TECNICO
LISBOA

Emulsion stability studies and correlation with porous

microspheres synthesis

Anténio Real Rodrigues da Luz Mariquito

Thesis to obtain the Master of Science Degree in
BIOENGINEERING AND NANOSYSTEMS

Supervisors: Prof. Dra. Ana Clara Lopes Marques

Prof. Dr. Anténio José Boavida Correia Diogo

Examination Committee
Chairperson: Prof. Dr. Jorge Manuel Ferreira Morgado
Supervisor: Prof. Dra. Ana Clara Lopes Marques

Members of the Committee: Prof. Carlos Miguel Calisto Baleizédo

July 2021



| declare that this document is an original work of my own authorship and that it fulfils all the requirements

of the Code of Conduct and Good Practices of the Universidade de Lisboa.



Abstract

Porous silica microspheres play an essential role in several applications. They can serve as porous
support materials for environmental remediation, biomedical devices, energy storage and conversion.
These porous microspheres are prepared via sol-gel technique combined with phase separation through
spinodal decomposition in water-in-decahydronaphthalene (decalin) emulsion droplets that serve as soft
templates. The present thesis provides an insight on the emulsions properties and establishes a new

tool to tailor and customize silica porous microspheres.

The effect of surfactant and water concentration on the emulsion’s stability was investigated via
gravitational separation tests. To enhance the stability of these systems, surfactant blends (SPAN®80
combined with TWEEN®20, TWEEN®80, TWEEN®85, Pluronic P123, DABCO® DC193 or SDS) were
employed and studied. Emulsion characterisation by dynamic light scattering and rheological tests
allows to complement our knowledge of how these factors correlate with the destabilisation
mechanisms. In the last stage of this work, several syntheses were performed to see the effect of each
parameter in the final product.

Water-in-oil (W/O) emulsions with blends of SPAN®80, together with other non-ionic surfactants, such
as TWEEN®20 (12 ym — 30 ym) and TWEEN®80 (2 um — 12 um), resulted in spherical microparticles
with a decreased overall size and improved porosity, compared with the emulsions stabilized only by
SPAN®80 (19 ym — 400 pm). Silicone surfactant DABCO® DC 193 was used for the first for this type of
reaction, improving both superficial and internal porosity. Blends with the SDS increased the stability of

W/O emulsions, however poor results were obtained regarding the final particles.

Keywords: Microspheres, silica, emulsion stability, sol-gel, blends.



Resumo

Microesferas porosas de silica sdo fundamentais em diversas aplicagbes, tais como remediagcao
ambiental, servicos na area da biomedicina ou armazenamento e converséo de energia. Estes materiais
porosos sdo preparados através da técnica de sol-gel, combinada com separagao de fases por
decomposicao spinoidal em goticulas de emulsdo de agua-em-decahydronaftaleno (decalina), que
atuam como modelo. A presente tese proporciona uma analise das propriedades das emulsdes, assim

como oferece uma nova ferramenta para ajustar e personalizar microesferas porosas de silica.

O efeito da concentragéo de surfactante e agua na estabilidade das emulsdes foi investigada por testes
de separacdo gravitacional. De forma a melhorar a estabilidade destes sistemas, foram estudadas
combinagdes de surfactantes (SPAN®80 combinado com TWEEN®20, TWEEN®80, TWEEN®85,
Pluronic P123, DABCO® DC193 ou SDS). Ensaios de dispersdo de luz dindmica e de reologia
permitiram caracterizar as emulsées e complementar o conhecimento acerca dos mecanismos de

destabilizagao.

Emulsbes de agua-em-6leo com combinagdes de SPAN®80, juntamente com outros surfactantes nao
i6nicos como o TWEEN®20 (12 ym — 30 ym) e TWEEN®80 (2 ym — 12 pm), resultaram em
microparticulas esféricas com tamanhos inferiores e maior porosidade, comparadas com emulsdes
estabilizadas apenas por SPAN®80 (19 um — 400 pum). O surfactante de silicone DABCO® DC 193 foi
também utilizado como estabilizador das emulsdes, melhorando a porosidade superficial e interna. Da
combinagédo de DABCO® DC 193 com dodecilsulfato de sédio (SDS) advieram emulsées de agua-em-

Oleo estaveis; no entanto, originou particulas com resultados insatisfatorios.

Palavras-chave: Microesferas, silica, estabilidade de emulsdes, sol-gel, misturas.
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1. Introduction

1.1. Motivation

In the last decades, porous microspheres have gained substantial attention due to their small sizes,
large surface areas, hierarchical porosity, low density, and reasonable accommodation properties.
Those features make them useful in various applications, namely as porous support materials which
immobilize therapeutic agents, dyes, cosmetics, catalysts, and photocatalysts. Since Stdber [1], who
revealed the potentialities of sol-gel chemistry to synthesize micron range silica spheres, new ways have
been explored to utilize the versatility of such technology with the inherent desire of tailoring the size
and porosity of silica-based microparticles. The most widespread ways to achieve porosity in silica-
based structures consist of hard-templating (colloidal and polymeric), soft-templating (micellar and
emulsion templates) and template free (sol-gel controlling and selective leaching) methods. By
combining hard-templating techniques with sol-gel chemistry, Nakanishi synthesised for the first time
[2], monoliths with 3-D interconnected macropores, through spinodal decomposition (phase separation)
of a gel-rich phase composed of hydrolysed/polycondensed tetra-functional silanes (namely tetramethyl
orthosilicate or tetraethyl orthosilicate) and a polymer, in a specific solvent (water). The spatial arresting
of the transient state during spinodal decomposition by gelation opened the doors to obtain a series of
tailored porous silica structures without costly manufacturing techniques. Due to the limitations of hard-
templating techniques such as the difficulty of removing the template without affecting the final pore’s
structure, and the lack of ability to control the pore size and shape by template free methods, soft-
templating appears to be a good alternative to such methods, for the achievement of porous
microspheres. In the sol-gel synthesis of microparticles in water-in-oil (W/O) emulsions, the water
droplets serve as microreactors. The microparticles (microspheres) are generated inside these
microreactors. As such, the general properties of these emulsions, such as droplet size, surfactant
content, among others, affect the emulsion’s stability/behavior along the time, and therefore the

resultant microspheres” properties.

A sol-gel process combined with phase separation phenomenon, involving a mixture of selected
hydrolysable alkoxysilanes, which is made to occur within the water droplets of water-in-decalin
emulsions, was first developed and successfully employed to synthesize macro and mesoporous silica
microspheres [3],[4]. This was developed in the framework of the Technology Platform on

Microencapsulation and Immobilization (http://web.tecnico.ulisboa.pt/ana.marques/siteTPMI/). By

understanding the destabilisation mechanisms and how certain factors affect the emulsion template
stability (surfactant content and dispersed phase concentration), one can expand the knowledge around

this innovative way to obtain customized porous microspheres.


http://web.tecnico.ulisboa.pt/ana.marques/siteTPMI/

1.2. Objectives

This work aims to characterise and study the stability of water-in-decalin emulsions, that serve as a soft-
template, during the synthesis of porous silica microspheres by a sol-gel/phase separation technique,

for a better understanding of their formation mechanism. Two main steps are pursued:

i) The typical emulsion system (water + decalin + SPAN®80) used to produce these
microspheres is characterised and subjected to a stability test to understand the influence
of surfactant and dispersed phase concentration. Several syntheses are then performed to
associate the emulsion’s properties with the final porosity displayed by the microspheres.
A correlation between the achieved microspheres and the destabilizing mechanisms that
affect the emulsion template, if it exists, is studied.

i) The emulsion system is then subjected to optimization using blended surfactants. The
blends are performed with a wide range of surfactants such as the members of the typical
TWEEN® family of nonionic surfactants (with an excellent chemical affinity towards SPAN®),
Sodium dodecyl sulphate (also known as SDS being an anionic surfactant), Pluronic P123
(polymeric surfactant) and DABCO® DC193 (silicone surfactant). Using the same
characterisation techniques, the results are then compared and correlated with the
reference emulsion, i.e derived only from a single surfactant (SPAN®80). Using the same
protocol for the synthesis, microspheres are produced, and the results are compared with
those obtained for the synthesis where a reference emulsion is employed. This procedure
allows to compare different emulsion systems and to correlate the observed destabilizing

mechanisms with the porosity features exhibited by the synthesized microspheres.
This work is, therefore, crucial to the enlightenment of the porous microspheres formation process.
1.3. Thesis structure
This dissertation is divided into six chapters having the following structure:
Chapter 1 — It includes the framework of the dissertation as well as the main objectives and structure.

Chapter 2 — The essential concepts used to understand the stability of the emulsion systems and overall

synthesis are presented.

Chapter 3 — Englobes the emulsion systems studied, some calculus examples, the materials used and

the experimental procedure for emulsion characterisation and the developing of porous microspheres.
Chapter 4 - The results of both emulsions characterisation and microspheres” synthesis are presented.
Chapter 5 — The analysis and discussion of the results presented in the previous chapter are performed.

Chapter 6 — A brief conclusion and future work perspectives are presented.



2. General Overview

2.1. Emulsions studies

2.1.1.Introduction to the topic

Emulsions are heterogeneous systems, composed of two immiscible liquids, where one of them is
dispersed in the other. The first is commonly called the dispersed or internal phase, while the other
constitutes the external phase, also referred to the as continuous phase. Due to their configuration and
physical-chemical properties, they can be considered a class of metastable colloidal systems. The
presence of surfactants (molecules with polar and non-polar chemical groups in their structure) is
essential for the stability of most emulsions since the presence of these agents at the interface provides
kinetic nonliability, postponing the spontaneous tendency of the two liquids to separate. A large amount
of energy must be supplied through the bulk phases to achieve emulsification (the process by which the
emulsion is formed). A tiny group of emulsions can form spontaneously when two liquids are in contact
with each other, without any sort of thermal or mechanical source of energy associated. However, they

constitute an exception to the rule.[5]

Emulsions can be classified according to their droplet size or type. Giving their type, they can be
categorized as simple emulsions or double emulsions. Simple emulsions may be further divided
according to the continuous phase: water-in-oil emulsions (also referred simply by W/O with oil being
the external phase) or oil-in-water emulsions (known as O/W, with water as the external phase). Double
emulsions (also referred to as multiple emulsions) are essentially divided into two groups: oil-in-water-
in-oil (O/W/O, with oil droplets dispersed inside water droplets that are further dispersed in an external
oil phase) or water-in-oil-in-water (W/O/W, with water droplets dispersed inside oil droplets that are
further dispersed in an external water phase). Three categories emerge if one is referring to the
classification of emulsions according to their size: macroemulsions (droplet size in the range 0.2 ym -
100 ym), microemulsion (droplet size between 100 nm to 0.2 ym) and nanoemulsions (less than 100
nm). The classification of emulsions according to their size is controversial today, since they are based
on previous historical definitions of colloidal dispersions, with some authors referring the previous
nanoemulsions as microemulsions and vice-versa. However, this seems the most logical division for the
frame of this thesis. Furthermore, each type of emulsion is different in terms of thermodynamic stability

with macroemulsions being unstable while microemulsions are not.[6]
2.1.2 Stabilisation mechanisms

Surfactants

Surfactants (surface active agents) are amphiphilic (or amphipathic) organic compounds that possess
two groups with different polarities: a hydrophilic head group and a long hydrophobic tail. These
molecules will interact with the surface of the droplets through a process designated by adsorption.

During the first stage of the emulsification process, the initial spherical drops of the dispersed phase will
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suffer extension. The Laplace Pressure (Ap) is given by Equation 2.1 for a non-ideal conformation
(irregular shape and not spherical) of the droplet.
Ap = y(%+%) @2.1)

Where r; and r2 are the two principal radii of curvature of the droplet, and y the interfacial tension. The
Laplace pressure increases as the deformation of the droplets increases. To produce smaller droplets,
more stress is needed (higher deformation), leading to higher values of Ap. The adsorption of surfactants
at the droplet surface lowers the interfacial tension of the system, decreasing the value of Ap and
lessening the amount of energy necessary during the emulsification process. The amount of surfactant
needed to produce the smallest size is dependent on its activity parameter (a) in bulk, as expressed by

Equation 2.2 below:

—dy =R-T-T-dln(a) (2.2)
Where R is the gas constant, T is the absolute temperature, and I is the surface excess (number of

moles adsorbed per unit area of the interface). I" increases with increase in surfactant concentration,
until a certain point where reaches a plateau. This explains why the surfactant concentration plays a
vital role in reducing the droplet size and, therefore, in the stability of the emulsion system. Furthermore,
the faster the surfactant can adsorb on the interface, the smaller the droplet will be (today, emulsifiers

can be divided into slow-adsorbing and fast-absorbing ones) (Figure 2.1).[7]
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Figure 2.1 Variation of the interfacial area of droplet surface (A) (left y-axis) , droplet size (ds2) and interfacial tension
(right y-axis) with surfactant concentration being displyed in the x-axis (mg/ml) . Adapted from [7]

However, choosing the correct amount of surfactant is a double-edged swords game. Taking into
account the Gibbs-Marangoni effect - the liquid flow from low tension regions to high tension regions
promotes a gradient in interfacial tension that allows the surface of the droplet to sustain external
tensions - if there is an excess of surfactant, emulsions are less stable since the free surfactant monomer
will fill in the droplet interface, when it is curved, instead of letting the flat surface restore itself
spontaneously to minimise the interfacial tension (flat surfaces provides more minor surface tensions
than curved ones), causing a dangerously thinner interface (promoting coalescence), Figure 2.2(c). On
the contrary, if there is a dearth of surfactant, the necessary viscoelastic protective layer to sustain the
collision between the droplets, does not exist (the necessary concentration to promote the gradient in

interfacial tension is shallow), and coalescence occurs at a rapid pace Figure 2.2(a).[8]
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Figure 2.2 Gibbs-Marangoni effect for three different situations: (a) lower quantity of surfactant, (b) adequate amount
of surfactant, (c) excess amount of surfactant. Adapted from [8].

A characteristic of small molecule surfactants is forming self-assembled aggregates (micelles, vesicles,
interconnected cylinders etc.). They can exist as either individual monomeric units or aggregates. Bellow
the critical micelle concentration (CMC), the surfactant molecules in solution exist only as monomers;
once the surfactant concentration reaches their CMC values, aggregation occurs, leading to the
formation of micelles. These surfactant aggregates usually contain from 50 to 100 molecules of
surfactant. The CMC depends on the type of surfactant, the size of the hydrophilic and hydrophobic
groups, the ionic strength and temperature. The temperature at which the concentration achieves the
CMC is known as the Kraft point. At higher concentrations than the CMC, monomers, micelles, and
droplets can coexist in equilibrium. Micelles can be normal if they are formed in water, with the
hydrophobic chains orientated to the oil phase (core) and the polar heads to the exterior, or reverse,
that is, they are formed in an oil phase with the head group of the surfactant monomers form the phase
barrier to the water phase (core), and hydrophobic chains orientate themselves outward. The
architecture of the surfactant and the head group charge play an important role in deciding the micellar
shape. The shape depends on the relative values of tail length (I), head group area (a) and the molecular
volume (v) of the small molecule. Depending on the value of critical packing parameter p (=v/al), the
aggregates acquire different shapes. For p<1/3 they tend to be spherical, form bilayers at p>1/2, and be

ellipsoidal and cylindrical for 1/3<p< 1/2. [7]

Types of surfactants and other stabilizing agents
Surfactants are classified according to their hydrophilic head group in ionic (divided into anionic and

cationic), nonionic and amphoteric.[9]

lonic Surfactants: This type of surfactant can be dissociated in polar solvents and form ions. They

possess higher solubility in water and have counterions. Anionic surfactants have negatively charged

head groups and are among the most produced surfactants in the industry due to their use in detergents,
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soaps, and other cleaning agents. Anionic surfactants include sulfosuccinates, long-chain fatty acids,
phosphates, and sulfonates. One of the most used anionic surfactant is sodium dodecyl sulphate (SDS)
due to its cost and numerous laboratory applications, including porous materials such as microcapsules.
Cationic surfactants have positively charged head groups that may be protonated long-chain amines
and quaternary ammonium compounds.[9] Cetrimonium bromide or hexadecyl-trimethyl-ammonium
bromide (CTAB) is one of the most used cationic surfactants to synthesise porous materials and

nanoparticles.[10]

Nonionic Surfactants: Type of surfactants with uncharged head groups and without dissociation

associated with them. Easily soluble in water and some inorganic oils such as decalin. The most
common nonionic surfactants include polyethoxylated alcohols, alkylfenolethoxylated, esters of fatty
acids and other polar groups such as sorbitol esters (SPAN®) and ethoxylated sorbitol esters
(TWEEN®).[11] In the last decades, Silicone surfactants have gained recent attraction for their ability to
increase microemulsion and nanoemulsion stability. They consist of a permethylated siloxane
hydrophobic group (for instance, polydimethylsiloxane) coupled to one or more polar groups. The
oleophobic character of the silicone moiety and the unusual wetting behaviour of trisiloxane surfactants,
makes them a promising alternative to other nonionic surfactants.[12] Another group that can be
considered nonionic are amphiphilic block copolymers based on polyethylene glycol (PEG) and
polypropylene glycol (PPG) backbones.[13] Like other surfactants, they also possess an HLB
(hydrophile-lipophile balance) number associated, decrease the surface tension between interfaces and
possess a tendency to form micelles. Due to the high inherent viscosity associated with polymeric
emulsifier systems, they tend to promote much more stable emulsions. However, an exact quantity of

this surfactant must be applied; otherwise, depletion flocculation and bridging flocculation may occur.

Amphoteric Surfactants: This type of surfactant becomes anionic or cationic depending on the pH of

the solution they are put in by bonding to hydroxyls or protons. Lecithins are a very common surfactant

used in recent years for cosmetic products and food emulsions.[14]

Thickeners: These stabilizers, usually polymeric materials that are not surface active, provide long-
term stability (especially against gravitational separation) by increasing the continuous phase viscosity
or producing a yield strength in the system that hampers motion (normally associated with flocculation
mechanism). Typical examples are non-adsorbing polymers such as xanthan gum, high-density
polyethylene (HDPE) or Polyisobutylene (PIB).[15],[16],[17]

HLB number

The hydrophile-lipophile balance (HLB) number is a rating system (numerical one) defined as the
balance of the size and strength of the hydrophilic and the lipophilic groups of surfactants, estimating
the affinity of the surfactant towards the aqueous and the oil phase. Although the HLB number does not
consider factors, such as the influence of temperature, ionic strength or even the type of oil used in the
emulsion system, this number can provide an idea of the type of emulsion that a specific surfactant

could stabilize.



The HLB number is generally calculated as the ratio of the molecular weight of the hydrophilic groups
(H) and the total molecular weight of the surfactant, that is, the sum of the hydrophilic groups plus the

molecular weight of the lipophilic ones (L), multiplied by a factor of 20 (Equation 2.3):[18]

HLB = HLH-ZO (2.3)
Although the HLB rating system goes from 0 to 20, there are many tabulated HLB numbers in the
literature, such as the one for SDS, that excide these values. The reason lies in the methods used to
estimate the value, since Griffin [19] did not propose a consistent method to access the HLB number
besides the mathematical formulas, which cannot estimate a proper value for most surfactants such as
amphiphilic block copolymers. Nevertheless, HLB remains an excellent empirical method to retrieve a
given surfactant's hydrophobic and hydrophilic character. If HLB < 9, the surfactant has a more
hydrophobic character (generally dissolved in the oil phase), whereas if HLB > 10, the surfactant is more
hydrophilic (typically dissolved in the aqueous phase). According to the Bancroft rule[20], the solubility
of a surfactant must be higher in the continuous phase; therefore, surfactants that form W/O emulsions
have a low HLB number (0 - 10), whereas the optimum surfactants for O/W emulsion have a high HLB
value (10 - 20). Apart from the HLB value of the surfactant, other properties such as purity, phase
behavior and the hydrophobic chain length or polar group also affect the type of emulsion formed. The
emulsion protocol also plays a significant role since the dispersed phase is usually added to the

continuous phase and not the other way around.

The use of specific surfactant blends tends to improve the stability of emulsions systems; though, one
of the most common problems is the transitional phase inversion that occurs due to the competitive
adsorption of surfactants. Griffin proposed the concept for an HLB of the mixture to prevent the formation
of multiple emulsions, providing an idea of the quantities to avoid such problems. According to his theory,

the HLB value for nonionic surfactants is additive, being given by Equation 2.4. [18]

HLB,, = Z HLB, £ (2.4)
Where f;is the mass fraction of the surfactant and HLB, the HLB value of each component on the mixture;
thus, we can infer Equations 2.5 and 2.6 that allow us to determine the weight fraction of each

component for a given HLB. [21]

100-(x - HLB )

9 =
WA HLB ) - HLB,z, (2.9)

9%(B)=100 - %(A) (2.6)

Where %(A), %(B) are the percentage of surfactants employed in the mixture (applied for mass), x the
intended value of HLB one wants to achieve with the blend, with HLB ) and HLB&) being the individual
HLB values of each component. Although the equations provide a good approximation with the real
HLBmix for blends of ethoxylated sorbitol esters (TWEEN®) and sorbitol esters (SPAN®), that is not the
case for emulsifiers containing propylene oxide such as Pluronic P123 (Griffin did not consider the

polarity of the terminal hydroxyl group) [22] , or for nonionic silicone surfactants, with its HLB number



being influenced by the heat of hydration.[23] So, an experimental error of the manufacturer must be

added to the value predicted theoretically when applying these equations

Primary mechanism of emulsion stability by surfactants
The mechanisms associated with emulsion stability depend on the nature of the surfactant (or blends of

surfactant) used in the emulsion system.

Electrostatic Repulsion: Electrostatic interactions are the primary stabilising mechanism for emulsion

droplets containing ionic emulsifiers. The dispersed phase droplets carry the same electrical charge (in
sign) imposed by the polar groups of the adsorbed surfactants at their surface. As they approach (due
to Brownian motion), ions in the continuous phase, with the opposite charge, become more concentrated
in the space that separates the droplets (interparticle region). The excess osmotic pressure in the
interparticle region drives them apart, preventing flocculation that eventually leads to coalescence. This
phenomenon is known as the double layer repulsion. The Derjaguin-Landay-Verwey-Overbeek classical
theory (DLVO) suggests that the stability against flocculation phenomenon (correlated with other
destabilisation mechanisms) is dependent upon the total potential energy function (V;) that results from
the balance of several competing contributions, the potential energy due to the solvent/continuous phase
(Vs - continuous phase potential), the double layer repulsion (Vg), and the van der Waals attractive

potential (V4) (Equation 2.7).

