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Introduction

Une miniémulsion huile-dans-eau (o/w) est un systéme hétérophasique contenant
des nanogouttelettes (phase huile) dispersées dans une phase continue, aqueuse,
non-miscible [1]. Les dispositifs conventionnels utilisés pour obtenir ces
miniémulsions type rotor-stator et homogénéisateur haute pression, appliquent
des forces de cisaillement au systéme et la taille des gouttelettes obtenues varie
généralement de 100 a 500 nm, mais au prix d'un mauvais contréle de la taille

(dans le premier cas) ou d'une pression élevée (~2 000 bar, dans le second) [2,3].

Dans ce projet, de nouveaux dispositifs d’émulsification a faible énergie,
fonctionnant a des pressions modérées (< 6 bar) ont été développés pour produire
des micro- et nanoparticules de poly(thioéther) de tailles contrélées grace a la

photopolymérisation de (mini)émulsions de thiol-éne.
La réaction thiol-ene

Le mécanisme réactionnel de synthése de poly(thioéther) qui nous a intéressé
dans ce projet est un processus de croissance par étapes a radicaux libres entre

un alcéne (R=CH2) et un thiol (R-SH) et est résumé dans le Schéma 1 [4].
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Schéma 1: Mécanisme de réaction thiol-éne [5]
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Dans ce projet, il a été décidé de se focaliser sur le couple 2,2'-
(ethylenedioxy)diéthanethiol (EDDT) / diallyl phtalate (DAP), tous deux
difonctionnels. En effet, le but principal de ces travaux de thése ne consiste pas a
étudier la réactivité chimique de plusieurs couples thiol/alcéne mais bien de
développer, d’étudier et d’optimiser des procédés permettant la production de
micro- et nanoparticules thiol-ene en grande quantité et avec un contréle de taille

(et de dispersité en taille).

L’hexadécane (HD, un agent anti-murissement d’Oswald), 'oxyde de diphényle
(2,4,6-trimethylbenzoyl) phosphine (DTPO, un photoamorceur organique) ou le
phenyl-2,4,6-triméthylbenzoylphosphinate de lithium (LAP, photoamorceur
aqueux), le 2,5-di-tert-butylhydroquinone (DBHQ, inhibiteur), le sodium dodécyl
sulfate (SDS, surfactant) et I'eau distillée viennent s’ajouter a la constitution des

phases dispersées et continues comme représenté dans le Tableau 1.

Tableau 1: Composition de référence (Co) des phases dispersées et continues [5].

Phase Dispersée Phase continue
i Concentration i Concentration

Composés i Composés )

massique massiques
Monomeres :

20 w% Eau 80 w%
EDDT + DAP
HD 4 w%/monomeres SDS 3,5 w%/monomeres
DTPO 2 w%/monomeres LAP 2 w%/monomeres
DBHQ 1,05 w%/monomeéres

Développement de nouveaux dispositifs d’émulsification

Dans tous les cas, avant d'introduire la solution dans le dispositif d'émulsification,
les deux phases ont été mélangées par agitation magnétique pour obtenir une pré-
émulsion. Une premiére mise sous vide de 10 min a été appliquée, suivie de 10
min de barbotage d'azote dans la solution afin d’éliminer l'oxygéne dissout pour

eviter le début de la polymérisation par I'oxydation du thiol.
L’émulsifieur pneumatique a flux élongationnel (pPRMX)

Une grande partie de ces travaux de thése visait a développer un nouveau

dispositif d’émulsification a faible énergie fonctionnant a basse pression (6 bar) et
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capable de produire des nanogouttelettes de maniére contrélée : I'émulsifieur

pneumatique a flux élongationnel (pRMX) [6].

Le pRMX (Figure 1.a) se compose de deux pistons se déplagant chacun dans une
chambre en acier inoxydable de 35 mL toutes deux reliées entre elles par un
élément de mélange en acier inoxydable, possédant un trou de 1 mm de diamétre.
Les pistons fonctionnent en opposition de phase (1 cycle = 1 aller/retour des
pistons). Ce systéme permet donc de générer un fort flux élongationnel au
passage du trou, conduisant a une émulsification efficace, méme pour des
solutions trés visqueuses. Aprés récupération de '’émulsion, la polymérisation des
gouttelettes a été réalisée par irradiation UV a 365 nm dans un photoréacteur

helicoidal [7] (Figure 1.b) pour établir un latex de poly(thioéther).

Temperature Regulator

Elément de
mélange

Figure 1: Schéma a) de I'émulsifieur pneumatique a flux élongationnel et b) du photoréacteur.
L'influence des paramétres de fonctionnement du pRMX (Figure 2.a) ainsi que la
concentration relative des différents composés chimiques (Figure 2.b) sur la taille
et la dispersité des gouttelettes a été étudiée par diffusion dynamique de la lumiére

(DLS).
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Figure 2 : Tailles des gouttelettes (avant polymérisation) en fonction a) du nombre de cycles réalisés avec
le pRMX pour une concentration des composés chimiques égale a Co et b) de la concentration des
composés chimiques pour un nombre de cycles égal a 100.

Une légére diminution du diamétre des nanogouttelettes, de 150 nm a 110 nm, est
observée lors de 'augmentation due au nombre de cycles de 50 a 300. Il est

9
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également intéressant d'observer qu’aucun des parameétres chimiques n'a une
influence significative sur la taille des gouttelettes de plus de 100 nm. Ceci montre
donc la puissance du pRMX: ses paramétres de fonctionnement ont bien plus
d’influence sur le contrdle de la taille des gouttelettes que la composition chimique

des phases.

Cependant, I'étude du rendement de la réaction de polymérisation, par résonance
magnétique nucléaire du proton (*H RMN), a révélé qu'il s’élevait déja a 40% en
sortie du pRMX. Ceci est probablement di a la formation d’oligoméres stables lors
de I'émulsification. Ce point reste a optimiser, en introduisant par exemple une

phase dispersée a base de poly(thioéther) et non a base de monomeres.
S’affranchir des problémes de polymérisation pendant I’émulsification

La nouvelle méthode développée dans cette partie est basée sur la dissolution des
monomeéres (EDDT et DAP) dans un solvant avec lequel ils ne réagissent pas
(acétone) afin de réaliser la photopolymérisation (Figure 1.b) avant I'émulsification.
Cette méthode offre plusieurs avantages, mais le plus important est le contréle de
la réaction chimique, c.-a-d. le contrdle de la vitesse de polymérisation, et permet
de surcroit de s’affranchir de la potentielle élévation de température dans le pPRMX

consécutive a un démarrage incontrélé de la réaction de polymérisation.

0 50 100 150 em 50w% d’acétone
400 1
'g " — 08 om 50w% puis 80w% d’acétone
300 ’ —_
= 0,6 o o/ ’ard
% 200 0 a om 80w% d’acétone
o 0,4
Q 100 — 9 0.2 90w% d’acétone
0 0

Figure 3 : Diamétre et PDI des particules de latex de poly(thioéther) préparées par photopolymérisation en
solution. Nombre de cycles : 100.

La Figure 3 montre une variation du diamétre des particules de latex et de l'indice
de polydispersité avec la concentration d'acétone introduite lors de la
photopolymérisation. Les valeurs de PDI sont supérieures a 0,6 dans la plupart
des expériences, ce qui n’est pas satisfaisant car cela reflete une polymodalité
élevée de la distribution en taille du latex obtenu. En revanche, augmenter le

pourcentage de solvant semble permettre d’avoir des nanoparticules plus petites

10
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(200 nm de diamétre pour 90% d’acétone) avec un PDI trés bas (proche de 0,2),

ce qui est trés encourageant et valide la viabilité de cette approche.

Ce systéme semble prometteur et reste a étudier avec de plus grandes quantités

d’acétone.

Vers une production continue de nanoparticules de poly(thioéther)

Lors de ces trois ans, un dernier dispositif a été construit : le coRMX. Le principe
est le méme que le pRMX a ceci prés que le cpRMX doit fonctionner de fagon
continue, afin de pouvoir passer a des quantités de production supérieure (Figure
4). Il représente en soi une montée en échelle du procédé de production de

nanoparticules de poly(thioéther).

