelmy plate method was

employed (DCAT 25, Data Physics Instruments).
4.4.3.1.6 PVA viscosity

The viscosity of the PVA solution was measured using a rheometer (MCR 501, Anton Paar) with
double gap geometry (DG). The viscosity was determined by means of a shear sweep ranging from
0.1t0 100 s™.

4.4.3.2 Estimating the viscosity of continuous phase
4.4.3.2.1 Formulation-based approach
To estimate the viscosity of the continuous phase based on the formulation, the intrinsic viscosity

of the particle suspension in the continuous phase is determined by the Smoluchowski, Krasno-
Ergen Equation for large double-layer colloidal suspensions [133]:

B 3{:2(2
[n] = 2.5 (1 + KMCR,§> (4.6)
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where £ is the absolute permittivity in electromagnetism, ¢ the zeta potential of the particles, K is

the specific conductivity of the continuous phase, Ry is the particle radius, and u, is the viscosity

of the continuous phase alone.
The calculated intrinsic viscosity [n], based on (Eqg.4.6) were summarized in Table 4.3.

Table 4.3. Properties of the continuous phase
PVA Zeta potential Conductivity Permittivity Particle Viscosity [n]

wt.% (mV) (mS/cm) (*10e-10)? radius® of PVA

(um)  solution

(mPa.s)¢
2 26.68 + 2.85 0.309 6.9 2.5340.18 7.340.8 2.500
3 55.47 +5.8 0.39 6.8 1.31+0.07 23.1+1 2.501
4 13298 + 14.9 0.53 6.8 0.831+0.13 61.2+3 2.503

a Obtained from ref [134]
b Particle size for suspension of PI at different PV A solution
¢ Measured by rheometer; viscosity is constant at 0.1-100 s™!

The concentrated suspension viscosity is determined using the equation used by Pal[135]:

ny = [1— ke] (4.7)

where 7,-1s the relative viscosity. The value of £ is obtained as follows:

k=14 (), (4.8)

Here, ¢,, is the maximum sphere packing factor. Assuming random close packing for polyimide
particles after obtaining the PSD, ¢,, is estimated at 0.637[135]. By substituting Eq (4.6) and (4.8)
into Eq (4.7), the relative viscosity of the continuous phase was estimated. The result from Eq (4.7)
multiplied by the measured PV A viscosity allows the calculation of the complete continuous phase

viscosity. This calculation was performed at the three PVA concentrations used in this work.
4.4.3.2.2Torque measurement approach

To estimate the viscosity of the continuous phase, we first need to measure the emulsion viscosity.
During the mixing procedure, the torque's evolution over time is recorded. There is a correlation

between the amount of torque and the viscosity of samples. In the laminar flow regime, for any
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specific impeller geometry, the product of Reynolds number (Re) and the power number Np is a
constant and is expressed as [21]

2nN(I — I)

szNp*RBZ Tle*NZD3

(4.9)

where 7, is the emulsion viscosity at a specific rotation speed (N), D is the impeller diameter, and
I' is the torque obtained from the torque meter and [} is the torque value for empty tank which
corresponds to the mechanical friction within the micing system. The useful value of I' is measured
when the torque reaches a plateau at the end of the emulsification process. This maximum value is
employed to calculate n,. In the laminar regime, the K, value is simply the proportionality constant
between Re and Np and represents the capacity of the impeller’s geometry to consume power

during rotation.

The relative viscosity of the emulsion was estimated by employing again the Pal equation [135].
In this situation, the value of ¢,, is the maximum close-packed droplet volume fraction. Depending
on the emulsion uniformity[135], it is between 0.68 and 0.86. For close-packed monodispersed
spherical droplets, the ¢,, value should be 0.74[64]. In our case, owing to the polydispersity of the
prepared HIPPEs, the ¢,, value of 0.86 is selected. (Detailed information is given in the supporting

information)

3
) [ ( (1_%) ) ]_2.5

=T Tl =11-(1 4.10

Ny 2+ 5p + o2 Qe (4.10)

By substituting 7, = z—i and p = Z—‘Z where 7, is obtained from Eq.4.8 and n4is 0.0966 (Pa.s), the
viscosity of the continuous phase viscosity is estimated.
4.5 Results
4.5.1 Effect of particle volume fraction and viscosity modifier (PVA) on droplet
Slze

Under comparable processing conditions, the droplet size is generally more impacted by the PVA
concentration than the PI concentration. Figure 4.2 illustrates this general trend where droplet size
is more impacted by the PVA concentration vs the Pl vol% at the C1(100/800) condition.
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With 75% dispersed phase (Figure 4.2-a) and 20 vol% of PI, D43 decreased from 1100 to 400
microns by increasing the PVA content from 2 to 4 wt.%, respectively. The increase in oil volume
from 75% to 80% (Figure 4.2-b) leads to a sharp decrease in droplet size. For instance, at a constant
Pl of 25 vol% and for PVA concentration of 2 wt.%, the droplet size decreases from 900 to 600
microns with this change in oil from 75% to 80%. However, for emulsions prepared using PVA 4
wt.%, increasing the oil vol% did not result in such a sharp reduction in droplet size when 80%
was used. It reveals that the droplet reaches its minimum size even at 75 oil vol% with 25 vol% of
Pl. Beyond this volume fraction, there is no further reduction in droplet size with increasing particle
content. It means the system has reached its maximum size reduction capacity. During our
preliminary experiments, we ran emulsification tests with 28% Pl and 75% oil. The D43z obtained
then was comparable to the D43 obtained at 25% and supports our statement that the minimum size
is achieved at 25% PI when using PVA 4%. This observation made us confident that the minimum
size of the drops was obtained at the conditions we are using. Moreover, the droplet size does

remain constant at PVA 4% and higher oil concentration.
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e 150 i £ 750
hat F T, ¥ I .
a r A I Sl .
500¢ L { 500+ T e
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Figure 4.2. D43 for samples prepared under condition C1(100/800) for 2, 3, and 4 wt.% PVA,; (a) 75% oil,
(b) 80% oil. The results shown are based on the volume fraction of Pl in the continuous phase at
predetermined levels (from Table 4.1).
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4.5.2 Effect of process conditions and viscosity modifier (PVA) on droplet size

Figure 4.3 illustrates the effect of the revolution number at three PVA percentages on the droplet
size. It reveals that at constant Pl vol%, increasing nr reduces the droplet size down to a minimum;
however, the decline in D43 depends on PVA wt.%, oil volume, and rotational speed. For instance,
in Figure 4.3-a, D43 is almost constant between 1600 and 2400 revolutions for PVA concentrations
of 2wt.% and 4wt.%; whereas, at this revolution number for emulsion with PVA 3 droplet size

decreases sharply from 600 to 250 microns.

It is also observed that the final value of D43 at nr of 2400 is a function of the viscosity ratio. PVA-
4, which has the highest continuous phase viscosity shows the minimum Das for all rotation speeds
and oil volume content. Higher oil volume content leads to a minimum D4z even at the beginning
of the process at 800 revolutions. These findings indicate that impeller speed is less important than
the formulation since continuous phase viscosity determines the minimum droplet size. We
mentioned earlier that deformation is the leading breakup mechanism in the viscous flow regime

and the results shown here are going along that line.
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Figure 4.3. Evolution of D43 with respect to the revolution number while varying oil fraction, PI, and
impeller speed; (a) 75% oil, 23% PI, 100 RPM; (b) 75% oil, 23% PI, 150 RPM; (c) 80% oil, 28 % PI, 100
RPM; (d) 80% oil, 28% PI, 150 RPM.

4.5.3 Effect of formulation on the viscosity of the continuous phase

In the methodology section, Table 3, we demonstrated that adding PVA changes the continuous
phase conductivity, and alters the particle radius and zeta potential. The intrinsic viscosity of the

continuous phase is calculated based on equation 4.6 and summarized in Table 4.3.

Figure 4.4 presents the effect of Pl vol% on the continuous phase viscosity, which is calculated
based on Eq 4.7 and Eq (4.8). In general, higher particle volume fraction increases the viscosity of
the continuous phase, which is also amplified with higher PVA content. The presence of PVA
exerts a more pronounced impact than the Pl volume fraction. Specifically, for the same PI volume

fraction, the viscosity of the continuous phase at PVA 4 wt.% is tenfold higher than that at PVA 2
wt.%.
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Figure 4.4. Effect of Pl volume fraction and PVA content on the viscosity of continuous phase.
4.5.4 Effect of process conditions on the viscosity of the continuous phase

The effective viscosity of the continuous phase is obtained through the steps described in section
4.4.3.2.1. The evolution of the effective viscosity of the continuous phase (lc) is plotted as a
function of the revolution number (Figure 4.5). The results are categorized into four groups with
two values of oil volumes and rotation speed. Each point represents the average of continuous
phase viscosity for different Pl concentrations under constant conditions. The results show that the
variation of viscosity with nr is not constant at each PVA concentration. The viscosity of PVA 2
wt.% is almost constant, whereas PVA 3 and 4 generally exhibit radical changes with a changing

revolution number.

The increased viscosity observed for PVA 4 in Figure 4.5-c for 2400 revolutions can be attributed
to the generation of very fine droplets and the formation of a strong network of continuous phases
around these droplets. Conversely, the decrease observed in Figure 4.5-d for 2400 revolutions
might be linked to particle contamination resulting from prolonged exposure to high shear.
Contaminated particles are unable to stabilize oil droplets effectively, leading to excess oil

observed in the emulsification process, consequently reducing the viscosity.
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Figure 4.5.Viscosity of continuous phase as a function of nr; (a) 75% oil, 23% PI, 100 RPM; (b) 75% oil,

23% PI, 150 RPM; (c) 80% oil, 28% PI, 100 RPM; (d) 80% oil, 28% PI, 150 RPM. Note: The lines
joining the data points in the graphs serve as a visual guide and do not represent any specific trend.

4.5.5 Size evolution of the remaining particles in the continuous phase

The size distribution (PSD) of the remaining (unattached) Pl particles was measured after

emulsification. We observed that certain groups of operating conditions generated comparable PlI

PSD, with peaks at similar particle size. Figure 4.6 presents the PSD of these remaining particles

according to three distinct groups of conditions that we were able to differentiate. Generally, the

three groups offer PSDs with two clear peaks. The first peak (P1, smaller sizes) is the same under

all conditions and for all experiments. It corresponds to the individual particle size from provided

by the supplier. The second peak shifts to smaller particle sizes with extended processing durations

(higher nr), higher shear rates (higher RPM), or higher oil and PVA concentrations. This size

reduction of the larger particles indicates that the processing conditions break down larger

aggregates to generate finer particles.
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To illustrate our observation, we use what we determined as Group 1 (G1). For that group, similar
particle size distributions with the second peak at 4.2 pm were obtained for unattached particles
from emulsions prepared under C1(100/800) conditions at three different PVA percentages. The
combination of low to moderate PVA concentration and prolonged processing time (C3 and C6)
shifts the PI PSD to a smaller particle size and the second peak occurred at 4.0 um. The emulsions
prepared with this particle size are placed in Group 2 (G2). Finally, a high-intensity process (higher
RPM and nr) or higher viscosity (higher PVA and oil) yields finer particles with P2 at 3.7 pm,;
these emulsions are categorized in Group 3 (G3). Further emulsions, which were prepared under
similar conditions also showed the same results. The details of formulations and processes are
summarized in supporting information Table A.2.

The shift of PI PSD from G1 to G3 decreases the Da3, which is considered as a double gyration
radius of the particle. From the Mastersizer data, the average of D43 for G1 to G3 is 3.69+0.03,
3.414+0.01,and 3.37 + 0.03, respectively.

The reduction of particle size with higher PVA content is attributed to its role as an electrolyte in
the continuous phase, increasing the zeta potential of particle dispersion and inducing a repulsive

interaction that diminishes particle aggregation sizes[136].
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Figure 4.6. The size distribution of P particles in three defined groups G1 (low to high viscous (PVAZ2,3,4
wt.%) low-intensity process(100 RPM or 800 nr)); G2 (Medium viscous (PVA 2, 3 wt.%) medium
intensity process(150 RPM for PVA 2 wt.%, 100 RPM PVA 3)); G3 (high viscous (PVA 3,4 w.%, 80.oil
vol.%) high intensity process (2400 nr and 150 RPM))
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To further characterize the Pl aggregates and quantify their compactness, we also measured the
fractal dimension and structure prefactor using the correlation between the light intensity and the
scattering angle (Eq(4.4)), which obtained through Mastersizer results. Based on the processing
conditions and formulation, the same three groups as the ones based on PSD were investigated.
Figure 4.7 shows the intensity versus the scattering angle for determined groups. The intensity is a
linear function of the scattering angle with Dscorresponding to the exponents on g. It can be noted
that group G2 exhibits the lowest Ds value, while group G3 has the highest. A lower Ds value
indicates an important presence of non-spherical aggregates in the emulsification process. Under
shear, the aggregates can orient and/or aggregate further depending on the emulsion formulation
and process conditions. The aggregation explains the high sensitivity of continuous phase viscosity

and the large variation of droplet size under shear.

Table 4.4 shows a decrease in the structure prefactor value from G1 to G3, suggesting the reduced
compactness of aggregates in G3. A lower compactness enables PVA solutions to penetrate,
forming a network with aggregates. This strengthens the continuous phase, facilitating the
breakdown and the stabilization of finer droplets. It is worth noting that the values of Dr and kg are

aligned with those found in references dealing with micro-spherical latex[137].
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Figure 4.7 Light intensity (1) versus scattering angle (q) for samples in the three groups



Table 4.4. Grouping of particles following their characterization based on Eq 4.5
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Conditions @ Df Rg (um) np Kg
RPM/nr/oil vol%/PVA wt.%
G1 | 100-150/800-1600/75/2 1.71 |1.8540.015 17544 9.21+0.25
G2 | 100/2400/75-80/3 1.69 |1.7040.005 138+1 8.610.08
G3 | 150/1600-2400/80/4 1.80 |1.67 £0.015 | 12943 6.99+0.22

a : The details of conditions were summarized in supporting information in Table A.2

4.5.6 Scanning electron microscopy (SEM) of particles

To visualize the effect of process conditions on the particle size and fractal dimensions, SEM

images of freeze-dried diluted particles were obtained. Although water evaporation during freeze-

drying affects the interaction between PVA and Pl particles, comparing the three different

processes provides a clear understanding of the particles' shape and size. For consistency, the

details of statistical analysis and additional images are provided in the supporting information

(Appendix A.6); a few images for illustrating the effect of PVA on the particles” morphology are

shown in Figure 4.8.

A comparison between Figure 4.8-a and Figure 4.8-b illustrates that PVA forms a network that

surrounds each particle. The surface morphology of both pure and PVA-modified particles as

depicted in Figure 4.8-c and Figure 4.8-d, confirmed that each PI particle comprises hundreds of

nanometer-size particles. This structure allows PV A chains to penetrate due to its porosity.
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Figure 4.8. SEM image of a) pure Pl particles and b) PVA-PI particles; ultra-high resolution SEM c) pure
particles and d) PVA-PI particles

Table 4.5 shows that the particle size decreased by higher PVA%, prolonged emulsification
process, and higher rotation speed; from G1 to G3. The aspect ratio of particles which is correlated
to the fractal dimension, is also decreased by these conditions. These findings confirmed our results
obtained from the Master sizer showing that particle size reduced through these process conditions
from G1 to G3.