Vf = VR + VA + VS (2.7)
Since Vs only makes a marginal contribution to the total potential energy, flocculation occurs when

Vr>V,, that is, when the droplets collide with sufficient energy to overcome the energy barrier.
Whit Vg being given by Equation 2.8:

Ve=2-m-c-a-&-exp (—kD) (2.8)
Where 17 is the solvent/continuous phase permeability, k is the function of the ionic composition, ¢ the

dielectric constant, a is the droplet radius, D is the droplet separation and ¢ is the zeta potential.
Vi is provided by Equation 2.9:

A
- _ 29
Va 12 -7 - D2 (29)
With A is the Hamaker constant,  is the solvent/continuous phase permeability, D is the droplet

separation and . [24]

Steric Repulsion: arises from the use of nonionic surfactants, polymers (for instance, alcohol

ethoxylates, A-B-A block copolymers), particles with intermediate wettability, between others. The
droplets are coated with an adsorbed layer (formed by the adsorbed surfactants or polymers) with
thickness 6. When the droplets approach a surface-to-surface distance of separation smaller than 26,
the adsorbed layers start to overlap (if the molecules of the adsorbed layer are weakly solvated or
hydrated by the molecules of the continuous phase) or compress (if the adsorbed species are strongly
solvated or hydrated by the continuous phase). There is a repulsion force in the case of overlap due to

the reduction of configurational entropy of the adsorbed layers (elastic repulsion). For the compression,



this repulsive force (osmotic repulsion) comes from unfavourable mixing enthalpy. An energy barrier
exists in the interparticle potential due to these two entropic factors, unfavourable to the droplet
approach preventing flocculation. Sterically stabilised emulsions are much less sensitive to pH, and ionic
strength changes than the one subjected to electrostatically stabilisation. Several parameters can affect
steric repulsions, such as, the nature and conformational structure of the surfactant molecules, the size
of the emulsion droplets, packaging of the droplets and other rheological factors. Although electrostatic
repulsion is stronger in long-range distance between droplets, it is not an effective method to stabilise
W/O emulsions since the electric double-layer thickness is much greater in water than in oil (due to the
low dielectric constant). Because of this, steric repulsion is the primary mechanism responsible for the
stabilisation of W/O emulsions, providing limited stability when compared with their counterparts (O/W
are effectively more stable than W/O emulsions, especially in the presence of low viscous oil phase).
Stabilisation mechanisms are illustrated in Figure 2.3.[25]
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Figure 2.3 Energy-distance curves for three stabilisation mechanisms: (a) electrostatic; (b) steric; (c) electrosteric.
These curves are only representations and tend to alter depending on the type of surfactants employed. Adapted
from [13]

2.1.3 Destabilisation mechanisms

A broad definition of a stable emulsion is that of a system capable of maintaining its physical-chemical
properties inalterable over a crucial period to accomplish its designed function. The mechanisms that
can alter the stability of an emulsion are classified between internal mechanisms (alteration of the
intrinsic properties of the system) and external mechanisms (the destabilisation involves an external
factor). Simultaneously, the destabilisation mechanism can also be categorized into chemical
mechanisms (alteration of the chemical structure) and physical mechanisms (change of the spatial

distribution or organization of the droplets).

The most common phenomena linked to physical instability are gravitational separation, flocculation,
phase inversion (catastrophic or transitional), Ostwald Ripening, coalescence, and partial coalescence
(only appliable when a fatty oil composes the continuous phase). Depending on the emulsion

components and type, one mechanism is dominant over the other or can occur simultaneously.[26]

Internal mechanisms
Density differences, high solubilisation of one phase to the other, high Van Der Walls attractive forces
and the viscosity of the continuous phase are some of the emulsion properties associated with these

types of destabilisation mechanisms. The most crucial destabilisation mechanisms are described below.



Gravitational Separation: Destabilisation process that is mainly caused by the gravity force. Due to

differences in densities between the dispersed and continuous phase, the first will float to the top of the
emulsion (creaming) if it is less dense than the other, or descent to the bottom (sedimentation), if denser.
Gravitational separation can be considered a reversible destabilisation mechanism since no increase in
droplet size occurs immediately. The size of the droplets and the dispersed phase dilution (which
determines the type of interaction forces between the droplets) will also play a considerable role in the
creaming/sedimentation rate. In a very dilute emulsion (volume fractions below 0.02), the velocity at
which the different droplets move is proportional to the square roote of droplets diameter and can be
described by Stoke’s law (Equation 2.10):[27]

2:g-1* (pa — pc)
9l
v, is the sedimentation velocity, g denotes the acceleration due to the gravity, r is the droplet radius, pq4

(2.10)

Vg =

is the density of the dispersed phase, p. is the density of the continuous phase, and p. is the dynamic
viscosity of the continuous phase. The smaller the droplet radius, the slower the mechanism occurs and
consequentially more stable the emulsion. Furthermore, the higher the viscosity of the continuous
phase, the more stable the emulsion will be (since pcis inversely proportional to the sedimentation rate).
Stoke's law, beyond the limitations imposed by disregarding droplet-droplet interactions, is only valid for
monodispersed emulsions. In polydisperse emulsions, different sizes of droplets settle at different rates,

and the displacement of the surrounding fluid tends to alter the velocity of each other.

In concentrated emulsions, particle mobility is reduced due to hydrodynamic interactions, so predictions
or calculations of sedimentation/creaming rates are more complicated. Nevertheless, Richard and Zaki
proposed an empirical correlation accounting for dispersed phase concentration, presented in Equation
2.11:[27]

Vez = Vsrokps(1 — @)" (2.11)
Where ¢ is the volume fraction of the dispersed phase and n is an experimentally determined constant

between 2.3 and 5. According to the empirical correlation, higher concentration of the dispersed phase

effectively decreases the gravitational separation mechanism.

Although predicting the sedimentation/creaming rate seems a laborious task, some broadly factors
seem to affect emulsion stability against this process uniformly. Minimising the density difference
between dispersed and continuous phase, reducing the droplet size (for droplets with a radius lower
than 0.1 ym, Brownian motion is mainly responsible for the movement) and modifying continuous phase

rheology viscosity the medium, seem to be the standard parameters that one should consider.[26]

Flocculation: This mechanism, which is reversible in most cases, results from the adhesion of droplets
that, without losing their identity, form globules, clusters or aggregates rather than coalescing to form a
single, larger droplet. At a certain distance, a minimum exists in the interparticle (between droplets)
energy. The potential minimum favours droplet adhesion since it represents the lowest energy state of
the system. The dept of the potential minimum will determine if the flocculation is reversible (the

tendency of the floc to break up again), which takes place if the droplets have sufficient energy to escape
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the potential well and separate. Before flocculation, a collision of the droplets must occur so they can
stand within a small interparticle distance (bringing the droplets over the repulsive force barrier into a
region where attractive forces operate). This approach leads to two forms of flocculation associated with
the collision. Perikinetic flocculation, when droplets collide due to Brownian motion (a result of thermal
energy) or orthokinetic flocculation associated with shearing motion. The shear process can be a low
shear motion promoted by sedimentation (for the case of W/O) of the droplets with different sizes in a
polydisperse sample (differential sedimentation) or a high-shear action caused by stirring (both laminar
and nonlaminar conditions). For a similar period and equal volume concentration, the extent of the
number of flocculated structures originated by orthokinetic collisions is 100 times higher than for
Perikinetic collisions, which states the influence of shear, when an emulsion is subjected to external
forces (external mechanisms are eventually interconnected with internal destabilising mechanisms).[28]
It is vital to notice that flocculation and gravitational separation occurrences are intrinsically connected,
with one being influenced by one another. Although differential sedimentation can promote flocculation,
the formation of aggregates will eventually accelerate the rates of gravitational separation (in this case
sedimentation), since the adequate size of the clusters of droplets is more significant than the individual
separated ones. The strength of these clusters after sedimentation (the reversibility of the flocculated
process) depends on the number of droplets (or dispersed phase concentration) in the emulsion before
destabilisation, as well as their packaging parameter. For lower quantities of the dispersed phase, they
tend to be relatively weak. The interparticle potential determines if flocculation occurs after a collision.
If the only interactions are London and Van der Waals forces, the potential is attractive over long scales.
Since no energy barrier exists to prevent flocculation, the potential, theoretically, is infinitely deep. Every
collision will result in irreversible flocculation. Flocculation is modified by a particular energy barrier that
will generate a finite depth of the potential minimum, causing some degree of reversibility in the
flocculation. Therefore, only a finite probability occurs when two colliding droplets have sufficient energy
to overcome the energy barrier. The stability of an emulsion against flocculation is promoted by physico-

chemical means such as surfactants that produce steric or electrostatic repulsions.

A problem arising from using such chemical species is the enhancement of flocculation mechanisms (at
certain conditions). Although contra intuitive, the stability of the emulsion system must be seen as a
balance between the positive and negative points that a specific stability mechanism offers to that
system, so a proper selection must be made. The most common flocculation mechanisms are bridging
flocculation and depletion flocculation. Bridging flocculation results from insufficient adsorbing of
polymer present (when used) at the surface of the emulsion droplets. When approaching each other, a
favourable energetical state for flocculation is achieved, when one or several polymeric chains between
the surfaces are shared, causing agglomeration. One must consider the ideal quantity of polymeric
surfactant when it is used to promote stability. The flocs formed by bridging can be relatively weak and
easily disrupted by a stirring force or quite strong leading to irreversible flocculation. In contrast,
depletion flocculation occurs when an excess of absorbing polymer is present at the continuous phase.
When the interparticle region becomes smaller than the polymeric radius of gyration, the polymer is
excluded from this region. The resulting osmotic pressure gradient between the interparticle region and

the surrounding continuous phase will promote the agglomeration of the droplets. Depletion flocculation
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is a reversible mechanism and relatively weak, making it difficult to distinguish from weak
bridging.[29],[13] Besides polymeric species, reversible depletion flocculation can occur in nonionic
stabilised emulsions. This phenomenon is associated with the spontaneous formation of tiny reverse
micelles (50 A) responsible for depletion forces in the interparticle region. Micellar structures can be
produced spontaneously when an excess of surfactant is added to the continuous phase of the emulsion
(if higher than the critical micellar concentration) or in both phases (as predicted by computer models)
and tend to be accentuated by the increase of temperature (CMC tends to decrease for higher

temperatures).[30]

Coalescence: This mechanism involves the irreversible fusion of droplets by disrupting the interface
that separates them, making them lose their identity (contrary to flocculation). Since coalescence can
only occur when the droplets are close to each other, many times, this destabilisation mechanism
appears to be associated with flocculation (especially in the diluted and semi-diluted regime).
Coalescence is also linked to gravitational separation since droplets increase their size, being more
subjected to the action of gravity acceleration. Several factors can influence coalescence. The lack of a
proper quantity of surfactant adsorption at the surface favours this mechanism. Dispersed phase
concentration also plays a significant role. For concentrated emulsions, the droplets are closer to each
other and consequentially more exposed to this effect. As a matter of fact, in highly concentrated
emulsions, as the droplets already touch each other, the prevention of coalescing seems the most
essential researched issue.[26] The variation of the mean droplet size, with time, varied according to
Equation 2.12:

1 1 8m

r_2=r0_2_?.w.t (2.12)
Where ris the average drop radius, rp is the initial drop radius, w Is the rupture frequency, and t is time.
Both monodisperse and polydisperse systems tend to follow the proposed model. Coalescence can

then be controlled by the variation of droplet size over time.

Ostwald Ripening: Mechanism that promotes the growth of droplets with bigger hydrodynamic radius

at the expense of smaller ones. A concentration gradient promoted by Laplace pressure and
enhancement of solubility of the dispersed phase in the continuous one, leads to the shrinkage of smaller
droplets. In contrast, the dispersed phase content of the droplets diffuses to the larger ones. The rate of
this mechanism is expressed by the Lifshitz, Slezov and Wangner (LSW) theory as follows (Equation
2.13):

_d(rc3)_8-c(00)-a-D-VM. 213
AT 9. R-T 52 (213)

Where r. is the critical droplet radius, t is the time, D is the dissolved components diffusion coefficient,

o is the interfacial tension between water/oil interface, Vv is the dispersed phase molar volume, f(¢) is
the correlation factor that depends on the volume fraction of dispersed phase (¢), R the gas constant,
T the temperature and ¢ () is the solubility of the dispersed phase at a flat interface. The mechanism
is irreversible since it changes the droplet size distribution of the emulsion system. The most effective

way to avoid Ostwald ripening is altering the dispersed phase solubility, for instance, through salts.[31]
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Phase inversion: Process whereby a system changes from an O/W emulsion to a W/O one or vice

versa. The "swap" of the emulsion type is dependent on several variables such as, field variables
associated with the thermodynamic equilibrium of the system (nature of the components, temperature,
and pressure), composition variables (surfactant concentration and ratio between the dispersed phase
and continuous phase ratios) and protocolar characteristics (the way emulsification occurs being
influenced by time and space aspects). It is vital to notice that since emulsions are metastable, phase
inversion imposes a slow transition from a simple emulsion to a bicontinuous system before complete
inversion occurs. That is, W/O emulsion transitions to O/W/O systems before total inversion, and O/W
emulsion acquires a W/O/W conformation before total inversion that leads to W/O conformation, as

depicted in Figure 2.4.
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Figure 2.4 Generalized composition map showing the different configurations an emulsion can have. Adapted from
ref.[32]

The two main pathways to phase inversion are catastrophic phase inversion and transitional phase
inversion. Catastrophic phase inversion is related to altering the emulsion type by changing the water
to oil ratio. The critical volume ratio that induces phase inversion is defined as emulsion inversion point
(EIP) and depends on the conditions upon which the emulsification occurs, such as stirring intensity, the
position of the impeller and rate of addition dispersed phase. The same principles are applied after the
emulsification, that is, when the final emulsion is subjected to shear stresses, or an additional dispersed
phase is added after the emulsification. The EIP is also correlated with the interfacial tension between
fluids since lower interfacial tension requires higher volume fractions of the dispersed phase to promote
phase inversion. For the case of the W/O system, shear stresses will elongate or flattened the droplets.
Therefore curvature of the droplets may promote an O/W morphology, which results in a bicontinuous

system of O/W/O before total inversion, as illustrated in Figure 2.5.

W/O

Figure 2.5 Catastrophic phase inversion promoted by shear stress. Adapted from [33]

The addition rate upon which more dispersed phase content is added to the emulsion also plays a

significant role in forming a bicontinuous O/W/O (Figure 2.6).
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Figure 2.6 Catastrophic phase inversion promoted by the addition of aqueous phase, effect of fast addition and
slow addition. Adapted from [33]

Transitional phase inversion occurs due to changes in the molecular geometry of surfactant molecules
by altering certain factors (temperature, ionic strength of the medium or HLB number of the emulsifier).
The most common ways that transitional phase inversion occurs are via phase inversion temperature
(PIT) and via competitive adsorption of surfactants. In the first method, the geometry of the surfactant
molecules is changed by increasing the system temperature above the critical temperature PIT. At this
temperature, the hydrophilic and lipophilic natures of the surfactants are balanced; above that, emulsifier
affinity is shifted from one phase to the other. In transitional phase inversion via competitive adsorption
of surfactant, when adding a surfactant that favours the opposite emulsion type phase, inversion is
induced.[32],[33]

External mechanisms

External mechanisms involve the addition of specific stresses to the system or added agents.[26]

Temperature change: An increase in temperature tends to alter the kinetic energy of the droplets,

promoting an increase in flocculation (by droplet collisions), which will lead to droplets disruption
(coalescence) and gravitational separation. This change is directly reflected in viscosity changes that
occur in the system, since an increase of droplet size for the same volume fraction is verified.
Furthermore, although most surfactants possess high PIT temperatures, lower changes of temperature
can lead to transitional phase inversion where a simple emulsion (W/O or O/W) acquires a configuration

proper of a multiple emulsion (O/W/O and W/O/W, respectively).

Addition of electrolytes: by changing the charges present in the emulsion, the attractive forces between

droplets are altered. Impurities present in the continuous and dispersed phase can also promote charge

changes.

Acids and bases: The pH of the continuous phase influences the stability of the overall emulsion

significantly if anionic, cationic and zwitterionic species are used due to effortless ionisable groups. In
this species, a sudden alteration of zeta-potential (electrical net change close to zero) promotes

extensive flocculation, since the electrostatic repulsion almost ceases to exist.

External stresses: Application of mechanical stresses, like agitation and pressure, are the main

principles behind low energy emulsification techniques that promote phase inversion.
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2.1.4 Characterisation of emulsion stability

Gravitational Prediction Assessment

To determine the emulsion stability against sedimentation one of the most common and accepted
methods is the bottle test. The method consists of monitoring phase separation by time (aging),
measuring the settling velocity of the dispersed phase droplets that are subjected to specific stresses
such as gravitational forces at room temperature (RT).[27] By simple observation, physical phase
separation can be detected since it leads to changes in appearance, consistency and redispersability of
the emulsion. When performing a high number of tests, studies must be conducted over a relatively
short time which requires accelerated testing by exposing the emulsions to external stresses. One of
the most common is temperature. Temperature imposes changes in the viscosity of the emulsions,
solubility, and partitioning of molecules between the phases, introducing new mechanism of instability
(or suppressing others) not verified when the said test is performed at RT for long-term stability
assessment. This kind of test is not advisable when testing long term stability of an emulsion (for

instance, shelf-life is important especially for food emulsions or pharmacological ones).[34]

Droplet Size Characterisation

The droplet size and distribution of the dispersed droplets play a vital role in the stability of emulsions
systems. A decrease in droplet size will result in higher stability, reflected in the increase of viscosity of
the emulsion, due to the reduction of the free volume; that is, a much more continuous phase is bound
in the interfacial layers droplets. The dispersity of the droplets also plays a significant role. Dispersity
can be considered a measure of the size heterogeneity in a particular system (in this case, emulsions).

If the droplets are of the same size, mass or volume, the system is relatively uniform and monodispersed.

On the other hand, if the droplets are not consistent in these categories, the system is polydisperse.
Finer emulsions (with smaller dispersed droplets) tend to be more monodispersed and provide higher
viscosity (higher stability associated), contrary to polydisperse systems that tend to be coarser and more
unstable.[35] It is essential to state that these generalisations can induce error; an intricate play of
several parameters can also play a significant role in emulsion stability, such as dispersed phase
concentration, so the previous statements tend to be true for systems with the same volume of the
dispersed phase. Nevertheless, the droplet size is of great importance to characterise an emulsion.
Several methods include microscopy observation, Laser Diffraction, Nuclear Magnetic Resonance
(NMR) and Dynamic Light Scattering (DLS).[27] Although NMR is gained much attention in the last
couple of years due to the reliability and reproducibility of the measurements (especially for very viscous

emulsions), DLS remains one of the most used methods for droplet size analysis.

15



Dynamic Light Scattering

Dynamic Light Scattering is a non-destructive measurement technique of particles or emulsion droplets
between the range of approximately 0.3 nm to 10 pm (this value can change in literature). This type of
technique operates on the principle of Photon Correlation Spectroscopy (PCS) or Quasi-Elastic light
scattering technique. When a laser beam or other coherent light source, fixed at a certain angle,
encounters a droplet, the signal is scattered in all directions. The droplets suspended in the continuous
phase possess Brownian motion, which causes constructive or destructive interferences within the total
scattered light. Changes in the interference due to droplet motion (position of the droplets) will cause
fluctuation in the frequency of the scattered light by the droplets (Doppler shifts) that translate into
changes of intensity pattern. The rate of this fluctuation is dependent on droplet size, concentration, and
velocity. Larger droplets move slowly, causing less fluctuation in the scattered light intensity, while
smaller droplets cause larger fluctuations. By measuring the change in fluctuation rates, one can obtain
the transitional diffusion coefficient (D;) that correlates with the hydrodynamic diameter through Stokes-

Einstein Equation 2.14 valid for very dilute samples and tiny spherical droplets (< 3 ym):

D - kT
h = 30D,

(2.14)

Being k the Boltzmann constant, T the temperature, n solution viscosity.[36]

The diffusion coefficient is obtained by counting the individual scattered photons. Two main mechanisms
of detection are employed in DLS machines. Heterodyne and Homodyne detection. In Heterodyne, the
scattered light (signal) from the droplets is mixed with a stable one (the original laser beam) that serves
as the baseline for the scattered (reference for determining the frequency shift). Homodyne detection
uses scattered light by other randomly moving droplets, as a reference, which is unstable. Heterodyne
detection provides two main advantages when compared with homodyne one. The signal intensity is
more significant when compared with the first since the homodyne power is proportional to the product
of the scattered light intensity. In contrast, the heterodyne power is proportional to the product of the
scattered intensity and reference intensity. Moreover, mixing a clean signal with a shifted one allows the
"cleansing" of any high frequency (mostly noise) from particle-scattered light. Information about the light-
scattering spectrum can be evaluated in two different ways. The most common one being via a time-
dependent autocorrelation function (the photons are counted in a time window).[37] This correlation
function is a mathematical description of the fluctuation of the light scattered intensity with the
information related to size-dependent movement included in the decay rate (/) of this function
(correlation function). The value of I associates in the value of D; depending on the detection method,
the relation for homodyne detection is provided by Equation 2.15 and for heterodyne detection by
Equation 2.16:

I'=D,q° (2.15)
I'=2Dyqq° (2.16)
Where q is given by Equation 2.17, with n being the refractive index of the medium, A the laser

wavelength, and © the scattering angle.
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Another way to treat the data consists of a frequency power spectrum method. This type of method

allows a more accurate description of the droplet size since it uses direct information about the Brownian
motion of the droplets provided by a broad spectrum of frequencies of the scattered light instead of
intensity fluctuations. A process calculates the power spectrum of the interference signal (by Fast Fourier
Transform), which provides information on how the power of a signal or time series is distributed with
frequency. The characteristic frequency is inversely proportional to the particle size and

polydispersity.[38]

Rheological characterisation

Rheology is the study of deformation and flow of matter to connect the bulk or interfacial rheological
properties with the microstructure. The viscosity (n) is one of the most important factors when studying
the stability of the emulsions. To better understands its influence, one should study the flow behaviour

of the emulsion.

Flow behaviour

The flow behaviour is characterised by the flow curve, indicating the relationship between stress and
strain. According to the results, the fluids can be categorised as either Newtonian or non-Newtonian.[39]
Newtonian fluids can be described by a proportionality between the shear stress (t in Pa) and the strain
rate (y in Pa) where the viscosity remains (n in Pa.s) constant. Equation 2.18 can describe Newtonian
fluids:

T=nYy (2.18)
Non-Newtonian fluids show a non-linear relationship between the shear stress and shear strain.[39] The

behaviour of this kind of fluids can be described with some theoretical models.

Power Law Model: The power law model follows Equation 2.19:

T=Ky" (2.19)
Where 7 is the shear stress (Pa), K is the consistency index (Pa.s"), y Is the shear rate (s*') and n the

flow behaviour index (dimensionless). For shear-thinning fluids, 0 < n < 1. For shear-thickening fluids, n
> 1. [40]

Herschel-Bulkley Model: This model considers the yield stress. The yield stress is the maximum shear

stress value at which the material will suffer reversible deformation when exposed to a stress. Prior to
this value, the material will deform elastically and will return to its original shape when the applied stress
is removed. For higher values of yield stress, some fraction of the deformation will be permanent and
non-reversible. The flow behaviour index can take several values (that determine the flow). If n <1, it
is a shear-thinning fluid; if n > 1, it is shear thickening and if n = 1, the model is equal to the equation
provided by the Bingham Model. The relationship between shear stress and shear rate is described by
Equation 2.20.