Il se distingue du cpRMX par les faits i) qu’il est entierement supervisé
(température, pression) et contrélé (démarrage, pression, température, arrét
d’'urgence, nombre de cycles) par ordinateur, ii) que le débit d’émulsification est a
présent asservi par la régulation de pression), iii) que les phases continues et
dispersées sont injectées continument dans le dispositif via I'élément de mélange
dont la conception trés particuliére autorise cette injection quelque soit la chambre

qui se vide.

Top View

Figure 4: a) Schéma et b) photographie de I'émulsifieur pneumatique continu a flux élongationnel (cpRMX)
et de I'élément de mélange (insert de droite du schéma a).

11
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Production de particules de taille microscopique

Afin d’aller plus loin, il est également intéressant d’étudier la production en flux de
microparticules de poly(thioéther) (Figure 5). Dans cette partie, il a été décidé de
changer le EDDT (thiol difonctionnel) pour le triméthylpropane tris(3-
mercaptopropionate) (TMPTMP, thiol trifonctionnel). En effet, ce systéme
permettra de promouvoir des réticulations lors de la polymérisation et, donc, des
microparticules plus solides et plus stables dans le temps. L'idée principale était
de connaitre l'effet de différents parameétres influengant la taille des particules
produites (i) en faisant varier le débit de la phase dispersée (solution tiol-éne) tout
en maintenant constant le débit de la phase continue (solution aqueuse de
viscosité variable) et (ii) en faisant varier le débit de la phase continue tout en
maintenant constant le débit de la phase dispersée. Dans les deux cas, l'influence
de la viscosité de la phase continue (15 a 800 mPa.s) sur la taille et la dispersité

en taille des microparticules a été étudiée (Figure 6).

e ‘/UV light guide
Continuousphase (Qc J .
B Glass outlet tubing Polymer

l ¥ J microparticles
g 5
' 1 o

[
|
Capillary T Residence loop (20 cm)

PTFE sleeve

. T-Junction
Dispersed phase (Qd)
Monomer droplet

Figure 5 : Systéme microfluidique (jonction en T) utilisée pour la production en flux de microparticules de
poly(thioéther) [8].

E
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€ 300
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0
0 50 100 150 200 250
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Figure 6 : a) Variation de la taille des microparticules de poly(thioéther) en fonction des rapports des débits
pour différentes viscosités de la phase continue et b) microparticules obtenues pour un rapport de débit de
phase continu et dispersée Qc/Qd = 167 et une viscosité de la phase dispersée de n = 18 mPa.s.

12
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Ces résultats ont permis de confirmer que, peu importe les valeurs de débit des
phases dispersées et continues (Qd et Qc respectivement), seul le rapport de débit
Qc/Qd et la viscosité de la phase continue influencent la taille des microparticules.
En revanche, les particules obtenues dans les différentes conditions sont toutes

monodisperses, prouvant la fiabilité et la praticité de ce type d’appareillage.

Conclusion

Des miniémulsions de thiol-ene avec des tailles de gouttelettes nanométriques
contrbélées ont été préparées en utilisant des dispositifs de miniémulsification a
faible énergie. Ces dispositifs microfluidiques, dont un (cpRMX) fut développé
pendant ces travaux de thése, forment des nano-objets par allongement des
gouttelettes. La modification des paramétres de procédé et chimiques a permis de
déterminer les conditions optimales pour la production de latex tiol-éne et de

contrdler leur taille et leur dispersité en taille (PDI < 0,2).

De plus, une nouvelle méthode pour produire des particules de latex, basée sur la
photopolymérisation en solution, a été développée. Cette méthode a permis de
s’affranchir des probléemes de pré-polymérisation du systeme lors de
I'émulsification. Les résultats préliminaires sont prometteurs car ils montrent
qgu'une quantité élevée de solvant pendant la photopolymérisation (supérieure a

80%) peut fournir des nanoparticules monomodales d’environ 200 nm.

Enfin, des particules microscopiques (100-700 um) ont également été produites
en flux par microfluidique, démontrant l'importance des débits des phases
dispersées et continues et de la viscosité de la phase continue sur la taille de ces

objets.

A la suite de ce projet de thése, il s’agira de continuer les essais de production de
latex basée sur la photopolymérisation en solution en augmentant la quantité de
solvant, de passer a une production continue des latex et de produire des

microparticules de morphologies différentes (batonnets, coeur-écorce, Janus etc.).

13
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General Introduction

Background overview and context

Polymers are present in life with many different fields, such as in polymer chemistry
and physics, materials science as well as engineering. They can either be of
natural or synthetic origin. Both categories are of a great importance in everyday
life and can be found in cosmetics, food, drugs, implants, human body, etc. This
wide range of applications is emanated from the very broad properties that
polymers provide, that can be tailored according to the final application. Nowadays,
there is an increased interest of the polymer industries on developing
environmentally friendly processes.

Then, the fast reactivity along with the absence of side products of thiol-ene click
reactions led to a very high demand on this chemistry. Indeed, these are of great
interest to minimize the energy needed to obtain the thiol-ene based product as

compared to other acrylate products that might need longer process times.

In this context, the present work is part of the European-funded Innovative Training
Network (ITN) project of the H2020 program called PHOTO-EMULSION that has
as a main goal the development of new eco-friendly polymerization technologies
based on thiol-ene chemistry (Figure 1). The goal is to create a wide range of
products and properties as well as to develop processes that need the least
consumption of energy to provide more efficient products. To achieve this, two
main processes that are widely used are established: the emulsification and
photopolymerization. An emulsion consists of two liquids that are immiscible, such
as water and oil, and depending on the droplet size and can be classified in macro-
or mini-emulsions. Representative example of emulsion can be mayonnaise,
where oil is mixed with vinegar and egg yolk, which plays the role of the emulsifier.
Photopolymerization is used to obtain the final product called latex. It is worth
mentioning that photopolymerization in dispersed media is the second largest
polymerization process that has zero volatile organic compounds (zero-VOC). This
means that the reduction of VOC by using ultraviolet light can improve the air
quality, thus contributing to acquire a greener environment for the planet.
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Figure 1. Overall schematic representation of ITN PHOTO-EMULSION (https://www.photo-
emulsion.uha.fr/).

Variety of emulsification processes are used worldwide such as rotor-stator mixers
and high-pressure homogenizers, but they have a bad impact on the environment
since they use a big amount of energy. On account of this a novel device is
developed, under the scope of this Ph.D. research, that works with the lowest
amount of energy and is able to provide well defined thiol-ene miniemulsions.
Regarding photopolymerization, a novel flow photoreactor is developed in this

project, in order to use the UV light to polymerize the thiol-ene emulsion.

This manuscript comprises of five chapters, including a bibliographic section, a
section were all devices used for this research will be described and three

experimental sections.

In Chapter 1, the literature background is presented where a review on
emulsions, it's types, stabilization mechanisms and emulsification devices are
described. Additionally, focus is also given on the thiol-ene reaction that is the

chemistry that was used for the whole research of this project.
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In Chapter 2, the materials and methods used for this research are delineated.
Two innovative elongational-flow devices are used for the production of size-
controlled thiol-ene miniemulsion. Additionally, a conventional rotor-stator device
is used for comparison purposes. Another important point addresses the

development of two flow photoreactors, where all the characteristics are described.

In Chapter 3, scrutinizes all the results obtained using the elongational-flow
devices and flow photoreactors. Process parameters, such as number of cycles
and mixing element, along with chemical parameters, such as the composition of
the miniemulsion are assessed. The influence on the droplet size under the
changes of the different parameters is thoroughly discussed. Comparison with
conventional emulsification device is performed and the evaluation of the

elongational-flow devices on the droplet diameter control is studied.

Chapter 4 is devoted to the depiction of the novel continuous elongational flow
device that we developed. The aim is to obtain thioether latex in a continuous flow
and with the least energy consumption by simply pumping monomer solution,
emulsifying and photopolymerizing in a single process that is operating by a

software.