Table 4.5. Statistical analysis of microscopic image

Process conditions Size (um) Aspect ratio
Gl 3.34+0.81 1.264+0.16
G2 2.68+0.86 1.154+0.11

G3 2.29+0.45 1.1040.1
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4.5.7 Correlation of the capillary number with the viscosity ratio

Figure 4.9 compares the fitting curve of Ca versus the viscosity ratio p. The left part (a) is obtained
based on the formulation approach and the torque approach is on the right (b). In Figure 4.9-a all
samples with constant PVA-oil formulation exhibit constant p value, as the viscosity was solely
calculated based on formulation. The calculation of Ca is also based on this viscosity. The low
regression coefficient (R?=0.38) observed in Figure 4.9-a indicates the limitation of this approach
to accurately estimate Ca. It is worth mentioning that for both Figure 4.9-a and Figure 4.9-b, the
interfacial tension decreases slightly with increasing PVA concentration. The interfacial tension
between silicon oil (100 cSt) and the three PVVA solutions is provided in the supporting information
Table A.1.

The viscosity of the continuous phase, estimated solely on the formulation (Section 3.3), leads to
a poor correlation between p and Ca. The data in Figure 4.9-a fits on Ca= -0.005log(p)+0.0165
with R? equals to 0.38, while in Figure 4.9-b, by categorizing data, the correlation matches
measurements with R? equals to 0.93, and 0.8 was obtained for G1 and G3, respectively. From G1
to G3 the logarithmic slope increased from -0.01 to -0.006, and their intercept decreased from 0.032
in G1t00.02,and 0.013 in G2 and G3, respectively. The approach used here clearly helps represent
the behavior of the concentrated emulsions and allows for a fine representation of the droplet size

obtained in the concentrated conditions.

To gather all conditions together, we use the same three groups as presented in 4.5.5. The process
conditions and formulation were summarized in Table A.2 of the supporting information. In Figure
4.9-b, both nr or RPM and PVA or oil concentration increase from G1 to G3. These conditions
lead to smaller PI particles consequently increasing the emulsion’s capacity to stabilize droplets.
Due to smaller individual particles/agglomerates with the same overall Pl vol%, more particles are
available for stabilizing finer droplets which results in a shift of the Ca-p curve towards lower

values.
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Figure 4.9. Capillary number vs. viscosity ratio (p). (&) calculated based on formulation-approach
viscosity; (b) calculated based on torque-approach viscosity.

4.5.8 Estimating the droplet size based on the capillary number and viscosity

ratio

The droplet diameter (d) was estimated using the following equation by substituting the fitting

curve parameters obtained from section 4.5.53.6 and their corresponding viscosity ratio (p):
ny

2yow/
Dy3

Figure 4.10 compares the estimated and measured droplet sizes. In Figure 4.10-a, values are

Ca=alog(p)+b = (4.11)

estimated solely from the formulation while in Figure 4.10-b, values are determined using the
process viscosity obtained from the torque measurements. The variability is clearly reduced when
predicting the droplet size using the process viscosity (torque) compared to the size predicted using
the formulation approach. This observation reveals that variations in factors such as the revolution
number, rotation speed, PVA wt.%, and oil concentration affect the ratio of viscous force to
interfacial tension (Ca). Therefore, to accurately determine the Ca number and droplet size it is

imperative to incorporate the real viscosity of the continuous phase.
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Figure 4.10. Measured droplet size vs. estimated droplet size; (a) estimates based on formulation, (b)
estimates based on torque measurement. The hatched area represents the £25% variation from the line of
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4.6 DISCUSSION

We demonstrate that HIPPE can be generated with a controlled droplet size selected a priori. We
take advantage of the highly viscous systems provided by high concentrations of dispersed phase
to reduce the droplet size instead of using high-intensity mixers. The results also reveal that the
PVA concentration, the revolution number (nr), shear rate, and oil volume all altered the viscosity
of the continuous phase. Our results indicate that assuming a constant viscosity of the continuous
phase over different process conditions might lead to prediction errors. It is rather crucial to

consider the continuous phase viscosity variations in high internal phase emulsions.

Based on the literature, the critical capillary number is a function of the viscosity ratio (p) and the
type of flow. In a simple shear flow, Ca decreases with p until it reaches a minimum value (0.5-1)
at 0.1<p<1. After this minimum, it increases sharply. It is generally agreed that droplet breakage is
impossible at p>3.5 within a simple shear flow[78]. Conversely, in elongational flow, Ca decreases
with p and it reaches its minimum (0.1-0.5) at p>10[138][139]. In such flow, droplet breakage is

considered feasible at all p ranges.
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There is a lack of knowledge for estimating Ca in highly concentrated emulsions, especially
emulsions where droplets are covered by particles as is the case in HIPPE. The calculated Ca values
decrease from 0.03 to 0.005 when the p-value increases from 1 to 20. Drops breakage can therefore
originate from a combination of simple shear and elongational flows. This is the very nature of
tank mixing where simple flow fields (shear and/or elongational) do not exist alone but in
combination and at various degrees. Considering that emulsification in HIPPEs occurs in the
presence of very high (overall) viscosity, in the laminar regime, it is reasonable to assume that most
of the droplet rupture will originate from elongation. The fact that drops size reached small values,
even at high viscosity ratios, is an additional argument in favor of a generally elongational flow
field in the tank.

The Ca results obtained for HIPPEs are much smaller than the minimum Ca reported for
elongational flow, 10 times smaller than Grace’s results[78]. This might be attributed to the high
interaction between droplets in the HIPPE emulsions and the stabilization process, which involves
particle absorption. The Ca-p curves shift to the lower amount by decreasing the particle size. From

G1 to G2 finer particles stabilize smaller droplets, leading to lower Ca at a fixed viscosity ratio

The structure of the particles at all formulations and process conditions plays a crucial role in
determining the capillary number. From G1 to G3 in Figure 4.9, Ca shifts to a lower value by
decreasing the kq and Rq. It reveals that the lower compactness of aggregates (kg) enhances the
penetration of PVA chains into the aggregates, thereby increasing droplet stability. Additionally,
using finer particles, smaller Rg, provides more coverage potential for stabilizing small droplets.

Consequently, this leads to the formation of finer droplets at a lower Ca.

The lowest fractal dimension (Ds) belongs to G2 (Table 4.4), which means that the aggregated
structure is far from the spherical likelihood. It is reported that suspension containing plate-like
aggregates exhibits complex non-Newtonian behavior owing to the potential of clustering or
orientations[81]. Therefore, the continuous phase containing this type of particle is more sensitive

to shear rate.

On the other hand, the intermediate kg value in G2 allows PV A chains to penetrate. The penetration
of PVA chains leads to the clustering or networking of particles depending on the process
conditions. So, the capillary number of the emulsions stabilized with these particles fits into the G2

curve, which lies between the other curves with the largest and finest particles.
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In conclusion, the structure of the particles, which is determined by Da3, Dy, and Kg, is the key
factor for distinguishing three curves in the Ca-p graph. The finer and less dense the particles, the

finer droplets are obtained, resulting in a shift of the Ca-p curve to a smaller value.
4.7 CONCLUSION

The droplet size can be tailored in HIPPEs through formulation and process conditions. It showed
that the evolution of particle aggregation structure, which is influenced by the revolution number
of the impeller, the shear rate, and varying PVA concentrations, significantly impacts the final
droplet size. Furthermore, this study highlights the fact that the capillary number is a function of
the effective viscosity of the continuous phase, and it changes with process conditions,
emulsification time, and formulation. As a result, by considering both particle structure and the
effective viscosity of the continuous phase, a correlation of Ca vs p was obtained for three groups
of emulsions. Using these curves, one can estimate the required continuous phase viscosity and

process conditions to achieve the desired droplet size.

The use of the effective viscosity of the continuous phase helps determine accurate estimates of the
capillary number (Ca). The effective viscosity of the continuous phase obtained through in-situ
torque monitoring during the emulsion preparation reveals that both formulation and the process
impact the viscosity of the continuous phase. The torque in-situ technique is beneficial for inverse
engineering approaches, to estimate the correct continuous phase viscosity or shear rate to achieve

the desired droplet size.

The fractal dimension (Ds), compactness of particles (kg) and particle radius (Rg), which are affected
by PVA content, process conditions and emulsification time, play crucial roles in explaining the
final droplet size at the conditions explored. The continuous phase's effective viscosity, impacted
by particle shape and size, supports the estimation of the capillary-viscosity ratio, leading to a more

precise prediction of droplet size.

In summary, this investigation offers a better understanding of the relationship between capillary
number-viscosity ratios, particle properties, and processing parameters. The ability to modulate
emulsion characteristics through the adjustments of key factors provides valuable insights for the

design and optimization of emulsion systems with tailored properties.
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5.1 Chapter’s connection to the main objective

This chapter covers article 2, where we established an appropriate scale-up exponent for HIPPE
production in the laminar regime. We systematically investigated the effects of hydrodynamic
criteria that remain constant throughout the emulsification process while scaling up by a factor of
3000. Our finding revealed that the most appropriate hydrodynamic criterion for maintaining
consistent droplet size across scales is constant power per volume in the laminar regime. These
findings address the challenges and knowledge gaps associated with the mixing of complex HIPPE

and offer valuable insights for versatile industrial applications.

My contribution to the articles includes conceptualization, methodology, experimentation,

analysis, writing original draft, and literature review.

5.2 Abstract

This study investigates the effect of the scale-up exponent on droplet size in high internal phase
Pickering emulsions (HIPPES) within the laminar regime. Through systematic analysis, we
demonstrate that a scale-up exponent of zero, which maintains a constant shear stress, results in
consistent droplet size across all scales. We explore the relationship between droplet size, power-
law index, consistency index and Metzner-Otto constant, establishing a correlation that accurately

predicts the required power per unit volume for achieving the desired droplet size.

Further analysis of the relationship between D3z, and specific energy reveals that droplet size
decreases with increasing specific energy until reaching an equilibrium droplet size. Beyond the

equilibrium point, D3> correlates with power per volume (P/V). These two curves can serve as a
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predictive tool for estimating the required P/V and revolution number to achieve target droplet
sizes. Our findings suggest that emulsion viscosity, rotational speed, and revolution number are
crucial parameters for controlling droplet size, thereby optimizing HIPPEs for industrial-scale

applications.
5.3 Keywords:

Solid stabilized emulsion, Industrial-scale design, stirred vessel, Helical ribbon impeller, HIPPEs’

rheology, Estimating energy dissipation rate.
5.4 Highlights:

v A scale-up exponent of zero ensures the constant droplet size across scales in HIPPEs.
v" Rheological characteristics of emulsion correlate with droplet size.
v Required power per volume for target droplet size is estimated from emulsion rheology.

v" Droplet size scales with energy and power per volume.
5.5 Introduction

Solid stabilized emulsions (SSE), commonly referred to as Pickering emulsions, have found
widespread applications across numerous industries in the last twenty years, after being disregarded
for decades from the first introduction by Pickering [14]. Application sectors include the food,
where starch, soy protein and other substances act as interface-stabilizing agents [26][42];
polymerization process, where nanoparticles stabilize the polymeric phase[140]; pharmaceuticals,
where chitosan-based emulsion is used for drug delivery [20]; cosmetics, where the particles
stabilize lipophilic actives for skin care products [27]; and oil industries where SEESs are used in
crude oil production and treatment [141]. This widespread number of applications arises from the
properties of the particles involved in stabilizing the interface; particles can be tailored and adapted
in each case, providing distinct features in the resulting emulsion structure
[28][142][20][143][123].

Specifically, HIPPEs which are characterized by internal phase volume content exceeding 75
vol.%, have gained broad usage in diverse applications in recent years. For example, they find
applications in 3D-printed bone tissues, self-healing materials, super absorbents and catalysts [65].

The pore structure, permeability and mechanical properties of HIPPEs can be tailored by adjusting



82

the internal phase volume fraction, the particle size, the interface chemistry and the particle

concentration.

By increasing the dispersed phase volume and decreasing the droplet size, the viscosity of HIPPEs
increases sharply [144][64][135]. These emulsions exhibit different rheological behaviors during
mixing, attributed to their complex morphology and their dependence on droplet size. HIPPES may
demonstrate shear-thinning behavior [19] when low shear forces are applied, allowing the emulsion
to slide within the shear field without droplet breakage. Conversely, they may exhibit shear-
thickening behavior [62] under higher shear forces that result in droplet breakage. Additionally,
rheopectic behavior [145] can occur when, at a constant shear rate, droplet breakage over time
leads to a gradual increase in viscosity.

Despite extensive research on Pickering emulsions’ formulation [32][49], few studies investigated
their processing conditions [20]. Albert et al. reviewed conventional emulsification processes that
can be used in Pickering emulsification, outlining the rotor-stator mixer and high-pressure
homogenizer as the most viable options for SSE industrialization [20]. These mixers consume
elevated specific energy, and potential issues such as particle destruction during processing, final
emulsion polydispersity and temperature increase of the emulsion were identified as processing
challenges. Temperature management is a common processing limitation, particularly in the
preparation of viscous emulsions [20]. The review did not provide insights into the processing of

very concentrated emulsions.

To process emulsions in the laminar flow regime, where the viscosity of the fluid(s) is a hundred
times higher than that of water, close-clearance impellers generally show good performance in
achieving suspension of particles within liquids [75]. Among the well-known impellers, the
Paravisc™, the helical ribbon, the double helical ribbon (DHR), the Maxblend™ and the anchor
impellers, the DHR is the most energy-efficient one for blending two immiscible liquids [77]. This

performance is due to its shortest blend time for a given power input [77].

According to literature, all mixing scale-up procedures in both turbulent and laminar regimes begin
by maintaining a constant hydrodynamic properties as the scaling criterion. These hydrodynamic
properties include power per volume, mixing time, off-bottom suspension speed, maximum shear

at the impeller tip, and equal viscous/inertial force [21]. By ensuring geometric similarity and using
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a constant formulation, these criteria establish simplified correlations between rotational speed (N)
and impeller diameter (D).

For example, in the laminar regime, maintaining constant power per volume results in No=N1 [77].
In the turbulent regime, maintaining constant power per volume leads to the relationship
N2°D2?=N:°D1? [21]. Similarly, maintaining constant tip speed results in N.D.=N:D1 , and constant
Reynolds number leads to N.D»?=N;1Di% So, in general, to extrapolate the rotational speed in
similar tanks, from scalel to the scale 2, the following equation is used by considering a scale up

exponent of o [21]:

a

N, = N, * (%) (5.1)

A value of 0 represents constant speed conditions applicable for constant mixing time and constant
power per volume in the laminar regime [77]. A value of 1 is recommended for maintaining
constant tip speed for simple blending, as well as shear-controlled droplet size [21]. In the turbulent
regime, for constant energy dissipation rate, a scale-up exponent of 0.67 [21] is applicable for
turbulent droplet dispersion. Finally, for constant Reynolds number (Re), a scale-up exponent equal

to 2 is recommended [21].