T =1y +KY" (2.20)
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Where 1 is the shear stress (Pa), 7, is the yield stress (Pa), K the consistency index (Pa.s")), y is the

shear rate (s') and n the flow behaviour index (dimensionless).[40]

Bingham Model: Describing fluids with a yield stress. The relationship between shear stress and shear

rate is described by Equation 2.21.

=18, +n, v (2.21)
Where ris the shear stress (Pa), 7,8 is the Bigham yield stress (Pa), n,, is the Bigham viscosity (Pa.s)

and y is the shear rate (s').[40]

Casson Model: Such as the previous two models also predicts the existence of yield stress. The

following equation describes the relationship between shear stress and shear rate (Equation 2.22):

05 = (7€, )05 + (g )05 (2.22)

Where T is the shear stress (Pa), 1oc is the Casson yield stress (Pa), nc is the Casson viscosity (Pa.s)

and y is the shear rate (s').[40]

Influence of the dispersed phase in Flow Behaviour and Viscosity

The dependency of emulsion viscosity upon different physical variables has been known for a while.
Factors such as dispersed volume fraction, temperature, surfactant concentration and ageing play an
essential role in the viscosity and overall stability of the emulsion system. According to the dispersed

phase, the emulsion system can be divided into four different zones, represented in Figure 2.7.

To

Figure 2.7 Apperent viscosity variation with volume fraction () of the dispersed phase. Based on the theoretical
models reviewed by Pal in [41]

The first domain (1) corresponds to dilute emulsions. The apparent viscosity of dilute systems tends to
follow the Einstein Law; viscosity tends to increase linearly with the dispersed phase. The second
domain (Il) corresponds to intermediate concentrations, where a weakly pronounced non-Newtonian
behavior should be expected. Viscosity starts to increase more sharply with the dispersed phase. The
third domain (lll) corresponds to high concentrations, where the non-Newtonian effect is strongly
expressed, and emulsions start to exhibit the viscoelastic effect. The last domain (IV) is only applicable
to HIPES (strongly compressed emulsions typically subjected to intense pressure mechanism during
emulsification). They tend to be viscoplastic materials with pronounced yields and constant shear
modulus for a wide range of frequencies.[42]
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2.3. Silica porous materials

2.3.1. Sol-gel process

The sol-gel process is a reliable procedure commonly applied to produce several materials with
desirable characteristics such as fibre, films, monoliths, and several types of particles. Through reactions
between specific precursors, a network is formed called sol (colloidal suspension or polymeric network),
which by its gelation (polycondensation reactions) forms a gel that supports a continuous fluidic phase.
Such a procedure is commonly applied to the synthesis of silica-based materials from alkoxysilanes,
such as Tetraethyl orthosilicate (TEOS) and Glycidoxypropy! trimethoxysilane (GPTMS), applied in this

work. The synthesis involves five steps that will be shortly described below.
15t step: Hydrolysis

During hydrolysis, an alkoxysilane precursor is hydrolysed to form hydroxyl (e.g silanol, Si-OH) species.
The hydrolysis step is usually promoted by employing a catalyst that maximises the speed of the
reaction. This catalyst can be an acidic or a basic one. In the first one, the alkoxy group (R-OR) will be
protonated, making it available to react with water (R-OH). In the second, hydroxyl anions (OH-),
produced in a previous step, will react with the silicon atom exchanging the alkoxide group for the
hydrolytic species (OH). Usually, hydrolysis under acidic conditions is faster since the hydrolytic species

can suffer repulsion by the oxygen species of the alkaloid.
254 Step: Condensation

The available Si-OH from the previous reaction will form, through polycondensation reactions, a series
of siloxane (Si-O-Si) bonds (under acidic or basic conditions) that start to aggregate to each other in the

sol, promoting the formation of a network.
3 Step: Gelation

As time advances, clusters start to form. After a series of collisions, links start to form, and changes in
the chemical and physical properties of the sol will promote the formation of a single cluster called gel.

The links between the cluster will strongly increase the viscosity of the solution.
4t Step: Aging

During ageing, the gel becomes stiffer due to crosslinks formation.

5 Step: Drying

During the drying process, new siloxane bridges are formed, increasing the stiffness of the network.
Water, alcohols, and other organic compounds leave the system when the gel is submitted to

temperature, pressure, or a combination of both.[43]
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2.3.2. Porous silica microspheres by induced phase-separation

Nakanishi et al. [2] presented for the first time microporous silica monoliths achieved by the sol-
gel/phase separation method, in the presence of a polymeric additive. In some cases, they exhibit
hierarchical macro and mesoporosity namely when solvent exchange procedures or specific surfactants
are employed. The author showed how one could achieve several types of structures with
interconnected porosity, by promoting the occurrence of gelation and spinodal decomposition (one type
of phase separation) concomitantly. The final structures depend on the volume fractions of gel-rich (pre-
hydrolysed alkoxysilanes)/solvent-rich (water) and the temperature at which gelation occurs. The figure

below describes how such factors can influence the final structure.
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Figure 2.8 lllustration of the evolution of the microstructure at different volume fractions of gel-rich (pre-hydrolysed
alkoxysilanes)/solvent-rich (water) according to the time in the unstable region relative to spinodal decomposition.
Adapted from [44]

By employing a similar mechanism using W/O systems as a soft template (the water droplets will serve
as microreactors where phase separation occurs), porous silica microspheres can be fabricated through
a temperature profile that promotes a sol-gel reaction. Recently, M. Vale et al. [3] published the first
report involving such a technique, which is at the origin of this dissertation. As seen previously, W/O
emulsions are dynamic systems that suffer extensive phenomena that leads to their destabilisation. After
migration of the pre-hydrolysed alkoxysilanes to the aqueous core of this system (emulsion droplets),
collisions, coalescence, inversion or other mechanisms promote a change of the microreactor size, and
exchanges of the droplet content leading to different volume fractions that can be seen in Figure 2.8,

affecting the final result at some extend. [45],[46]
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3. Materials and Methods

3.1 Materials

1,2,3,4,4a,5,6,7,8,8a-decahydronaphthalene (Decalin, mixture of isomers cis and trans, purity= 98%),
[(2R)-2-[(2R,3R,4S)-3,4-dihydroxyoxolan-2-yl]-2-hydroxyethyl] (Z)-octadec-9-enoate (SPAN® 80 for
synthesis), 2-[2-[3,5-bis(2-hydroxyethoxy)oxolan-2-yl]-2-(2-hydroxyethoxy)ethoxy]ethyl (E)-octadec-9-
enoate (TWEEN® 80 for synthesis), bidistilled water (H20) were provided by Merk (Germany). Tetraethyl
orthosilicate (TEOS, purity=98%), 2-[2-[3,4-bis(2-hydroxyethoxy)oxolan-2-yl]-2-(2-
hydroxyethoxy)ethoxylethyl dodecanoate (TWEEN®20 for synthesis), Poly(ethylene glycol)-
blockpoly(propylene glycol)-blockpoly(ethylene glycol) (average molecular weigh 5.800 g/mol, Pluronic
P123), 2-{2-[(2R,3R)-3,4-bis(2-hydroxyethoxy)oxolan-2-yl]-2-(2-hydroxyethoxy)ethoxy}ethyl
dodecanoate (TWEEN® 85 for synthesis), N-Methyl-(11c))2-(4'-methylaminophenyl)-6-
hydroxybenzothiazole (average molecular weigh 1,000,000, PIB), 1-([4-(Xylylazo)xylyl]azo)-2-naphthol
(Oil Red O biological stain) and Sodium lauryl sulfate (SDS, purity = 98,5%) obtained from Sigma-
Aldrich (United States of America). Glycidoxypropyl trimethoxysilane (GPTMS, Xiameter OFS-6040,
purity 298.5%) and DABCO® DC193 were supplied by Dow Corning (United States of America).
Hydrochloric acid 37% (HCI) was obtained from Carlo Erba (France). A description of the physical and
chemical properties is listed in Table 3.1. The chemical structure of the most important materials is

presented in Figure 3.1 and Figure 3.2.

Table 3.1 Physical and Chemical properties of the materials used throughout the work.

Classification Common/Commercial P Viscosity @ B.P(°C) HLB
Name (g/cm?®) RT (mPa.s)
Solvents Decalin 0.88 3 189-191 ----
Deionized water 1 1 100 ----
Nonionic SPAN® 80 0.986 1000-2000 463 4.3
Surfactants TWEEN® 20 1.1 250-450 100 16.7
TWEEN® 80 1.06 375-480 100 15
TWEEN® 85 1.028 250-500 100 11
Pluronic P123 1.018 355 149 8
DABCO® DC 193 1.07 260cSt(no - 12
conversion)
Cationic SDS 1.01 Solid Form - 40
Surfactants
Silanes TEOS 0.933 0.66 168 -
GPTMS 1.07 0.0321 250 -
Catalyst HCI 1.17 1.9 85 ---
Polymers PIB 0.93 Solid form - ---
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Figure 3.1 Molecular structure of the (a) TEOS precursor and (b) GPTMS precursor.
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Figure 3.2 Molecular structure of the different emulsifiers employed in the blends being (a) SPAN®80, (b)
TWEEN®20, (c) SDS, (d) TWEEN®85, (e) TWEEN®80 and (f) DABCO DC 193.

3.2 Emulsifier blend calculation

To calculate the quantities (in mass expressed by Griffin) of the different emulsifiers employed in a blend,

Equation 3.1 and Equation 3.2 were used for all the nonionic surfactants, considering the error intrinsic
for Pluronic P123 and DABCO® DC 193. As an example, when mixing TWEEN®80 with SPAN®80 for an

HLB equal to 5, one should obtain:

% TWEEN® 80 =

100(5-43)
15-43 000 3.1)
9%SPAN® 80 = 100 - 6.54= 93.46% (3.2)

22



The results of this approach can be seen in Table 3.2. It is important to notice that for blends containing
SDS, a total quantity of 1%, 2% and 3% were employed after trial-and-error approach. When referring
to the emulsions with blend elements, the HLBmix will be referred to as only HLB, with individual HLB

being stated if one refers to the HLB of the surfactant alone.

3.3 Preparation of emulsions

For the preparation of water in decalin (oil phase) emulsions, the high-speed stirrer IKA T18 digital
ULTRA-TURRAX® was used for emulsification. IKA T18 digital ULTRA-TURRAX® belongs to the
category of rotor-stator homogenizers (high energy method of emulsification). These types of devices
are divided according to their rotor type, being the two most common classifications teeth-designs (see
Figure 3.3) and blade-designs. IKA T18 falls in the first category. The rotor accelerates the fluid
tangentially and redirects it through the stator holes creating high-intensity hydrodynamics stresses
promoting mixing. The rotating/shearing speed of the rotor-stator apparatus varies from 1500 to 24000
rpm.[47]

The time of the emulsification was kept constant during the several studies, being 10 minutes, as well
as the distance between the surface of the oil phase and the middle of the slit of the cylindrical tube that
constitutes the ULTRA-TURRAX®, to maintain the shear stresses generated by laminar flow similar
between experiments. Before the emulsification, the amphiphilic surfactant SPAN®80 is added to the oil
phased and homogenised for 3 minutes, with the same stirring velocity used for the emulsification
process. The stirring velocity in the several procedures was 9800 rpm unless stated otherwise. The
remainder of the emulsifiers (when used) was previously dissolved in the water phase for 1 hour at 300
rpm with a magnetic stirrer. The distilled water (with or without the second surfactant) was continuously
added after the SPAN®80 homogenization stage. The primary emulsions studied throughout this work
are stated in Table 3.2.

Figure 3.3 Mixing mechanism emplyed in the ULTRA-TURRAX® T18 homogenizer. Adapted from [48]
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Table 3.2 List of all the Emulsions studied in this thesis.

Emulsion Quantity of Quantity of Quantity of Quantity of  Theorical

Identification emulsifier in SPAN®80 in Water (g) Decalin (g) HLB
aqueous phase (g) organic number
phase (g)

Emulsion 1 2 20 100 4.3
Emulsion 2 4

Emulsion 3 6

Emulsion 4 8

Emulsion 5 2 45

Emulsion 6 4

Emulsion 7 6

Emulsion 8 8

Emulsion 9 2 110
Emulsion 10 4
Emulsion 11 6
Emulsion 12 8
Emulsion 13 TWEEN®20 0.1 5.9 45 4.5
Emulsion 14 0.34 5.66 5
Emulsion 15 0.58 542 5.5
Emulsion16 TWEEN®80 0.11 5.89 4.5
Emulsion 17 0.39 5.61 5
Emulsion 18 0.67 5.33 5.5
Emulsion 19 0.18 5.82 4.5
Emulsion20 TWEEN®85 0.63 5.37 5
Emulsion 21 1.07 4.93 5.5
Emulsion 22 Pluronic 0.32 5.68 4.5
Emulsion 23 P123 1.14 4.86 5
Emulsion 24 1.94 4.06 5.5
Emulsion 25 DABCO0® 0.16 5.84 4.5
Emulsion 26 DC 193 0.55 5.45 5
Emulsion 27 0.93 5.07 5.5
Emulsion 28 0.06 5.94 4.5
Emulsion 29 SDS 0.12 5.88 5
Emulsion 30 0.18 5.82 5.5

3.4 Emulsion characterisation

The water-in-decalin emulsions present in this thesis are expected to withstand a certain gradient of
temperatures when subjected to the sol-gel process during a relatively short period, so applying an
intermediate temperature, used in the sol-gel temperature profile, seems a legitimate way to assess the
occurrence of sedimentation and other destabilisation mechanisms. In these tests, the influence of the
dispersed phase, single surfactant and surfactants blend concentration was examined. For that, 70 ml
of each emulsion of the table above was produced. QOil red O (fat-soluble dye) was used to stain the
decalin in a mass proportion of 0.250 g:250 g (w/w). Staining the dispersed phase with suitable dyes,
such as methylene blue, was revealed to be inefficient since the temperature caused a migration of this
dye to the continuous phase (possibly because of the low-density difference between water and decalin),
as once can see in Figure 3.4 (a). After emulsification, 35 mL of each emulsion was deposit in a vessel
(glass tube) constituted by the following dimensions: 2.6 cm of diameter by 7.7 cm of heigh. With the
help of tethers, each tube was fixed, and an oil bath (Fula®), at a constant temperature of 70 °C

(maintained by a heat plate), was lifted to bathe the tubes at the hand of an elevator platform. A magnetic
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stirrer at 600 rpm ensured the distribution of heat throughout the experiment. The state of the droplets
was assessed through photographs taken by a Galaxy® S4 using a microscope. The same phone was
put in a tripod to ensure reproducibility, and photographs of the vessels were taken in short periods of 5
minutes in the first half an hour of the essay and then 30 minutes periods during a total of 5 hours. Using
the software ImageJ® the photographs were analysed (converting the pixels to cm), and employing
Equation 3.3, the changes in volume of the emulsion during gravitational separation, was calculated.
To ensure that the emulsions were W/O and not O/W emulsions, a simple drop test was conducted right
after emulsification and after the end of the sedimentation. The test was done by putting a small drop of
the emulsion in a water-filled container. A drop from a W/O emulsion would still hold its shape due to the
hydrophobic forces, while an O/W emulsion would dissolve in the water, in Figure 3.4 (c) an
exemplification is done. This type of test is only a rough method to ensure that catastrophic inversion
did not happen (O/W).

3 0 ﬂ']z'bo
Emulsion (%v/v) = —Zh (3.3)
With h being the total length of the emulsion in the vessel, hy is the sedimentation portion that can still
be considered the emulsions since no phase separation occurs [Figure 3.4 (b)], and r is the radius of

the vessel used to calculate the volume.

(a) (b)

Figure 3.4 In (a) the difference between the test using Oil red O and Methylene Blue dye, (b) division performed in
the photographs for application of Equation 3.3, (c) drop test with the left figure representing an inverted emulsion
and the right one W/O emulsion.

3.4.1 Droplet size analysis
For the present work a NANOTRAC FLEX® from MICROTRAC MRB® with an external probe was used.

The probe (Y-format) is composed of a tip with a sapphire window (that establishes contact with the
sample forming an interface between the two), a laser diode (A~780nm), an optical beam splitter and a
silica photodetector. The sapphire window allows reflection of the laser light (180° backscattering) that
acts as the baseline (heterodyne detection). The data is treated with the frequency power spectrum,
allowing the detection of doppler shifts when the signal interacts with the droplets. The probe of the
NANOTRAC FLEX® system also allows to accurate determine the temperature of the fluid. By describing
the fluid temperature and viscosity, the Nanotrac algorithm gives a series of parameters: Mean Intensity
diameter (calculated from the intensity distribution not taking into consideration the effect of refraction),
Mean Volume diameter (calculated from the volume distribution data), Mean Number diameter (number

distribution calculated from the volume distribution data) and Mean Area diameter (area distribution
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calculated from the volume distribution). Only small samples are needed since the laser can penetrate

approximately 100 microns into the sample to generate a power spectrum.[38]

For the droplet size analysis, a total volume of 70 mL was prepared for each emulsion presented in
Table 3.2. Although the instrument can measure concentration up to 40%, the size calculated is most of
the times wrong (Stokes-Einstein equation is suitable for infinite dilution situations only). When the
sample is too concentrated, the measured size will be subjected to multiple scattering, diffusion
restriction or viscosity effects. Multiple scattering consists of the light scattered by one droplet being
scattered by others in the emulsion leading to a decrease of particle size and increase of width in the
final peak detected. Diffusion restriction (restriction of the free diffusion of the droplets) runs oppositely,
increasing particle size and maintaining the peak's width. When analyzing emulsions, the overall
viscosity can be affected by temperature in a way not correctly predicted by the system due to the
complexity between droplet-droplet or droplet-continuous phase interactions.[49], Due to all of these
effects, after emulsification, all the samples were diluted with decalin in a proportion of 0.1g:16.5g (w/w).
This value was chosen according to the recommendation by ISO/TR 22814:2020, which states that
dilution must be made until a proportion where the result (in three consecutive runs) is no longer affected
by this parameter. Although dilution in the supernatant fluid of the emulsion is advised (decalin saturated
with water and the emulsifiers used), dilution with the continuous phase provides good results. It allows
the use of tabulated values of viscosity not possible when the supernatant is used. For the analysis, 5
consecutive runs of 60 seconds each were performed to obtain an average for every one of the samples.
60 seconds run allows a loading index between 0.1 - 100 necessary for a reflected power suitable for

analysis. The parameters for the analysis where:

¢ Refractive Index of Water for A = 775 nm at 20°C: 1.330; [50]
e Viscosity of cis- Decalin at 20 °C: 3.381 mPa.s; [51]
e Viscosity of cis- Decalin at 30 °C: 2.732 mPa.s. [51]

3.4.2 Rheological characterisation

The rheological characterisation of the samples was performed in a Modular Compact Rheometer
(MCR) Series — MCR 92 from Anton Paar® with the characteristics stated below:

e Angular Frequency: 10 — 628 rad/s

e Speed: 103 — 1500 rpm

e Temperature Range: -5to 200 °'C

e Torque resolution: 100 nNm

e Max Torque: 125 mNm

e  Minimum Torque rotation/oscillation: 1 yNm
Flow tests were performed with a cone-and-plate system composed of a measuring cone CP50-1 with
a diameter of 50 mm and an angle of 1° and disposable dishes EMS/CTD 600 made of Aluminum with
a diameter of 54 mm. A gap of 1.01 mm between the measuring cone and the aluminum blend

disposable dish was maintained. 70 mL samples for each one of the emulsions presented in Table 3.2
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was prepared. A total of 0.5 mL — 1.5 mL of the sample was used, and the excess was removed by
trimming when necessary. A rest time of 2 minutes was arbitrarily used for stabilizing the sample before
the essay. The parameters used and tests performed are indicated below:

e Flow curve test: Shear rates ranging from 1 to 100 s-'.
Although the models presented in subsection 2.1.4 (rheological characterization), are not proper for
the type of geometry employed in the flow tests, they are used (as an approximation) to model the flow

behavior of the emulsions.

3.5 Sol-gel technique for porous microspheres

production

To assess the impact of the emulsion’s stability studied throughout this thesis, the method used to
synthesize porous MSs remains the same with a few alterations. The general procedure for Emulsion

7, which serves as a comparison between the systems with blends, is described.

In virtue of simplicity, each synthesis performed with the correspondent emulsion will be named EM,
followed by the previously defined number for the emulsion. Besides the emulsion number, if any
alteration of the protocol or further alteration to the original emulsion exists but the ratio used is
maintained, another number is presented. For each synthesis, control parameters, such as pH of the
mixture, initial/final temperature, and humidity of the laboratory during the experiment and pre-
hydrolysate viscosity, are presented in Table A.5 in Appendix. If in any way an alteration of the primary

procedure is performed, a note is made regarding this aspect.
1st Step: Pre-Hydrolysis

In the pre-hydrolysis, 20 g of TEOS, 20 g of GPTMS, and 15 g of HCI (0.05 M) were mixed in a plastic
cup with a magnetic stirrer of dimensions (3.7 mm of length) at 500-600 rpm for 50 minutes placed at
room temperature. Then 300 pL of HCI (37%) was added, and the stirring proceeds for more than 10
minutes. The pre-hydrolysed silanes solution was obtained in the end. If the solution, which showed
turbidity at the beginning of the process, did not look clear in the end, the pre-hydrolysis step would be
repeated. It is essential to state that an excess of 16 mL was added at the beginning to control the
viscosity of the final solution, making use of a Brookfield Viscosimeter DV-II+ Pro equipped with a CP40
spindle at 30 rpm at 25 °C. For studies where the impact of the dispersed phase concentration on the
emulsion and consequently on the microparticles was examined (Emulsions 3, 7 and 11, respectively,
20/100/6, 45/100/6 and 110/100/6), the proportion between the water phase of the emulsion and

reactants in the pre-hydrolysed step was preserve.
2" Step: Emulsification

Using the method described in subsection 3.3 of this chapter, the emulsion was prepared with 45 g of
distilled water, 100 g of decalin and 6 g of SPAN®80 (proportion of 45g:100g:6g (w/w)). To assure

reproducibility between the several experiments, the end of the pre-hydrolysis of silanes was conjugated
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with the end of emulsification. It is essential to state that the volume of water and decalin (158.64 mL)

was maintained when the different emulsions were studied.

3 Step: Reaction and filtering/drying

The emulsion was then added to a reactor with a stirring of 600 rpm. The hydrolysate (mixture of pre-
hydrolysed silanes) was added to the emulsion dropwise for precisely 30 minutes (no alteration of
addition time occurred when the volume of silanes was altered). After the addition, a temperature profile

was established with the times specified in Table 3.3.