In Chapter 5, instead of nano-objects, micro-objects are produced using
microfluidic devices. The micro-objects that are developed are thioether micro-
particles and microrods by slightly changing the experimental setup. The effect of
the flow rate along with the viscosity of the continuous phase on the particle

diameter control are investigated.
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Chapter I. Background Literature

A A General Overview of Emulsions

1. Definition of Important Terms

A system in which distributed particles of one material are dispersed in a
continuous phase of another material is called dispersion [1]. According to the
International Union of Pure and Applied Chemistry (IUPAC), dispersion is a
material comprising more than one phase where at least one of the phases
consists of finely divided phase domains, often in the colloidal size range,
dispersed throughout a continuous phase [1]. There are three major classes of
dispersions based on the particle size: suspensions, colloids, and solutions [1]. A
suspension is a heterogeneous mixture of solid particles that are spread
throughout the liquid without dissolving in it. Typical particle size diameter is
greater than 1000 nm which makes them sufficiently large for sedimentation [2]—
[6]. On the contrary, a colloid is a heterogeneous mixture in which the dispersed
particles do not settle out. The insoluble particles in the mixture have sizes
between 1 and 1000 nm [4]-[10]. Finally, a solution constitutes a homogeneous
mixture of two or more substances, where the one is dissolved in another. In this
case the particles will not settle unlike to the suspension [11], [12].

On the other hand, dispersions can also be classified by the combination of the
dispersed phase and the medium phase where the particles are suspended in [11].
First type is the gel, which is defined as a non-fluid colloidal network or polymer
network that is expanded throughout its whole volume by a fluid [10], [13]. Second
is the emulsion, which is a mixture of two or more liquids that are normally
immiscible (unmixable or unblendable) [14]. Last class of dispersions is the
aerosol, which consists of fine solid particles or liquid droplets in air or another gas
[10], [15].

For the purpose of this chapter, focus will be given in emulsions. More specifically,
an emulsion is defined as a biphasic system consisting of two immiscible liquids,
with one of them being dispersed as small spherical droplets in the other liquid
[16]-[20]. Emulsions are thermodynamically unstable, and consequently tend to

collapse over time in order to minimize the interfacial area between the aqueous

31



Chapter I. Background Literature

and oil phase [19]. [21]. Due to this phenomenon, destabilization of emulsion can
happen due to various physicochemical mechanisms, including gravitational
separation, flocculation, coalescence, Ostwald’s ripening and phase separation
[19], [22]. There are two essential phases in order to form a stable emulsion; i)
continuous phase, where the droplets are dispersed, and ii) dispersed phase,
which are the dispersed droplets [17], [18], [23]-[25]. The use of an emulsifying
agent, usually introduced in the continuous phase is essential to obtain a stable
emulsion, by forming a thin film around the globules of dispersed phase [20], [26].
This agent is called surfactant. Depending on the type of the emulsion, surfactants
vary. The selection of the appropriate surfactant is based on the Hydrophilic-
Lipophilic Balance (HLB) of it [27]. HLB is a value to determine the hydrophilic or
lipophilic degree of the surfactant as described by Griffin in 1945 [28] and 1954
[29] (Figure 1.1). Therefore, to enhance emulsions long-term stability, different
stabilizers are incorporated in emulsion formulations apart from emulsifier, such as

texture modifiers, ripening inhibitor and weighting agents.

18
Solubilizing agents (15-18)
15
Hydrophilic Detergents (13-15)
(water soluble)
12
o/w Emulsifying agents (8-16)
9 Wetting and
Water spreading agents (7-9)
dispersible
----------- 6
w/o Emulsifying agents (3-6)
; 3
Hydrophobm Antifoaming agents (2-3)
(oil soluble)
0

Figure 1.1. Hydrophilic-Lipophilic Balance (HLB) [30].
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2. Types of Emulsion

Emulsions can be classified according to the relative spatial distribution of the
different phases. First type of emulsions is oil-in-water (O/W), where oil droplets
are dispersed in an aqueous phase, e.g. milk, mayonnaise, and ice-cream [31],
[32]. Second type is water-in-oil (W/O) emulsion, in which water droplets are
dispersed in an oil phase, e.g. butter and margarine [16][19]. The material that
constitutes the droplets is usually referred as dispersed phase, internal phase or
discontinuous phase, while the material that makes up the surrounding liquid is
referred as continuous phase, external phase or dispersing phase. In addition of
these two types of emulsions, multiple emulsions are also possible to create, such
as oil-in-water-in-oil (O/W/O), water-in-oil-in-water (W/O/W), oil-in-water-in-water
(O/W/W) (Figure 1.2). Regardless of their importance, multiple emulsions have
limitations because of thermodynamic instability and their complex structure [26],
[33].

Dispersed Dispersed
phase (water) phase (oil)
Continuous Continuous
phase (oil) phase (water)
Water-in-oil emulsion Oil-in-water emulsion
Dispersed phase (water) Dispersed phase (oil)

Internal phase (oil) Internal phase (water)

Continuous phase (oil) Continuous phase (water)

Qil-in-water-in-oil emulsion Water-in-oil-in-water emulsion

Figure 1.2. Types of emulsion [34].

Details about the different types of emulsions will be discussed in the following

sections. This will lead to a better understanding of their main differences.
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2.1 Water-in-Oil Emulsions (W/O)

A water-in-oil emulsion is the type of emulsion in which the continuous phase is
usually composed of hydrophobic materials such as oil and the dispersed phase
is usually water. These emulsions contain three substances: a solvent, a surfactant
and water. The specific composition plays a very important role in the formation of
W/O emulsions. According to the literature, emulsion stability is the most important
asset. In the case of W/O emulsion, the appropriate surfactant to stabilize it has a
low Hydrophilic-Lipophilic Balance (HLB), between 3 and 6 [35]-[37].

Since the last decade researchers focused on the influence of the emulsifier type
and concentration in water-in-oil emulsion formation. The main characteristics that
can change by varying the amount emulsifier are the droplet size, viscosity,
interfacial tension between oil and water phases, etc. [38] Nesterenko et al. [39]
investigated how the concentration of surfactant effects the droplet size. They
prepared water-in-oil emulsion by using paraffin oil as the continuous phase mixed
with a combination of two emulsifiers, hydrophobic silica particles and a non-ionic
surfactant (Span 80). The continuous phase (70%) was first homogenized using a
high-speed homogenizer (Ultra-Turrax) at maximum speed (24000 rpm) for 3 min.
Then the dispersed phase (30%) was added drop wise and finally mixed with the
same device for 5 min. After varying the concentration of surfactant between 0.1
and 1.8 wt%, they observed that the droplet size was decreased by increasing the
amount of surfactant, while aggregates were formed in lower surfactant
concentrations (0.1-0.2 wt%). This behavior was explained by the fact that the
amount of surfactant was not enough to cover all the droplets and stabilize the
emulsion.Moreover, Colucci et al. [40] made water in oil emulsions using natural
oil, such as almond oil in order to prepare vesicles of aqueous cinnamon extract.
Cinnamon extract is well known as a natural extract that has antimicrobial
properties. The produced emulsions could be used in encapsulation of hydrophilic
medicines, immobilizing enzymes or loading protein drugs. They prepared a 40/60
(v/v) water in oil emulsions to assure the high-volume fraction of water. During their
experiments they varied the composition of the surfactant that was used so as to

evaluate the stability of the different emulsions produced. They used different
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mixtures of Span 80 (hydrophobic) with Tween 80 (hydrophilic) as well as Span 85
with Tween 80 so as to evaluate the droplet stability when the ratio between the
two surfactants was changing. It was shown that by changing the ratio of
concentrations of Span80/Tween80 from 54/46 to 80/20 smaller droplets were
obtained while changing from Span80/Tween 80 to Span 85/Tween 80 for the
same 80/20 concentrations, it was observed an increase in the droplet size of the
emulsion. All of the different base emulsions were found to be not stable for more
than two days. For this reason, they developed a high-pressure homogenizer
(HPH) to increase the stability. It was found that a decrease on the droplet size
was observed by increasing the number of cycles in the HPH but there is a limit
since coalescence can occur by increasing the emulsification time (Figure 1.3). By
using HPH they managed to obtain water in oil emulsions stable for up to 180 days,

since it is lowering the collision efficiency.

Figure 1.3. Optical microscopy of the produced 40/60 water-in-oil (W/O) emulsions. Primary emulsions: (a)
S80/T80 54/46; (b) S80/T80 80/20; (c) S85/T80 80/20. After 12 high-pressure homogenizer HPH cycles: (d)
S80/T80 54/46; (e) S80/T80 80/20; (f) S85/T80 80/20. Bar = 10 ym, 200x magnification [40].