For highly concentrated emulsions (not stabilized by particles), scaling up using a constant
Reynolds number as the criterion has proven ineffective. Maintaining constant Re, while scaling
up, decreases the rotational speed from 1600 RPM at 100 mL to 780 RPM at 685 mL [90]. This
reduction in rotational speed provides insufficient shear to break droplets, ultimately resulting in
undesirable larger droplet sizes at the larger scale [90]. Gingras produced emulsions through the
inline SMX and helical static mixer [91] and found that the average droplet size scales with the
specific power once equilibrium is reached; before reaching equilibrium, the droplet size scales
with the specific energy. Meanwhile, May-Masnou et al. regarded rotational speed and power per
unit volume (P/V) as scale-up invariants [92][93], applying the scale-up exponents of 0 and 0.67
[92][93]. These studies used emulsifiers to stabilize small droplets (under 20 microns) at a speed

of 500-1800 RPM with pitched blade impellers, which operated outside the laminar regime.

In the case of solid stabilized Pickering emulsions, Al-Haiek et al. revealed that the scale-up factor
in medium internal phase content (<50%) emulsions, operated in the turbulent regime) should be

between 0.67 and 1. The reason for such values arises from the combination of two processes at
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once, the first being a simple blending of two liquids, that require alpha = 1 for scaling up and the
second is the solid suspension [56], which require alpha = 0.67 [21].

The most important learning from Al-Haiek’s work on scale-up and the processing of concentrated
emulsions is the list of parameters to consider due to the combined processing taking place all at
once. These parameters cover the minimum rotational speed for suspending particles [56] and
droplets [94], the capacity for the particles to cover the interface effectively and sufficiently to
ensure drop stability [48], and the capacity of the mixing system to generate interface, i.e., produce
drops [48].

To sufficiently suspend particles in the liquids inside stirring tanks, the rotational speed must
exceed the just suspended speed (Njs). Beyond this threshold, fewer particles are available for
droplet coverage [48], leading to insufficient coverage [49], and the coalescence of partially
covered droplets, resulting in a non-uniform emulsion. Additionally, sufficient shear stress must

be applied to ensure adequate droplet breakage and interface generation [48].

Despite an extensive body of literature published on droplet size prediction in emulsions using
various impeller designs, and operating in laminar and/or turbulent flow regimes, there remains a
knowledge gap regarding the scale-up rules applicable to high internal phase Pickering emulsions
(HIPPESs). These emulsions pose specific challenge which arises due to the combination of high
viscosity of these emulsions and the need for effective particle suspension inn the laminar regime

during the emulsification process.

Our research aims to address this gap by identifying the optimal scale-up rule for HIPPEs. Given
that the emulsions process involves both particle suspension and liquids dispersion under highly
viscous conditions, the double helical ribbon impeller is particularly well-suited for this process.
This work focuses on developing methods to control and estimate droplet sizes before and after
equilibrium state, ultimately achieving consistent droplet sizes in tank scales from 1 to 3000 times

in scale.
5.6 Material and Methods

A systematic investigation evaluated the effect of the scale-up exponent and revolution number on
the droplet size in HIPPEs with a constant formulation. The study commenced by determining the
optimal scale-up factor for HIPPES, exploring three scale-up exponents for 0.01 -30 L scales. The

most appropriate exponent was selected based on the consistency of droplet size across different
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scales, and the findings were validated on a larger scale. Power consumption during emulsification
was measured through in situ torque measurements and compared to the estimated power derived
from the viscous shear stress. Finally, the correlation between power and energy consumption with

the droplet size was analyzed.
5.6.1 Material

The oil phase consisted of pure silicone oil with a viscosity of 200 cSt at 25 °C (Clearco Products
Co. Inc., USA). The oil phase, always constituting 80 vol.% of the total volume, was injected from
the bottom of the tank at a controlled speed. To neutralize the potential impact of the oil injection
rate and mitigate the risk of phase inversion, which may occur with fast injection relative to the
rotational speed, a constant ratio between the oil injection rate and rotational speed was maintained.
Additionally, it was crucial to complete the oil injection process within the same proportion of the
total emulsification time across all processes and scales. Consequently, the oil injection speed was
adjusted based on the total oil volume, rotational speed and initial revolution number. The injection
speed for each scale and rotational speed was calculated using the following equation.

Voil *x N
800

(5.2)

Injection speed =

800 revolution number is the minimum revolution number to reach the periodic emulsion which
obtained through preliminary tests. The aqueous phase was prepared using deionized water in
which polyvinyl alcohol (PVA) in solid powder form (Alfa Aesar, US) was dissolved with 3 wt%,

which is a medium concentration that we used in our previous work (2-4 wt% [146]).

The particles used for all experiments were made of Polyimide (PI) with a primary diameter of 4
microns (P84NT, Evonik Fibers GmbH). The particle concentration was adjusted to ensure
sufficient coverage of the expected smallest oil droplet, leading to a PI particle-to-oil weight ratio

of 0.1, which is a medium ratio based on our previous work [146].

5.6.2 Experimental methods
5.6.2.1 Emulsification setup

Emulsification was performed using a double helical ribbon (DHR) at four different scales while

maintaining geometrical similarity. The impellers were fabricated using 3D printing with polylactic
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acid (PLA). The detailed geometrical characteristics of the emulsification setup are presented in

Figure 5.1and Table 5.1.

D/T w/D e/D P/D c/D H/D
Similar geometry  0.94 0.15 0.03 0.67 0.03 1.6
Figure 5.1. Schematic impeller and tank dimensions
Table 5.1. Scales and the impeller diameter
Scalel Scale 2 Scale 3 Scale 4
(Small; S) (Medium; M) (Large; L) (Giant; G)

Total volume (mL) 10 100 1000 30000
Diameter (cm) 2.7 5.5 125 34.5

5.6.3 Droplet measurements

Droplet sizes were measured using dynamic laser diffraction (DLS) with the Mastersizer 3000

(Malvern Panalytical, UK). A sample of the emulsion at each Nr was taken and diluted in the 300

mL vessel of Mastersizer which contains PVA 3 wt.%. In the size distribution graph of the

preliminary test, two peaks are observed: a smaller peak below 10 microns, corresponding to the

particles, and a larger peak ranged from 20-50 microns, corresponding to the droplets. In all main

measurements, the effect of particle on the overall averaged droplet size was eliminated by limiting
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the size domain to 10-3000 microns. The same procedure was employed for all samples to avoid
any potential biases. Among the data provided by the Malvern software, the Sauter mean diameter
(Ds2) was reported as the most representative measure of the droplet size under each process
condition. It is defined as the ratio of the sum of the cubic power of each droplet size (denoted by
index i) multiplied by its percentage (n;), to the sum of the square of each droplet size multiplied
by its percentage:

_ Y n;D}

32 = Z—niDiz (5.3)

5.6.4 Power measurements

The power consumed during each emulsion preparation was recorded via in-situ torque

measurement. Power was calculated using the following equation:
P =2nNTl (5.4)

where 7" (N.m) represents the torque, N (1/s) is the rotational speed of the impeller, and P (W) is
power. Time integration of the power provides an experimental value of the energy consumption

during the emulsification process.

5.7 Theory and calculations

5.7.1 Selection of scale-up exponent

As previously discussed, constant Reynolds number lead to weak particle suspension at larger
scales; consequently, droplets were different in both scales.[56] In this study, we assumed that the
HIPPE production process occurs in a laminar regime due to its high viscosity, or in a transitional
regime when high rotational speed and large impeller are employed. So, the constant power per
unit volume was selected as a scale-up criterion for both flow regimes. Additionally, a constant tip

speed which leads to constant shear at the edge of the impeller was employed.

Three scale-up exponents were evaluated to determine the most appropriate exponent for HIPPEs
based on the evolution of droplet size over the revolution number. The first exponent was derived

from the condition of constant power per unit volume in the laminar flow:

P = K,uN?D3 (5.5)
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where K, is the ratio of power number (Np = ﬁ) to the Reynolds number, and p is the emulsion
Viscosity.

Considering that the volume of a cylindrical tank is in direct relation with D3. So:

P
T »UN?D® = const (5.6)

It means that the exponent a is 0 in the following equation

D 0
N, = Ny * (D—l) i.e N, =N, (5.7)

2

The second option is to work at constant power per unit volume, where the Reynolds number ranges
between 10 and 1000. In this case, the power per unit volume is

P
V= ppN3D2 (58)

where Np is the power number and p is the emulsion density. This equation leads to the exponent
a equals 2/3 and the scale-up expression becomes:

2
3

N, = N * (%) (5.9)

2

This approach (Equation 5.9 ) is normally applicable to the transient flow regime. At the beginning
of the scale-up selection, the type of flow regime is unclear, so all potential approaches, including

laminar flow, transitional flow and turbulent flow should be considered.

The third scale-up rule is to maintain a constant tip speed between scales, which results in exponent

a equal to 1:

1

J— D1 ’ J—
N, =N, <D_2) i.e.(ND), = (ND), (5.10)

In the laminar flow regime, the DHR is assumed to produce the same amount of fluid motion per
revolution, regardless of the scale. Consequently, the fluid motion history is identical after similar
revolution number (Nr), as the deformation history remains the same. This suggests that it is the
total deformation that governs droplet size and distribution, rather than just the level of shear or

emulsification time [146]. Based on this principle, we consistently applied five pre-established
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numbers of revolutions (Nr: 800, 1600, 2400, 3200, 4000), calculated as the product of the impeller
speed (N) and the processing time. As soon as the oil fraction goes above 40 or 50% (and long
before reaching 75 or 80%), the viscosity of the emulsion increases sharply. This increase is
recorded using the in-situ torque meter. Once these viscous conditions have been reached, the flow
regime becomes laminar, as proven by the torque curve over N (see result section). We employed
three rotational speeds, selected for their ability to ensure sufficient suspension capacity of the
particles within the tank. A full factorial design of experiment was employed for all factors and

levels; resulting in 45 runs with 3 repetitions for each scale; details are presented in Table 5.2.

Table 5.2. Factors and levels for process conditions

Factors Levell Level2 Level3 Level4 Level5
Nrer® 100 150 200

o 0 0.67 1

Nr 800 1600 2400 3200 4000

a: Nt is the rotational speed employed in the smallest scale

5.7.2 Emulsification power from the viscosity and shear rate

The breakage capacity of the mixing system during HIPPE emulsification in the laminar regime
can be characterized by the deformation rate, estimated using the Metzner-Otto relation [77]. This
relation provides a basis for estimating the power consumption based on viscosity and rotational
speed [77].

Pl = K,uN? (5.11)

Here, K, is the power constant, obtained from power curve of DHR impeller for a Newtonian fluid

at Re=1. The power curve is a plot of power number (Np) versus Reynolds number (Re). The power
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number is calculated based on the torque (I"), emulsion density (p), rotational speed (N), and

impeller diameter (D):

Ny — P 2mNT (5.12)
P = N3D5 _ pN3DS '
The Reynolds number is calculated as:
pND?
Re = . (5.13)

where 7 is the viscosity of Newtonian fluid. For the impeller geometry used in this work (DHR),

the K, value was determined experimentally and is constant at 324 across all scales.

The emulsion viscosity (1) was obtained from the power-law equation:

p=kyn1 (5.14)
where n is power-law index, k is the consistency index, and y is the effective shear rate, expressed
as:

¥y = KN (5.15)
where K is Metzner-Otto constant [77]. Substituting Equation (5.15) into Equation (5.14), the

viscosity Equation becomes:
p=kKr N1 (5.16)

The value of kK1, and n were determined experimentally. A plot of torque-to-rotational-speed
ratio (I'/N) versus rotational speed (N) was recorded as N increased. The n and kK*~! values were

obtained from the exponent and slope of the (/7/N) versus N curve [147].

2nNT = K,uN?D? (5.17)
r K, D3kK* 1
- = <—p — > )N"-l (5.18)

By substituting experimentally determined values of kK™, and n into Equation (5.16), the
viscosity of emulsions at each rotational speed were calculated. Finally, substituting the viscosity
and Kp into Equation (5.11) allows the required power for all scales to be estimated.
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5.8 Results
5.8.1 Effect of scale-up on droplet size

Figure 5.2 illustrates the evolution of the average D32 with the three scale-up exponents considered
in our work. The curves in each graph cover 5 revolution number (Nr), three different reference
rotational speeds, and the three tank sizes used (S, M, L). The overall trend is that D3> decreases
with the revolution number until it reaches a minimum plateau value. The time (or Nr) to reach the
plateau value, the drop size value on the plateau, and the change in the droplet size during
processing are all determined by the process conditions. The final D3, plateau value is the same for
all scales, regardless of Nrer. In fact, a higher initial Nrer results in a smaller initial D32 (at Nr=800),
and diminishes the rate of decrease in D32 over Nr, with the final D3, being the same when Nr is

large enough to reach the plateau value.

Looking closer at the first row of graphs in Figure 5.2 where the scale-up exponent a equals O (i.e.
constant rotational speed across the three scales), a very tight overlap of the droplet evolution and
droplet size is observed across all three scales, and for each reference rotational speed (Nrer. 100,
150, and 200 RPM). On the lower rows of Figure 5.2, as the scale-up exponent « increases to 0.67
and 1.0, the curves overlap is gradually broken and the three curves spread more and more apart
with increased « values. An increase in exponent o (from 0) decreases the rotational speed as the
scale grows. The decrease in rotational speed results in lower droplet breakage capacity, which in
turn leads to the formation of larger droplets. As a result, the largest droplet size was obtained at a

equal to 1 and scale L (largest).

The similarity in droplet size suggests that a scale-up exponent of zero, i.e. scaling up at constant
rotational speed, is the most appropriate method to retain the emulsification performance across
scales when processing HIPPEs with a constant formulation. Working with geometrically similar
systems at all scales requires keeping a constant rotational speed to retain the same emulsification
capacity as the scale increases. Derived from this observation at the three scales, it appears that the
key factor in controlling the droplet size during scale-up is regulating the stress rate or power per
volume (P/V). This parameter is thoroughly analyzed across all three scales and process conditions

in the next section.
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Figure 5.2. The evolution of droplet size over the revolution number (Nr) for three scale-up exponents and
three system sizes (S, M, L). (a), (b), (c) a=0 (N2=N1). (d), (e), (f) o= 0.67 (N2/N1 =(D1/D2)0.67 (g), (h),
(i) =11 (N2/N1 =D1/D2). Left-side graphs (a), (d), and (g) were prepared at Nref=100 RPM; Middle
graphs (b), (e), and (h) were prepared at Nref=150 RPM; right-side graphs (c), (f), and (i) were prepared at
Nref=200 RPM

5.8.2 Effect of scale-up on Power per unit volume

Figure 5.3 shows the evolution of power per unit volume (P/V) as a function of the revolution
number (Nr) across all the process conditions and scales. From top to bottom, the scale-up exponent
increases, meaning that rotational speed decreases with the increasing scale diameter. From left to
right, the reference rotational speed- corresponding to the rotational speed of the smallest scale-
increases from 100 to 200 RPM. The P/V rises with the revolution number and reaches a constant
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value across all conditions and scales, which is attributed to the equilibrium droplet size being

reached at a higher revolution number.