Table 3.3 Temperature Profile used in the Sol-gel synthesis.

Temperature ('C) Time (minutes)
RT 60
65 90
80 60
85 60
90 60

Throughout the experiments, photos were taken at each step of the temperature profile using a
microscope. When condensation was completed, the product was filtered under vacuum with acetone
and then dried at 45 °C — 50 °C for 24 hours.

3.5.1 Characterisation of the porous microspheres

To understand the morphology, size distribution, and porosity of the MSs, a characterisation by Scanning
Electron Microscopy was performed. The micrographs were obtained with a Hitachi S2400 microscope
with an EDS Bruker light elements detector attached. Before observation, a 15 mm conductive layer of
Gold:Palladium (20:80) was sputtered on the samples using a turbo-pumped sputter coater (Q 150T ES,
Quorum Technologies, Lewes, UK).
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4. Results

4.1. Sedimentation studies

In an initial stage, the impact of dispersed phase and SPAN®80 concentration on the emulsion stability
was assessed. Although only three mass ratios of water: decalin are presented, being 20g:100g,
459g:100g and 110g:100g (w/w), it is essential to state that studies with ratios of 30g:100g, 70g:100g,
90g:100g, 130g:100g were also performed (see Figure A.1 in Appendix). At the beginning of each
essay, a droplet test was conducted to ensure all the emulsions were of the W/O type. For ¢ = 0.57
(emulsion with a water to decalin mass ratio of 130g:100g), the droplet test revealed some dispersion
of the continuous phase when a tiny droplet of the emulsion was put in a water environment. For this
reason, this emulsion was regarded as unstable and not worthy of further investigation. For the rest, the
results are presented in Figure 4.1.

Emulsion 1 (20/100/2)
Emulsion 2 (20/100/4)
Emulsion 3 (20/100/6)
Emulsion 4 (20/100/8)
Emulsion 5 (45/100/2)
Emulsion 6 (45/100/4)
Emulsion 7 (45/100/6)
Emulsion & (45/100/8)
Emulsion 9 (110/100/2)

Emulsion 10 (110/100/4)
Emulsion 11 (110/100/6)
Emulsion 12 (110/100/8

Emulsion (%v /)
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Figure 4.1: Sedimentation studies regarding the influence of dispersed phase concentration and SPAN®80 in
emulsion stability for Emulsion 1 to 12.

One can verify that emulsions with higher dispersed phase concentrations (Emulsion 10, 11 and 12,
respectively 110/100/4, 110/100/6, and 110/100/8) revealed an increase of stability against the
sedimentation phenomenon. For the worst specimen in this group (Emulsion 12), only 16.6% of the total
phase volume separated from the emulsion, contrasting with emulsions 8 and 4, a difference of 30.5%
and 55.3%, respectively, can be seen. While linearity between water concentration and sedimentation
can be established, the same does not occur for SPAN®80 concentration. While emulsions with a water
to decalin mass ratio of 20g:100g (w/w) revealed the best stability for higher concentrations of the
surfactant agent, this trend tends to swift for water to decalin mass ratios of 45g:100g and 110g:100g
(w/w), where only 2 grams of SPAN®80 successively performed better. For instance, Emulsion 9
(110/100/2) showed only 4% separation. This swift in behaviour is also perceptible when analysing
Figure A.1in Appendix. Higher concentrations of SPAN®80 tend to behave better in the first 25 minutes
of the test, with sedimentation starting effectively at 15 and 20 minutes for Emulsions 11 (110/100/6) and
12 (110/100/8).
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Figure 4.2: Sedimentation progression for (a) Emulsion 1 (20/100/2), (b) Emulsion 5 (45/100/2), (c) Emulsion 9
(110/100/2). The effect of increasing water to decalin mass ratio when the content of SPAN®80 is kept constant at
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Figure 4.3: Sedimentation progression for (a) Emulsion 3 (20/100/6), (b) Emulsion 7 (45/100/6), (c) Emulsion 11
(110/100/6). The effect of increasing water to decalin mass ratio when the content of SPAN®80 is kept constant at

69.

By analysing the vessels in Figure 4.2 (a), Figure 4.2 (b), Figure 4.3 (a), and Figure 4.3 (b), of the first
5 to 10 minutes of the experiment, the presence of flocculated droplets can be detected. The short
prevalence of this type of structure in the continuous oil phase originates a hazy phase before settling
in the vessel's bottom. Furthermore, by comparing Emulsion 7 (45/100/6) and Emulsion 11 (110/100/6)
with Emulsion 5 (45/100/2) and Emulsion 9 (110/100/2), respectively, a more vivid colour red is noticed
in the first two emulsions at the end of the experiment. This trend was noticeable for the remainder of
emulsions studied. Lower SPAN®80 concentrations (2 g and 4 g) lead to a flightier red oil phase at the
top of the emulsion than those with a higher surfactant concentration due to flocculated structures

(present in the hazy phase) that did not sediment or took longer to do so.
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Figure 4.4: Photographs of (a) Emulsion 3 (20/100/6) at the beginning of the experiment, (b) Emulsion 3 (20/100/6)
after 300 minutes (end), (c) Emulsion 7 (45/100/6) at the beginning of the experiment, (d) Emulsion 7 (45/100/6)
after 300 minutes (end), (e) Emulsion11 (110/100/6) at the beginning of the experiment, (f) Emulsion 11 (110/100/6)
after 300 minutes (end).

By comparing the photographs in Figure 4.4 (a),(c),(e) with the ones in Figure 4.5 (a),(c),(e), the
presence of the flocculated structures is noticeable almost immediately after emulsification, for both
lower and higher concentrations of Span®80. Strong aggregates of droplets (black mass in the
photographs) make it challenging to discern droplets for water to decalin mass ratios of 20g:100g (w/w)
and 45g:100g (w/w). At 110:100 (w/w), some droplets can be distinguished from the rest of the emulsion,

although much more closely packed (or caged) with others concentrated in more flocculated zones.
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Figure 4.5: Photographs of (a) Emulsion 1 (20/100/2) at the beginning of the experiment, (b) Emulsion 1 (20/100/2)
after 300 minutes (end), (c) Emulsion 5 (45/100/2) at the beginning of the experiment, (d) Emulsion 5 (45/100/2)
after 300 minutes (end), (e) Emulsion 9 (110/100/2) at the beginning of the experiment, (f) Emulsion 9 (110/100/2)
after 300 minutes (end).

Coalescence is also visible at the end of the experiment since some droplets seem to have greater size,
being more noticeable for emulsion with greater water content. Due to the slight difference in size and
the presence of very entrapped droplets, one can assume the prevalence of flocculation as a
destabilizing mechanism of the studied system. By comparing Figure 4.4 (d),(f) with Figure 4.5 (d),(f),
it seems that the first (higher surfactant concentration) tend to be more strongly aggregated (flocculation

more prevalent). Emulsion 7 (45/100/6) revealed poor stability when compared with other of the same
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group (same dispersed phase concentration). To increase its stability, SPAN® 80 was blended with

different surfactants, taking to account the theoretical HLB to avoid phase inversion.

Emulsion 7 (45/100/6)

Emulsion 13 (45/100/5.90/0.10)
Emulsion 14 (45/100/5.66/0.34)
Emulsion 15 (45/100/5.42/0.58)
Emulsion 16 (45/100/5.89/0.11)
Emulsion 17 (45/100/5.61/0.39)
Emulsion 18 (45/100/5.33/0.67)
Emulsion 19 (45/100/5.82/0.18)
Emulsion 20 (45/100/5.37/0.63)

21 (45/100/4.93/1.07)
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Figure 4.6: Sedimentation studies for emulsions with SPAN®80 blended with three different surfactants of the
TWEEN family, namely, Emulsion 13 to 15 (TWEEN®20), Emulsion 16 to 18 (TWEEN®80) and Emulsion 19 to 21
(TWEEN®85).

By analysing Figure 4.6, one can verify that for the TWEEN® family, the best emulsions are obtained
when SPAN®80 is mixed with a surfactant with a more significant individual HLB number, namely
TWEEN®20 (HLB ~ 16.7) and TWEEN® 80 (HLB~15). Greater content of the second surfactant (mixtures
with a theoretical HLB number between 5 and 5.5) seems to be best suited to prevent sedimentation,
providing better results, even for Tween85 with a small difference of 4.44% being registered.
Nonetheless, TWEEN® 20 presented rapid coalescence (Emulsion 14 and Emulsion 15) after the 120
minutes mark, signalled by the presence of water in the bottom of the vessel, Figure 4.7 (b) and Figure

4.7 (c), as follows.
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Figure 4.7: Sedimentation essays for emulsions with TWEEN®20 and SPAN®80. (a) Emulsion 13 (blend with
TWEEN®20 for HLB of 4.5), (b) Emulsion 14 (blend with TWEEN®20 for HLB of 5.0), (c) Emulsion 15
(blend with TWEEN®20 for HLB of 5.5)

For the rest of the emulsions where a member of the TWEEN® was used, the presence of a hazy phase

(suggesting flocculation) was noticeable in emulsions with lower content of the second surfactant, that
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is, emulsion with a theoretical HLB number between 4.5 and 5.0, at the beginning of the essay. With
exception of blend with TWEEN® 85, where a hazy phase was noticeable even for Emulsion 21 (HLB of
5.5). However, by analysing the results in Figure 4.8, one can see that even the most stable emulsions
present flocculation at some extent in the beginning of the test (Emulsion 15 [blend with TWEEN® 20 for
an HLB of 5.5], Emulsion 18 [blend with TWEEN® 80 for an HLB of 5.5] and Emulsion 21 [blend with
TWEEN® 85 for an HLB of 5.5]) and more pronounced after 300 minutes for Emulsion 15 and Emulsion
18. Furthermore, coalescence is also present for all the described emulsions, especially the one
containing TWEEN® 85.
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Figure 4.8: Photographs of (a) Emulsion 15 (blend with TWEEN®20 for an HLB of 5.5) at the beginning of the
experiment, (b) Emulsion 15 after 300 minutes (end), (c) Emulsion 18 (blend with TWEEN®80 for an HLB of 5.5) at
the beginning of the experiment, (d) Emulsion 18 after 300 minutes (end), (e) Emulsion 21 (blend with TWEEN®85
for an HLB of 5.5) at the beginning and (f) Emulsion 21 at the end.

Regarding Figure 4.9, some interesting observations can be made. The presence of the polymeric
surfactant seems to extend the plateau of stability for the water in decalin emulsions, especially for lower
(Emulsion 22) and higher (Emulsions 24) concentrations, with destabilisation starting only after 20
minutes and 10 minutes of the beginning of the experiment, respectively. Although the graphic
demonstrates a low incidence of sedimentation for these systems (polymeric ones), high flocculation is
denoted since the emulsions seem to be “broken” with strong collectives of flocs suspended in the

continuous phase (see Figure 4.10 and Figure 4.11 (c),(d)). Increasing quantities of DABCO® DC193
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in the system seems to promote resistance against sedimentation contrary to the tendency established
by SDS, with lower concentrations promoting stabilisation.

Emulsion 7 (45/100/6)

Emulsion 22 (45/100/5.68/0.32)
Emulsion 23 (45/100/4.86/1.14)
Emulsion 24 (45/100/4.06/1.94)
Emulsion 25 (45/100/5.84/0.16)
Emulsion 26 (45/100/5.46/0.55)
Emulsion 27 (45/100/5.07/0.93)
Emulsion 28 (45/100/5.94/0.06)
Emulsion 29 (45/100 S 88’0 12)

Emulsion 30 (45/100/5.82/0.18
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Figure 4.9: Sedimentation studies for emulsions with SPAN®80 blended with a polymeric surfactant, Pluronic P123

(Emulsion 22 to 24), silicone surfactant, DABCO® DC193 (Emulsion 25 to 27) and a cationic one, SDS (Emulsion
28 to 30).
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Figure 4.10: Sedimentation essays for Emulsions with SPAN®80-Pluronic P123 with (a) Emulsion 22, (b) Emulsion
23 and (c) Emulsion 24.

By analysing Figure 4.11 (a),(b), the droplets seem very small when compared with the other ones.
Strong flocculation seems to be very evident regarding this system when compared with the others, as
well as some coalescence. From Figure 4.11 (c),(d) and Figure 4.11 (e),(f) one cannot conclude any

different phenomena that was not already pointed out by analysing systems of the TWEEN® family.
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Figure 4.11: Photographs of (a) Emulsion 24 (blend with Pluronic P123 for an HLB of 5.5) at the beginning of the
experiment, (b) Emulsion 24 after 300 minutes (end), (c) Emulsion 28 (blend with SDS at 3% of total surfactant
concentration in the blend) at the beginning of the experiment, (d) Emulsion 28 after 300 minutes (end), (e) Emulsion
27 (blend with DABCO® DC193 for an HLB of 5.5) at the beginning of the experiment, (f) Emulsion 27 at the end.

4.2. Droplet size analysis

In a first analysis, the influence of SPAN®80 and dispersed phase concentration on the droplet size was
investigated. In Table 4.1, the volume mean diameter (My) of the droplet distribution is presented as
well as the Dsovalue (mean value of the droplet diameter at 50% in the cumulative distribution, for both
peaks if polydisperse) and width of each peak, with the correspondent volume of the sample that
represents it. The polydispersity index (PDI) and the software error (RMS residual) are also stated better
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to understand the distribution and veracity of the calculation. All the values are rounded to the nearest
the ones number (except for polydispersity index and RMS residual, rounded nearest the tenth) due to

the apparatus margin of error.
Table 4.1: Droplet size analysis for Emulsions 1(20/100/2),Emulsion 2 (20/100/4), Emulsion 3 (20/100/6), Emulsion

4(20/100/8), Emulsion 5 (45/100/2), Emulsion 6 (45/100/4), Emulsion 7 (45/100/6), Emulsion 8 (45/100/8), Emulsion
9 (110/100/2), Emulsion 10 (110/100/4), Emulsion 11 (110/100/6) and Emulsion 12 (110/100/8).

Emulsion Surface- Dso Width Volume of  Polydispersity RMS
Identification Weighted Mean (nm) of each the sample Index (%) Residual
Diameter (nm) peak analysed (%)
(nm) (%)

Emulsion 1 286 267 221 100 2.8 0.1
Emulsion 2 272 251 211 100 1.7 0.1

Emulsion 3 245 223 157 100 0.9 0.2

Emulsion 4 245 207 215 100 1.8 0.3
Emulsion 5 497 427 369 100 2.4 0.1
Emulsion 6 482 419 391 100 1.0 0.1

Emulsion 7 364 357 237 100 1.1 0.2
Emulsion 8 369 343 133 100 6.1 0.1

Emulsion 9 4460 4410 908 100 0.0 4.8

Emuilsion 10 3930 3940 842 100 0.0 11.7
Emulsion 11 1812 1694 1025 100 1.7 0.8
Emulsion 12 1483 1277 919 100 1.4 1.5

From the values produced, two different tendencies can be denoted. The first one is the impact of the
dispersed phase concentration on the M, value of the droplets. For the same concentration of SPAN®
80, an increase of water leads to higher values of the droplet mean diameter. For instance, Emulsion 3
with a mass ratio of SPAN®80 to decalin of 6 g:100 g (w/w) increases its surface-weighted mean
diameter from 245 nm to 364 nm just by imposing a difference of 25 g in the system. Although sharper
differences are registered when comparing emulsions with the lowest water concentration (Emulsion 1
[20/100/2] to Emulsion 4 [20/100/8]) with the highest (Emulsion 9 [110/100/2] to Emulsion 11
[110/100/8]), it is crucial to notice that three emulsions of this group (Emulsion 9, Emulsion 10 [110/100/6]
and Emulsion 11 [110/100/8] ) offered RMS residual values above the advisable value of the device (<
1%) to consider the essay reliable. The second tendency is the overall decrease of the My value with
an increase of surfactant concentration. The lowest values of droplet size for each water:decalin ratio
were registered for a mass ratio SPAN®80:decalin of 8 g:100 g and 6 g:100 g (w/w). All the emulsions
can be judged as monodisperse, with the PDI being affected not only by the surfactant present in the oil

phase but also with water concentration.

To assess the viability of using a mixed surfactant for the stabilisation of Emulsion 7, the same values
used to characterise the size of the droplets for Emulsions 1 to 12 were determined for the emulsions
with a theoretical HLB value of 4.5 and 5.5, produced with each blend presented in Table 3.3 (see
Chapter 3), except for the system SPAN® 80-SDS with Emulsions 28 and 30 being analysed. This way,
by analysing the extremes, a trend can be perceptible if it exists. The results obtained are presented in
Table 4.2 below.
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Table 4.2 Droplet size analysis for emulsions with a theoretical HLB number of 4.5 and 5.5, as well as the smaller
and higher quantity applied for SDS.

Surface- Width of Volume of
. . the . . RMS
Emulsion Weighted Dso each Polydispersity ]
e o sample o Residual
Identification Mean (nm) peak Index (%) o
. analysed (%)
Diameter (nm) (nm) (%)

Emulsion 13 434.0 384 361 100 3.0 0.1
. 2030 1339 4

Emulsion 15 515.0 435 279 9% 4.3 0.1

Emulsion 16 448.0 401 318 100 2.6 0.1
. 625 323 62

Emulsion 18 525.0 156 38 38 9.4 0.1
. 925 443 19

Emulsion 19 449.0 309 217 81 3.4 0.1
. 568 377 46

Emulsion 21 459.0 244 160 54 6.1 0
. 1006 326 20

Emulsion 22 419.0 262 94 80 4.7 0.2
. 226 109 72

Emulsion 24 193.7 108 38 8 0.8 0.2
. 813 363 28

Emulsion 25 441.0 262 196 79 4.5 0.1
. 2424 985 10

Emulsion 27 673.0 453 243 90 8.1 0.1

Emulsion 28 341.0 313 282 100 2.5 0.1
. 3360 2533 2

Emulsion 30 358.0 267 215 08 6.9 0.6

When comparing the results of the mixed surfactants with the ones obtained with Emulsion 7 (Mv of 364
nm), only the system SPAN®80-SDS (Emulsion 28 [1% of SDS in the total amount] and Emulsion 30
[3% of SDS in the total amount]) provided a lower droplet mean diameter with a constant increase of
concentration of the second surfactant. Furthermore, Emulsion 24 (blend with Pluronic P123 for an HLB
of 5.5) denoted the most substantial difference, between the one determined for Emulsion 7 being 170
nm. In a general sense, the use of a second surfactant tends to produce emulsions with larger mean
droplet size and higher PDI. Higher quantities of the second surfactant, for each system, manages to
produce a coarser emulsion; the most noticeable cases are systems with DABCO® DC 193 (difference
of 232 nm) and TWEEN®80 (difference 81 nm). Only Pluronic P123 seems the exception. The systems
with DABCO® DC 193 and Pluronic tend to consistently produce two peaks in the distribution, even for

small quantities of the second surfactant (HLB of 4.5), conspicuous from PDI differences.

4.3. Rheological analysis

4.3.1. Flow behavior of W/O emulsions

To better understand the impact of dispersed phase concentration and SPAN®80 on water in decalin
emulsions, the flow behaviour of the different emulsions must be accessed. The viscosity curves for

each group of emulsions belonging to the different mass ratios of water: decalin (w/w) used are present
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in Figure 4.12. The corresponding flow curve results used to determine which flow model better fits the

behaviour of the emulsions are also stated in Figure 4.13.
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Figure 4.12: Viscosity curves for the three groups of emulsions belonging each one to different mass ratios of
water:decalin, that is 20 g:100 g (w/w) [Emulsions 1 to 4], 45 g:100 g (w/w) [Emulsion 5 to 8], 110 g:100 g (w/w)
[Emulsions 9 to 12].
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Figure 4.13: Flow curves for the three groups of emulsions, belonging each one, to different mass ratios of
water:decalin, that is 20 g:100 g (w/w) [Emulsions 1 to 4], 45 g:100 g (w/w) [Emulsion 5 to 8] and for 110 g:100 g
(w/w) [Emulsion 9 to 12].

All the emulsions presented a general shear-thinning behaviour. For the same surfactant concentration,
the dispersed phase increases the initial viscosity (viscosity at a shear rate of 1 s') of the emulsions
and enhances the overall shear-thinning effect. This last tendency is confirmed by the decrease of the
flow behaviour index (n) predicted by the Power Law Model and Hershel-Bulkley Model (see Table A.4
and Table A.1 in Appendix), with increasing dispersed phase concentration. However, better analysis
of the viscosity curve allows seeing that, at a shear rate between 2 and 3 s, emulsions with a mass
ratio of water: decalin of 110 g:100 g (w/w), namely Emulsion 11 (110/100/6) and Emulsion 12
(110/100/8), presented an almost Newtonian behaviour followed by a sharp transition to a non-
Newtonian one. The existence of this plateau is a direct reflection of the deviation that the flow curves
demonstrate toward the models, previously stated, with the Reduced Chi-square values and R? being
higher than the rest of the emulsions. The increase of viscosity, with dispersed phase increases, the

yield stress of the systems (with the same amount of surfactant), as one can see by the Bingham and
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Casson Model (see Table A.2 and Table A.3 in Appendix). The Bingham model presented higher
values for the yield stress. No clear tendency was denoted with the parameters of the Hershel-Bulkley

model since most emulsions did not present values.

For the same water concentration, the increase of SPAN®80 in the system also provides higher
viscosities for the emulsions. A mass ratio of SPAN®80: Decalin of 6 g:100 g (w/w) offers the highest
values of initial viscosities (at y = 1 s') for water: decalin mass ratios of 20 g:100 g [n(y = 1 s™') = 58.66
mPa.s] and 45 g:100 g [n(y = 1 s') = 300.76 mPa.s], with 110 g:100 g being the exception, presenting
8 g of SPAN®80 in 100 g of decalin with the best results [n(y = 1 s') = 853.01 mPa.s]. The overall models
presented higher values of consistency index (k), in the case of the Power-law model and Herschel-
Bulkley Model, and predicted viscosity, in the case of Casson and Bingham models, with the increase
of SPAN®80 concentration confirming the fad. A small difference between the systems with a mass ratio
of SPAN®80: Decalin of 6 g:100 g (w/w) and 8 g:100 g (w/w) is also noticeable. Moreover, emulsions
with higher surfactant concentration tend to have a more pronounced shear-thinning effect, denoted by
the flow behaviour parameter of the Power Law Model and Hershel-Bulkley model. A tendency between
the yield stress and surfactant concentration is also noticeable by analysing the Casson and Bingham

Model parameters, with higher quantity providing higher values as expected since viscosity increases.

To access the viability of using a mixed surfactant for the stabilisation of Emulsion 7 (in the same way
as the studies of droplet size), the viscosity curves were determined for the emulsions with a theoretical
HLB value of 4.5 and 5.5, produced with each blend presented in Table 3.2, except for the system
SPAN®80-SDS with Emulsions 28 and 30 being analysed for this group. The results are shown in Figure

4.14 and Figure 4.15 below. The corresponding flow curves are in Figure 4.16.