Finally, Viswanathan et al. [41] worked on increasing the effectiveness of
encapsulation of macromolecules by mobilizing them in non-aqueous medium.
They prepared (water-in-oil)-in-oil emulsions by mixing water with different proteins
and add it in a first oil solution of acetonitrile, dichloromethane, and lactic or glycolic
acid by using sonicator. Then this first emulsion was combined with the second oil
phase, which was liquid paraffin and Span 80 as surfactant. The volume ratios for
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(w/o1)/o2 were 1:8:100. It was found that increasing the amount of the polymer in
the first oil solution gave rise to a droplet size higher than 100 nm, but all the
different samples were monomodal in distribution. Referring to the effect of
polymer molecular weight to the droplet size, they show that increasing the
molecular weight of the polymer led to the growth of the droplet size even by
decreasing the polymer concentration in the emulsion. Also, they observed that for
molecular weights higher than 170,000 g/mol aggregates started to form, which
indicated the maximum limit on this parameter. In contrary, by decreasing the
molecular weight, the droplet size was decreasing, and they had to increase the
polymer concentration in the emulsion up to 31% to reach a higher droplet size,
which was the desired. Their main target was a droplet size between 100 and 200
MM, so as to ensure maximum microencapsulation. Finally, some of their samples
were monitored to have high loading efficiency by decreasing the molecular weight
of the polymer.

Water in oil emulsions have a wide range of applications. Many research groups
were focused on controlling the size of the droplets produced. The variation of
different chemical properties such as, the ratio between the oil and water phase,
showed a diameter change that was tuned depending on the different applications.
On the other hand, oil in water emulsions show also an increased interest and
some researchers tried with many ways to obtain stability over time along with

droplet size control.

2.2  Oil-in-Water Emulsions (O/W)

An oil-in-water emulsion is formed when the oil is the dispersed phase and the
water the dispersion medium or continuous phase. Typically to obtain an O/W
emulsion the continuous phase occupies 45% of the total volume of the emulsion.
Another key factor for as stable O/W emulsion is the use of an emulsifier which is
soluble in the water phase and the HLB is high, between 8 and 16 [24], [35].

There was always an increased interest on oil-in-water miniemulsion formation and
on the control of the droplet diameter according to the application. Huge amount
of research is based on the biomedical field, for instance Delmas et al. [42], aimed
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at extending the stability of miniemulsion produced from soybean oil mixed with
water, using ultrasounds. Basically, they detected the droplet size and distribution
while emulsifying and found that between 2 and 5 minutes of emulsification, a
strong decrease on the droplet size of 120 nm occurred while the distribution was
very broadened (Figure 1.4). Both dispersity and diameter decreased after 5 min
of emulsification and remained constant from 12 to 30 min. Furthermore, they
changed the power of the sonicator and discovered that the droplet size decreased
with an increase of energy the first approximately 10 min and then it reached a
plateau value. It is worth mentioning that this decrease was sharper in high powers.
After evaluating the emulsification, they observed the storage time of the emulsion
by applying different temperatures, ranging from 25°C to 70 °C and concluded that
the temperature gave rise to the diameter of the droplets after almost 4 days.
However, keeping the temperature constant at 25°C allowed the droplet size to
remain almost the same through the 4 days of storage.
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Figure 1.4. Complete monitoring during emulsification by ultrasonication: particle mean diameter (black
disks), and polydispersity index (open triangles) [42].

Another very important field in which O/W emulsions are used is the food industry.
A research group in Australia used again a sonicator to emulsify flax seed oil with
water and monitor the droplet size [43]. Initially, they examined the impact of the
surfactant (Tween 40) concentration, ranging from 1.5 wt% to 6.5 wt%, on the
droplet diameter and observed a drop size ranging from 0.15 pym to 0.12 ym by
increasing Tween 40 concentration. It can be explained by the area where the

surfactant can be adsorbed (Figure 1.5): when the amount of Tween 40 is not
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enough to cover and stabilize the droplets their coalescence led to an increase of
the size. Thus, when the surfactant concentration was increased up to 2wt%, the
surfactant molecules were enough to cover and stabilize the oil droplets. However,
when the amount of surfactant was above 5 wt% no further decrease on the droplet
size was observed. Moreover, they figured out that even though the droplet
diameter was decreasing by applying more time of mixing, there was an
overprocessing effect happening that when the energy applied to the system
increased more than 200 W the diameter of the droplets increased too. This
overprocessing effect occurred in many different devices during emulsification and

will be explained later on this Chapter.
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Figure 1.5. The effect of Tween 40 content on the particle size [43].

Another research group tried to strengthen the droplet growth by evaluating the
influence of the oil phase concentration as well as the existence of a co-surfactant
[44]. The emulsion produced was composed of sunflower oil with water and Tween
80, while Span 80 was the co-surfactant. Sonicator was applied for 10 min and the
oil amount was slowly increased from 1.5 wt% up to 15 wt%. A slight initial
decrease was obvious when the amount of oil was close to 2.5wt%, whereas a
further increase led to a 100 nm increase on the droplet size at 15wt% of oil content
(Figure 1.6).
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Figure 1.6. The effect of oil concentration on the average droplet diameter of emulsions [45].
Based on this study, Ashokkumar’s team decided to keep the oil concentration at
15 wt% and add different amounts of co-stabilizer. The droplet size was measured
with an initial concentration of Span 80 at 1.5wt% (diameter equal to 160 nm) but
the further addition until 6 wt% revealed a diameter decrease down to 150 nm
(Figure 1.7). More increase of Span 80 content started to show an increase of the
droplet size which can be attributed to the fact that Span 80 is a hydrophobic

emulsifier, and the higher amount did not allow the oil-in-water droplets to stabilize.
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Figure 1.7. The effect of increasing Span 80 content on the average droplet diameter of emulsions [45].

Research has shown that the amount of surfactant added to the system is capable
of stabilizing the emulsion and provide droplet control. Oil-in-water emulsions as
well as water-in-oil emulsions both can be stabilized by using a single surfactant,

either water or oil soluble respectively. In contrast, multiple emulsions need two
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types of surfactants in order to stabilize, one water soluble (high HLB) and one oll
soluble (low HLB) and details will be discussed in the following chapter.

2.3  Multiple Emulsions

Complex or multiple emulsions such as water-in-oil-in-water (W/O/W) and oil-in-
water-in-oil (O/W/QO) can also be formed. Most common way of stabilizing these
emulsions is by using a combination of hydrophilic, high HLB, and hydrophobic,
low HLB, surfactants, whose ratio plays the most important role in their stability.
Generally, multiple emulsions are often called liquid membrane systems
considering that the internal phase can be miscible with the continuous phase and
the immiscible phase works as a thin semi-permeable film [46]. They illustrate
several advantages as compared to the simple emulsions, such as the fact that
the encapsulated compounds can be both hydrophilic and hydrophobic and they
are protected from undesired or premature release. This allows higher amounts of
material to be enclosed [46]. The aforementioned advantages provide many
applications such as in pharmaceutical [47], [48] and food industries[49], [50].