When the exponent a is zero, the power per unit volume (P/V) remains consistent across all scales
for each Nrer. As o increases, the spread of the (P/V) curves become more pronounced, although
the aim is to maintain them on top of each other. For instance, at a. = 0.67, the P/V of the medium
scale (M) and large scales (L) are roughly 0.4 and 0.1 of the P/V for the small scale (S), respectively.
These values decrease further at a=1, where the P/V of the medium and large scales reaches 0.2 and

0.03 of P/V for small scale (S), respectively. (see supporting information Figure S.1)

The evolution of power per volume agrees with the changes observed in the droplet size reported
for the same conditions (Figure 5.2). Thus, scale-up using an exponent of 0 appears to be the most
reliable procedure to ensure consistent droplet size when working with HIPPE with similar
formulations, as it results in a constant P/V. The loss in reproducibility of the power with increasing
scales at higher exponents is attributed to the larger droplet size produced. These larger drops are
generated due to ineffective particle suspension and reduced droplet breakage capacity at lower
rotational speeds as scale increases, resulting in lower viscosity and power consumption. This

indicates a direct correlation between the droplet size and emulsions’ viscosity.
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Figure 5.3. The evolution of P/V over the revolution number (Nr), for three scale-up exponents and three
system sizes (S, M, L). (a), (b), (c) 0=0 (N2=Ny). (d), (e), (f) a=0.67(N2/N1=(D1/D,))*%". (g), (h), (i) a=1
(N2/N1=D1/Dy). ). Left-side graphs (a), (d), and (g) were prepared at N=100 RPM; Middle graphs (b),
(e), and (h) were prepared at Nr=150 RPM; right-side graphs (c), (f), and (i) were prepared at N=200

RPM

5.8.3 Linking the rheological characteristic and the D3>

By determining the shear rate and viscosity, one can estimate the specific power P/V
(Equation(5.11)). However, accurate measurements of both viscosity and shear rate are crucial for

this estimation, as Pickering emulsions exhibit complex non-Newtonian behavior.

In our case, the rheopectic and shear thickening behavior were observed during the mixing process.

Droplets became progressively smaller over time at a constant rotational speed, until reaching a
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minimum threshold for Ds>. Increasing the rotational speed in the prepared emulsion further
reduced droplet size and altered the morphology and structure, resulting in shear thickening
behavior. These two phenomena occurred in an unsteady state, where the droplet size decreased

during mixing.

Additionally, shear thinning behavior was observed as the rotational speed gradually increased
before reaching the rotational speed that was employed for the preparation of the emulsion. Under
these conditions, the morphology and droplet size remained unchanged, and the viscosity of the
emulsion decreased with the shear rate due to the slight slipping of droplets and the alignment of
fluid in the direction of flow. So, at each D3y, in a steady state condition, emulsions exhibit shear-
thinning behavior, and its viscosity is calculated from the Power-law equation.

To estimate the required power per volume (P/V) for achieving a target droplet size, we first
determine the power constant (K,). Then, the power-law index (n), consistency index (k), and
Metzner and Otto constant (Ks) are derived from the correlation between torque and rotational
speed, as described in the Equation (5.18). The viscosity is then calculated using Equation (5.16)
Finally, by substituting these values into Equation (5.11), the required P/V for target droplet size is

determined.

Figure 5.4 illustrates the evolution of I'/N as a function of N for emulsions prepared in the medium

scale, considering three different reference rotational speed (Nref) values and three scale-up
exponents (o). The plot shows that I'/N decreases according to the power equation % =Mx*N"1
At each Nref, the values of M and n decrease as a increases. Moving from Figure 5.4-a to Figure
5.4-c, where Nref increases at a constant a, the values of M and n also increase. The M value is
related to the consistency index (k), power-low index (n), power constant (K,), Metzner and Otto

constant (Ks), and the impeller’s diameter D, through the following equation.

D3KpkKI™t

21

M= (5.19)

It is worth mentioning than the value of power-law and consistency indexes were validated using

rheometer results. The detailed results are summarized in the appendix.
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Figure 5.4. Torque/ rotational speed versus rotational speed for medium-scale with different scale-up
exponents. (a) Ner=100 RPM, (b) Nt =150 RPM, (c) Ne=200 RPM

The same procedure was applied to other scales, and the results show that, regardless of a and Nref,
the values of n and kK~ for all emulsions are a function of Ds.. (The graph illustrating this
correlation is provided in supporting information Figure S.2). This observation implies that n and
k are intrinsic material properties, independent of process conditions. As a result, the viscosity of
the emulsion can be estimated based on the target droplet size using the two correlations. By
substituting these relationships into Equation (5.16), the viscosity can be calculated, and the

required power can finally be determined using Equation (5.11).
5.8.4 Measured vs estimated power per unit volume

We compared the power per unit volume measured via torque measurement (P/V(I")) with the
power estimated through the viscous stress rate (P/V(u)). The correlations between Dz, n, k, and
Ks were employed to estimate power from the droplet size obtained at all scales, scaleup exponents,
and rotational speed in all the revolution number (Nr). Results for o=0 are shown in Figure 5.5 and

the two other exponents are presented in the supporting information, Figure S.3.

Figure 5.5 compares the estimated and measured power per volume (P/V) at constant o=0 across
all scales (S, M, L) and three reference rotational speeds (Nrer = 100, 150, 200 RPM, in Figure 5.5-
a, Figure 5.5-b, and Figure 5.5-c, respectively). These graphs indicate that the estimated P/V (
P/V(V)) slightly deviated from the measured P/V (P/V (I')); with the deviation decreasing as the
rotational speed increases. At a constant rotational speed of 100 RPM (Figure 5.5-a), the estimated

power for the small scale is 81% of the measured power. This discrepancy can be attributed to the
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larger portion of the power consumed for particle suspension, which was not accounted for in our

estimation.

From the comparison between the consumed power and the specific just suspended power Pjs,
calculated using Ayranci et al.’s equation [148] (see supporting information), it was found that only
at a small scale with N=100 RPM does the P/Pjs ratio falls below one (Supporting information
Figure S.3). This indicates that, under this condition, particles are not fully suspended, and a large
portion of total power is consumed for particle suspension. At larger scale and higher rotational
speed, the P/Pjs ratio exceeds one, meaning that more power is allocated to emulsification, resulting

in closer alignment between the estimated and measured P/V values.

At other rotational speeds, when all scales exceed the just-suspended power threshold, the deviation
between the estimated and the measured power is relatively consistent across scales, ranging
between 4-8%. This deviation is due to the elongational flow present during HIPPE production in
the laminar regime with DHR, whereas our estimation assumes a simple shear flow for the

emulsification process.
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Figure 5.5. Comparison of the measured P/V(P/V/(I')) with the estimated P/V (P/V(n)) at scale-up
exponent 0: (a), (b), and (c) Nref= 100, 150, and 200 RPM, respectively. Equations Infront of each legend
represent the equation of P/V (p) versus P/V(I")

5.9 Validation

We aim to validate the developed scale-up procedure by producing a HIPPE at a much larger scale

than the ones used in our experiments and adjusting the formulation to confirm the effect of
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constant P/V on Ds2. Three approaches are explored; the first approach involves maintaining a
constant emulsion formulation and scale-up exponent to achieve a consistent D3> across scales. In
the second approach, we compare the droplet size and P/V of emulsions prepared at similar low
rotational speeds for two scale G and L. Finally, in the third approach, we adjust both formulation

and rotational speed to achieve equivalent P/V and D3>.

Emulsions were first prepared under selected conditions at a larger scale of 30 L, referred to as
scale G, which is 3,000 times larger than the smallest scale used in our initial experiments. A scale-
up exponent of zero was applied only for Nre=100, for this large tank, due to limitations in the
experimental torque measurement, which hampered the maximum speed at this scale. Figure 5.6
compares the droplet size (Ds2) and P/V of emulsions prepared across all scales. The results indicate
that, although there is a slight discrepancy in Ds; at the onset of the emulsification (Nr 800),
consistent D3> values were achieved across all scales after Nr =3200 (Figure 5.6-a). A similar trend
is also observed for P/V (Figure 5.6-b), which validated our conclusion that applying a scale-up
exponent of zero in the HIPPE production within the laminar mixing process yields consistent P/V

values and similar droplet size across scales.
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Figure 5.6. Evolution of Ds,, and P/V over revolution number Nr for e=0 and N,=100 RPM.

The second approach aims to compare Dsp, and P/V of emulsions prepared at two different scales
using similar low rotational speeds to produce larger droplet sizes. For this purpose, at scale G, an
a=0.67 was employed for Nrer=150 and 200 RPM, resulting in N values of 27 and 36 RPM, for G
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2-00.67, and G3-00.67, respectively. The D32 and P/V of these emulsions were compared with
those of emulsions prepared at scale L at speeds of 21 RPM (L1-a1) and 35 RPM (L1-a0.67). Figure
5.7-a shows that similar rotational speeds, N= 21-27 RPM, and N=35-36 RPM, produce relatively

similar droplet sizes across the scales over the revolution number.

A similar trend was observed for P/V (Figure 5.7-b), for each rotational speed, P/V, for both
emulsions it first increases until the revolution number in which droplets reach their equilibrium
size, then reach a plateau. These findings further confirm that similar rotational speed resulted in
comparable droplet sizes, leading to similar rheological behavior and viscosity, and ultimately

consistent P/V values.
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Figure 5.7. Evolution of Ds,, and P/V over revolution number (a, ¢) emulsified at N=21-27 RPM; (b, d)
emulsified at N=35-36, index number corresponds to the level of reference rotational speed: 1,2,3
corresponds to 100,150,200 Nret.
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In the third approach, similar P/V and Dz, values were achieved by varying formulations and
rotational speeds. For this approach, we used the data from our previous work [146], where
emulsions were prepared at constant P concentration but with different continuous phase viscosity,
adjusted by modifying the PVA concentration. A summary of this work, illustrated in Figure 5.8,
shows that the D3> of an emulsion prepared with higher continuous phase viscosity and lower
rotational speed (i.e. 3 wt% PVA at 100 RPM) was similar to that of an emulsion prepared with a
higher rotational speed and lower viscosity (i.e. 2 wt% PVA at 150 RPM, Figure 5.8-a). Similar
results were observed for emulsions with 4 wt.% PV A at 100 RPM (Figure 5.8-b) and 3 wt.% PVA
at 150 RPM (Figure 5.8-b). This trend was also consistent for the P/V at each corresponding
emulsion (Figure 5.8-c and Figure 5.8-d). These findings confirmed that, in cases where rotational
speed is limited, a higher continuous phase viscosity provides sufficient power to achieve similar

droplet size.
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Figure 5.8. Evolution of Ds;, and P/V over revolution number; (a) and (c) emulsions were prepared by
lower viscosity or rotational speed; (b) and (d) emulsions were prepared by higher viscosity or rotational
speed

5.10 Discussion

We demonstrated that the most appropriate scale-up exponent for HIPPEs in the laminar regime is
0 (zero). At this exponent, maintaining constant rotational speed results in a consistent stress rate,
leading to an overlapping average of Dz, across scales. Torque analysis revealed that emulsions
prepared with this scale-up exponent exhibit similar viscosity and consistent P/V. Under all process

conditions, droplet size decreased with emulsification time.
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Combining the emulsification time with P/V vyields specific energy (e/V), a key parameter for
controlling D32 during the transitional phase before reaching the equilibrium droplet size.
[91][149][74] It has been shown that droplet size decreases with specific energy until equilibrium
is reached, after which P/V governs Dz [91][149][74]. We observed similar behavior in our

emulsions prepared at constant rotational speed and P/V.

Figure 5.9 compares the dependency of D3> on the e/V and P/V for emulsions prepared at three
rotational speeds -100, 150, and 200 RPM- across all scales. The results demonstrate that D3,
follows a power-law correlation with both e/V and P/V. These curves can be used to estimate the

required power or energy to achieve the target droplet size.

Figure 5.9-a illustrates the reduction of D3, as a function of specific energy, with data points
aligning along two curves for N=100 RPM and 200 RPM. Covariance analysis yields a p-value of
4.2*10*° (Supporting information Table S.1), indicating a strong dependency of Dz, on e/V. At
low e/V the data points are also dependent of rotational speed; however, this dependency
diminishes at higher e/V values (i.e. longer emulsification time), suggesting that the equilibrium

D32 has been reached.

Figure 5.9-b illustrates the reduction of D3> as a function of power per volume, with data points
fitting within two curves for Nr=800 and 4000. Covariance analysis obtained a p-value of 5.2*10°
18 (Supporting information Table S.1) indicating a strong dependency of Dz, on P/V. The observed
deviation for N=100 RPM and Nr=800 (S1, and G1 on the Nr=800 line) corresponds to the droplet
sizes that have not yet reached equilibrium. However, these points fit the line for e/V, as illustrated
in Figure 5.9-a. This behavior can be attributed to the fact that, at low rotational speed and at the
beginning of emulsification (Nr=800), droplets have not yet reached their equilibrium size. Under

these conditions, D3, shows a strong correlation with e/V rather than P/V.

In summary, these analyses indicate that Dz correlates with e/V before equilibrium is reached and
with P/V once equilibrium is achieved. These findings align with previous studies that established
correlations of droplet size with P/V and e/V for emulsions stabilized with emulsifiers
[91][149][74]. From these two curves, once the relevant equilibrium state is identified, the
corresponding correlation can be used to estimate the energy or power required to achieve the

desired D3».
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Figure 5.9. Evolution of D3, with (a) e/V, and (b) with P/V at constant rotational speed; indexes 1, 2, and 3
refer to rotational speeds of 100, 150, and 200 RPM, respectively. Scales G: 30 L, L:1 L, M:100 mL, S: 10
mL

5.11 Conclusion:

Our study investigates the effect of the scale-up rules on high internal phase Pickering emulsion in

laminar mixing flow, leading to the following conclusions:

- Ascale-up exponent of =0 (constant rotational speed) is a practical approach for achieving

consistent droplet size across scales from 10 mL to 30 L.

- At o=0, maintaining constant P/V across scales ensures consistency in droplet breakage and

results in similar droplet sizes.

- Constant P/V can be achieved either by maintaining a constant rotational speed with

preestablished formulation or by increasing the continuous phase viscosity when rotational

speed increases are limited.

- A reliable correlation exists between droplet size and emulsions rheology, enabling

accurate estimation of P/V based on viscosity.