1000
«— Emulsion 7 (45/100/6)

«— Emulsion 13 (45/100/5.9/0.1)
«— Emulsion 15 (45/100/5.42/0.58)
~— Emulsion 16 (45/100/5.89/0.11)
«— Emulsion 18 (45/100/5.33/0.67)
«— Emulsion 19 (45/100/5.82/0.19)

100 Emulsion 21 (45/100/4.93/1.07)

Viscosity [mPa-s]

Shear Rate [1/s]

Figure 4.14: Viscosity curves for Emulsion with mixtures of SPAN®80-TWEEN, namely SPAN®80-TWEEN®20
[Emulsion 13 and 15], SPAN®80- TWEEN®80 [Emulsion 16 and 18] and SPAN®80-TWEEN®85 [Emulsion 19 and
21].
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Figure 4.15: Viscosity curves for Emulsion with surfactant blends of SPAN®80-Pluronic P123 [Emulsion 22 and 24],
SPAN®80-DABCO DC193 [Emulsion 25 and 27] and SPAN®80- SDS [Emulsion 28 and 30].
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Figure 4.16: Flow curves for Emulsion with surfactant blends of SPAN®80-TWEEN, namely SPAN®80-Tween20
(Emulsion13 and 15), SPAN®80-TWEEN®80 [Emulsion 16 and18], and SPAN®80 — TWEEN®85 [Emulsion19 and
21], and the rest, SPAN®80-Pluronic P123 [Emulsion 22 and 24], SPAN®80-DABCO DC193 [Emulsion 25 and 27]
and SPAN®80- SDS [Emulsion 28 and 30].

As the case for emulsions composed only with SPAN®80, the emulsions with blended surfactants also
present an overall shear thinning behaviour. When analysing the values present in Table A.1 and Table
A.4in Appendix, the flow behaviour index tends to be lower (more pronounce shear thinning behaviour)
when small amounts of the second surfactant are applied (emulsions with HLB number value of 4.5),
and higher (less pronounce) when larger quantities are present (emulsions with HLB number value of
5.5). This is common for all emulsions analysed; however, the parameters predicted from the Power-
law tend to disagree with the ones obtained from the Herschel-Bulkley Model, for the case of SPAN®80
combined with TWEEN®80 and Pluronic P123, where a decrease of n parameter occurs with an

increasing amount of the second surfactant.

The presence of more significant amounts of the second surfactant denotes a shear thickening non-
Newtonian effect at lower shear rates (1 s' <y <4 s) followed by a sharp decrease in viscosity (shear-
thinning more noticeable) when TWEEN® 20, TWEEN®80 and DABCO® DC 193 are used in conjugation
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with SPAN®80 (which explains the higher reduced Chi-sqr and RZ? values). Although this could be
correlated with an error in the procedure (an anomaly), other factors may suggest that this is not the
case as further discussed in subchapter 5.2. For the case of Emulsion 24 (Pluronic P123 in a blend
with HLB of 5.5) an anomaly is without a doubt present, which explains the higher reduced Chi-sqr and

R2values obtain in the models.

Concerning the consistency index (K), no clear tendency between the several emulsions seems to exist;
however, for a small amount of the second surfactant, this value tends to be higher than those obtained
for a theoretical HLB number of mixtures of 5.5. Once again, the Hershel-Bulkley model seems to
diverge from Power Law Model, with the consistency index value increasing with the second surfactant
concentration for blended SPAN®80 with TWEEN®85 and decreasing for blends containing SPAN®80

with Pluronic P123. No clear tendency between the several emulsions groups seems to exist.

When analysing the yield stress values for the different emulsions, no tendency regarding the
parameters obtained for the Herschel-Bulkley model can be seen (with most of the emulsions presenting
an absence of yield value). Therefore, a coherent analysis must be performed by analysing the
parameters obtained according to the Casson and Bingham model. As transpired in the flow behaviour
analysis, a tendency between the amount of the second surfactant used (theoretical HLB number of
mixtures of 4.5) and the yield values provided by the two models seem to exist. For lower amounts, both
models seem to present higher values of yield, that tend to decrease with the increase of the second
surfactant amount, with a few exceptions. For instance, blends containing TWEEN® 85 seem to possess
higher values when the quantity of this surfactant is increased in the emulsion, and the same happens

when Pluronic P123 is present, both models seem to agree regarding these exceptions.

The viscosity parameters for both models do not seem to correlate with the several emulsions. However,
they also tend to decrease with an increase of the HLB of the mixture. Some deviations exist between
the models, with Casson presenting an increase for blends containing TWEEN®20 and Tween®85, which

Bingham does not obtain. Furthermore, Casson viscosities tend to be lower.

Most of the blends presented lower initial viscosities (viscosity registered for a shear rate of 1 s'') than
the one registered for Emulsion 7 (45/100/6) , with Emulsion 13 (blend with TWEEN®20 for HLB of 4.5
[n (y =1s71)=235.90 mPa.s]) > Emulsion 16 (blend with TWEEN®80 for HLB of 4.5 [n(y =1 s') =212.22
mPa.s]) > Emulsion 25 (blend with DABCO® DC 193 for HLB of 4.5 [n(y = 1 s') = 198.41 mPa.s]) >
Emulsion 19 (blend with TWEEN®85 for HLB of 4.5 [ n(y = 1 s™') = 164.54 mPa.s]) > Emulsion 21(blend
with TWEEN®85 for HLB of 5.5 [n(y = 1 s*') = 39.14 mPa.s]) > Emulsion 18 (blend with TWEEN®80 for
HLB of 5.5 [n(y = 1 s') = 37.40 mPa.s]) > Emulsion 15 (blend with TWEEN®20 for HLB of 5.5 [n(y = 1
s1) = 34.72 mPa.s]) > Emulsion 27 (blend with DABCO® DC193 for HLB of 5.5 [n(y =1 s™') = 34.41
mPa.s]). In the overall aspect, the only emulsions that presented a better behaviour than Emulsion 7
(45/100/6) in terms of viscosity were emulsion composed of blended SPAN®80 with SDS that is
Emulsion 28 (1% of SDS in the total amount of surfactant) and Emulsion 30 (3% of SDS in the total
amount of surfactant), with n(y = 1 s*') = 386.47 mPa.s and n(y = 1 s') = 355.11 mPa.s, respectively,

and emulsions with SPAN®80-Pluronic P123. The lowest concentration of Pluronic P123 providing
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higher viscosity at y > 2 s' and Emulsion 24 (blend with Pluronic P123 for HLB of 5.5 [n(y = 1 s') =
1916.7 mPa.s]), in all range of shear rates. From the previous analysis, no model can be used to study
Emulsion 24 since the emulsion seemed to break at a certain point of the essay (anomaly at the flow
and viscosity curves). The shear rate-shear stress curve denotes drops invalidating the last values

registered.

4.4. Synthesis of porous microspheres

In this section of the work, some emulsions presented in Table 3.2 and studied in the previous
subchapters will serve as a soft template for the synthesis of the porous microspheres. Thus, the
influence of the main parameters (dispersed phase concentration, SPAN®80 concentration and blended

surfactants) on the synthesis can be determined, and a direct correlation (if exists) can be established.

4.4.1. Influence of dispersed phase concentration

The dried particles obtained from synthesis EM-3, EM-7 and EM-11 are presented in Figure 4.17. EM-
11-1 is different from EM-11 regarding the temperature protocol described in Table 3.3. For EM-11-1,
after 1 hour at room temperature, instead of the typical 90 minutes period at a temperature of 65 °C, the
mixture was subjected to 80 °C for 90 minutes. The remaining temperature protocol was maintained.
EM-3, EM-7 and EM-11 followed the standard procedure. The control parameters are presented in Table
A.5 (Appendix), and the microscopical photographs from the several stages during the synthesis are

presented in Figure 4.18.

Figure 4.17: Dried Particles resulting from synthesis EM-3 (using Emulsion 3 [20/100/6] as a soft template), EM-7
(using Emulsion 7 [45/100/6] as a soft template), EM-11 (using Emulsion 11 [110/100/6] as a soft template). The
total volume of soft template emulsion is maintained. Bar Scale=300um.
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By examining the appearance of the dried particles from the synthesis EM-3, EM-7, and EM-11, one of
the most noticeable differences are the sizes and the homogeneity of the results. The increase of the
dispersed phase concentration cultivates the existence of a more homogeneous outcome, with particles
ranging from 14 ym — 75 uym for the case of EM-11. In comparison, smaller concentrations tend to lead
to a wider spread of particle size, namely 12 ym — 900 ym for EM-3 and 19 ym — 400 pm for EM-7. The
small spherical sizes obtained in EM-3 result from higher blocks of aggregated particles (presented in
Figure A.2 (a) in Appendix) more prone to break, forming a white powder visible in Figure 4.17 (a).
The tendency for higher water concentration to form smaller microparticles is reflected in the second
stage, at RT (as displayed in Figure 4.18 (b)), where the droplets containing the hydrolysate seem minor
(similarities between EM-11 and EM-11-1 confirm the statement). EM-11-1 show a peculiarity when
compared with EM-11. Much larger droplets, ranging from 62 ym — 1100 ym, are obtained (as one can
see in Figure A.2 (d) in Appendix), although the quantity of dispersed phase is maintained. Another
factor that seems to be swayed by the increase of dispersed phase is the sphericity of the particle. Lower
concentrations tend to form more spherical particles (especially in synthesis EM-7) than those obtained
for higher quantities, with a more irregular and elongated shape being registered in the SEM

micrographs (as the case of EM-11 present in Figure A.2 (c) in Appendix).

The elapsing stages of the synthesis in Figure 4.18 shows some discrepancy from the dried results,
particularly for emulsion EM-3. The smaller particles are not detected due to losses of the material when
the sample was taken from the reactor and “washed” with acetone. Another aspect is the difference
regarding gelation time. A clear transition from a more gel-like structure to a solid (pronounced white
colour and texture) can be seen for instance in Figure 4.18 (e),(f) regarding EM-7. The gelation time

seems higher for smaller water quantities (from the photographs during the synthesis).
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Emulsion RT 65°C 80 °C 85°C 90 °C

(a) (b)

Figure 4.18  Photographs of the different stages (a to f) of the synthesis EM-3 (using Emulsion 3 [20/100/6] as a soft template) , EM-7 (using Emulsion 7 [45/100/6] as a soft
template) , EM-11 (using Emulsion 11 [110/100/6] as a soft template) and EM-11-1 (using Emulsion 11 [110/100/6] as a soft template with the synthesis starting at 80°C). The total
volume of emulsion was maintained. Bar scale = 300um.
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Figure 4.19 SEM photographs of microparticles obtained from EM-3 (a to c) and EM-7 (d to f). Whith (a)&(d) being
the exterior of a smaller microparticle, (b)&(e) the interior of a bronken particle with increased dimensions and (c)&(f)
the internal porous morphology of the microparticles (b) and (e) respectively.

By examining SEM photographs, some information regarding the overall structure can be stated. The
decrease in the number of pores present (black masses in Figure 4.19 (c),(f) and Figure 4.20 (c),(f))
seems prevalent with spheres with lower dispersed phase concentration, except for emulsion EM-11-1.
Moreover, thin internal walls and interconnected pores seem to be widespread for higher dispersed
phase content. Very small and dispersed macroporous can be seen in the surface of the spheres (like
the one in Figure A.3 (e) in Appendix), nonetheless they seem quite irrelevant. By initiating EM-11-1 at
a higher temperature after 1 hour at room temperature, the resulting microparticles seem to possess a

higher number of internal porous and a more interconnected thin structure.
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Figure 4.20 SEM photographs of microparticles obtained from EM-11 (a to c) and EM-11-1 (d to f). Whith (a)&(d)
being the exterior of a smaller microparticle, (b)&(e) the interior of a bronken particle with increase dimensions and
(c)&(f) the internal porous morphology of the microparticles (b) and (e) respectively.

4.4.2. Influence of SPAN® concentration
To study the influence of SPAN®80 in the system, four syntheses were performed, maintaining a mass
ratio of water to decalin of 45 g:100 g (w/w), being EM-5, EM-6, EM-7 and EM-8. The results of the dried
particles (except for EM-5 with the photograph being from the end of the second synthesis performed)
are showed in Figure 4.21).

Figure 4.21 Dried microparticles from (a) EM-5 (using Emulsion 5 [45/100/2] as a soft template), (b) EM-6 (using
Emulsion 6 [45/100/4] as a soft template), (c) EM-7 (using Emulsion 7 [45/100/6] as a soft template) and (d) EM-8
(using Emulsion 8 [45/100/8] as a soft template).Bar Scale=300um.
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As one can state from the Figure 4.21, an objective study about the impact of the SPAN®80 influence
in the system could not be performed. The synthesis EM-5 and EM-6 produced amorphous (without
evident superficial macroporosity) and irregular structures. As one can state in Table A.5 (Appendix),
this can be correlated with the high viscosity of the pre-hydrolysed silane mixture registered for these
two emulsions, 12.8 cP and 13.1 cP at 30 rpm, for EM-5 and EM-6, respectively, conjugated with the
fluctuations of temperature recorded in the initial stage of the experiment. For EM-5, after the addition
of the pre-hydrolysed silanes, the mixture was at 21 °C, and at the end, a temperature of 24 °C was
registered. For EM-6, a similar occurrence took place. After the addition of the pre-hydrolysate, a
temperature of 22 °C was recorded, and at the end of the stadium, this parameter reached a staggering
25 °C. Both syntheses were performed in the ides of May, which explains the high temperatures.
Regarding EM-7 (6g of SPAN®80 to 100g of Decalin) and EM-8 (8 g of SPAN®80 to 100 g of Decalin),
the increase of the surfactant seems to be responsible for a decrease in the overall particle size
obtained. For EM-8, the size ranged from 10um - 350um. Although EM-8 was not analysed in SEM, the
opaque white colour contrasting with the lack of transparency noticeable, for instance in EM-6 (see

Figure 4.21(b),(d)), can indicate the presence of some sort of macroporosity.

4.4.3. Influence of blended surfactants

To study the impact of the different blends of surfactant with SPAN©80, when compared with using only
SPAN®80 (EM-7), the main stadiums during the synthesis EM-13 (blend with TWEEN®20 for a HLB of
4.5), EM-15 (blend with TWEEN®20 for a HLB of 5.5), EM-16 (blend with TWEEN®©80 for a HLB of 4.5),
EM-18 ( blend with TWEEN®©80 for a HLB of 5.5), EM-19 (blend with TWEEN®85 for a HLB of 4.5) , EM-
21 (blend with TWEEN®85 for a HLB of 5.5), EM-22 (blend with Pluronic P123 for a HLB of 4.5), EM-24
(blend with Pluronic P123 for a HLB of 5.5), EM-25 (blend with DABCO® DC 193 for a HLB of 4.5) , EM-
27 (blend with DABCO® DC 193 for a HLB of 5.5) and EM-28 (1% of SDS in the total concentration of
surfactant) are presented in Figure 4.22 to Figure 4.24. The dried particles are presented in Figure
4.25. Some interesting regards can be done by monitoring the synthesis and exploring the figures of the
dried particles. An overall decrease in the size is noticeable when comparing the synthesis performed
with lower concentrations of the second surfactant (theoretical HLB number of a mixture of 4.5) with
higher values (theorical HLB number of 5.5). The decrease is most perceptible when a member of the
TWEEN® family is present. The size ranges of the microparticles are: 14 ym — 400 ym (EM-13), 40 ym
— 300 ym (EM-15), 22 pm — 602 pm (EM-16), 25 um — 200 ym (EM-18), 16 ym — 700 ym (EM-19), 14
pm — 420 ym (EM-21), 30 ym — 200 ym (EM-22), 10 ym — 80 ym (EM-24), 17 pm — 325 ym (EM-25),
20 ym — 300 pm (EM-27), 300 pm — 1000 pym (EM-28), 230 ym — 750 uym (EM-30).

Furthermore, a loss of sphericity is also conspicuous for these groups of emulsions. Lower quantities of
the second surfactant tend to preserve the sphericity of the particles observed previously for EM-7. The
difference in the droplet size in the pre-hydrolysate and emulsion mixture, registered at the end of the
room temperature process, Figure 4.22 (b) to Figure 4.24 (b), tend to corroborate this statement. The
sol-gel point also seems to decrease for higher HLB number, with a more gel-like structure noticeable,
at least at the end of the 85 °C stage. The consistency of the samples removed from the reactor (at this

stage) also serves as evidence; however, only an assumption can be made without further studies.
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The presence of TWEEN®20 and TWEEN®80 emulsifiers seem to promote aggregation originating
structures that resemble “blackberries”. TWEEN®85 revealed the worst results (compared with other
TWEEN family members), with gel-like structure still present at 90 ‘C. For the TWEEN family, once
again, surfactants with lower individual HLB numbers performed worse. A polymeric thickener was
added to increase the viscosity of the continuous phase to solve the aggregation issue. The alteration
was performed in Emulsion 18, since literature suggests a good affinity between TWEEN®80 and
SPAN®80, avoiding possible chemical incompatibilities. A mass-to-mass ratio of 2 g of PIB:100 g of
decalin (w/w), was chosen to avoid problems correlated with the possible decrease of pre-hydrolysed
alkoxysilanes diffusivity to the droplets of the emulsion, since viscosity is altered [52],[16]. The EM- 18-
1 results, in Figure 4.24 (f), show an overall decrease of the particle size when compared with emulsion

EM-18 (in Figure 4.22 (f)), soever aggregation problems are still present.

Some observations can be made regarding the systems composed of other surfactants (polymerics,
silicone and anionic surfactants). When employing Pluronic P123, a similar trend is noticeable. While
lower quantities promote aggregated structures, higher quantities promoted a decrease in microparticle
size, being elongated or spherical ones. However, for EM-24 (blend with Pluronic P123 for a HLB of
5.5), many of the particles reveal transparency that can be associated with the lack of macroporosity,
so a decrease in reaction yield must be taken to account. The increase of this last surfactant also seems
to enhance gelation. The DABCO® DC193 does not seem to affect the sphericity of the particles when
conjugated with SPAN®80; furthermore, lower theoretical HLB mixture numbers seem to delay gelation.
Some aggregation is also noticeable, but not in a significant way. SDS revealed the most unsatisfactory
results in this group, with EM-30 (3% of SDS in the total amount of surfactant) not even presenting
apparent porosity (see Figure 4.25 (1)). Abetter perception of the microstructure is possible by analysing
the SEM photographs, and some interesting conclusions can be taken. The results are presented in two

subsections for a better analysis.
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Emulsion RT 65 °C 80 °C 85°C 90 °C

EM-13

EM-15

EM-16

EM-18

(a) (b) (c) (d) (e) (f)

Figure 4.22 Photographs of the different stages (a to f) of the synthesis EM-13 (blend with TWEEN®20 for a HLB of 4.5), EM-15 (blend with TWEEN®20 for a HLB of 5.5), EM-16
(blend with TWEEN®80 for a HLB of 4.5) and EM-18 (blend with TWEEN®80 for a HLB of 5.5). Bar scale = 300um (the photos were taken with a different objective from the ones
in Figure 4.20 due to their small size).
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Emulsion RT 65°C 80°C 85°C 90°C

EM-19

EM-21

EM-22

EM-24

(a) (b) (c) (d) (e) (f)

Figure 4.23 Photographs of the different stages (a to f) of the synthesis EM-19 (blend with TWEEN®85 for a HLB of 4.5), EM-21 (blend with TWEEN®85 for a HLB of 5.5), EM-
22 (blend with Pluronic P123 for a HLB of 4.5) and EM-24(blend with Pluronic P123 for a HLB of 5.5). Bar scale = 300um.
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Emulsion RT 65 °C 80°C 85°C 90 °C

EM-25

EM-27

EM-28

EM-18-1

(a) (b) (c) (d) (e) (f)

Figure 4.24 Photographs of the different stages (a to f) of the synthesis EM-25 (blend with DABCO® DC193 for a HLB of 4.5) , EM-27 (blend with DABCO® DC193 for a HLB of
5.5), EM-28 (blend with SDS at 1% in the total surfactant concentration) and EM-18-1 (blend with TWEEN®80 for a HLB of 5.5, and PIB present in the continuous phase). Bar
scale = 300um.
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Figure 4.25 Dried particles of (a) EM-13, (b) EM-15, (c) EM-16, (d) EM-18, (e) EM-19, (f) EM-21, (g) EM-22, (h) EM-24, (i) EM-25, (j) EM-27, (k) EM-28, (I) EM-30 (blend with
SDS at 1% in the total surfactant concentration . Bar scale = 300um.
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Results for blends with theoretical HLB number of 4.5
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Figure 4.26 SEM photographs of the microparticles obtained from EM-13 (a to c), EM-16 (d to f) and EM-19 (g to
i). With (a),(d) and (g) being the exterior of a representative microparticle; (b),(e) and (h) the interior of a bronken
micropatrticle; (c),(f) and (i) the internal porous composition of the microparticles (b),(e) and (h) respectively.

When evaluating the impact of small quantities of the second surfactant (a theoretical HLB number of
4.5), for blends of SPAN®80 and elements of the TWEEN family (EM-13 [blend with TWEEN®20], EM-
16 [blend with TWEEN®80], and EM-19 [blend with TWEEN®85]), we can notice some differences
between the three syntheses. EM-19 performed very poorly, and no coherent internal structure was
obtained (even smaller individualized spherical particles can be seen in the interior of the bigger spheres
in Figure 4.2 (h). On the contrary, EM-13 and EM-16 seem very similar, with the first originating a more
closely packed structure with relative smaller pores when compared with the second. However, both
originated slightly thicker internal walls when contrasted with EM-7. In terms of superficial porosity, no
noticeable differences between them or EM-7 can be observed. The same can be said when looking at
the results obtained for a blend of SPAN®80 and DABCO® DC193 (EM-25) (Figure 4.27).

A more closely packed structure (like the one obtained for EM-13 as seen in Figure 4.26 (b)) when
comparing EM-25 (blend with DABCO® DC193) with EM-7 (45/100/6). Similar small internal pores are
evident (compared with both EM-7, EM-13 [blend with TWEEN®20] and EM-16 [blend with TWEEN®85]
), and besides some dispersed small pores at the surface no significant, the structure is quite similar to
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the other synthesis in Figure 4.26. The internal pores seem less interconnected when compared with
EM-7.

asdt
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Figure 4.27 SEM photographs of the microparticles obtained from EM-25 (a to c). Whith (a) being the exterior of a
representive microparticle; (b) the interior of a bronken microparticle; (c) the internal porous morphology of the
microparticles (b).

The worst results were obtained for EM-28 (blend with 1% of SDS at the total surfactant concentration)
and EM-22 (blend with Pluronic P123 for a HLB of 4.5), blends of SPAN®80-SDS and SPAN®80-Pluronic

P123, respectively.
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Figure 4.28 SEM photographs of the microparticles obtained from EM-28 (a to ¢) and EM-22 (d to f). Whith (a)&(d)
being the exterior of a representative microparticle; (b)&(e) the interior of a broken microparticle; (c)&(f) the internal
porous structure of the microparticles (b) and (e), respectively.