There are three fundamental methods that are widely used for producing multiple
emulsions: , phase inversion [51], [52], one- [53], [54] and two-stage emulsification
[55], [56]. The latter is the one that is mostly used and provides stable, well-defined
and low polydisperse multiple emulsions [49], [57]-[59]. In the late 90s, Matsumoto
et al. [60] were the first one to display a simple two stage emulsification process.
Several years later, Okochi & Nakano, [61], developed further the two-stage
emulsification process by producing stable W/O/W emulsions that would work as
carriers of different peptides and exhibit great drug entrapment effectiveness. They
used castor oil derivatives for the oil phase and saline for the aqueous phase and
mixed them primarily using a rotor-stator device for 10 min. Basically, the internal
water phase containing the drug was mixed first with the oil phase and on the
second step the derived emulsion was mixed with the continuous phase. They
demonstrated a drastic droplets’ size decrease, from 100 ym down to 7 ym, when
the rotational speed increased from 1000 rpm up to 75000 rpm, while a further
increase did not provide that big drop in the diameter (Figure 1.8). For speed higher
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than 10,000 rpm the droplet size reached a plateau value of approximately 5 ym.
Sadly they observed that the entrapment efficiency form 100% in 1000 rpm was

diminished down to 70% when the speed was at max 20,000 rpm.
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Figure 1.8. Relationship between rotation rate and particle size, t = 10 min [62].
Later in 2005, a research group in Germany produced W/O/W with a two-stage
emulsification, that can be used in the food industry [63]. The main goal was to
amplify an automated image analysis in order to estimate the droplet size and
distribution. First, they encapsulated a water-soluble polymeric dye in sunflower oil
by using a rotor-stator system to obtain W1/O emulsion. Then they used a
membrane emulsification to produce the multiple W1/O/W2 emulsions, where whey
protein isolate was used as surfactant so as to stabilize the final product. In
membrane emulsification there are several factors that influence the droplet size,
but a detailed overview is given later on this Chapter. A very important factor is the
wall shear stress, which is based on the velocity of the continuous phase. In Figure
1.9, the decrease of droplet size was evaluated under the increase of the wall

shear stress.
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Figure 1.9. Development of the oil droplet size of multiple emulsions on wall shear stress [63].
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From the data given in their work, it also becomes evident that an increase of
viscosity and velocity of the outer aqueous phase led to a lowering of the droplet
size from 55 ym down to 5 ym. Finally, they managed to confirm that the results
obtained by their newly developed automated image processing were similar with
the ones of the lighting microscopy referring in the droplet characteristics. As it was
evocated in the beginning of this chapter, the stability of the emulsion plays the
most crucial role. Researchers tried different types of surfactants and evaluated
the stability as well as the droplet size of the different emulsions. In the following
section the different mechanism that can influence the stability of the emulsion will
be described in detail.

3. Stability of Emulsion

The most important criterion for producing emulsions is their stability [26].
Emulsion’s stability is defined as the ability of the system to resist in
physicochemical changes over time [16]. It is crucial to obtain stable emulsions for
many applications including food products [64], [65], cosmetics [66], [67] or
pharmaceutics [68], [69] for instance. In order to reach thermodynamic stability,
four major factors need to be taken into account: flocculation,
creaming/sedimentation, coalescence and Ostwald ripening (Figure 1.10) [19],
[70], [71].
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Figure 1.10. Schematic diagram of most common instability mechanisms that occur in food emulsions:
creaming, sedimentation, flocculation, coalescence, Ostwald ripening and phase inversion [16].
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In case one of the aforementioned phenomena occurred then a thermodynamically
unstable emulsion will be recovered [70]. An unstable system means that there is
a spontaneous predilection of the two liquids to separate and reduce the interfacial
area, and therefore the interfacial energy between the two phases [19], [72]. The
destabilization factors involve either changes in primary droplet size, e.qg.
coalescence and ripening, or spatial rearrangement of droplets with respect to
each other and with respect to an external frame of reference, e.g. flocculation and
aggregation [19], [73]. The physical and chemical parameters that can be tuned to
control destabilization of the emulsions are the droplet size distribution, the amount
of the dispersed phase, the viscosity of the continuous phase, the temperature, the
pH of the solution but most importantly is the class of emulsifier that would be

chosen to stabilize the system [19].

3.1  Gravitational Separation (Creaming/Sedimentation)

Gravitational separation is one of the most important types of destabilization in
emulsion-based products, such as food [74], [75], cosmetics [76], [77],
pharmaceuticals [78], [79] etc. During this process, a destabilization of the
emulsion occurs, which is due to different forces applied to the system, such as
gravity, centrifugal acceleration or electromagnetism [80]. This happens on
account of the density difference between the droplets and the surrounding liquid,
meaning that if the droplets have lower density than the continuous phase they will
tend to go up, which will lead to a creaming of emulsion [81], while if they are
heavier they will move downwards, where sedimentation will be formed [16], [80],
[82]—[85]. Additionally, this separation is influenced by hydrodynamic and colloidal
interactions between droplets, the physical state of the droplets, the rheology of
the continuous phase, the electrical charge on the droplets and the nature of the
interfacial membrane [80], [81], [83].

Emulsions that comprise of a big variation of droplet sizes are more likely to
destabilize. In the case of creaming, the bigger droplets will go on the upper
surface much faster than the smaller ones. This will lead to visible creamier layer
on the top of the solution, while on the bottom may still the small droplets be

dispersed. This means that the creaming formation might not be so obvious in
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some cases as compared to others. In case of an emulsion system where
flocculation is already observed, it is more likely that the droplets will undergo a
gravitational separation too, while the ones that are not flocculated will form a
turbid layer at the bottom [16]. On the contrary, in a monodisperse emulsion if the
droplets are highly charged or coated with an effective surfactant, they repulse
each other, and they cream as individual particles [73].

Creaming and sedimentation are temporary phases in some extent. They can be
reversed by simply shaking or stirring the emulsion and the emulsion will be
homogeneous again [24]. Gravitational separation depends on various factors
such as the density difference between the dispersed and continuous phase, the
diameter of the droplets while it is inversely proportional to the viscosity of the

dispersed phase [24].

3.2 Flocculation

Flocculation appears when at least two droplets attach together yet without
changing their distinctive characteristics [16]. This causes the droplets to come out
of the suspension in the form of floc or flake, either spontaneously or due to the
addition of clarifying agent [86][87]. Flocculation can be favored when attractive
forces prevail over the repulsive forces. Attractive forces can be van der Waals,
depletion or hydrophobic forces, while repulsive forces can be either electrostatic
or steric forces [88]. In other words, when the repulsive forces are superior to
attractive forces, the droplets stay close to each other without getting combined to
start coalescence [16], [26], [82], [89]. These aggregates could be compact or may
form an expanded gel-like structure. However, the individual droplets remain
separated by a layer of the continuous phase - thin liquid film. The formation of
such configuration is due to an attractive interaction but the stability of the film
between the interfaces proves that at shorter distances repulsive force is present
[82].

Flocculation is the initial step leading to further aging of the emulsion, as
coalescence and phase separation [26], [86]. This can happen due to the presence
of excess surfactant in the continuous phase of the emulsion, which can cause

flocculation of the emulsion droplets. The aforementioned phenomenon is called
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depletion effect and is used to describe a system which contains excess of
surfactant in the form of micelles. This occurs when the dispersed emulsion
droplets approach each other to distances smaller than the diameter of the
surfactant micelles, leading micelles from the interparticle space to separate due
to the loss of configurational entropy of the micelles. This depletion mechanism
results in an attractive force between the droplets due to the lowering of the
osmotic pressure in the region between the droplets [26].

Nowadays, scientists tried to find ways to improve the stability of the emulsion
against flocculation since the latter can be due to the oil volume fraction, the mean
droplet size, and pH [90]. One solution among many could be the decrease of the
droplet diameter, which can languish the attractive Van der Waals forces between
the droplets and prevent flocculation. On the other hand, choosing a surfactant
whose molecule will occupy bigger area in the droplet space, can lead to a thicker
interfacial layer of the droplet and hence decrease the possibility of coalescence
[91]. Various techniques, such as microscopy and particle size analysis can

determine flocculation in an emulsion [16].

33 Coalescence

Coalescence is another very typical destabilization mechanism of emulsions. It
basically describes the moment at which two or more droplets came in contact for
a time long enough to merge and form one bigger droplet [82]. Coalescence can
be enhanced when the system undergoes flocculation, meaning that the droplets
are in a very small distance where only a very thin film of the continuous phase
separates them [92]. The aforementioned liquid film is the major driving force for
coalescence since its characteristics can determine the merging of the droplets
[93]. This thin film can collapse unprompted, especially when the droplets are
already big which means that the film area is large, while the thinner the film the
stronger the attracting force between the oil droplets which leads to the merging of
the two droplets. Another factor that can promote coalescence is the low interfacial
tension between oil and water phases, which highly relies on the emulsifier that is
used for the preparation of the emulsion [92].
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Coalescence happens in different steps. The first step is the proximate approach
of the two oil droplets, which occurs during flocculation and simultaneously
coagulation between the two. This step is associated by the formation of a thin
film, as mentioned before, which after a while undergoes a rupture. This film
rupture is the characteristic of coalescence and is irreversible. Basically, once the
liquid film reaches a critical point a hole is originated that is growing and upon a

precarious size, the two droplets get unified forming a bigger one [94].