- Das2 evolves with specific energy input per volume (e/V) before the equilibrium droplet size

is reached and then correlates directly with P/V once the equilibrium is achieved.
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This correlation serves as a predictive tool in emulsion production, allowing engineers to estimate
the required power and energy to achieve target droplet size based on lab-scale data. While this
correlation is derived from a constant formulation, further research on variable formulations at a
large scale is recommended to examine how changes in viscosity affect these relationships. Finally,
investigating the impact of the impeller-to-wall gap could enable reductions in rotational speed
while maintaining a constant shear rate. This could support efficient and consistent production

across scales and further optimize the scalability of HIPPE productions.
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6.1 Chapter’s connection to the main objective

This chapter covers article 3 which we aimed to introduce HIPPE templates as a novel approach
for producing acoustic porous materials. We demonstrated that the porous structure can be
effectively controlled through a straightforward process using an environmentally friendly
formulation. The pore size is precisely determined by the original droplet size, meaning that the
process conditions during the emulsification directly affect the final pore size. The key advantage
of this approach is its versatility: depending on the target frequency range for sound absorption,
the pore size can be controlled during the emulsification process, making this method highly

adaptable to specific acoustic application.

My contribution to the articles includes conceptualization, methodology, experimentation,

analysis, writing original draft, and literature review.

6.2 Abstract

This paper introduces a novel approach for producing acoustic porous materials using solid-
stabilized emulsion templates. The technique allows for precise control of pore size through
straightforward emulsification processing conditions, highlighting its potential for developing
multifunctional acoustic foams. The microstructure of the porous material was investigate using
X-ray microtomography and open pore network modelling. The correlation between processing

conditions, porous microstructure, and acoustic performance was determined. The findings reveal
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that desired sound absorption performance can be achieved by adjusting the rotational speed during
emulsification, which affects droplet size and ultimately results in targeted pore size, connectivity,
and tortuosity. Notably, nearly perfect sound absorption coefficient at 1100 Hz was achieved for
samples with largest pores, highest porosity, and greatest connectivity. Furthermore, samples with
medium porosity and pore size, but the highest tortuosity, exhibited maximum sound absorption
below 500 Hz, despite a low sample thickness of only 3cm. This performance is particularly
notable, as it is challenging to achieve with conventional acoustic foams, demonstrating the

potential of this novel approach for developing high-performance acoustic materials.

Keywords: Highly concentrated solid stabilized emulsion, Pickering emulsion, porous material,
sound absorption

6.3 Introduction

In recent decades, the alarming rise of health problems caused by noise pollution has become a
serious concern, largely driven by the rapid growth of the transportation industry [150]. Prolonged
exposure to noise-polluted environment can significantly disrupt daily life leading to insomnia,
cardiovascular diseases and other serious health issues [150]. In response to these concerns, new
regulations in the United States (14 CFR Part 36, updated 2023) have been implemented to reduce
noise levels in transportation systems, thereby creating a growing demand for innovative and

effective sound-absorbing materials.

Recent advancements in polymer foams have sparked significant interest in their potential
applications in sound dissipation. The latest generation of porous acoustic liners offers several
advantages, including reduced spatial requirements and simplified design [4]. However, the
foaming processes used to manufacture these materials often rely on hazardous ingredients and
chemical reactants, which can have negative environment and health implications. The
implementation of health, safety, and environmental (HSE) measures to protect both operators and

the public can substantially increase production costs, making these materials less competitive.

Emerging methods such as the leaching process [101] and additive manufacturing [102], which
offer precise control over pore size and interconnectivity. The leaching process using particles with
diameters of 500—700 microns has been found to yield maximum sound absorption around 3000
Hz [101]. Additive manufacturing of acoustic periodic materials has also achieved high sound

absorption when finer filaments and smaller lattice parameters are used [102]. Predictive analytical
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models for acoustic micro-lattices produced via additive manufacturing indicate that the
microstructure for maximum sound absorption includes a filling factor of 40-50 % and filament
diameter between 50-200 microns [102]. However, these structures typically exhibit sound

absorption peaks above 2000 Hz, requiring modifications to perform well at lower frequencies.

Polymeric emulsion templating approaches have gained significant attention in recent years for
producing porous structure [68][151] with applications in various fields including tissue
engineering [152], catalysis [153], membrane separation [154] and acoustic applications [155].
This approach involves using high concentrations of monomers in the polymerized continuous
phases, along with substantial emulsifiers to stabilize droplets as dispersed phases. However, the
use of monomers and emulsifiers not only raises production costs due to required safety measures

but also raises health concerns for end users, leading to restrictions in some industries.

Surfactant-free solid-stabilized emulsions (SSE), also known as Pickering emulsions, -named after
the pioneering researcher who first describe them [3]- are formed through the spontaneous
absorption of particles at the interface of two immiscible phases [23]. A wide range of mineral,
organic, and polymeric particles, with suitable contact angles, can locate at the interface of two
phases. The stability of Pickering emulsions is achieved by preventing coalescence through the
formation of a steric particle barrier around the droplets, which is more effective than traditional
chemical emulsifiers [23]. Furthermore, capillary forces and particle interactions at the interface
contribute to stability by creating a close-packed particle network [31]. The unique characteristics
of Pickering emulsion, including ease of formation with sufficient mixing, long-term stability,
control over droplet size, and adjustable surface chemistry, have garnered significant attention from
researchers across various fields [28]. Applications for these emulsions are diverse and widespread,
encompassing fields such as drug delivery [24][156], catalysis [157], food technology [158][26],
photocatalysis [159], oil recovery [160] antibacterial activity [161], and the cosmetics [162].

High internal phase Pickering emulsion (HIPPE), which contains over 75 vol % of the internal
phase, have recently been employed as templates to create porous materials for industrial
applications including, filtration membranes [17], porous scaffolds [163], and other uses that
require micro-, meso-, and macro-porous structures [140]. The porous structure is formed through

a process of liquid evaporation and particle sintering, resulting in materials with high porosity and
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extensive interconnectivity. This unique combination of properties makes HIPPE templated
materials promising candidates for high sound absorption applications.

This study explores the application of high internal phase solid-stabilized emulsions as a novel
approach to produce controlled porous structures optimized for sound absorption. The sound
absorption performance of these porous structures is closely related to their morphology, which
can be tailored through the manipulation of emulsification processing parameters. A significant
technical challenge in controlling droplet size reduction is achieving large droplets in the range of
200-800 microns, which is approximately two orders of magnitude larger than those obtained
through polymeric emulsion templating [155]. This challenge is particularly pronounced when
working with highly viscous emulsions. By utilizing polymeric particles as stabilizers, we are able
to eliminate the need for monomers and achieve highly interconnected porous structures through a
simple and efficient process involving spontaneous evaporation and sintering of polymeric
particles, without the requirement for foaming agents. A notable advantage of these porous
materials is their high sound absorption, achieved through a simple and environmentally friendly
manufacturing approach. More specifically, the study examines the impact of key parameters such
as pore size, porosity, and interconnectivity on the tortuosity, sound absorption, and normalized
acoustic impedance. To achieve this, three distinct process conditions were employed to produce
three types of porous materials with varying pore sizes and interconnectivity levels. A
comprehensive investigation was conducted to establish the correlation between the microstructure

parameters and the acoustic properties.

6.4 Material and method
6.4.1 Materials

All emulsions are prepared in total volume of 1 liter comprising 80 vol.% dispersed phase which
consists of pure silicone oil with a viscosity of 200 ¢St at 25°C (Clearco Products Co. Inc., USA)
and 20 vol.% continuous phase. This continuous phase is a mixture of distilled water, 40 wt.%
Polyimide (PI) powder with a median size (d50) of 4 microns (P84NT, Evonik Fibers GmbH), and
3 wt.% polyvinyl alcohol powder (PVA, Alfa Aesar, US). Polyimide was selected for its superior
thermal and chemical resistance, which is crucial for the potential end use of the porous structure

as an acoustic absorbing material in the aerospace industry.
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6.4.2 Emulsification setup

The concentrated Pickering emulsions were prepared using a custom- designed 3D-printed double-
helical ribbon (Figure 6.1) immersed in a 2 L tank, which was half filled with material. Oil injection
process was facilitated by pushing the silicone oil through a syringe inserted into a hole located on
the side of the tank (Figure 6.2). In the initial stage, the specified quantity of particles was uniformly
dispersed in PVA solutions by subjecting the mixture to a designated speed for one minute.
Subsequently, the oil was injected from the bottom of the tank at a speed proportional to the total
oil volume and rotational speed. The torque meter continuously measured the torque during the
mixing process, providing valuable insights into the emulsification dynamics.

4
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Figure 6.1. Dimension of impeller and tank
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Figure 6.2. Schematic of the setup.
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6.4.3 Sample preparation

Three distinct levels of rotational speeds were chosen for their ability to provide sufficient pumping
capacity within the tank. The total revolution number, calculated as the product of processing time
and rotational speed, was maintained constant at 4000 for all rotational speeds. To ensure reliability
and reproducibility, all samples at each process condition were replicated three times. A summary
of the process conditions is presented in Table 6.1. It is worth mentioning that different formulation
and process conditions were investigated in our previous work [146]. In this study, we focused on
applying 3 levels of rotational speed while keeping the formulation and revolution number

constant.

A specific mold (14 cm diameter and 7 cm thickness) is used to prepare the samples for acoustic
performance measurements. The emulsions are poured into this mold and allowed to settle at room
temperature for a period of 24 hours. Subsequently, the mold is placed in an oven where the water
is evaporated through a controlled temperature ramp, increasing gradually at a rate of 10°C/h. Once
the water has evaporated, the temperature is further increased to 350°C at a rate of 50°C/h, and
maintained at this final temperature for 5 hours to ensure complete evaporation and stabilization of
the sample. Finally, all samples were cut 2 cm from each side (top, bottom, and circumference) to

eliminate side effects for all experiments, resulting in samples with 10 cm diameter and 3 cm

thickness.
Table 6.1. Processing conditions
Samples P1 P2 P3
Rotational speed (RPM) 20 35 42
Time (minute) 200.0 114.3 95.2
Revolution number 4000 4000 4000
Sample thickness (cm) 3.00+0.10 3.004+0.10 3.00+0.10

6.4.4 Characterization

The droplet size of emulsions was measured by laser diffraction technique (Malvern Mastersizer
3000) which generates droplet size distribution (DSD) plots. The Malvern software also reported
the D10, Dso, Dgo values, which represent the droplet size at which 10%, 50%, and 90% of droplets
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are smaller than the respective sizes. These values offer a quantitative description of the droplet
size distribution, allowing for a detailed analysis of the emulsion’s characteristics.

The bulk density of the material was determined using a gas pycnometer (AccPYc 1340). A small
sample of the final porous structure, weighing less than 3 grams, was placed into a 10-cc cylinder.
The pycnometer measures the difference in the total volume occupied by helium gas and calculates
the bulk density, pj,.

The density of porous material (p,,,) was calculated based on the sample’s weight and volume. The

porosity was then determined using the following equation:

_q_Pm
=1 P (6.1)

The sound absorption coefficient and normalized impedance were determined using a 100 mm
conventional impedance tube (Mecanum Inc, Sherbrooke, Canada) in accordance with the standard
procedures outlined in ISO 10534-2 and ASTM E2611. The samples were prepared with a 10 cm
diameter and a thickness of 3 cm and were tested over a frequency range of 35-1800 Hz by using
impedance tube (Figure 6.3).

Signal generator Frequency analysis system

Power amplifier Signal conditioner

Micl f A Mic2

=D

Hard backing

Figure 6.3. Schematic of impedance tube
The tortuosity of the samples was measured using the ultrasound reflection technique (Mecanum
Inc, Sherbrooke, Canada), which is based on the principle of measuring the instantaneous oblique
reflection coefficient of the first reflected wave at the surface of the porous material. The ultrasound

reflection test was conducted at four different incident angles ranging between 20° and 45°, and the
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average of all measurements was reported. To account for inhomogeneity, samples were rotated in

order to measure tortuosity at four different locations.

Additionally, an alternative method was used to estimate the tortuosity from the reconstructed 3D
images obtained from microtomography measurements in the Dragonfly software. This method
involves segmenting the pore region of interest based on voxel intensity, defining the inlet and
outlet regions as small cubes and then calculating the tortuosity of porous structure by analyzing
multiples pathways that an imaginary flow can travel between the inlet and outlet. Figure 6.4
illustrates an example of the selection of the inlet and outlet on the cross-sectional view of sample

using the commercial software Dragonfly.

Input

Figure 6.4. Determination of the tortuosity, from the pore region of interest (ROI) using the commercial
software Dragonfly

The 3D microstructure of porous material was characterized using X-ray computerized tomography
(Micro-CT) on a ZEISS Xradia 520 Versa. The image resolution was set to 20.6 um/pixel for P1,
12.5 um/pixel for P2, and 10.2 um/pixel for P3 samples. Samples were rotated over a range of 0°-
180°, and 1000 projections were captured. The 3D volume of samples was reconstructed using
advanced projection algorithms and visualized using commercial software Dragonfly version
2022.1.0.12 (Comet Technologies, Canada Inc). The segmentation routine was applied in the 3D
microstructure, where each voxel point was assigned a grey level high-intensity voxels were
identified as material region of interest (ROI), and low-intensity voxels were considered pores
ROIs. To quantify the pore volume, and interconnectivity, an open-source workflow called Open
Pore Network Modelling (Openpnm) was employed. Details of this open-source workflow are
described in the literature by Gostick [111].
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To gain a comprehensive understanding of the microstructure of porous materials, it is essential to
determine several key parameters, including pore diameter, connectivity number, conduit length,
and total length. These parameters provide valuable insights into the internal structure and topology
of the porous material, enabling a deeper understanding of its properties and behavior. The
equivalent pore diameter is a parameter that represents the diameter of hypothetical spherical pore
that has the same volume as the actual pore. This value is calculated using the following equation:

1
6V)3 62)
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where V is the volume of actual pore, determined using the Dragonfly software.

The conduit length is defined as the distance that a fluid or particle travels between two connected
pores passing through the throat linking them. It is quantified as the center-to-center physical
distance between two pores. The total length represents the cumulative sum of all conduit lengths
that the flow traverses, from the entrance of an open pore to the end of the flow path. A schematic
illustration of these lengths is provided in Figure 6.5 which helps visualize the concept of conduit
and total lengths in the context of pore connectivity.

Conduit length,

Total length = z conduit lengths

Figure 6.5. Schematic of conduit and total lengths in interconnected porous materials
Connectivity number is a structural parameter that quantifies the number of connections (throats)
a single pore has with other pores in the network [164]. It is a key metric that describes the degree

of connectivity between pores within the porous material, providing insight into how well-



114

connected the pore network is. The connectivity number can vary depending on the preparation
process used, highlighting the importance of controlling and optimizing the fabrication conditions

to achieve the desired pore network architecture.

6.5 Results and discussion

6.5.1 Process and microstructure analysis

The droplet size distribution of emulsions prepared at different rotational speeds was measured
using a Mastersizer with three replications performed for each process. The size distribution data
of all replications were averaged and reported in Figure 6.6. In this figure, the left vertical axis
represents the percentage of droplets in each size class, while the right vertical axis corresponds to
the cumulative curve. From this cumulative curve, the parameters D10, Dso, and Dgo were derived,
which represent the droplet sizes at which 10%, 50%, and 90% of droplets are smaller than these
values, respectively. The distance between Dio and Deo, known as the width of droplet size
distribution (DSD), is a critical factor in determining the overall droplet size range within the

emulsion, as it provides insight into the polydispersity of the droplet population.