The increased size of EM-28 (600 pm -1000 ym) turns the synthesis very enviable compared with the
others. Yet the internal porous seem very small in size despite the lack of interconnectivity. A very
compact structure is seen in Figure 4.28 (b). Regarding the use of small quantities of Pluronic P123 an

incoherent internal structure with small individual spheres composing it.
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Results for blends with theoretical HLB number of 5.5

The increase of concentration of the second surfactant for elements of the TWEEN® family only provided
significant results for the synthesis EM-15 (blend of TWEEN®20) and EM-18 (blend of TWEEN®80). For
EM-21 (blend of TWEEN®85), besides a slight decrease in size range, no relevant differences are

evident (as one can see by Figure A.2 (e) in Appendix).

MAG: x80 —— MAG: x600
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Figure 4.29 Results for synthesis EM-18 with (a) being the overwall view of the aggregated with (b) representing a
higher amplification of one of those aggregates.

EM-15 (blend of TWEEN®20) and EM-18 (blend of TWEEN®80) show an interesting similarity in terms
of aggregation. Although aggregates with a size range between 40 ym - 350 ym and 25 pym - 200 ym,
respectively, are noticeable in the photographs of the dried particles, the SEM images demonstrate that
each one is composed of much smaller individualized particles in a size range between 12 ym -30 ym

for EM-15 and 2 ym -12 pym for the case of EM-18. In Figure 4.29, we can see the example for EM-18.

Both results are very similar in terms of internal structure. EM-15 (blend whit TWEEN®20) and EM-18
(blend with TWEEN®80) present a very thin and interconnected structure, with considerable size pores,
compared with those obtained for EM-13 (blend with TWEEN®20 for HLB of 4.5), EM-16 (blend with
TWEEN®80 for HLB of 4.5), and EM-7 (45/100/6). Although EM-15 and EM-7 do not present
considerable surface porosity, EM-18 does, and the pores possess a substantial size when compared
with the ones of EM-7 (see Figure 4.30).

To avoid the reported agglomeration, a thickener (PIB) was added to the continuous phase of Emulsion
18. The results of EM-18-1 are reported in Figure 4.31.

The size of the particles increased considerably (20 um -150 um) compared with those obtained in EM-
18 (blend with TWEEN®80 without thickener), despite losing their spherical shape. The internal walls
present greater thickness (larger characteristic size), comparing with EM-18, however interconnected

porosity was also achieved.

The increase of DABCO® DC 193 (EM-27 [blend with of DABCO® DC 193 for a HLB of 5.5])
concentration, besides preserving the spherical shape of the particles, reveals a good compromise

between superficial and internal porosity, as one can see in Figure 4.32.
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Figure 4.30 SEM photographs of microparticles obtained from EM-15 (a to c) and EM-18 (d to f). With (a)&(d) being
the exterior of a smaller microparticle; (b)&(e) the interior of a bronken microparticle; (c)&(f) the internal porous
morphology of the microparticles (b) and (e) respectively.

MAG: x50000
15.0 kv SEI

MAG: x2000
15.0 kv SEI

Figure 4.31 SEM photographs of microparticles obtained from EM-15-1 (a and b). With (a) being the exterior aspect
of one of the particles; (b) the internal porous morphology.

As we can see in Figure 4.32, a superficial porosity that resembles mesoporous materials is achieved
in EM-27. Homogeneous interconnected pores with a larger size than the ones in the previous particles

are registered, both superficially and at the internal level.

EM-24 (blend with Pluronic P123 for an HLB of 5.5) reveals better results when compared with its
counterpart EM-21 (blend with Pluronic P123 for an HLB of 4.5), as one can state in Figure 4.33.

Comparing to EM-7, large pores are achieved for EM-24, resembling the ones obtained for EM-18-1
(some similarity due to the presence of a polymer). However, these do not seem interconnected. Some

small intercalated superficial pores are attained, but not in a considerable way to be relevant.
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Figure 4.32 SEM photographs of the microparticles obtain in EM-27, with (a) being one example of the inside and
outside aspect; (b) the internal porosity; (c) the internal porous morphology; (d) the superficial porosity of the
microparticle.

MAG: x1000 MAG: x5000 o — ’
15.0 kV SEI 15.0 kV SEI 15.0 kv SE1

MAG: x50000
15.0 kv SEI

Figure 4.33 SEM photographs of the microparticles obtain in EM-24, with (a) being one example of the outside
aspect; (b) the interial porosity; (c) the internal porous morphology; (d) the superficial porosity of the microparticle.
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4.4.4. Influence of silanes concentration in EM-25

To study the influence of pre-hydrolysate concentration in the final structure, Emulsion 25 (blend with
DABCO® DC 193 for a HLB of 4.5) was selected as a template. The quantity of pre-hydrolysate
employed was 75%, 50% and 25% of the initial quantity used in EM-25. The results of each synthesis
can be seen in Figure 4.34 (a), (b) and (c), respectively. The only synthesis that originated some results
was EM-25-1 (with 25% the initial pre-hydrolysate used in EM-25). One possible reason for EM-25-3
(with 75% the initial pre-hydrolysate used in EM-25) and EM-25-2 (with 50% the initial pre-hydrolysate
used in EM-25) provided very amorphous (no evident porosity just by looking to the colour) and
“integrated” microspheres (impossible to separate for a SEM analysis), respectively, was the high values
of viscosity of the pre-hydrolysate registered for each case. Possibly has a result of high temperatures
(see Table A.5 in Appendix). For EM-25-3, 14.2 cP at 30 rpm was registered, and for EM-25-2 this
value reached 13.8 cP. The initial and final temperature of the laboratory where the experience was
conducted was also very high compared when compared with EM-25-1 (with 25% the initial pre-
hydrolysate used in EM-25). The SEM photographs of EM-25-1 can be seen in Figure 4.35.

MAG: x4000 ——— MAG: x30000 MIAG: xSOPQO
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Figure 4.35 SEM photographs of the microparticles obtain in EM-25-1, with (a) being one example of the inside and
outside aspect; (b) the interial porosity and (c) the internal porous morphology.
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The microparticles of EM-25-1 are spherical and their size ranged from 7 ym to 50 um. Smaller pores
were attained and less interconnected. Indeed, by examining Figure 4.35 (b), one can state that the
structure is composed by individual microspheres that are not fully interconnected, but rather
agglomerated. In general, a more loosely structure was achieved when comparing with EM-25 (blend
with DABCO® DC 193 for an HLB of 4.5 using 100% of the hydrolysate).

4.4.5. Influence of stirring speed in ULTRA-TURRAX®

A few alterations of the protocol were performed to lower the microparticle size of EM-13 (blend with
TWEEN®20 for HLB of 4.5), EM-15 (blend with TWEEN®20 for HLB of 5.5), EM-25 (blend with DABCO®
DC 193 for HLB of 4.5) and EM-27 (blend with DABCO® DC 193 for HLB of 5.5). Instead of using 9800
rom as the stirring speed, 18000 rpm was employed in the respective emulsions that served as
templates. Emulsion 7 (45/100/6) was also altered to allow comparison. The results of the dried
microparticles are shown in Figure 4.36. The SEM photographs of EM-7-1 (emulsification of Emulsion
7 performed with 18000 rpm) are shown in Figure 4.37 and, for synthesis EM-13-1 (emulsification of
Emulsion 13 at 18000 rpm), EM-15-1 (emulsification of Emulsion 15 at 18000 rpm), EM-25-4
(emulsification of Emulsion 25 at 18000 rpm) and EM-27-1 (emulsification of Emulsion 27 at 18000 rpm)
the results are showed in Figure 4.38.

Figure 4.36 Dried microparticles of (a) EM-7-1, (b) EM-13-1, (c) EM-15-1, (d) EM-25-4 and (e) EM-27-1. Bar
Scale=300um.
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Figure 4.37 SEM photographs of the microparticles obtain in EM-7-1, with (a) being one example of the outside
aspect; (b) the interior aspect of one broken patrticle; (c) and (d) the internal porous morphology.

In terms of size range, the microparticles of EM-7-1 presented no great difference regarding EM-7 (with
Emulsion 7 emulsified at 9800 rpm). The size of the microparticles vary between 26 ym and 476 ym. In
terms of internal porosity, the situation is quite different, with more interconnected pores present and
overall increase of their size. Thinner walls are also present and seems a recurrent aspect when larger

pored are obtained.

The results for EM-15-1 show an increase in particle size range, 15 ym — 103 um, and wall thickness
compared with EM-15. For the synthesis EM-13-1, EM-25-4 and EM-27-1, lower particle sizes were
indeed achieved, being 20 ym — 230 pym, 21 ym — 90 ym, 18 ym — 122 um, respectively. Still, it seems
that internal and superficial porosities where severely affected, with pores of higher size being achieved.
Furthermore, the microparticles also seem more homogeneous. Interestingly, when a surfactant blend
is used in the emulsion template, tailoring of the final microparticle seems to exist. For both groups, an
increase of the second surfactant provided bigger and deeper external pores (see Figure 4.38 (b),(e),(h)

and (k)) mainly when TWEEN® 20 is applied in the template emulsion blend.
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Figure 4.38 SEM photographs of microparticles obtained from EM-13-1 (a to ¢), EM-15-1 (d to f), EM-25-4 (g to i),
EM-27-1 (j to ). Whith (a),(d),(g)&(j) being the exterior of a microparticle; (b),(e),(h)&(k) the external porous of the
micropatrticles; (c),(f),(i)&(l) the internal porous morphology of the microparticles (a),(d),(9)&(j) respectively.
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5. Discussion

The analysis will be divided into two sections to explore the different phenomena registered during the

essays.

5.1. Influence of dispersed phase and SPAN®80

concentration

Influence of Dispersed Phase concentration in Emulsions

Sedimentation tests and viscosity studies on the emulsions were carried out in this work, showing a
strong correlation between dispersed phase concentration and the stability of the emulsions systems
against the gravitational separation phenomenon. For the same mass to mass ratio of SPAN®80: Decalin
(w/w), a decrease in sedimentation was noticeable with the increase of dispersed phase concentration.
This behaviour is typical to all ranges of SPAN®80 concentrations when the dispersed phase increases
(Emulsion 1 to Emulsion 12, that is Emulsion 1 [20/100/2], Emulsion 2 [20/100/4], Emulsion 3 [20/100/6],
Emulsion 4 [20/100/8], Emulsion 5 [45/100/2], Emulsion 6 [45/100/4], Emulsion 7 [45/100/6], Emulsion
8 [45/100/8], Emulsion 9 [110/100/2], Emulsion 10 [110/100/4], Emulsion 11 [110/100/6] and Emulsion
12[110/100/8]). The same can be said about the viscosity values (higher dispersed phase concentration
promotes higher viscosity and therefore higher stability against sedimentation). According to Pal. et al.
[41], the increase in viscosity is correlated with the rheological behaviour of the emulsions, and, the
droplets conformation in the system. The droplets are very dispersed in the continuous phase for dilute
emulsion (low dispersed phase volume, ®<0.1), and the interactions between them are feeble. The
ability of one droplet to alter the flow pattern of the other is practically nil, so the flow properties are
dependent on the continuous phase. The viscosity is less than that predicted by the Einstein equation
(Brownian motions dominate the interactions). As the volume of the dispersed phase increases (see
Figure 2.7 in Section 2), the system starts to enter a semi-diluted region where the interactions between
the droplets start to become more relevant (the flow of one droplet is affected by the other), a moderate
increase in viscosity starts to happen (difference registered for Emulsion 1 [20/100/2] and 2 [45/100/2],
for instance). The droplets start to become closer to each other, although non-caged. As the disperse
phase volume continues to increase, the droplets become more jammed in a spatial disposition that
almost inhibits their flow (the surroundings droplets restrict their movement), for ¢<0.55. The emulsions
also start to exhibit viscoelastic properties. The overall differences in viscosity of the different emulsions
with increase dispersed phase content is a direct result of the previous described phenomena. The
restriction of droplet movement, can explain why Emulsion 9 [110/100/2] to Emulsion 12 [110/100/8],
exhibit the highest viscosity values, and higher yield stresses (predicted by both Bingham and Casson

Models parameters, see Table A.2 and Table A.3 in Appendix).

The flow index parameters (n) obtained through the Power Law and Herschel-Bulkley Models (see

Table A.1 and Table A.4 in Appendix) revealed a pronounced shear thinning behaviour with the
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increase in dispersed phase concentration, for water-in-decalin systems. This increase is widespread
between different analysed emulsion systems in literature, being reported by Pal in [53] for O/W
emulsions (for range between 0.3 < ¢ < 0.8) and by Kolotova et al. [54] for W/O system ( between 0.1<
¢ < 0.4). According to these last authors, the more pronounced shear-thinning behaviour (for higher
dispersed phase concentrations) occurs due to the increased friction from inter-droplet interaction. One

can speculate that the differences registered in this work are correlated with this phenomenon.

Lapasin et al.[55] demonstrated that W/O (the continuous phase is a low-density oil) concentrated
emulsions in the range of 0.4 < ¢ < 0.74 possess Newtonian behaviour at lower shear rates (10-% s'to
10! s') followed by a transition to non-newtonian behaviour. For higher dispersed continuous phase
volume, the transition registered takes place at higher shear rates. When the droplets approach the limit
of the closest packing state (maximum jamming of droplets before inversion occurs), the sharp transition
to a non-Newtonian regime occurs later (higher yield values). A similar occurrence is registered for
Emulsion 11 [110/100/6] and Emulsion 12 [110/100/8] (see Figure 4.12), with the systems exhibiting a
sharp transition between Newtonian and non-newtonian behaviour at 4.s*!; which confirms the jamming
of droplets in the systems with a mass-to-mass ratio of water : decalin of 6 g:100 g and 8 g:100 g (w/w),
in @ mass-to-mass ratio of water : decalin of 110 g:100 g. One can speculate about the presence of this
behaviour for lower shear strains for the rest of the emulsions (as one can see by Emulsion 4[20/100/8])

if the study was conducted in lower ranges.

For semi-diluted and concentrated emulsions (as the case for Emulsions 1 to 12), the droplet size
becomes relevant since the hydrodynamic interactions between them become more pronounced. So, a
proper analysis of the stability of the emulsions requires an evaluation of the droplet size registered.
Although a decrease in the droplet size is associated with higher viscosity in emulsions systems [41],
this behaviour was not registered for Emulsions 1 to 12. As a matter of fact, higher values of M, were
registered. A justification for this event could be the increase of flow in the slit of the cylindrical tube that
constitutes the ULTRA-TURRAX® system. Since no alteration of the emulsification period occurs (the
10 minutes of emulsification was maintained), the number of times each droplet will experience the
shear stresses that would break them is diminished. As the emulsification step occurred, the constant
increase of viscosity of the emulsion would decrease the shear stresses (by laminar flow), experienced
by the droplets. Furthermore, due to increase number of droplets in the system (between different
dispersed phase concentrations) and close packaging of the droplets, a viscosity increase can be
justified. This type of phenomenon was also verified in other water in oil systems, such as the one
reported by Pajouhandeh et al. in [56], where the increase in the droplet size occurred with higher
dispersed phase concentration was registered, with a similar justification being provided. According to
Pal in [53], an increase in polydispersity for higher concentrations of water should be registered. This
behaviour was not registered as one can see in Table 4.1. A possible explanation is the occurrence of
multiple scattering, diffusion restrictions or viscosity effects present, since the same dilution ratio was
maintained in all the systems during dynamic light scattering analysis (the high RMS values registered

for more concentrated emulsions corroborate this hypothesis).
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The increase in coalescent registered in the photographs after the 300 minutes (in sedimentation tests)
for Emulsions 9-12 can be associated with the higher values of M,. The interface is thinner and more
prone to disruption since less surfactant is available for a higher amount of droplet (Gibbs-Marangoni

effect represented in Figure 2.2 (a)).

Influence of SPAN®80 in the Emulsions

For the same mass-to-mass ratio of water: decalin (w/w), higher SPAN®80 concentrations generally
provided lower My values and increased values of viscosity. Although some discrepancies exist between
the flow index values predicted for both Power Law and Herschel-Bulkley models (see Table A.1 and
Table A.4 in Appendix), the overall tendency for Emulsions 1 to 12 is a more pronounce shear-thinning
behaviour with the reduction of droplet size (maintaining the same dispersed phase concentration);
following the general tendency reported by Pal in [29]. The decrease in droplet size is expected since
surface excess (I') increases with surfactant concentration (see Equation 2.2), until a certain limit of
surfactant concentration (unknown for this system) is reached. Furthermore, according to Pal in [34],
emulsions tend to demonstrate a more pronounced shear-thinning behaviour than coarse ones for the
same dispersed phase concentration. According to the same study, at a given dispersed phase
concentration, the decrease in droplet size decreases the mean distance separation between the

droplets, making them more prone to flocculation mechanism.

For a lower water content (Emulsion 1 [20/100/2], Emulsion 2 [20/100/4], Emulsion 3 [20/100/6] and
Emulsion 4 [20/100/8]), the emulsions with higher viscosity (Emulsion 3 and 4) presented higher stability
than those with lower viscosity values. An approximation to the dilute system can be made and
considering Stoke’s law (Equation 2.10), the increase of stability against phase separation is easily
explained, with Emulsions 3 and 4 presenting the lowest values of M,. Since flocculation is noticeable
and can alter the gravitational separation mechanism, one can assume that the flocks are lower in size,

and the law proposed by Stokes is respected.

The registered shift in the behaviour (emulsions with higher surfactant concentration presented less
stability after 300 minutes [end of the experiment] for higher dispersed phase concentrations) seems
odd. However, the emulsions with higher viscosity tend to present more resistance to gravitational
separation in the first 20 minutes (the slop of the sedimentation curve is lower in water: decalin ratio of
459g:100g (w/w) and water: decalin ratio of 110g:100g (w/w) in Figure 4.1), so, an increase in stability is
indeed present, at least for the first minutes. The high values of sedimentation after 300 minutes are
correlated with flocculation and decrease of viscosity with temperature. During the sedimentation studies
high temperatures increase the droplet movement and droplet-droplet interactions, promoting a
reduction of viscosity and higher rates of flocculation. Moreover, the reduce size of the droplets
aggravate the phenomena. Orthokinetic flocculation (associated with differences in size) can, also
promote more aggregation since the adjacent droplets will also start to experience sedimentation (even
if the initial polydispersity index is low for the emulsions, coalescence and other phenomenon can
promote the existence of a more polydisperse emulsion). The flocculation mechanism can have its
origins in hydrophobic attractions between water droplets (due to possible excess of surfactant at the

surface)[42], depletion flocculation promoted by spontaneous micellization of reversible SPAN®80
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micelles (tiny ones with a size of 50 A because of excess surfactant as reported by Leal-Calderon et al.
[30], or Brownian motion accentuated by the increase of temperature. Without further studies to confirm

this affirmation, one can only speculate.

Influence of Dispersed Phase concentration in the Synthesis

To understand the influence of dispersed phase concentration, synthesis EM-3 (20/100/6), EM-7
(45/100/6), and EM-11 (110/100/6), were executed. A mass-to-mass ratio of SPAN®80: decalin of 6 g:100
g (w/w) was chosen since it offers intermediate properties without compromising the emulsion stability
against flocculation, sedimentation, and coalescence in all the range of dispersed phase concentrations
studied.

Although some differences regarding the internal structure of the particles can be seen (the decrease
in number of pores accompanied by coarser structure for lower water contents), the most noticeable
one is the particles’ size range and size distribution. The lower range registered for EM-11 (14 ym - 75
pm) is most likely associated with increased viscosity of the overall emulsion system, promoted by the
large, dispersed phase concentration. When compared with EM-11-1 (synthesis performed with
Emulsion 11 as a template as EM-11, but the RT protocol followed by an 80°C instead of typical 65 °C),
one can state such an effect, as well. By imposing temperature as an external factor to decrease the
system's viscosity (EM-11-1 starts at 80 °C), the subsequent particles increased sharply in size (60 um
— 1100 pm), as one can verify in Figure A.2 (d) in Appendix. The diminished viscosity conjugated with
the high number of droplets present in the system and increased collision rates, could explain the high
coalescence rate between droplets (more susceptible to coalescence due to less amount of surfactant
available), eventually promoting the considerable larger sizes.[57] The increase size of the
microparticles with the temperature at which the sol-gel procedure occurs was also stated by Yamashita
et al. in [58], and correlated with the instability promoted by the raising temperature on W/O template.
Despite the considerable size and lack of external porosity, the internal structure is more interconnected
and possesses larger pores. Such an event can be explained by an early gelation of the gel rich-phase
when a more severe temperature profile is applied, “freezing” the structure concomitantly with the phase
separation (spinodal decomposition). Nevertheless, an increase in emulsion stability unlocks new
opportunities to explore different phase separation pathways by controlling the temperature without
compromising the integrity of the droplets, as verified. The irregular elongated shape of EM-11,
compared with EM-3 and EM-7 (see Figure A.2 (a),(b),(c) in Appendix), can be explained by the spatial
droplet disposition and the more pronounce shear-thinning behaviour exhibit by Emulsion 11 (110/100/6)
in the rheological essays. As discussed before, for concentrated emulsions, the hydrodynamic forces
start to dominate the system. When higher shear rates are applied, the droplets start to experience
frictional forces (due to jamming of droplets) that stretch and align them with the shear field applied to
the system (for the present case, 600 rpm as stated in the synthesis protocol). When sedimentation
occurs, eventual clusters will be subjected to more collisions (since the minor oil phase is separated
from the flocs), enhancing the asymmetry of the result.[59] The same elongation is not registered for

EM-11-1, probably due to the increased coalescence rate with temperature.
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Although most of the particles of EM-3 are indeed greater in size than the ones obtain for the other
synthesis (sedimentation occurs more severely), EM-3 also revealed several very low sized particles
(some in the order of 12 ym). The “intense” flocculation registered in the sedimentation essays (in the
template Emulsion 3) and possible viscous properties of the sediment composed by these aggregates
can be in the origin of such a result. The drainage of the continuous phase out of the interparticle region
of the flocks leads to a “hard sediment” (colloids science definition) that start to constitute the emulsion
system and tends to exhibit a higher viscosity when compared with the initial emulsion—such properties
were extensively studied and reported by Tadros et al. [60]. During the synthesis, especially EM-3,
sedimentation (reported in Figure 4.1) will probably occur because of the shear stresses; however, due
to the high stability of some of the flock structure (analysing Figure 4.4 (a),(b), one can see that no
coalescence is evident), the droplets tend to conserve their configuration (size and dimensions) [13].
Since Emulsion 3 has lower M, values than their counterparts, even by eventual coalescence
destabilisation, some smaller particles should be obtained in EM-3 (which explains the white powder).
Most likely flocs tend to have its origin in depletion flocculation (weak energy), being fragile. As
previously referred, most of the particles obtained are indeed greater in size (with 900 ym) than the ones
of EM-7 and EM-11. This is a direct result of the higher sedimentation registered for the template
emulsion of synthesis EM-3. More top oil phase is present with the droplets being more freely to suffer
collisions. Moreover, as reported by Bibbet in [61], droplets and surfactant exchanges occur between
the sedimented emulsion and the top oil phase. Eventual breakage of flocks, during synthesis, can occur

and explain the greater sizes registered. For EM-7, a similar explanation can be employed.