3.4 Ostwald Ripening

Wilhelm Ostwald was the first one to report the Ostwald ripening phenomenon in
1896 [95]. It is a destabilization phenomenon that happens in emulsions that are
not in a thermodynamic equilibrium, which indicates that the system is
polydisperse. Ostwald ripening strongly relies on the solubility of the droplets in the
continuous phase [96]. In more detail, in an emulsion where there are multiple
sizes of droplets and they are slightly soluble in the continuous phase, the
molecules of the small droplets tend to diffuse through the continuous phase to
feed the larger droplets [97]. When this happens the mean droplet size of the
emulsion is drastically increasing with time [98] and it might lead to the
deterioration of it [99]. The droplet size plays a crucial role on the Oswald ripening
process. When the droplets are very small, their chemical potential is higher than
the one of the bigger droplets which promotes the transfer across the continuous
phase of molecules form the smallest to the biggest droplets [82], [100].
According to IUPAC, the official definition of Ostwald ripening is the “dissolution of
small crystals or sol particles and the redeposition of the dissolved species on the
surfaces of larger crystals or sol particles” [101]. Moreover, they clarify that this
phenomenon is happening due to the higher surface energy, thus the total Gibbs
energy of the smaller droplets alike the larger ones, which grows the solubility of
the first ones [101].

Another important factor that impacts Oswald ripening is the properties of the
interfacial layer around the droplets [97]. One of those characteristics is the width
of this layer, which means that the thinner it is, the easier the molecule diffusion

can be, so the smaller droplets will disappear in favor of the bigger ones. Another
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important aspect is the permeability of this layer, while high permeability leads to
an easier spreading of molecules through the continuous phase, hence the
appearance of Oswald ripening.

All the previous destabilization phenomena can occur despite the composition of
the dispersed and continuous phases. In this project, focus will be given on the
production of stable and monomodal miniemulsion using thiol-ene click chemistry

to produce droplets in an aqueous continuous phase.
B The thiol-ene reaction: a crucial reaction in chemistry
1. General information

Thiol-ene reaction was first communicated in 1950 by Posner [102] and describes
the reaction of a thiol with an alkene that form a thioether [103] (Figure 1.11).

H R Radicalinitiator HR
R-SH + C=c¢ >~ R-S-C-C-H
H H or catalyst |l| |_'|

Figure 1.11. Schematic representation of the thiol-ene reaction [104].

Thiol-ene polymerization is often mentioned in the literature as click-chemistry
reaction, which refers to a process where simple, efficient reactions that yield in a
single product are required. Kolb and his coworkers were the first ones to establish
the term ‘click-chemistry’ by combining small heteroatom units in order to produce
modular “blocks” for both small- and large-scale applications [105]. These
reactions possess several characteristics, among which the high polymerization
yield with no side products, the insensibility to water and oxygen, provided that the
amount of oxygen is less than the amount of thiol, the abstention of solvents since
most of the time water is used as well as the stereospecificity and regiospecificity.
The later refers to the formation of a unique structural isomer during the reaction
[106].

There are two different categories of thiol-ene reactions, the one that involves free-
radical thiol-ene click reaction and the one mentioned as thiol-Michael additions
click reaction, and both provide various advantages [104]. In more detail, thiol-ene

reactions have very fast reaction rates with quantitative polymerization yields
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where most of the time no side-products are produced. Another important
advantage is the wide range of monomers, thiols and alkenes, that are available
on the market while in the case of thiol-Michael additions, a small amount of

catalyst is required for the reaction to start [104] (Figure 1.12 and 1.13).
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Figure 1.13. Common alkenes [104].

On the other hand, thiol-ene chemistry has some restrictive disadvantages. One

of the most important pitfalls is the very strong odor of the thiol which can be an
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obstacle in some cases, while at the same time the monomer can be toxic for
human beings. Even though in China, researchers patented a method to remove
the strong smell of thiols by adding a masking agent, which worked as parfum to
cover the sulfur odor [107], the aforementioned limitation has to be strongly
considered before manipulating the thiols.

Another important issue when thiol is combined with alkene is the poor stability
over time since certain thiol-ene mixtures have low thermal stability when they are
stored at room temperature. This can be a limiting factor in some applications
where long storage time is desired. Researchers have reported some reasons of
destabilization of the system such as decomposition of potential impurities that can
initiate a thermal free-radical reaction or a spontaneous polymerization initiation by
charge transfer interaction in the ground-state between thiol and alkene [108].
However, thiol-ene reactions have plenty advantages as compared to other
acrylate reactions. Acrylate radical-based photopolymerization is more sensitive to
oxygen, as compared to thiol-ene reactions, and this can initiate the polymerization
[109]. Also, in acrylate systems the use of initiator is mandatory, while thiol-ene
can also polymerize by the absence of photoinitiator [109]. Overall, thiol-ene
chemistry is known to form rapidly a homogeneous polymeric network since the

polymerization step can be tailored by step- and chain-growth mechanism [104].

Therefore, the fields that thiol-ene click chemistry is used are versatile and they
will be described in the following part. As an example, thiol-ene chemistry is used
in biomedical [110], optical [111] and sensing fields [112].

2. Thiol-ene reactions that can occur

The kinetics of the reaction between thiol and alkene is very rapid, which is
attributed to the exothermic reaction of the chain transfer. This chain transfer
happens when the thiyl radicals, RS, react with the double bond of the alkene.
This results to low molecular weight polymers with high gel point conversions [113].
The gel point refers to the moment when all monomers are connected to the

polymeric network by at least one chemical bond.
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2.4 Free-Radical Thiol-Ene Click Reaction

Radical mediated thiol-ene click reaction can be either step- or chain-growth.
Referring to the first one, it is also called condensation polymerization and the first
to be formed are the oligomers which later combine with each other to form longer
polymeric chains. On the contrary, chain-growth is also known as addition
polymerization where the polymer chain is formed, and monomers are added only
to the ends of this chain. Free radical polymerization has chain-growth mechanism,

divided in three steps: initiation, propagation and termination (Figure 1.14) [114].

Propagation Chain Growth
A R A R

ket 2 Sy
R
Chain Transfer Chain Transfer

Figure 1.14. Propagation, chain-transfer and chain growth steps that occur during free-radical thiol-ene
click reaction (“I” refers to initiator) [115].

In the beginning thiol and initiator come in contact and once energy is given to the
system, the proton of the thiol is absorbed by the initiator and the thiyl radical RS~
is formed. Free-radical thiol-ene click reaction can be initiated either by heat or
light. Especially, the photopolymerization is widely used in this chemistry since it
provides several advantages such as the controlled reaction rate, light intensity or
small residence time [116].

As a second step, propagation occurs when the alkene is added to the system: the
covalent reaction of thiol with the double bond of the alkene results to a carbon-
centered radical intermediate. This formed radical intermediate can evolve in two
different ways: (i) the step-growth, during which a chain transfer from a hydrogen
of another thiol occurs and one thioether oligomer is formed, while at the same
time a new thiyl radical is generated, and the cycle continuous, or (ii) the chain-
growth, where the carbon-centered radical intermediate undergoes
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homopolymerization, which means that it reacts with a double bond of another
alkene and a new carbon-centered radical intermediate is generated. The latter
can either react with a new thiol-radical and follow the step-growth mechanism or
react again with a new alkene and follow chain-growth polymerization [115]. An
ideal thiol-ene polymerization, where no impurities exist in the solution, only step-
growth thiol-ene polymerization happens, while the chain-growth, meaning the
homopolymerization of the carbon-centered radical of the alkene, is not favored,
i.e. kce << kp, ket (kca: chain growth rate, ke: propagation rate, kcr: chain transfer
rate). Simply thiol functional group reacts with the alkene functional group and
results to a thioether [117].However, ideal conditions are very challenging to be
achieved. For this reason, the path that will be followed for the reaction of thiol with
the alkene can be determined by the relative kinetics of the two steps, chain-
transfer and homopolymerization, and strongly depends on the functionality of the
alkene. When the alkene is electron-rich, such as vinyl ether (CH2=CH-O-
CH=CHy), it is more reactive and step-growth is favored, while an electron-poor
alkene, such as acrylonitrile (CH2=CH-C=N), is less reactive, thus both
mechanisms occur [118].