Figure 6.6 also illustrates the effect of increasing rotational speed on the (DSD) of the emulsions.
As the rotational speed increases from P1 to P3, the Dsg value, corresponding to the median droplet
size, shifts toward smaller size classes. Specifically, the Dsg values are 388, 231, and 107 microns
for emulsions prepared under conditions P1, P2, and P3, respectively. Furthermore, the width of
DSD, calculated as Dgo-D1o, narrows with increasing rotational speeds with values of 401, 275, 220
microns for emulsions prepared under conditions P1, P2, and P3, respectively. This trend suggests
that higher rotational speeds enhance the droplet breakage capacity during emulsification, resulting
in smaller droplets. When sufficient particles are present to stabilize the droplets, these smaller
droplets are fully stabilized and rigid, preventing coalescence after mixing.

It is important to note that the mechanism of droplet breakage and stabilization in the Pickering
emulsions leads to unimodal Gaussian size distributions, which were observed for all process

conditions.
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Figure 6.6. Comparison of droplet size distribution prepared at different rotational speeds: P1=20RPM,
P2=35RPM, and P3=42RPM. The blue curve is the cumulative curve for determining D10 and D90.

Following the evaporation of oil and water, the 3D microstructure of the resulting samples was
analyzed using X-ray computerized tomography (micro-CT). Cross-sectional of samples prepared
under three different process conditions are compared in Figure 6.7 In these images, the black
regions represent pores, while the whiter areas indicate the material remaining after evaporation of
the liquid. The pore shapes are both spherical and nonspherical, with the nonspherical ones forming
through the connection of adjacent spherical pores. The varying process conditions resulted in three
distinct morphologies.

As shown in Figure 6.7a, the samples prepared under P1 condition contains the largest pores, and
the least amount of remaining material compared to the other process conditions. In contrast, the
samples prepared under condition P2 (Figure 6.7b) exhibit two distinct phases in the remaining
material: a brighter, spherical phase, comparable in size to the smaller pores, and a grey,
nonspherical phase. The brighter spherical phase can be identified as pores partially covered with
residual silicon oil trapped within them. It worth mentioning that this assumption has been verified
by comparing the bulk density. We observed lower density when the number of covered pores were
increased, which is due to the lower density of silicon oil compared to pure PI (further explanation
are provided in the next section). The grey, nonspherical phase corresponds to Pl particles that have

sintered together to from the continuous phase.

The cross-sectional image of the samples prepared under condition P3 (Figure 6.7¢) reveals a
microstructure that is similar to that of P2 samples, with three distinct phases present. However,

the P3 sample exhibits the smallest pore sizes, the highest amount of remaining material, and a
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greater number of pores containing trapped silicon oil. It is noteworthy that the linear pore shape
can be attributed coalescence of smaller pores, which merge, to form linear pores. This suggests

that condition P3 leads to a more complex and interconnected pore network.

Figure 6.7.Cross-section of samples prepared under (a)P1, (b)P2, (c)P3 process conditions

3D structure of samples was reconstructed using commercial Dragonfly software. An open-source
workflow for pore network modelling (OpenPNM) was employed within the Dragonfly to gain
deeper understanding of average pore size distribution, and their connectivity. A constant volume
of samples (width 6.5 mm, height 5.5 mm, depth 1 mm) was selected for all samples to ensure
consistency in the analysis. The region of Interest (ROI) for pores was determined based on the
intensity of the dark phase for each sample, allowing for accurate identification of the pore network.
The selected pore ROI were then processed using OpenPNM, which labelled all pores and
calculated their equivalent pore diameter. The equivalent pore diameter refers to the diameter of a

hypothetical spherical pore that has the same volume as the actual pore within the material.

Figure 6.8 shows the size distribution of equivalent pore diameters alongside the droplet size
distribution of the emulsions from which they were prepared. It is observed that under all process
conditions, pore size distribution shifts slightly toward larger size class relative to the droplet size.
However, this variation is negligible, as the peak of their size distribution occurred within very
similar size classes. These findings demonstrate the robustness of the process; wherein stabilized

droplets remain intact during liquid evaporation without collapsing and bursting

It is worth mentioning that the count percentage of pores and droplets does not perfectly match.
The mismatch arises from their differing natures: droplets in HIPPE exhibit a perfect Gaussian

distribution, whereas pores have a potential to merge during evaporation. As a result, the
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percentage of pores within each size class may differ from that of their original droplet size. Despite
some merging, the pore size distribution closely resembles the droplet size distribution, indicating

that minor droplets coalescence does not significantly shift the overall pore size distribution toward
large size class.

Comparison all process conditions reveals that samples prepared under condition P1 has
significantly larger pores in comparison to two other processes. The larger droplet sizes in the
emulsion provide more flexibility for droplets, resulting in the formation of larger pores.
Specifically, samples prepared under condition P1 (Figure 6.8a), exhibit pore size exceeding 1000
microns, formed by the merging of multiple pores during evaporation. In contrast, the phenomenon
is rarely observed for samples prepared under conditions P2 and P3 as their smaller droplets are

less flexible due to the strong network of particle surround them. As a result, the oil droplets have
less potential to merge to neighbor droplet.
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Figure 6.8. The size distribution of equivalent pore diameter and droplet diameter; (a) P1, (b) P2, (c)P3.
The pore connectivity and the total length within the selected 3D volume for each sample were also
determined using OpenPNM. Connectivity number, which determines the number of connections
(throats) a single pore has with other pores in the network, was calculated for each sample. Figure
6.9 illustrates the 3D view of a selected volume and their corresponding connectivity. The results
reveal that, that the connectivity number decreases from P1 to P3, which is consistent with the
cross-sectional view shown in Figure 6.7. The trend suggests that the number of closed pores,
covered with residual silicon oil, increases as the rotational speed increases and droplet size

decreases, which ultimately reduce the connection between pores. In the small pores, the trapped
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silicon oil has limited space to evaporate and during the high temperature evaporation process; it
solidifies and remains in the pores.

As shown in Figure 6.9a sample prepared under condition P1 has the highest connectivity, with a
maximum value of 31. In contrast, the maximum connectivity number for samples prepared under
P2 and P3 conditions are 26 and 22, respectively. The mean connectivity values for P1, P2, and P3
are approximately 4, 3, and 2, respectively. This indicates that most of the pores in all samples are
connected to at least three neighbouring pores, making these structures highly suitable for sound

absorption applications where high degree of open, interconnected pores is required.
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Figure 6.9. 3D view of selected volume of samples and their connectivity number prepared under (a, d)
P1, (b, e) P2, and (c, f) P3.

The total length of pores is another important factor in open porous structures as it represents the
sum of the lengths of connected pore and is considered the pathway through which sound waves
travel, passing from an open pore to another one. It is accepted the acoustic energy dissipation
through viscous friction and thermal exchange will be improved with increasing the length of
throats and the connectivity number. Figure 6.10 shows the histogram of the total lengths for all
samples, indicating that the distribution of total lengths shifts toward smaller size classes from P1
to P3. The results reveal that emulsions with largest droplet size (P1) leads to the longest total
lengths, with an average of 788 um. In contrast, emulsions with smaller droplet sizes (P2 and P3)
exhibit shorter total lengths, averaging of 343um and 308um, respectively, which is attributed to
their finer pores and lower connectivity. This suggests that the total length of pores is strongly
influenced by the droplet size and pore structure, with larger droplets and higher connectivity

leading to longer total lengths.
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Figure 6.10. Total length porous structures. (a) P1, (b) P2, (c) P3.

The porosity of the samples was determined using Equation (6.1), by measuring the bulk density
with a pycnometer. The experimental data are summarized in Table 6.2 Additionally, the porosity
of the samples was calculated through the reconstructed 3D microstructure by averaging the
volume ratio of pore region of interest (ROI) to the total selected volume in different sections of
each sample. These calculated values are compared with the experimental values in Table 6.2. The
results show that the porosity decreases from P1 to P3 which is consistent with the cross-sectional
view in Figure 6.7 showing a decrease in the number of open pores as the process conditions change
from P1 to P3.

Table 6.2 also indicates that the bulk density of the samples varies across different process
conditions. This confirms our assumption that decreasing the pore size leads to more trapped silicon
oil, resulting in pores filled with solidified silicon. Since silicon o0il has lower density (p = 0.96
g/cm3) compared to pure polyimide particle (p=1.42 g/cm?), this trapping reduces the total bulk
density. Specifically, P1 has a bulk density (p=1.37 g/cm®) closest to that of polyimide particles,
indicating that no residual silicon oil remains in its structure. In contrast, P2 and P3, with bulk
densities of 1.28 and 1.19g/cm?, respectively, confirm an increasing amount of residual silicon oil
in the structure. This findings suggest that low rotational speed during emulsification process,

which resulted in large droplet size, would be beneficial for higher porosity.

Tortuosity is another key factor for sound absorption, particularly at low frequency [105]. It refers
to the complexity or "twistiness™ of a porous material's microstructure, describing the extent to

which a sound wave deviated from a straight-line path due to the geometry and connectivity of the
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pore network [165]. Physically, tortuosity is defined as the ratio of actual pathway length to the
direct distance between two points. According to the ultrasound reflection measurement method,
the average tortuosity was measured at four contact angle and reported in Table 6.2. Additionally,
the tortuosity of samples was measured from the reconstructed 3D microstructure and compared

with experimental values.

The results show that samples prepared under condition P2 exhibits the highest tortuosity in both
experimental measurement and simulations, while samples prepared under condition P1 has the
lowest tortuosity, and P3 falls in between. This trend can be attributed to the higher connectivity
number in P1, which provides more direct connections between pores, thereby reducing tortuosity.
The results also indicate that the porosity is another key factor in determining tortuosity. Although
P2 and P3 have approximately the same connectivity number, the higher porosity of P2 results in

greater tortuosity compared to P3.

It is worth noting that close agreement between experimental and simulation values for tortuosity

and porosity validates the accuracy of the pore ROI segmentation

Table 6.2. Porosity and tortuosity of samples

Sample Bulk density Porosity Porosity Tortuosity Tortuosity

(Experimental) (Experimental)

(simulated)? (simulated)?

P1 1.37+0.07 73%+1 73%+2 1.184+0.20 1.08+0.1
P2 1.284+0.03 62%+2 59%+3 1.88+0.23 1.54+0.18
P3 1.1940.07 54%+1 50%=+4 1.35+£0.30 1.2040.2

a. Obtained from 3D reconstructed microstructure in Dragonfly

6.5.2 Sound absorption analysis

The sound absorption of porous samples prepared under each process condition was measured
using an impedance tube. For each process, we averaged the data from three replicated samples
with a thickness of 3 cm, and the results are compared in Figure 6.11. The tests were conducted
with the incident sound wave impinging on both the top surface (upper layer of the emulsion

samples during evaporation) and the bottom surface.
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The results show that samples prepared under condition P1 exhibit the highest sound absorption,
particularly between 900-1200 Hz (Figure 6.11a). In contrast, the maximum sound absorption for
samples prepared under P2 and P3 is approximately 0.6 for the top surface, occurring at 400-600
Hz (Figure 6.11a).

Generally, the bottom surface shows lower sound absorption at higher frequency compared to the
top surface. However, an exception is observed in samples prepared under condition P2 (Figure
6.11a), where the sound absorption of the bottom surface between 700-1000 Hz is higher than that
of the front surface. These variations can be attributed to the differences in pore size and
interconnectivity resulting from varying process conditions. Furthermore, each sample exhibits a
gradient in pore size and interconnectivity from top to bottom, with larger pores located at the top
and smaller pores at the bottom. This gradient formed during the evaporation process for all
samples. The smaller pores at the bottom lead to higher reflection, reducing the penetration and

absorption of sound waves through the porous structure.

The real and the imaginary parts of the normalized acoustic impedance of the samples are compared
in Figure 6.11b and Figure 6.11c, respectively. The imaginary part (reactance) represents the inertia
effect and the elasticity of air in the porous media, while the real part (resistance) accounts for the
opposition to the sound wave propagation [101]. The higher the reactance and resistance response,
the lower the resulting sound absorption coefficient.

Figure 6.11 shows that P1 exhibits the lowest resistance at all frequencies. In contrast, samples
prepared under P2 show higher resistance especially between the 800-1200 Hz range. Furthermore,
samples prepared under P3 exhibit the highest resistance at all the frequencies, and highest negative
value of reactance after 1000 Hz.

The impedance results align well with the sound absorption results. As resistance increases and
reactance decreases, the sound absorption coefficient decreases, indicating that varying process
conditions alter pore size, porosity, interconnectivity, ultimately affecting the acoustic absorption

performance.

Correlating the process conditions, porous structure, and acoustic performance reveals that
increasing the rotational speed decreases droplet size, leading to smaller pores and more closed
pores filled with solidified silicon oil. Consequently, sample P2 and P3 exhibit lower porosity and

connectivity but higher tortuosity compared to P1. This increased tortuosity enhances sound
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absorption at lower frequencies (~500 Hz), while the higher porosity and connectivity of P1
samples enable better sound absorption at higher frequencies (~1100Hz). The large droplet and
pore size in P1 samples allow for more effective evaporation, creating interconnected pore
networks with throats and channels. This highly porous structure contributes to nearly perfect
sound absorption at higher frequencies. In contrast, the low porosity of P3 samples limits their
maximum sound absorption to 0.5. These findings demonstrate that the emulsification process can
be tailored to control the microstructure and acoustic properties of the porous material, with
tortuosity playing a key role in low-frequency absorption and porosity favoring high-frequency
absorption.

It is worth noting that the error bars that observed in Figure 6.11 arise from slight differences in
the porous structure due to the nature of evaporation. However, the trend of sound absorption

performance remains consistent among the samples in each process.
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Figure 6.11. Acoustic performance of samples from front and back surface, (a) sound absorption
coefficient, (b) Real normal impedance, (c) Imaginary normal impedance. The error bar represents the
average of three sample in each process

Traditional porous materials such as melamine foam and glass wool exhibit a broadband response
to sound absorption for mid to high frequencies with the first peak of absorption appearing at the

so-called quarter-wave resonance according to the following equation[166]:

f=5= (6.3)
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where c is speed of sound in air, 340 m/s, and T is the thickness of samples.

Foams produced by the novel approach presented in this work demonstrate outstanding acoustic
performance, particularly at frequencies lower that the quarter-wave resonance. For instance, the
first absorption peaks for sample P1 and P2 are located at 1100 Hz, and 500 Hz, respectively. These
frequencies would correspond to the absorption peaks of traditional foam with a thickness of 7 cm
and 17 cm, respectively. The thickness of samples in this study is only 3 cm, suggesting that porous
materials produced by HIPPE exhibit the so-called subwavelength behaviour. Although the sound
absorption at 500 Hz is about 0.6, this foams can obtained higher absorption by increasing porosity
and open pore connectivity. This unique characteristic provides significant advantages, such as
achieving low-frequency sound absorption with minimal added mass. This is particularly valuable
for applications where weight and space are critical constraints, offering a lightweight and compact

solution for acoustic performance.
6.6 Conclusion

This study pioneers the production of acoustic porous material from HIPPE and examines the
impact of process conditions on the droplet size, final porous microstructures, and the resulting
sound absorption performance. The study demonstrates that this novel technique not only enables
precise control over the pore size based on the original droplet size but also eliminates the need for
foaming agents and monomers by utilizing polymeric particles as stabilizers. Furthermore, highly

interconnected porous structure is achieved through spontaneous evaporation and particle sintering.