Regarding the differences in walls thickness and internal porosity (in the overall results of EM-3, EM-7
and EM-11) it seems that late freezing of a more gel rich mixture in the droplets of emulsions with lower
dispersed phase concentration, could be at the origin of most of the structures (see Figure 2.8). That
is, gelation is not coincident with the phase separation phenomenon, occurring at the end of phase
separation, which leads to an extensive coarsening of the structure (large characteristic size) and
eventually to a particulate morphology, i.e breakage of the continuous gel network, inside the emulsion
droplets. A particularity of this microparticles (all the results obtain for EM-3, EM-7 and EM-11) is the
existence of cavities (present in Figure 4.19 (b),(e) and Figure 4.20 (b)). According to Silva in [62], this
cavities are a direct consequence of the water solvent entrapped in the silica rich phase that could not
escape upon the gelification process that occurs within the emulsion droplets. Nonetheless, other
possibilities can explain the presence of these cavities, such as the transition of the original W/O system
to a bicontinuos one, that is, a O/W(hydrolysed silanes)/O system. As one can see in Figure 2.5 and
Figure 2.6, phase inversion can occur because of the shear stress employed during the synthesis or
even by the addition of the pre-hydrolysed (that are considered nonetheless an aqueous phase) in the
first 30 minutes of the synthesis. These cavities could be decalin droplets inside the dispersed phase
(in this case hydrolysed silanes mixed with water). Other example of this phenomena is the structure
present in Figure A.3 (a) in Appendix. Since SPAN®80 is hydrophobic in nature, the oil droplets (inside
the water ones) will suffer coalescence (after the transition to a O/W/O system) without any inhibition,

explaining the excessive size of the cavities.
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Influence of Surfactant Concentration in the synthesis

The surfactant concentration also plays a significant role in the final particles. Although the reported
results could take no conclusion, it is interesting to notice that higher viscosities do not suggest an
increase of “performance” of the synthesis, being the surfactant concentration a key player in result.
Emulsion 3 [20/100/6], for instance, registered lower viscosity in all shear rate ranges and lower yield
stress values (predicted by both Casson and Bingham models) compared with Emulsion 5 [45/100/2].
However, EM-3 produced results while EM-5 originated amorphous structures (with no superficial
porosity evident or spherical size), by comparing Figure 4.17 (a) with Figure 4.21 (a). Once again, one
can speculate about the importance of the flocculation mechanism in the synthesis and the quantity of
surfactant adsorbed at the droplet surface. Most likely, the droplets or eventually the aggregated could
not resist the shear stress, and rapid coalescence was in the origin of the amorphous particles (Gibbs-

Marangoni effect). The same could be said regarding EM-6.

Another possible explanation is the values registered of the initial apparent viscosity of the pre-
hydrolysate mixture of alkoxysilanes. As reported by Silvia in [62] the pre-hydrolysate's viscosity reflects
the degree of polymerisation of the alkoxysilanes employed. Higher viscosity values, corresponding to
siloxane oligomers of apolar nature, tend to injure the result, because the affinity, between the pre-
hydrolysate to the water, is lowered. As one can see in Table A.5 (Appendix) these values are a bit out
of phase when compared with the other synthesis. The same author states that higher laboratory
temperatures can cause this increase, and in fact, the registered values during the experiments verify
the hypothesis. The difference in particle size registered for EM-7 and EM-8 are in good accordance
with the calculated M, values (in Table 4.1) of the correspondent emulsions template. Furthermore, the
pronounced flocculation registered in the sedimentation studies can also explain the smaller size of
some of the particles obtained, and the overall increase in viscosity (in these case, much higher

surfactant concentration was employed compared with EM-5 and EM-6).

5.2. Influence of blended surfactants

A mass-to-mass ratio of SPAN®80: Decalin of 6 g:100 g (w/w) was chosen to perform the blends
calculations for the same reasons previously mentioned. The three elements of the TWEEN® family of
surfactants reported throughout this work were chosen since SPAN®-TWEEN® blends are the most
common in lab research when improving the stability of these systems. Generally, the entropic
interactions between hydrocarbon chains of these surfactant molecules can increase the packaging at
the droplet surface, thus improving contact between the hydrophobic portions and effectively reducing
the droplet size. [11] SDS was also chosen due to its everyday use as an anionic surfactant.
Furthermore, in literature, SDS, TWEEN®20, TWEEN®80 have been used to tailor the porosity of
mesoporous silica microspheres, using a water in oil emulsion as a soft template for the synthesis
[63],[16], [64]. However, all the examples are associated with hydrolysis occurring inside the droplets or
micelles and none associated with phase separation phenomena occurring in parallel. TWEEN®85,
although capable of tailoring the size and depth of the pores, has only been reported for synthesis of

silica aerogel-like microspheres using W/O emulsions have been reported.[65] All of the previous
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surfactants have their tailoring abilities associated with chemical interaction between the small
molecules surfactants or micellar self-assembly. Pluronic P123 provides all the characteristics of an
excellent polymeric surfactant and serves as a mesoporous inducer in its micellar form, and its use is
indeed associated with phase separation.[66] DABCO® DC193 was selected due to the new reported
characteristics of other trisiloxane surfactants to stabilise the emulsion. However, no reference exists

regarding its use as a stabiliser to synthesise silica microspheres to date.[12]

For the reasons mentioned above, a relationship between the emulsions stabilised by blended SPAN®

80 with each one of these surfactants and synthesis performed with the same emulsions as a soft
template is of great interest for the thesis. Regarding Emulsions 13-30, some interesting conclusions
can be taken.

Influence of blends with HLB of 4.5 in the Emulsions as well as SDS at 1% in the blend

For blends with a HLB number of 4.5, that is, lower concentrations of the second surfactant in the blend
(the second surfactant is the one in limited quantities), a correlation between the results of the
sedimentations tests (seen in Figure 4.9) and viscosity curves (in Figure 4.14 & Figure 4.15) can be
established. Emulsions with lower viscosity values (initial or in all shear range tested) tend to suffer more
sedimentation than those with higher values compared with Emulsion 7 (45/100/6). Effectively, the
addition of the second surfactant (for these cases), as a destabilising effect for Emulsion 13 (blend of
TWEEN®20 for HLB of 4.5), Emulsion 16 (blend of TWEEN®80 for HLB of 4.5), Emulsion 19 (blend of
TWEEN®85 for HLB) and Emulsion 25 (blend of DABCO® DC 190 for HLB of 4.5). By examining the M,
values (in Table 4.2), one can confirm the behaviour predicted by Pal in [41]. The increase of the
Polydispersity Index with the addition of the second surfactant and the increase of My, decreases the
viscosity of these systems when compared with Emulsion 7 (45/100/6). For blend with HLB of 4.5 these
parameters are correlated with the high sedimentation registered. Additionally, for Emulsions 19 and
Emulsion 25, the accentuated reduction seems to be associated with the two peaks registered in the
DLS analysis. According to Pal in [35], the smaller droplets will fill the voids between the larger droplets,
increasing the mobility when the emulsion is subjected to shear stresses and thus reflecting in the loss
of apparent viscosity. The increase in the yield values predicted for both Bingham and Casson Models
for some of these emulsions (Emulsion 13, 16, 25) is likely a reflection of a lack of stabilisation of the
emulsion before the beginning of the measurement (the slight increase of apparent viscosity at the
beginning reflects this). The same can be said regarding the more pronounced shear-thinning behaviour
evident by the flow index parameters (n). The high sedimentation registered for this type of emulsions
can also be connected to intense differential flocculation related to the polydispersity index's high values.
The droplets with larger size, when they suffer sedimentation, will promote flocculation of the other
droplets close to them, as previously described. Although Emulsion 13 presents higher viscosity than
Emulsion 16, the first suffers more sedimentation than the second. The slope of the curve in the first 30
minutes of the essay is lower. So even if at a certain point during the test, the emulsion could suffer
more flocculation due to the small size of the droplets, the slope should be higher. A possible explanation
relies on the reproducibility of the emulsification process since both tests were performed in emulsions

prepared at different times. Nevertheless, the final values are very similar. Emulsion 22 (blend of
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Pluronic P123 for HLB of 4.5) and Emulsion 28 (SDS at 1% in the totality of surfactant concentration),
with higher apparent viscosity than Emulsion 7 (in most of the shear rates tested), suffer less
sedimentation. However, Emulsion 22 presented higher values of M, when compared with the others. A
possible explanation could be intense bridging flocculation at the beginning of the test promoted by
temperature. The attractive force between the hydrophobic chains of polypropylene oxide (PEO) can be
responsible for such behaviour, since it can form a stable 3-D network of several interconnected flocks.
According to Tadros in [7], flocculation in certain conditions can improve the rheological properties such
as apparent viscosity, elastic modulus, relaxation times, promoting the stability of the emulsion against
other destabilising mechanisms. Many times, induced flocculation is used to increase the stability of
specific emulsions systems such as food emulsions, for instance, by the use of proteins that promote
depletion flocculation [67]. Such mechanism in Emulsion 22 can also explain the almost Newtonian
behaviour registered for i (y < 3 s'). Nevertheless, the effect of temperature in the sedimentation essay
will promote phase separation. Both emulsions (22 and 28) present an improvement of the yield stress
and more pronounce shear thinning behaviour related to the discussed characteristics. For the specific
case of low-density oils (when used as the continuous phase), the higher the individual HLB value of
the second surfactant in lower concentrations (relative to the other), the most stable will be the
emulsion.[62] This rule seems correct for most cases presented except for Pluronic P123, being an

exception. The polymeric nature of this surfactant can be the source of such deviation.

Influence of blends with HLB of 5.5 in the Emulsions as well as SDS at 3% in the blend

For blends with a theoretical HLB number of 5.5, that is, higher concentrations of the second surfactant
a correlation between the results of the sedimentations tests and viscosity curves could not be
established except for Emulsion 24 (blend of Pluronic P123 for HLB of 5.5) and Emulsion 30 (SDS at
3%). When analysing the shear rate-shear curve of Emulsion 24 (see Figure 4.16), a decrease is
verified, indicating that the values obtained after y > 9 s-' are invalid, since the totality of the emulsion
did not occupy the entire surface of the cone at that time. This explains why, all the values predicted by
the different rheological models present an extreme error (the totality of the curve was considered by
the models). Such error occurred due to eventual phase separation, extreme flocculation or other
destabilising mechanisms that prevented a correct measurement in the rheological essay. Nevertheless,
the first values can be considered (in the viscosity curve) and are in good correlation with the predicted
M, values. Higher viscosities are associated with higher free excluded volume due to the decrease of
droplet size. The exact correlation exists for Emulsion 30. Although the lowest viscosity was obtained
(in the SDS group), the predicted yield stress values and flow index parameters by the different models
(see Table A.1 to Table A.3 in Appendix) show an increase in the overall stability of these emulsion,
corroborated with low sedimentation when compared with Emulsion 7 (45/100/6). Concerning Emulsions
15 (blend of TWEEN®20 for HLB of 5.5), Emulsion 18 (blend of TWEEN®80 for HLB of 5.5) and Emulsion
27 (blend of DABCO® DC 193), higher resistance against sedimentation was registered (as seen in
Figure 4.9). Since the tree systems offered very low viscosities at 25°C, one can conclude that an
increase of such factor (increase of viscosity at 70 °C) must be responsible for this resistance. Three
possibilities for such occurrence are proposed. The first two consist of a transitional phase separation

mechanism. If one considers the initial apparent viscosity (n(y = 3 s™)), the shallow values indicate an
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excellent predisposition for sedimentation compared with the other system viscosities (same emulsions
but with lower, which correlates well with the M, values since they are very high. Any alteration in the
viscosity (even if it is very small) should originate a much more stable system compared with the original.
By transitioning to a bicontinuous system, in this case, O/W/O, the increase of surface in contact with
the continuous phase would increase due to oil film drainage to the interior of the water droplets,
promoting an increase in viscosity and an overall increase in emulsion stability. Higher temperatures
(close to the PIT value) could promote such inversion, being the mechanism, transitional phase inversion
by phase transition temperature, responsible for the increase. Another mechanism associated with
forming this bicontinuous system is transitional phase inversion via competitive adsorption of surfactant.
A greater quantity of surfactants that favours the opposite type of emulsion is present (in this case
hydrophilic ones). Due to effective destabilisation, O/W/O would be eventually more stable than the
original system, as previously explained. The third explanation relies on possible flocculation induced
by extreme osmotic depletion forces that promote a viscous behaviour. As reported by Steiner et al. in
[68], when large droplets (that can be modelled as spherical solid particles) approach each other, the
smaller droplets (the Dsp suggest their existence) are expelled from the interparticle region leading to an
uncompensated osmotic pressure difference between the interfaces and this gap. Depending on the
size ratio and total volume fraction, the gravitational separation can be prevented (until several hours)
due to flocculation, that at a certain point, promotes structural arrestment. The slope of the sedimentation
curves suggests the formation of flocs (instability registered in the first minutes) followed by a period of
prolonged stability. The high temperatures could increase the interactions and exacerbate such
phenomena. In some cases, the system will start to coalesce (Emulsion 15 and Emulsion 14). Without
conductivity studies to confirm the existence of O/W/O or rheological tests at higher temperatures, these
three hypotheses cannot be confirmed. Regarding Emulsion 21 (blend with Tween®85 for HLB of 5.5),
the low chemical compatibility between Tween®85 and SPAN®80 can explain why the exact, previously
describe mechanism do not apply as well as the higher length of TWEEN®85 molecule (see Figure 3.2)
when compared with the other surfactants. The shear thickening behaviour (registered between 1.s' <
y < 4.8, verified for Emulsions 15 (blend of TWEEN®20 for HLB of 5.5), Emulsion 18 (blend of
TWEEN®80 for HLB of 5.5), and Emulsion 27 blend of DABCO® DC 193 for HLB of 5.5), seems to be a
property of the system and not an error due to the shear rate-shear curve analysis (see Figure 4.16).
No decrease in shear stress was verified with the increase of shear rate and no problems related to
thermal stability (which could create a very rapid increase of viscosity with the shear rate but not so
slowly). The shear thickening behaviour can have its origins in the fracture of the higher droplets of the
emulsion or come from aggregated (flock) structures.[42] Nevertheless, the possibility of an anomaly
must be taken into consideration when analysing the results, such anomaly can have its origin in the

lack of proper stabilization time of the sample before the test or other occurrence.

Influence of blends with HLB of 4.5 and SDS at 1% in the blend in the microparticles

When analysing the synthesis that uses the emulsions templates with blends of 4.5 as the HLB number,
some considerations can be taken. In terms of particle size, EM-13 (blend with TWEEN®20 for HLB of
4.5), EM-16 (blend with TWEEN®80 for HLB of 4.5), EM-25 (blend with DABCO® DC 193 for HLB of 4.5)

revealed very few differences compared with EM-7 (45/100/6). Since the total quantity (in grams) of
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surfactant used is the same, no significant differences were registered in terms of viscosity of the
respective emulsion templates that could establish some correlation between this emulsion’s
parameters and the size range of the particles. Factors such as laboratory temperature, the viscosity
and pH of the pre-hydrolysed alkoxysilanes can influence the final properties.[4] The differences in size
can result from these properties and not from emulsion viscosity or the predicted yield values by the
rheological models (both Casson and Bingham models). The same can be said regarding internal
porosity. Late gelation of the gel rich phase, similar to what happen for EM-3 and EM-11, seems to also
occur for EM-13, EM-16, and EM-25. If tailoring of the size and depth of the pores occurred, such

differences are so minor that they cannot be distinguished from induced differences by other factors.

Some interesting remarks can be stated when analysing the cavities present in Figure 4.26 (b),(e) and
Figure 4.27 (b). The cavities are indeed smaller than the ones previously analysed in subsection 5.1.
By comparing Figure A.3 (d) with Figure A.3 (a) in Appendix, the difference is further emphasised. The
lower size could be a direct consequence of the presence of lower concentrations of hydrophilic
surfactant that diffuse to the surface of the inverted oil droplets, preventing them to suffer coalescence,

originating lower size cavities.

Regarding EM-28 (a total of 1% of SDS in the blend), better properties (in terms of size and internal
morphology of the pores) compared with EM-7 should be expected. Emulsion 28 revealed lower M,,
more resistance against gravitational separation and an overall increase in viscosity than Emulsion 7.
An explanation of the increased size of these microparticles (300 ym — 1000 ym), compared with EM-
7, can be the presence of sodium sulphate groups in the water droplets. The extent of the influence of
such groups in phase separation by spinodal decomposition is unknown; however, the lack of evidence
of superficial porosity in EM-30 (synthesis with 3% of SDS in the blend, as one can see in Figure 4.25
(1)) seems to further corroborate a negative impact of this groups. The more acidic character of the pre-
hydrolysed alkoxysilanes can also be a source of instability for the emulsion containing SDS, promoting
the break of chemical bonds of the surfactant in the addition step of the synthesis. If so, the emulsion
stability was compromised since most salts have a destabilising effect on emulsions. [69] A presumable

delay of the sol-gel point seems to influence in some way the overall synthesis.

The poor results achieved in EM-19 (blend with TWEEN®85 for HLB of 4.5) confirmed the lack of stability
of Emulsion 19, promoted by the conjugation of a low HLB surfactant (SPAN®80) with another low HLB
surfactant (Tween®85). The low interaction forces between these two small molecules could result in a
lack of a supportive structure (droplets serves as microreactors) to grow a cohesive silica structure. The
internal structure registered in Figure 4.26 (h) seems to confirm this statement. When analysing EM-22
(blend with Pluronic P123 for HLB of 4.5), the individualised small particles can serve as evidence of
the strong bridging flocculation effect, that one speculates to have occurred during the sedimentation
test of Emulsion 22 (see Figure 4.10). Such effect is widespread when working with copolymers, and
for the specific case of Pluronic P123, similar microparticles to EM-22 were reported in [66]. The shear
forces during the synthesis could not break the flocks (strong energy of aggregation), and when the sol-

gel occurred, the particles became interconnected and formed the result seen in Figure 4.28 (e). Other
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possible explanation for this result, is late freezing in a gel-rich region that would promote the

spheroidization of these domains, as one can state in Figure 2.8.

Influence of blends with HLB of 5.5 in the microparticles

The most exciting results occurred when working with emulsions with a theoretical HLB number of 5.5
and a higher concentration of second surfactant. As expected, EM-21 (blend with TWEEN®85 for HLB
of 5.5) did not provide different results than EM-19 due to a lack of affinity between surfactants (see
Figure A.2 (e)) and the higher length of TWEEN®85 molecule (see Figure 3.2) compared with the other
TWEEN family members.

EM-15 (blend with TWEEN®20 for HLB of 5.5) and EM-18 (blend with TWEEN®80 for HLB of 5.5)
provided similar results in terms of internal porosity. The chemical similarity between TWEEN®20 and
Tween®80 (both from the same surfactant family and with higher HLB values) can be the source of the
lack of difference regarding the porosity of the microparticles. The difference in size (EM-18 provided
lower size ranges) can result from a more pronounced coalescence destabilisation mechanism that
Emulsion 15 revealed in the sedimentation tests (see Figure 4.7 (b),(c)). Although the microparticles
appear to be core-shell, especially by observation of Figure A.3 (c) in Appendix, and such phenomenon
is plausible according to the hypothesis presented for the increased stability of both Emulsion 15 and
Emulsion 18, no confirmation can be made since none of the broken microparticles could be visualised
as an all, at least as Figure 4.32 (a). Nevertheless, the presence of a bicontinuous emulsion system
(O/W/O) during the synthesis could help to explain the small size of the microparticles. The higher
quantity of hydrophilic surfactant should stabilize the oil droplets (in these bicontinuous system)
decreasing the possibility of coalescence between them and decreasing the volume of the O/W/O
system.[15] Resulting in smaller droplets. The possibility of depletion flocculation (weak flocks) being
the source of Emulsion 15 and Emulsion 18 stability against sedimentation, can also be a plausible
explanation for the low size of the microparticles since the aggregated particles are easily separated
from each other and individualized as one can see in Figure 4.29 (a),(b). Contrary to the results of EM-
22 (blend with Pluronic P123 for HLB of 5.5) with bridging flocculation originating stronger flocks.
Regarding the more interconnected structure of EM-15 and EM-18, a faster freezing (coincident to the
spinodal phase separation) could be the source of such morphology. It is important to note that the pre-
hydroxysilane addition rate, the lab’s temperature, and slight difference in viscosity can also justify the
minor differences (see Table A.5 in Appendix). In a general sense, EM-18 achieved better results since
smaller microparticles, and superficial porosity was achieved. Nevertheless, blends of SPAN®80-
TWEEN®20 and SPAN®80-TWEEN®80 improved the porosity of the microparticles substantially
compared to only using SPAN®80 (synthesis EM-7). The presence of the thickener agent in EM-18-1 (a
mass-to-mass ratio of PIB: Decalin of 2g: 100g was used in Emulsion 18 with TWEEN®80 in the blend)
did not improve the agglomeration problem that EM-18 faced. It seems that some degree of
agglomeration of microparticles occurred. A substantial reduction of interconnectivity appears to occur
also (see Figure 4.31 (b)). A possible explanation is that the presence of a thickener agent should
enhance the heat losses suffered by the emulsion template (emulsions with thickeners tend to possess

pronounced viscoelastic properties, and by the shear during the synthesis, more heat could be
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dissipated by the mixture). The viscoelastic behaviour could also explain the similarities with EM-11,
since the microparticles in both synthesis are quite elongated (Figure A.2 (c),(f) in Appendix). The
increase in DABCO® DC 193 concentration (synthesis EM-27) improved substantially the results of EM-
25 (blend with DABCO® DC 193 for a HLB of 4.5). An interconnected porous structure was achieved
superficially and internally (see Figure 4.32 (b),(d)). It seems that early frizzing in the middle of the
unstable region of the Figure 2.8, should have occurred (phase separation in the critical composition).
Any phase inversion mechanism does not seem to be present. However, an increase of size registered
for these microparticles could indicate coalescent at the level of the emulsion template. One can
speculate that the trisiloxane structure of the surfactant (more affinity to the siloxane gel) and the
increase of solubility reported by Berkovich et al. in [70] could have substantially improved the phase
separation phenomenon. EM-27 also improved the porosity substantially when compared with EM-7

(45/100/6), as seen by comparing Figure 4.32 (d) and Figure A.3 (e) in Appendix.