The thiol-ene kinetics is strongly affected by the propagation and chain-transfer

rates, ke and kcr respectively (Figure 1.15).
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Figure 1.15. Thiol-ene radical addition reaction rate relationship [103]. Reis the overall reaction rate, [SH] is
the concentration of thiol and [C=C] the concentration of alkene [119].

In the case where the kp >> kct, which means that ke/kct >> 1, the concentration
of the thiol dictates the reaction rate. This also indicates that the chain growth
mechanism is the slowest step thus is the one to determine the overall reaction
rate (Re). On the contrary, when the ke << ket (kp/kcT << 1), alkene concentration
and propagation mechanism take over the control of the Rp. Finally, in the case
where ke = kct, meaning ke/kct = 1, consequently both chain transfer and

propagation mechanisms influence the overall reaction rate.
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2.5 Thiol-Michael Addition Click Reaction

Another way that thiol can react with alkene to obtain a thioether is called thiol-
Michael addition (Figure 1.16). There are two ways to obtain the thiolate anion,
RS-, that will further participate in the Michael-addition reaction [120]. The first is
called base-catalyzed mechanism (Figure 16.a), where a base, such as amine
(RNH2), to abstract a proton from the thiol and a thiolate anion is generated as well
as a conjugated acid, HB* [121]. The thiolate anion initiates the propagation step
during which an electron withdrawing alkene group (EWG) abstracts the anion and
results to an intermediate carbon-centered anion, and becomes a strong base,
which can absorb the hydrogen of the conjugated acid that was formed in the
beginning. The final thioether product is generated. This base catalyst is

regenerated, and the propagation step is repeated, like a cycle reaction.

a. Base-Catalyzed Mechanism

[R-S--H--B| B + ]
R-SH + B » R-S--H--B R-S
TSy \
+
: G s ] H-B
b. Nucelophile-Catalyzed Mechanism R-SH
+
«_ _ EWG Ts, o TS, =
Nt N |\/ EWG e
-
+Nu
k/ EWG
Michael-Addition Reaction Mechanism

EWG

: i EWG
RSNE\VGX R-S \/
R-SH
/\/
RS -

Figure 1.16. The base-catalyzed thiol-Michael addition reaction pathway shows the hydrothiolation of an
activated C=C bond via the addition of the anion across the electron-deficient beta-carbon of the ene [122].

The second way to generate a thiolate anion is called nucleophile-catalyzed thiol-
Michael addition (Figure 16.b) [123]. A nucleophile is a molecule with a free pair of
electrons, such as Br,, which reacts with an EWG alkene, and a strong base is
formed that reacts with the thiol to obtain the thiolate anion to start the propagation
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step. The propagation is the same as described before for the base-catalyzed

mechanism.

2.6 Self-initiated Thiol-Ene Click Reaction

A last way to achieve thiol-ene polymerization is called self-initiated thiol-ene click
reaction, where no initiator is used to start the reaction. This method is not so
common but there are still few research groups that have reported it. Since it is not
widespread, the initiation mechanism is not so clearly described. It is believed that
a thiol-ene charge-transfer complex is responsible for the initiation, while the
different monomer impurities could also potentially start the reaction by producing
thiyl radicals under UV [108]. Cramer et al. [109] used stoichiometric ratios of
variety of vinyl polymers and thiols to polymerize under UV with no added
photoinitiator. They observed an increased alkene homopolymerization than thiol-
ene reaction but when the amount of thiol functional groups was four times higher
than the double bonds of the alkene, they observed an equivalent consumption of
both monomers. Another possible reaction that can initiate the polymerization
without using initiator is the atmospheric oxygen [124]. Le et al. [125] recently show
that a thiol can be oxidized by the oxygen to form acids with a sulfide oxygen bond
(e.g. RSOH), or homopolymerized thiol, which is called disulfide (RSSR).

In this project, particular focus will be given on the free-radical thiol-ene reaction.
More specifically, different types of thiols baring multifunctional SH groups will be
investigated. The main goal is to achieve droplet and particle control by using
different emulsification devices. The choice of the free-radical thiol-ene reaction
was done due to the high reactivity between the thiol and alkene that is also
combined by a simple experimental procedure and without the addition of a
catalyst. The simplicity of this method provides a broad area of applications that

will be discussed in the following section.

3. Applications

A very big field where thiol-ene chemistry is widely used is the drug delivery

systems. Drug delivery refers to the transportation of a pharmaceutical compound
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to a specific place in the body in a controlled time and duration in order to cure the
pain or disease [126].

In 2013 [127] a research group used this chemistry to produce thiol-ene
nanoparticles where their surface was covered with either thiol or alkene functional
groups that could be further functionalized by attaching proteins. They used a tetra
functional thiol called, pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)
combined with a four functional alkene, pentaerythritol tetraacrylate (PETA) and
added deionized water to produce nanoparticles by simple mechanical stirring for
24 hours (Figure 1.17). They proved that when they did not use stoichiometric
ratios of thiol and alkene functional groups, the surface of the nanoparticles was
covered with functional groups of the monomer that was in excess amount. The
size of the nanoparticles was between 250 and 555 nm with quite low
polydispersity, below 0.3, while the zeta potential measured was negative, which
allowed the nanoparticles to resist against aggregation. The overloaded surface
with functional groups was determined by using proton nuclear magnetic
resonance (*H NMR), where either the thiol or the alkene characteristic peaks were

determined.
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Figure 1.17. DLS size distribution for PETMP—PETA (1:1) nanoparticles. Inserts: TEM images [127].

Later, Durham team produced thiol-ene miniemulsions with controllable droplet
size that can be use as drug carriers [128]. The main goal was to tune the patrticle
size by varying some chemical parameters such as the initiator, surfactant, and
monomer concentrations. Different number of functional groups of thiol and alkene

were used to produce either linear or cross-linked particles using water-soluble
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thermal initiator. Focus was given to a tetra-functional thiol and a tri-functional
alkene. Starting with the effect of the surfactant concentration on the particle size,
a range of 2 to 80 mM of sodium dodecyl sulfate concentration was used. It can
be clearly seen in Figure 18.a that the higher the amount of surfactant the smaller
was the particle diameter, with the lower value to be a bit below 100 nm and the
polydispersity close to 0.2. The same trend was followed by varying the amount of
thermal initiator where the highest particle size was 500 nm and the lowest a bit
above 200 nm (Figure 18.b).
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Figure 1.18. Dependence of Z-average particle diameter in the PETMP/ TTT thiol-ene latexes a) on
surfactant concentration and b) on initiator concentration [128].

Another way to use thiol-ene click chemistry in drug delivery is by preparing a high
internal phase emulsion (HIPE). These emulsions consist of more than 74% of
internal phase volume and the droplets are dispersed and covered with a very thin
layer of a continuous phase, which after polymerization evaporates and allows the
porous structure to appear [129]. This year, 2021, Hobiger et al. [130], developed
an oil-in-water HIPE using thiol-ene chemistry and photopolymerization as a fast-
curing mechanism. They simply used a mechanical stirrer to mix and obtain the
HIPE and then a UV-chamber of 320-580 nm wavelength to recover the final
poly(HIPE), which is also called monolith. It is shown that adding a tri-functional
thiol in a poly(ethylene glycol)-based monomer solution can significantly improve
the mechanical properties of the material and provide better degradation properties
due to the extra ester bonds created. It is also proven that step and chain-growth
polymerization mechanisms that occur during polymerization lead to a strong

increase in the toughness of the resulting material. Finally, the addition of tri-
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functional thiol to the system allowed the opening of porous and thus the
enhancement of the mechanical properties, while the drug release appeared to be
burst for the first one hour, due to the open porous, and then a slower release

profile was followed (Figure 1.19).

Figure 1.19. SEM micrographs of polyethylene glycol diacrylate (PEGDA), poly(ethylene
glycol)dimethacrylate(PEGDMA) of 75 vol%, 5T: 5wtl% of thiol, 10H: 10wtl% of (Hydroxyethyl)methacrylate
(HEMA) and 5T_5H: 5wt% of thiol and 5wt% of HEMA [130].