The strong correlation between process conditions, porous structure, and acoustic performance is
established by comparing samples prepared under different conditions. The results show that the
highest porosity and connectivity are achieved in sample which has the largest droplet and pore
size, ultimately exhibiting a nearly perfect sound absorption around 1100 Hz. Moreover, the highest
tortuosity with intermediate porosity, is found in the sample which has smaller droplet and pore
size, demonstrating a sound absorption coefficient of 0.6 around 500 Hz. This sound absorption
performance is achieved with a samples thickness of just 3 cm , demonstrating the potential of
HIPPE-based porous structures to exhibit subwavelength behavior in sound absorption. The first
absorption peak at 500 Hz and 1100 Hz, occur within this remarkably thin structure, offering a

solution for applications where space and weight constraints are critical.
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In conclusion, the HIPPE production approach offers a straightforward and versatile technique for
creating acoustic porous materials. By simply adjusting the process conditions, such as increasing
or decreasing the rotational speed during emulsification, it is possible to achieve the desired sound
absorption properties. The ability to tailor the pore size and structure of the porous materials
through careful control of the emulsion formulation and processing conditions offers a wide range
of possibilities for designing materials with specific properties and applications. This study
provides a foundation for future research into the development of novel porous materials with
optimized properties and underscores the potential of HIPPE as a versatile and powerful tool for

creating advanced materials.
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CHAPTER 7 GENERAL DISCUSSION

This thesis pioneers a novel approach for producing acoustic porous materials using high internal
phase Pickering emulsion. This method requires identifying the appropriate formulation and
process conditions to achieve the desired pores size and, ultimately, the target sound absorption
performance. The findings of this thesis advance the understanding of the production and scale-up
of HIPPE in the laminar regime, while also demonstrating their potential as templates for acoustic
porous materials. This work provides a comprehensive analysis of the process-structure-property

relationship in HIPPEs.

Although the production of large droplets in this viscous emulsion is challenging, as it naturally
tends to produce small droplets, we were able to control large droplet size by systematically
investigating the effects of formulation and processing conditions. In the production of large-
droplet HIPPEs, we determined its scale-up rules in the laminar regime, which never reported in
the literature. Finally, the impact of droplet size on the porous structure and its corresponding sound
absorption performance is well investigated using 3D visualization and is correlated with non-
acoustical properties of porous material. The ability to precisely control pore size from droplets in
an emulsion through a straightforward process highlights the versatility and industrial potential of

this approach.

7.1 Challenges and Key Insights

Our approach in producing porous material form HIPPE for acoustic application encountered
several challenges, such as identifying the appropriate particle with optimal contact angle at the
oil-water interface, determining its concentration, and ensuring its high thermal resistance during
evaporation of liquids at temperature close to 350°C. Based on the literature, particles with contact
angle close to 90° at the oil-water interface provide maximum stability. Recent studies by Tsabet
[48] and Wang [46] showed that once the particle concentration exceeds the amount required to
fully cover the droplet surface area, the final droplet size becomes predominantly controlled by
processing conditions. Accordingly, the three levels of particle concentration were selected to
ensure the desired pore size (100-800 microns) was achieved for optimal acoustic performance.

The selection of oil type, its viscosity and concentration are also posed challenges. Oil polarity [33]
and viscosity [32] significantly affect final droplet size. To align with environmentally friendly
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goals of this project, silicon oil was selected for its inertness and compatibility with both particle
and continuous phase. While volatile and polar oils evaporate easily during curing, they destabilize
emulsions by altering particle wettability, cause droplet collapse or bursting due to rapid

evaporation and pose safety hazards in the work environment.

Through a combination of literature review and preliminary tests, we optimized the viscosity of
silicon oil. We found that low-viscosity silicon oil in HIPPEs led to excessively large, flexible
droplets prone to migration to the surface during curing, resulting in phase inversion and non-
porous final structure. The optimal silicon oil viscosity for achieving maximum porosity and

precise pore size control was determined to be in the range 100-200 cSt.

During evaporation, particles need to remain stable at their positions around the droplets.
Additionally, the viscosity of continuous phase should be adjusted to provide sufficient power in
the laminar regime. Preliminary tests and literature review indicated that polyvinyl alcohol (PVA)
at concentrations of 2-4 wt.% is ideal for Pickering emulsions [167]. Additionally, we found that
PVA decomposition and shrinkage during curing created several small holes in the pore walls,

which are critical for achieving pore connectivity in acoustic applications.

Polyimide particles were selected for ideal contact angle (~90° at the oil-PV A solutions interface),
ability to sinter during curing and high thermal resistance. Using the capillary rise technique, the
contact angle of Polyimide particles at oil-PVA solution interface were confirmed, ensuring

optimal emulsion stability during storage and evaporation.

7.2 Key Findings

Overall, this project successfully demonstrated a novel approach to controlling pore size and
interconnectivity, ultimately achieving the target sound absorption through the HIPPE production
method. The first paper showed that although producing large droplets in HIPPEs is challenging
due to their high viscosity, which naturally results in smaller droplets, large droplet sizes can still
be achievable by optimizing the formulation and process conditions. This was accomplished by
carefully selecting processing conditions and production equipment. While extensive research
focused on the effect of processing conditions in the turbulent regime on droplet size, limited
studies have addressed processing conditions in the laminar regime. These studies only employed
microchannels for production HIPPEs, which are impractical for industrial applications. For this

project, we employed a stirred vessel with a double helical ribbon impeller, which is widely used



127

for high viscosity mixing in industry. Although the Maxblend and the SuperBlend mixers could
also be used for mixing HIPPEs, their small gap design could produce smaller droplets, making

them less suitable for the intended application.

We also introduced a modified capillary number to describe droplet size correlation with
processing conditions. Unlike prior assumptions in the literature, where a constant continuous
phase viscosity is considered for capillary number estimation, our study accounted for the actual
continuous phase viscosity, which depends on particle aggregation and processing conditions.
Compared to previous studies by Bentley[139] and Grace[78], which reported capillary number
value of 0.1 and 0.5 for elongational and simple shear flow involving a single drop, respectively,
we found effective capillary numbers in the range of 0.005 and 0.03, emphasizing the significant

impact of neighboring droplets and particle interactions on the drop equilibrium size in HIPPE.

The second paper addressed the knowledge gap in scaling up HIPPEs in the laminar regime. It
demonstrated that, depending on the hydrodynamic criteria for scale-up, the rotational speed

correlates with the impeller diameter, governed by different scale-up exponents (o). This

relationship is summarized as N, = N, (%)“. We systematically investigated the exponents 0, 0.67,
2

and 1, corresponding to constant power in the laminar regime, constant power in the turbulent

regime, and constant tip speed, respectively.

Al-Haiek [56] established scale-up rules for Pickering emulsion in the turbulent regime,
determining a scale-up exponent of 0.8 for emulsions which is between a 0.67 and 1. Al-Haiek
established that this value is valid since the solid-stabilized emulsion is a balance of two main
component of which are droplet dispersion and particle suspension which required a=0.67 and 1,
respectively. It is worth mentioning that Al-Haiek emulsification process included less than 60
vol% internal phase and used a 4-blade pitched-blade-turbine (PBT) and a 6-blade Rushen-turbine
(RT) in the turbulent regime, while our study focused on high internal phase (> 74 vol.%) in the
laminar regime. In contrast to Al-Haiek’s findings, our research demonstrated that the most
appropriate scale-up exponent for HIPPEs in the laminar regime is a=0, indicating that maintaining
a constant rotational speed across all scales is necessary to achieve similar droplet size, provided

that the geometry and the formulation remain constant across scales
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Maintaining constant RPM at increasing scales may become unrealistic to reach industrial
production. Challenges in maintaining high rotational speed at pilot scales due to equipment
limitations were addressed by decreasing the gap between the impeller and tank walls to increase
shear rates. The smaller gap allowed for higher shear rates and provided sufficient breakage
capacity, without increasing the rotational speed at the level required by the a=0 relationship.
Adjusting the formulation by increasing the continuous phase viscosity was another effective
strategy generating sufficient power for droplet breakage. Ultimately, maintaining constant power
per volume was identified as the key factor for achieving consistent droplet size across scales. This
finding is key to successful scaleup of HIPPE processing equipment and constitutes a very effective
guideline for producers.

The third paper introduced a novel approach for producing acoustic porous materials from HIPPEs.
Acoustic porous material should have open pores with high connectivity to allow sound wave
penetration and high viscous and thermal dissipation. Higher number of open pores and porosity
in the porous material let the sound wave to penetrate, which is essential for achieving higher sound
absorption. Moreover, the complexity in the morphology and topology of porous structure
increases the tortuosity of sample, which is beneficial for sound absorption at low frequency. We
demonstrated the potential of HIPPE in controlling pore size, porosity, and tortuosity. By simply
adjusting the rotational speed, we created porous structures with varying pore size, porosity,
connectivity, and tortuosity, which ultimately impacted the sound absorption performance.
Samples with highest tortuosity exhibited the highest sound absorption coefficient at 500 Hz.
However, at higher frequencies, their absorption coefficient sharply decreases due to low porosity.
Conversely, samples with the largest pore size, highest porosity, and highest connectivity
demonstrated the maximum sound absorption coefficient at 1000 Hz, as their structure allowed

sound wave to penetrate effectively with minimal resistance.

The state-of-the-art X-ray micro-CT scan tool facilitates the microstructure analysis in 3D
reconstructed view of samples. For the first time, we utilized the open-source workflow Open Pore
Network Modeling (Open PNM) within the Dragonfly software to analyze reconstructed 3D
images of the acoustic porous structures. The combination of 3D scans and software analysis tools
allowed us to obtain the pore size distribution throughout the entire 3D structure, as well as

visualize and analyze the connectivity among pores. Additionally, the tortuosity and porosity of
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each sample were calculated using OpenPNM, closely aligned with the experimental values,
confirming the accuracy and validity of the network analysis.

In this third phase of our work, we observed that some oil droplets became trapped in small pores,
and the silicon oil solidified at high temperatures during the preparation of the porous structure.
This trapped and solidified oil resulted in closed pores leading to reduced porosity and reduced
pores connectivity. The results on the sound-proofing characteristics were a lower (20% lower than
the best sample) sound absorption at high frequencies. This highlights the need for further
formulation optimization to reduce the risk of closed pores and enhance sound absorption across a

wider frequency range.

The concept of increasing tortuosity to enhance sound absorption at lower frequencies has been
explored in studies on hybrid foams. However, our findings show a significant improvement in
absorption. For example, while polyurethane-carbon nanotube (PU/CNT) foams achieved a sound
absorption coefficient of 0.3 at 500 Hz and melamine-graphene hybrid (MF-GO) foams reached
0.4 [97], our samples with the highest tortuosity attained 0.6 [98], a 50% increase over MF-GO

foams.

The findings from these three papers demonstrate that controlling process conditions and
formulation in HIPPE production to achieve target acoustic performance in porous materials is a
straightforward and environmentally friendly approach—one that has not been previously reported
in the literature. This research also highlights the versatility of HIPPESs as templates for the simple
and cost-effective production of high-performance acoustic materials. By enabling precise control
over pore size through straightforward adjustments to processing conditions, our HIPPE-based
approach shows promise for diverse industrial applications. However, further optimization of the
formulation is necessary to eliminate closed pores and improve the sound absorption coefficient

across a broader frequency range.
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CHAPTER 8 CONCLUSION AND RECOMENDATIONS

8.1 Conclusion

This thesis investigated a novel approach for producing acoustic porous materials from high
internal phase Pickering emulsions (HIPPES). The first objective focused on producing
monodisperse large droplet from HIPPE by controlling processing conditions and formulation. It
was found that the particle aggregation structure, influenced by the revolution number of the
impeller, the shear rate, and varying PVA concentrations, play critical role in droplet size. Finer
particles stabilized smaller droplets, while larger particles resulted in larger droplets. By studying
particle aggregation under different process conditions and formulation, it was determined that the
fractal dimension (Dr), compactness of particles (kg) and particle radius (Rg) are affected by PVA
content, process conditions and emulsification time. These factors are crucial for controlling the
final droplet size at the explored conditions. In the first paper, published in Industrial and
Engineering chemistry research journal it was demonstrated that the effective viscosity of the
continuous phase, which is measured through in-situ torque meter and varies with process
conditions, emulsification time, and formulation, leading to more accurate calculation of capillary
number and viscosity ratio, resulted in accurate prediction of droplet size. Employing a modified
capillary number based on actual viscosity of the emulsion provides and effective tool for
controlling droplet size in industrial emulsion production. These findings enhance the
understanding of the relationship between capillary number-viscosity ratios, particle properties,
and processing parameters. The ability to adjust emulsion characteristics by modifying key factors
offers valuable insights for the design and optimization of emulsion systems with tailored

properties.

The second paper of this thesis, submitted in Chemical Engineering Research and Design journal
examines the impact of the scale-up rules on high internal phase Pickering emulsion in laminar
mixing flow. The findings reveal that a scale-up exponent of 0=0 (constant rotational speed) is a
practical approach for achieving consistent droplet size across scales ranging from 10 mL to 30 L.
At this scale-up exponent, maintaining constant P/V ensures consistent droplet breakage and results
in similar droplet sizes. Constant P/V can be achieved either by maintaining a constant rotational
speed with a preestablished formulation or by increasing the continuous phase viscosity when

equipment limitations prevent rotational speed increases. This paper also reported that a strong
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correlation between droplet size and emulsion rheology allows for accurate estimation of P/V based
on viscosity. This study also demonstrated that D3> evolves with specific energy input per volume
(e/V) until equilibrium droplet size is reached, after which it correlates directly with P/V. This
correlation between energy, power and droplet size, along with the identification the appropriate
scale-up exponent, provides valuable predictive tool for emulsion production. Engineers can use
this framework to estimate the required power and energy to achieve target droplet size based on
lab-scale data, supporting efficient and consistent production across scales. This approach enhances

the scalability of HIPPE productions while ensuring process optimization and product quality.

The third paper, submitted to Journal of Material Science examined the impact of process
conditions on the droplet size, final porous microstructures, and the resulting sound absorption
performance. The study demonstrates that this novel technique not only enables precise control
over the pore size based on the original droplet size but also eliminates the need for foaming agents
and monomers by utilizing polymeric particles as stabilizers. Furthermore, highly interconnected
porous structure is achieved through spontaneous evaporation and particle sintering.