Regarding EM-24 (blend with Pluronic P123 for HLB of 5.5), better results were achieved when
compared with EM-22. Although a very compact structure with thicker inside walls was obtained, the
strong bridging flocculation effect does not seem to exist due to the cohesiveness of the structure.
Furthermore, the small relative size of the microparticles could result from weak bridging flocculation
(evident by the agglomeration of microparticles in Figure A.2 (g) in Appendix) typically encountered
when amphiphilic block copolymers are employed to stabilise emulsions systems, as reported by Tadros
in [60]. This would explain the similarities concerning the aggregation state of the microparticles
encountered between Figure 4.29 (b) and Figure A.2 (g) in Appendix, since weak agglomeration is at
play. Theoretically, distinguish weak bridging flocculation and depletion flocculation is a challenging task.
Still, similarities between the aggregation of particles found in EM-18 (blend with TWEEN®80 for HLB of
5.5) and EM-15 (blend with TWEEN®20 for HLB of 5.5) with EM-24 can prove such a phenomenon if
exists. Although the structure presents some deep pores, they are less homogeneous when compared
with the ones of previous synthesis and EM-7. The presence of Pluronic P123 also seems to delay the
freezing of the sol-gel structure, with most of the microparticles (present in Figure 4.25 (h)) presenting

an amorphous (no porosity visible by the colour exhibit) structure after the drying process.

5.3. Influence of pre-hydrolysate in EM-25

Tests involving the addition of smaller quantities of pre-hydrolysate solution to Emulsion 25 were carried
out, but a coherent analysis was not possible. EM-25-3 (75% of silanes used in EM-25) and EM-25-2
(50% of silanes used in EM-25) originated irregular and relatively amorphous structures comparing with
EM-25 (100% of silanes) and EM-25-1 (25% of silanes used in EM-25 synthesis), as seen in Figure
4.34 (a),(b). Since it seems odd that lower quantities of pre-hydrolysate provided results but not
intermediate ones, an external factor could be responsible for such occurrence. The higher pre-
hydrolysate viscosity registered for these two syntheses could explain such a phenomenon (see Table
A.5 in Appendix). The presence of more siloxane oligomers could delay the gelation point or reduce
the affinity with the water (polar) droplets of the emulsion, to an extent where no cohesive structure is

possible to obtain. It should be stressed that a compromise between sufficient oligomerization to
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promote spinodal decomposition and quick gelation, together with some affinity with the water droplets
of the emulsion must be assured to provide good quality porous microspheres. According to the obtained
experience throughout this work, this is equivalent to a specific optimum range for the pre-hydrolysate
of 10.2 cP to 11.7 cP at 30 rpm (without compromising the structure). The reason for such an increase
in viscosity is complicated to ascertain. One could suggest that the stirring rate during the pre-hydrolysis
step can influence the final viscosity as previously reported in [62]; however, most of the syntheses
present similar viscosities, so even minor alteration due to human error seems unlikely. When looking
into the temperatures registered in the laboratory during the synthesis, higher temperatures seem to
suggest higher viscosities; nevertheless, this is just speculation. It should be stressed that the kinetics
of hydrolysis and polycondensation reaction is favoured by the temperature. No correlation regarding
laboratory humidity could be establish. An additional factor that could alter the results is the difference
in the addition rate. Since less hydrolysate is entering the reactor and the time of addition was the same,
the number of drops entering was not the same as in EM-25. Knowing that the addition rate could impact
destabilising the emulsion (considering the hydrolysate as an aqueous phase) by promoting catastrophic
phase inversion could also explain the lack of results EM-25-3 (75% of silanes used in EM-25) and EM-

25-2 (50% of silanes used in EM-25). The extent of this destabilisation is unknown.

Regarding the results of EM-25-1 (25% of silanes used in EM-25 synthesis), by reducing the quantity
of siloxane rich phase in the droplets (less hydrolysate for the same number of droplets), a less
interconnected internal structure with very well individualised particles (see Figure 4.35 (b)) can
speculate that late friezing or much earlier, in a more gel-rich side of Figure 2.8 should have occurred.
Since the lower concentration of hydrolysate means that the solvent is present in higher quantities,

fragmentation and spheroidization of the domains can be denoted. [62]

5.4. Influence of the stirring velocity during

emulsification

The stirring velocity employed during the emulsification step dramatically impacts the final size of the
droplets. When higher shear stresses are used, the droplets tend to be smaller in size [47],[71]. For this
reason, one should expect smaller microparticles sizes when working with higher stirring velocities
during the emulsification step. However, the results obtained do not seem to have provided proof of
such occurrence, particularly EM-7-1 (emulsification of Emulsion 7 performed with 18000 rpm, only
SPAN®80) and EM-15-1 (emulsification of Emulsion 15 at 18000 rpm, blend with TWEEN®20 for HLB of
5.5). Regarding EM-7-1, the size range of the microparticles is like EM-7. Such occurrence seems viable
since the sedimentation studies show that emulsion 7 suffers intense flocculation with increasing
temperature. If one assumes that the droplets of the emulsion template of EM-7-1 are indeed smaller,
they will also be subjected to an extensive flocculation phenomenon. Nevertheless, the final structure is
slightly different. Thinner internal walls are presentin EM-7-1, and in terms of internal porosity, the pores
seem bigger. A slightly more interconnected structure also seems prevalent in EM-7-1, than EM-7. The
small change in microparticle range could have promoted a slightly early gelation during phase

separation of EM-7-1 synthesis. For the synthesis EM-13-1 (emulsification of Emulsion 13 at 18000 rpm,
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blend with TWEEN® 20 for HLB of 4.5), EM-25-4 (emulsification of Emulsion 25 at 18000 rpm, blend
with DABCO® DC 193 for HLB of 4.5), and EM-27-1 (emulsification of Emulsion 27 at 18000 rpm, blend
with DABCO® DC 193 for HLB of 5.5), lower particle sizes were indeed achieved. However, internal,
and superficial porosities where severely affected. The irregular shape of the microparticles could be
correlated with late freezing during phase separation [4] and an increase of the viscosity values of pre-
hydrolysate due to the high temperatures registered in the laboratory (see Table A.5 in Appendix). The
increase of the superficial porous reported when higher quantities of TWEEN®20 and DABCO® DC 193
are used, could be the result of an increase in solubility promoted by these surfactants during the sol-
gel synthesis. Taking into account an explanation given by Lee et al. in [16], oil molecules (in this case
Decalin molecules) could be transferred from the oil phase to the region between the hydrophilic heads
of the small molecules of surfactant by a solubilization mechanism that can operate in three distinct
ways. The first consists in the direct dissolution of the oil molecules in the water phase that are then
capture by the interactive forces of the surfactants heads, the second by diffusion of the oil molecules
due to collision between water droplets, and the last as a direct result of collective desorption of several
surfactants and the oil molecules from the oil-water interface. The presence of these molecules could
indeed enlarge the superficial porous and alter their depth. Nevertheless, this explanation remains as

speculation.

6. Conclusion

The present work involves a systematic and mechanistic study aiming at the enlightenment of the
formation process of porous hybrid silica microspheres, displaying interconnected macroporosity. These
materials were recently developed by the team and have a great variety of applications, such as
supporting or enabling materials in chromatography, energy storage and conversion, catalysis,

biomedical devices, drug delivery systems, and environmental remediation.

This work regarded the study of water-in-decalin emulsions that will serve as a soft template to
synthesise sol-gel derived porous silica microspheres through phase separation by spinodal
decomposition within the emulsion droplets. Several parameters were studied to understand how the
stability of the emulsion affected the overall synthesis. These factors included the influence of dispersed
phase (water) concentration, surfactant concentration (SPAN®80), and blends composed mainly by
SPAN®80 with several other surfactants such as TWEEN®20, TWEEN®80, TWEEN®85, Pluronic P123,
DABCO® DC 193 and SDS. Emulsification speed was also assessed. The concentrations for the first
five surfactants were calculated through the HLB mixture law proposed by Griffin (assuming the
existence of the inherent error associated with the last two). Three different percentages of SDS (1%,

2% and 3%) for a total surfactant mass of six grams in 100 grams of Decalin were used.

Regarding the influence of dispersed phase concentration, the W/O emulsions presented an increase
of apparent viscosity with the increase of water content on the emulsion for the same surfactant
concentration used. Higher apparent viscosities offered an increase of stability against the

sedimentation phenomenon (at 70 °C). The increase of water content also provides higher values of M,
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and polydispersity index. Regarding the microparticles achieved in the synthesis trials, their size was
found to decrease, as well as their sphericity, which was associated with the caging of the water droplets
in the original emulsion template. Nevertheless, by promoting a more stable initial emulsion as template,
the sol-gel synthesis can be forced to occur sooner in the process, at higher temperatures, enabling the

achievement of a finer and interconnected pore structure.

The use of surfactant blends in the emulsion template, more noticeable SPAN®80-TWEEN®20,
SPAN®80-TWEEN®80 and SPAN®80-DABCO® DC 193, promotes an increase of stability against
sedimentation that reflects in the decrease of size of the microparticles with more interconnected internal
pores and even superficial porosity, when higher quantities of the second surfactant are used. For the
third blend phase separation seems to occur at the critical composition of gel-rich/solvent -rich spinodal
decomposition diagram, promoting very homogenous pores, not only in the surface of the resulting

microparticles but also in the interior.

Although a surfactant blend between SPAN®80 and SDS was successfully used to stabilize the W/O
emulsion, the microparticles resultant from this template emulsion did not provide any good results,

demonstrating that not always a more stable emulsion can promote better microparticles in the end.

When doubling the emulsification speed during homogenization, a reduction in microparticle size range
was indeed obtained (except for the emulsion performed with an emulsion of SPAN®80-TWEEN®20 with
a HLB number of 5.5). The homogeneity of the results also allows to conclude that by increasing the

quantity of second surfactant in the blend, deeper and larger external macroporous can be obtained.

A good combination of surfactants type and stable emulsions paves the way to the full control of the
synthesis process, enabling the tailoring of hybrid silica microspheres with desired interconnected

macroporosity.

For further studies, is essential to understand how the mechanisms of phase inversion influence the
final porosity as well as the role that shear stresses and temperature play in this destabilisation. By
performing synthesis using emulsions previous destabilized (for different periods) one can better access
these parameters. The use of DABCO® DC 193 opens the door for further tests with other silicone
surfactant of the same family, that can help (eventually) to achieve mesoporosity. Rheological tests at
higher temperatures (such as 70°C) should also be performed for emulsions with the most interesting
blends in this thesis to better comprehend the results obtain. The sol-gel point of the synthesis presented
throughout this work is also important to see if a swift in gelation occurs (compared with only using
SPAN® 80).
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Appendix

Table A.1: Herschel-Bulkly Model Parameters.

Emulsion
Identification

Emulsion 1
Emulsion 2
Emulsion 3
Emulsion 4
Emulsion 5
Emulsion 6
Emulsion 7
Emulsion 8
Emulsion 9
Emulsion 10
Emulsion 11
Emulsion 12
Emulsion 13
Emulsion 15
Emulsion 16
Emulsion 18
Emulsion 19
Emulsion 21
Emulsion 22
Emulsion 24
Emulsion 25
Emulsion 27
Emulsion 28
Emulsion 30

n (flow K[Pa.s"]

behaviour
index)
0.9118
0.8016
0.68782
0.63772
0.7045
0.65473
0.59361
0.54532
0.48544
0.48571
0.38522
0.36758
0.57045
0.67406
0.57116
0.59431
0.62443
0.34059
0.58525
0.04836
0.59377
0,61482
0.45759
0.51942

0.01007
0.02072
0.04133
0.05926
0.05027
0.08076
0.12507
0.18759
0.40464
0.47233
0.99822
1.27096
0.14626
0.07235
0.12784
0.08935
0.08917
0.29199
0.17764
3.13961
0.11576
0.084

0.41721
0.24985

To [Pa]

0

0
0.00393
0
0.04204
0.04659
0.06628
0.04825
0.16903
0.52393
0

0
0.11993
0
0.09017
0
0.0525
0.123
0.2545
0
0.08094
0

0
0.09587

RZ

0.99851
0.99953
0.99956
0.99982
0.99906
0.99745
0.99723
0.99646
0.99799
0.9985

0.9171

0.91696
0.99934
0.99787
0.99955
0.91817
0.99836
0.9997

0.9889

0.07099
0.99964
0.92711
0.91935
0.99943

Adjusted
RZ

0.99851
0.99952
0.99955
0.99981
0.99904
0.9974

0.99717
0.99639
0.99795
0.99847
0.98683
0.98669
0.99933
0.99782
0.99954
0.99814
0.99832
0.9997

0.98867
0.05184
0.99963
0.99705
0.99934
0.99941

Reduced

Chi-sqr

4.59E-5
2.27E-5
3.02E-5
1.62E-4
1.10E-4
4.86E-4
7.11E-4
12.9E-4
18.7E-4
19.1E-4

268.6E-4
362.1E-4

1.87E-4
3.99E-4
96.1E-4
2.4E-4

2.87E-4

31.06E-4

53.5E-4
0.83

78.4E-4
4.21E-4
4.84E-4
2.85E-4
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Table A.2: Bingham Model Parameters.

Emulsion
Identification
Emulsion 1
Emulsion 2
Emulsion 3
Emulsion 4
Emulsion 5
Emulsion 6
Emulsion 7
Emulsion 8
Emulsion 9
Emulsion 10
Emulsion 11
Emulsion 12
Emulsion 13
Emulsion 15
Emulsion 16
Emulsion 18
Emulsion 19
Emulsion 21
Emulsion 22
Emulsion 24
Emulsion 25
Emulsion 27
Emulsion 28
Emulsion 30

Table A.3: Casson Model Parameters.

Emulsion
Identification
Emulsion 1
Emulsion 2
Emulsion 3
Emulsion 4
Emulsion 5
Emulsion 6
Emulsion 7
Emulsion 8
Emulsion 9
Emulsion 10
Emulsion 11
Emulsion 12
Emulsion 13
Emulsion 15
Emulsion 16
Emulsion 18
Emulsion 19
Emulsion 21
Emulsion 22
Emulsion 24
Emulsion 25
Emulsion 27
Emulsion 28
Emulsion 30

7oB [Pa]

0.00852
0.03692
0.086
0.11632
0.14151
0.20725
0.31023
0.40371
0.89639
1.37355
1.61263
2.0489
0.40099
0.13694
0.33574
0.1715
0.22854
0.57393
0.59779
3.56097
0.30626
0.15581
0.72989
0.5587

7o° [Pa]

7.99E7
0.006488
0.025125
0.036168
0.05267025
0.0818818
0.139659
0.1866499
0.487511
0.8553660
0.887232
1.1572810
0.2018345
0.02859481
0.165380
0.059360
0.097088
0.4008409
0.322374
3.3012
0.14341
0.04348059
0.368436
0.281950

Ny [Pa.s]

0.00683
0.00846
0.0095
0.01127
0.01309
0.01662
0.01918
0.02268
0.03626
0.04237
0.0522
0.06016
0.02017
0.01645
0.01751
0.01378
0.01588
0.01183
0.02624
0
0.01774
0.01448
0.03232
0.02659

nc [Pa.s]

0.00718
0.00736
0.0077176
0.0085692
0.00921
0.0113635
0.01214
0.0141015
0.0196392
0.0195132
0.0279692
0.030719
0.0117353
0.0140730769
0.0103754596
0.010048
0.010426
0.00447
0.0142850
1.1E4
0.0119265
0.01046398
0.018785
0.015448

R2

0.99492
0.99195
0.97995
0.97223
0.98135
0.97203
0.96127
0.9501
0.9442
0.94399
0.87785
0.87396
0.96232
0.96904
0.9618
0.96596
0.96861
0.90139
0.95721
-0.0024
0.96534
0.96305
0.93455
95158

R2

0.99365
0.99785
0.99356
0.98677
0.99547
0.99223
0.98932
0.98511
0.97609
0.98334
0.91343
0.91119
0.98837
0.97077
0.98938
0.97306
0.99129
0.96967
0.96604
0.0118

0.9912

0.96379
0.97253
0.9837

Adjusted R?

0.9948
0.99187
0.97975
0.97194
0.98116
0.9775
0.96087
0.94959
0.94363
0.94342
0.8766
0.87268
0.96193
0.96873
0.96141
0.96561
0.96829
0.90093
0.95677
-0.01263
0.96267
0.96267
0.93388
0.95109

Adjusted R?

0.99358
0.99783
0.9935

0.98677
0.99542
0.99215
0.98921
0.98496
0.97584
0.9831

0.91255
0.91028
0.98837
0.97047
0.98927
0.9727

0.9912

0.96967
0.96569
0.00109
0.9911

0.96342
0.97225
0.98354

Reduced Chi-
sqr
1.58E-4
3.85E-4
13.5E-4
24 1E-4
21.6E-4
52.8E-4
98.4E-4
98.4E-4
515.8E-4
707.0E-4
2516.7E-4
3464 .4E-4
105.7E-4
57 4E-4
80.8E-4
44 4E-4
54 .3E-4
101E-4
204.3E-4
8883.4E-4
74 .2E-4
53.4E-4
485.7E-4
238.9E-4

Reduced Chi-
sqr
2.99E-4
1.03E-4
3.25E-4
7.41E-4
2.73E-4
5.80E-4
8.54E-4
13.89E-4
31.35E-4
21.54E-4
172.74E-4
195.13E-4
8.91E-4
27.61E-4
7.25E-4
18.13E-4
5.97E-4
7.03E-4
32.72E-4
634.06E-4
6.31E-4
28.06E-4
34.58E-4
16.68E-4
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Table A.4: Power Law Model Parameters.

Emulsion
Identification
Emulsion 1
Emulsion 2
Emulsion 3
Emulsion 4
Emulsion 5
Emulsion 6
Emulsion 7
Emulsion 8
Emulsion 9
Emulsion 10
Emulsion 11
Emulsion 12
Emulsion 13
Emulsion 15
Emulsion 16
Emulsion 18
Emulsion 19
Emulsion 21
Emulsion 22
Emulsion 24
Emulsion 25
Emulsion 27
Emulsion 28
Emulsion 30

90 4

80

70 4

60 4

Emulsion (%v/v)

50 4

40 4

n

0.89293
0.77649
0.65726
0.65408
0.57481
0.54952
0.47154
0.48986
0.43152
0.3557

0.4356

0.41171
0.46563
0.7961

0.47099
0.7844

0.52618
0.63748
0.44359
0.07341
0.49339
0.7214

0.46508
0.4632

K [Pa.s]

0.0106069
0.02225933
0.04586907
0.05631317
0.08382238
0.1215038
0.2511308
0.233609
0.530627
0.903005
0.861014
1.11684
0.237224
0.0493594
0.19770
0.04017723
0.13282
0.0783267
0.35384
2.86121
0.178813
0.0601464
0.40800
0.32436

R? Adjusted R?
0.87445 0.87317
0.95713 0.9567
0.97597 0.97573
0.99443 0.99437
0.96351 0.96314
0.96645 0.96611
0.99109 0.99100
0.98525 0.9851
0.99734 0.99732
0.99847 0.99845
0.97276 0.97249
0.97846 0.97842
0.99765 0.99763
0.68412 0.68089
0.99741 0.99739
0.99738 0.99735
0.97801 0.97778
0.90743 0.90649
0.97836 0.97811
0.95939 0.95897
0.99468 0.99462
0.772568 0.77026
0.99999 0.99899
0.99926 0.99925

—a— Emulsion 31 (30/100/2)
o— Emulsion 32 (30/100/4)
A— Emulsion 33 (30/100/6)
v— Emulsion 34 (30/100/8)
+— Emulsion 35 (70/100/2)

—4— Emulsion 36 (70/100/4)
»— Emulsion 37 (70/100/6)

—e— Emulsion 38 (70/100/8)

—+— Emulsion 39 (90/100/2)
«— Emulsion 40 (90/100/4)
a— Emulsion 41 (90/100/6)

Emulsion 42 (90/100/8)

T
0 5 10 15

20 25 30

Time (minutes)

60 90 120150 180210 240270300

Reduced Chi-
sqr
57.11E-4
7.76E-4
10.03E-4
2.3275E-4
23.75E-4
24 44E-4
8.71E-4
13.51E-4
2.98E-4
2.21E-4
30.958E-4
26.43E-4
2.33E-4
66.67E-4
2.5E-4
0.42E-4
17.52E-4
46.52E-4
23.75E-4
126.11E-4
4.77E-4
79.23E-4
0.99E-4
0.73E-4

Figure A.1 Sedimentation studies regarding the influence of dispersed phase concentration and SPAN®80 in
emulsion stability for Emulsion 31 to 42. Complementary of the studies presented in Figure 4.1.
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Figure A.2 SEM photographs of the different particles resulting from synthesis (a) EM-3, (b) EM-7, (c) EM-11, (d)
EM-11-1, (e) EM-21, (f) EM-18-1 and (g) EM-24.
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Figure A.3 SEM photograps from broken microparticles resulting from synthesis (a) EM-11, (b) EM-7, (c) EM-18
and (d) EM-16. SEM photograph of the superficial porosity from the microparticles of (e) EM-7.

Table A.5: Control parameters in the synthesis.

Name of Initial Lab Final Humidity pH of the pre- Apparent Viscosity
synthesis Temperature Lab average hydrolysed of pre-hydrolysed
(°C) Temperature (%) alkoxysilanes alkoxysilanes (cP at
(°C) 30 rpm)
EM-3 19.7 18.5 45 6 11.3
EM-7 18.03 18.7 37 6 11.1
EM-11 19.6 20.3 55 6/7 11.1
EM-11-1 19.2 20.1 55 6/7 10.8
EM-5 22 26 55 6/7 12.8
EM-6 21 24 12 6/7 13.1
EM-8 24 24 32 6 12.2
EM-13 18.7 18.7 58 6/7 11.3
EM-15 19.2 18.7 63 6/7 11.1
EM-16 19.6 19.2 52 6/7 11.1
EM-18 17.5 17.8 72 6 10.8
EM-19 18.2 18.6 56 6/7 11.4
EM-21 18.5 17.8 48 6/7 11.1
EM-22 18.7 18.4 63 6 11.5
EM-24 19.3 18.9 57 6/7 11
EM-25 18.5 19.1 55 6/7 10.7
EM-27 18.5 19.6 54 6 11.3
EM-28 19.2 19.8 67 7 11.2
EM-30 19.2 19.5 71 7/8 10.2
EM-18-1 19.6 19.3 55 6/7 11.4
EM-7-1 18.2 18.8 58 6/7 11.1
EM-25-3 22.6 245 28 6/7 14.2
EM-25-2 22.2 23.6 44 6/7 13.8
EM-25-1 19.6 20.3 62 7/8 10.2
EM-15-1 24.2 254 23 6/7 13.4
EM-13-1 234 251 54 6/7 14.1
EM-25-4 19.4 244 37 7/8 13.6
EM-27-1 21.3 25.6 37 7 13.8
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