The strong correlation between process conditions, porous structure, and acoustic performance is
established by comparing samples prepared under varying process conditions. The results show
that the highest porosity and connectivity are achieved in samples with large pores, which are
obtained with low rotational speed, ultimately exhibiting a nearly perfect sound absorption around
1100 Hz. In contrast, samples with smaller pore size exhibit the highest tortuosity with intermediate
porosity, and have a sound absorption coefficient of 0.6 around 500 Hz. This sound absorption
performance is achieved with a samples thickness of just 3 cm , demonstrating the potential of
HIPPE-based porous structures to exhibit subwavelength behavior in sound absorption offering a

solution for applications where space and weight constraints are critical.

In conclusion, the HIPPE production approach offers a straightforward and versatile technique for
creating acoustic porous materials. By simply adjusting the process conditions, such as increasing
or decreasing the rotational speed during emulsification, it is possible to achieve the desired sound
absorption properties. The ability to tailor the pore size and structure of the porous materials
through careful control of the emulsion formulation and processing conditions offers a wide range
of possibilities for designing materials with specific properties and applications. This study

provides a foundation for future research into the development of novel porous materials with
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optimized properties and underscores the potential of HIPPE as a powerful tool for creating

advanced materials.
8.2 Recommendation

Based on the findings of this research, several recommendations are proposed to guide future

studies:
8.2.1 Correlation Between Droplet Size and Processing Conditions

This work established a correlation between the droplet size distribution and the processing
conditions using a modified capillary number. The improvement involves considering the actual
viscosity of the continuous phase, measured in-situ through torque measurements, rather than
assuming constant viscosity. The findings reveal that decreasing particle size shifts the capillary-
viscosity ratio curve toward smaller Ca number. While this study focused on three group of
particles (radius of 1-2 micron), further validation with other particles, especially nano particles
commonly used in their Pickering emulsions, would be beneficial. This investigation could help
develop a master curve to better understand the effect of particle size and shape on the capillary
number, ultimately advancing the control of droplet size in HIPPE productions.

8.2.2 Extension of the Scale-up Exponent to Other Mixers

Our experiments involved only one geometry of mixer i.e., the double helical ribbon. Other mixers,
such as the SuperBlend and the Maxblend mixers demonstrated effectiveness in mixing highly
viscous materials within the laminar flow regime. Further validation of the scale-up exponent (o =
0) for these impellers is essential, particularly for producing HIPPEs with fine droplet sizes. This
investigation could provide valuable insights into the effect impeller design on power consumption,
enabling to optimization of process conditions to achieve target droplet size across different type

of impellers.
8.2.3 Simulation Studies

At present, with the current numerical tools, simulating the complex Pickering emulsification
process remains far beyond what is feasible. Such a simulation would need to account for multiple
intricate phenomena, including particles entering and stabilizing curved droplet interfaces,

coalescing semi-stabilized droplets, droplet breakage in high-shear zones, and particle suspension
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within two-phase fluid mixing. However, advancement in next-generation numerical tools capable
of simulating this Pickering emulsification process, would offer significant benefits in terms of
time and cost savings. While experimental validation is still necessary to confirm the accuracy of
simulated data, the number of required experiments would be reduced compared to fully
experimental approaches, thereby enhancing efficiency, and enabling faster optimization of

Pickering emulsification process.
8.2.4 Improvement of Acoustic Simulations

For acoustic performance prediction, some commercial software such as Geodict can be used to
perform inverse characterization of microscopic structures. However, its inability to simulate
tortuosity in alignment with experimental data suggests that modifications—such as accounting for

semi-open pore structures—could improve the reliability of the simulation outputs.

In summary, this thesis introduces a novel and environmentally friendly approach to creating
acoustic porous materials from HIPPEs, laying the groundwork for future developments in both
fundamental research and industrial applications. By addressing current challenges and building
on the recommendations provided, this work contributes significantly to advancing the field of

HIPPEs and their diverse applications.
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APPENDIX A SUPPORTING INFORMATION FOR PAPER1

A.1 Polydispersity index and uniformity

The polydispersity equation represents the square ratio of standard deviation to the median size of

the particle[168].

PDI = (diso)2 (5-1)

The highest uniform particle size distribution has a PDI of 0.1. In our case, since the PDI is higher,
it is concluded that a polydisperse emulsion is obtained. Furthermore, the uniformity number,
obtained through the following equation (S-2), is higher than 0.1. This is another indication that
we have a polydisperse distribution. However, this number does not exceed 0.5 in our emulsions,

concluding that the emulsion has a unimodal size distribution graph.

2. vi|Dso — Dyl (8-2)

uniformity =
Dso X v;

A.2 Particle Video Microscopy images of samples

Figure A.1. PVM images of prepared emulsions at a) C6 condition, with PVA3 and PI 28 vol. b) C1
Condition, with PVA 2, Pl 20 vol.% c) C3) C3 condition, with PVA 2, and P1 25 vol.%



A.3 Interfacial tension

Table A.l.Interfacial tension of PV A solutions with silicon oil
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Solution Interfacial tension (mN/m) with silicon oil 100cst
PVA 2 wt.% 27.73%£0.05
PVA 3 wt.% 25.36+0.02
PVA 4 wt.% 24.64+0.01

A.4 Process conditions of samples in all groups defined for plotting Ca vs. p

Table A.2Three categories for plotting Ca vs. p

100
150
150
150
150
150
100
150
100
100
100

~ b~ B

A~ B~ LW W

W

Gl G2 G3
800 75 2 100 800 80 3 100 1600 80
800 75 2 100 1600 80 3 150 1600 75
800 80 2 100 2400 75 3 150 2400 80
1600 75 2 150 800 80 3 100 2400 80
1600 80 2 150 1600 75 3 150 2400 80
2400 75 2 150 2400 75 3 100 800 80
800 75 3 100 2400 75 4 150 800 80
800 75 3 150 800 75 4 150 1600 80
1600 75 3 150 2400 80 2 150 1600 80
1600 80 2 100 2400 80 2 150 2400 75
1600 75 2 100 2400 75 2 100 2400 80
800 75 4 100 800 80 2 100 1600 75

100

~ b~ B~ b
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A-5 SEM images of Polyimide particles in pre-determined Groups
SEM images reveal that the PV A chains formed clusters of particles; the PVA chain remains intact
due to the freeze-drying method and attaches individual particles. Despite this clustering, individual
particles can be detected, and their size evaluated. These SEM images confirm our results obtained
from Mastersizer analysis, which indicated that the particles are not fully spherical, and that each

particle is composed of an aggregation of nm-size particles.

NMMD6.3 x500 200 um

Figure A.2. SEM image of freeze-dried PVA-PI particles prepared with PVA 3wt.%, 80 vol% oil,
at C1 condition.

A-6 Statistical analysis of particles

10.0um

Figure A.3.SEM image of freeze-dried PVA-PI particles prepared with PVA 2wt.%, 75 vol% oil,
at G1 condition. a)1k magnifications; b) 3k magnification
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Figure A.4.Statistical analysis of Pl particle at G1 condition; a) particle size b) aspect ratio
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Figure A.5SEM image of freeze-dried PVA-PI particles prepared with PVA 3wt.%, 80 vol% oil, at G2
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Figure A.6.Statistical analysis of Pl particle at G2 condition; a) particle size b) aspect ratio
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Figure A.7. SEM image of freeze-dried PVA-PI particles prepared with PVA 4wt.%, 80 vol%, at G3

condition
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Figure A.8. Statistical analysis of PI particle at G3 conditions; a) particle size b) aspect ratio
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APPENDIX B SUPPORTING INFORMATION FOR PAPER2

B.1 Determining the reference rotational speed (Nref)

To achieve a constant available particle for stabilizing droplets in HIPPE, the impeller rotational
speed must exceed the just-suspended rotational speed (V) across all scales and process
conditions. The Zwietering [169] equation is well-known for estimating particle suspension, but it
has certain limitations. For instance, the off-bottom clearance, which is critical for double helical
ribbon (DHR) impellers, is not accounted for in the Zwietering equations.[148] Additionally, the
equation is typically limited to a solid concentration below 2 wt.% in low-viscosity media.[148]
However, the particle concentration in our formulation exceeds this threshold. Although the
Zwietering’s constant (S) has been determined for several impellers, there is a lack of data for the

DHR impellers. Only Bertrand et al. [170] have estimated a S value of 2 for the DHR impeller.

Ayranci et al. [148],[171] reported that specific power input is more relevant than just-suspended
speed for scaling up the particle suspension process. They proposed the following model for

estimating the required just-suspended specific power (P;,) for each scale.

1.5 1

By 9los —p)\" 3
Js _ S 2y3m
= _ dzx B.1
PstV < P P ( )

where pg,; is density of suspension of particles, V is the total volume, g is gravity, ps and p; are
particle and liquid density, dp is the particle diameter. X represents the weight ratio percentage of
particle to liquid, while m is a function of X. Ayranci et al. also demonstrated that the average value
of 0.23 can be applied across all X ranges. A is a function of tank and impeller geometries, as well

as the properties of particles [148]:
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1

4 D dEN 203 A —-0.15
A=2a(sxD) x| g |+ (£2) (B.2)
T T D20 Pl

where Ap is the difference of particle and liquid density, v is the kinetic viscosity, and N, is the

power number.

In our laminar mixing process, N, equals the ratio of power constant (K,) to Reynolds number (Re).
The K, value is a function of impeller geometry and is equal to 324 for our impeller. Re was
calculated for each rotational speed based on continuous phase viscosity and the impeller diameter.
Then, N, was determined for all scales and process conditions, and Pj; was subsequently calculated
for each condition. The experimental value of P, which was employed during emulsification, was

also measured in the preliminary tests and compared with Pj,.

For the smallest scale, the value of P/P;; was determined for a series of rotational speeds. We found
that at N=100 RPM, P/P;s was slightly less than 1, and this speed was selected as the first reference
rotational speed (N ). Two additional N,.r values were chosen with increments of 50 RPM,

corresponding to the P/Pjs values of 2, and 4 at N,.r=150 RPM and N,.r =200 RPM, respectively.

B.2 Power per volume ratio to the small scale

The ratio of P/V in medium and large scale to the P/ of the smallest scale are illustrated in Figure
. These graphs confirm our previous observation that the power per volume across all scales
overlaps each other at 0=0, with the ratio being close to 1 in Figure a-b-c. As the a value increases,

the ratio value deceases sharply; for instance, the ratio drops to 0.03 for large scale at a=1 and

Nyo=200.
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Figure B.1. The evolution of power ratio over the revolution numbers (Nr) for three scale-up exponents
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B.3 Correlation of consistency index, Metzner and Otto constant , and power-
law index with droplet size

The power-law index, Metzner and otto constant and consistency index of all samples at different

scale-up exponents, reference rotational speeds, and scales were determine using the following
equation and plotting the I'/N versus N.

[ _ DG kKy

N o Nn1 (B.3)

The correlations between these rheological values and droplet size are illustrated in Figure B.2..
The results reveal that, regardless of process conditions and scales, the rheological properties are

strongly dependent on droplet size.
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Figure B.2.Correlation between (a) power law index (n) and Ds,, and (b) correlation between consistency
index (k), Metzner and Otto constant (Ks), n and Ds,.

B.4 Power-law behavior with rheometer
To validate the power-law and consistency indexes obtained through torque monitoring, the data

were also measured using a rheometer. The MCR501 SN902199 was employed with the Rheoplus
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rheometer. The test was conducted during the stability phase, meaning the maximum shear rate for
each sample did not exceed the shear rate used during its emulsification, in order to prevent further
droplet breakage. For instance, the maximum shear for sample M1-0, which was produced at 100
rpm, was set to 50 (1/s). Figure B3 shows the results of M1-0 to M3-0, corresponding to emulsions
prepared at 100, 150, and 200 rpm at scale medium. The results confirm that the power-law index
obtained with the rheometer- 0.38,0.32, and 0.27 for samples with 100,150, 200 rpm, respectively-

agree well with the values obtained through torque monitoring, as shown in Figure B.2.
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B.5 Comparison between measured and estimated power per volume
The estimated power per volume, based on the calculated viscosity of the emulsion, was compared

with the actual power per volume for all scales, at all values of a and rotational speed. The results
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reveal that the estimated values closely match the real value of power per volume when at a equal
0 for all rotational speed and at a equal 0.67 and 1 for Nrer 150 and 200 RPM. This indicates that,
at low rotational speed especially for large scales and a=1 a significant portion of total power

consumption is used for particle suspension.

The ratio of power to the just suspended power in the large scale at a=1 and ref=100 RPM was
calculated to be less than 1, further confirming the hypothesis that, at very low rotational speed,

particularly in large-scale systems, most of the power is consumed for particle dispersion.

It is worth mentioning that at the highest rotational speed, there remains a 4-6% deviation between
estimated and real power per volume, which can be attributed to the omission of elongational flow

effect in estimation of power per volume.
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Figure B.3. comparison of measured P/V (P/V/(T)) with the estimated P/V (P/V(V)); (a), (b), and (c) scale
up exponent 0 and Nref =100, 150, and 200 rpm, respectively. (d), (e), (f) scale up exponent 0.67 and
Nref= 100, 150, 200 rpm, respectively. (g), (h), and (i) scale up the exponent of 1 and Nref= 100, 150, and
200 rpm, respectively.

B.6 Effect of just-suspended power on final D32
The Ayranci equations (Equations1-2) were employed to determine the effect of just suspended
power on Dz,. By substituting all parameters based on our formulation and impeller geometry, the

just-suspended power was calculated in each rotational speed. These values were then compared
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with the experimental value of P, which was employed during emulsification and measured by

torquemeter.

Figure B illustrates the effect of the ratio of input power (P) to just suspended power (Pjs) on the
final droplet size. When the ratio is less than 1, the input power is insufficient to fully suspend
particles. Conversely, when the ratio exceeds 1, all particles are fully suspended and contribute to
droplet coverage. The figure also shows that the final droplet size is not solely a function of P/Pjs
but also it is a function of scales. For instance, at constant P/Pjs between 2 and 4, the droplet sizes
in large, medium, and small scales are about 200, 100, and 50 microns, respectively. Thus, other

parameters such as breakage capacity should be investigated.
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Figure B.4. Final D32 vs. P/Pjs
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B.7 The statistical analysis of the correlation between D32-e/v and D32- P/V

It is reported that D3, evolves with e/V before the equilibrium droplet state and after that point, it

correlates with P/V.

A logarithmic correlation is considered :

log(D3,) = a+ b.log (5)

log(D3;) = c +d.log (g)

(B.4)

(B.5)

The statistical regression data are summarized in Table B.1., where the P-values of all regression

parameters are much smaller than 0.5, indicating the strong validity of these correlations.

Table B.1.Regression summary of D32 number of runs 50

Regression parameters Statistics
p-value -95%CL +95%CL

a 3.84 4.38*10% 3.57 4.01

b -0.30 4.2%10°1° -0.34 -0.26
eV

F-value 4.2%10°"

R? 0.81

c 3.24 8.05%1073° 3.05 3.44

d -0.38 5.23%10718 -0.44 -0.32
PV

F-value 5.23*10°!8

R? 0.79