As previously evocated, since thiols and alkenes can have more than one
functional group, they can easily form polymeric networks. These networks can be
used as scaffolds for the human cells to grow since the networks behave like the
human tissues. Last year, Michel et al. [131], used thiol-ene click chemistry and
produced hydrogels, hydrophilic polymer networks that swell in water. Chitosan
was the main material and different thiolated poly(ethylene glycol) cross-linkers
were used to evaluate the properties of the final photopolymerized hydrogels. The
first observation was that all materials were honeycomb-like structures with the
pore sizes to vary almost 100 nm (Figure 1.20). In terms of mechanical properties,
they prove that the longer the cross-linker chain the more elastic the hydrogels
appear since the distance between the polymer chains is long enough to enable

the chains to rearrange when shear is applied to the material.
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HS-PEG,-SH

Figure 1.20. SEM images under different magnifications of cross-linked chitosan- thiolated poly(ethylene
glycol) hydrogels [131].

Do et al. also used the thiol-ene chemistry for making neuroprosthetic implants
[132]. The main goal was to produce shape-memory polymers that change shape
when an external stimulus is applied on them. This stimulus can be either pH,
temperature, solvent or electricity related. In this case, the implant prepared need
to be stiff when the temperature was close to the one of the human body, while it
was expected to change when it comes in contact with the body fluids. They used
a tri-functional thiol and a bi- and tri-functional alkenes and compared between
casting and spin-coating methods presented in Figure 1.21. It was shown that with
casting process overall the material is thicker thus the UV cannot be evenly
distributed in the middle of the material and lead to a more flexible structure where

the shape change needed lower temperature than the thin spin-coated sample.
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Figure 1.21. Casting and spin-coating processes [132].
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Thiol-ene shape memory polymers can also be used in producing flexible
electronics. In 2019, Frewin et al. mixed two different tri-functional thiols with a tri-
functional alkene to UV polymerize them and to obtain flexible thin film transistors
with great electrical properties [133].

A last versatile application of thiol-ene click chemistry is in the production of
microfluidic devices. More specifically, in microfluidic devices so far
poly(dimethylsiloxane) (PDMS) is by far the most common material that is used.
But PDMS can swell in contact with organic solvents and its hydrophobic, thus
small molecules can be absorbed on the surface. Thiol-ene on the other hand are
known for the excellent resistance to any chemical or even to high temperatures.
In this context, Bonabi et al. [133], used tri-functional thiol and alkene without any
photoinitiator to produce a microchip by UV irradiation (Figure 1.22). The storage
time was evaluated, and it turned out that thiol-ene with a ratio 2:3 is more stable
through time as compared to thiol-ene with ratio 1:1 and PDMS microchip.
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Figure 1.22. Chip fabrication process [134].

¢ Emulsification Methods

There are several ways to produce a kinetically stable emulsion, for instance by
making appropriate choice of the oil phase, by achieving a controlled size of the
dispersed droplets, or by maintaining a relative low concentration of suitable
surfactants, cosurfactants and finally by finding the ideal conditions of

manufacturing [135]-[138]. However, emulsion droplet size plays a key role in
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many emulsion properties such as stability, texture and rheology [139], [140].
Usually, the aim of emulsification is to produce as small droplets as possible, for
this purpose assorted emulsification techniques can be used. They can be
classified in high-energy or low-energy emulsification methods [135]. High-energy
approaches utilize mechanical devices (ultrasonic methods [141], high pressure
homogenizers [142], static mixers [143] or membranes [144]) that generate intense
forces capable of forming very fine oil droplets. While low-energy methods involve
complex interfacial hydrodynamic phenomena which depend on the system
composition properties (phase inversion, solvent displacement, spontaneous
emulsification [145], [146]).

There are several factors that play a significant role in the choice of the
emulsification method, such as the application of the resulting emulsion, the
apparent viscosity, the amount of mechanical energy required, and the heat-
exchange demands [147].

1. High-Energy Emulsification Methods

In high-energy emulsification methods, large disruptive forces are provided by
using mechanical devices such as ultrasound generators, microfluidizers and high-
pressure homogenizers, which are able to produce small diameter droplets [135],
[142]. These methods are traditionally used in industrial operations because of the
flexible control of emulsion droplet size distribution and the ability to produce fine
emulsions from a wide variety of materials. Moreover, an advantage of this
category is the direct control of the process parameters, such as quantity of
mechanical energy input and residence time in the equipment [148]. The
parameters that play significant role on the droplet size are (i) the choice of the
equipment, (ii) the production conditions, such as temperature and time, and (iii)
the properties of the composition of the sample, in the manner of surfactant
concentrations or viscosity of the phases.

Different high-energy emulsification devices used different mechanisms for the
droplet breakup, closely linked to the Reynolds number. The Reynolds number Re,

defined in Equation 1.1, is the ratio of the inertial to viscous forces in a fluid system.
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According to Equation 1.1, when the characteristic dimensions of the system
change, the Re also changes in a linear way.
p vD

Re = (1.1)
U

where p is the density of the fluid, V the mean velocity of the fluid, D the
characteristic dimension of the flow and p is the dynamic viscosity of the fluid.

In the case where Re is below 2000, the regime is laminar and simple shear forces
are applied to the emulsion, which means that it undergoes no rotational flow,
where the droplets flow along streamlines but also rotate around their own axis.
On the contrary, in the case of Re above 4000, the flow becomes turbulent and
elongational forces are applied to the droplets, which experience an irrotational
flow, meaning that the droplets flow along the streamlines but do not rotate around
their own axis. On this subject, Grace summarized Taylor’s theory about the
influence on the droplet breakup when the viscosity ratio (value of the dispersed
phase viscosity divided by the continuous phase viscosity) increases for both
rotational and irrotational shear fields [149]. In Figure 1.23, the viscosity ratio of
dispersed and continuous phase for the simple shear and the elongational flow is
shown. It demonstrates that the energy required for the droplet breakup in the
elongational flow is less as compared to the simple shear for low and high viscosity
ratios. Moreover, for viscosity ratios higher than 4 the droplets cannot bear breakup
in the simple shear case, while in the elongational flow droplets can still become

smaller.
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Figure 1.23. Comparison of effect of viscosity ratio on critical shear in rotational and irrotational shear fields
[149].
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1.1 Ultrasound Generator

The ultrasound generator, also called sonicator, is a widely used high-energy
emulsification method that was first communicated by Wood and Loomis in 1927
[150]. It carries a sonotrode (sonicator probe), which is providing the energy input
to the system, containing a piezoelectric quartz crystal that can expand and
contract depending on the alternating electrical voltage [139]. Ultrasound can be
generated either mechanically, whistle, siren, or electrically, reverse piezoelectric
effect or magnetostrictive transducers, which is the most widely used type of
apparatus [139]. The latter is using a piezoelectric material, such as quartz, to
convert a high frequency oscillating electric field into mechanical vibrations of the
same frequency [151]. Depending upon viscosity and conductivity of the medium,
sound waves dissipate part of the acoustical energy into heat energy while passing
through the medium [152].

During the time that the sonicator probe is in contact with the liquid, mechanical
vibrations are generated and thus cavitation occurs. Cavitation is the main
phenomenon responsible for ultrasonically induced effects [135], [139], [153].
More specifically, cavitation is a phenomenon in which rapid changes of pressure
in a liquid lead to the formation of small vapor-filled cavities in places where the
local pressure is reduced to that of the vapor at the temperature of the flowing
liquid because of local velocity changes [139], [154], [155]. When the pressure is
high, the cavities (in that case called bubbles or voids), collapse and may generate
a strong shock wave very close to the bubble, but rapidly becomes weak as it
propagates away from the bubble [154]. During emulsification, the collapse of
these cavities causes powerful shock waves to radiate throughout the solution in
proximity to the radiating face of the tip, leading to the braking of the dispersed
droplets [139].

Cauvitation, associated with the power dissipation, is considered as the driving force
in sonochemical processing [156] and in particular, the essential mechanism of
droplet breakup occurring during ultrasound emulsification [157], [158]. Moreover,
the cavitation threshold, that happens when a liquid is irradiated by ultrasound and
the pressure amplitude of the applied sound source reaches a certain minimum so

that cavitation occurs, plays a significant role in emulsification [159]. Indeed, to
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initiate the emulsification, it is essential the cavitation threshold to be attained:
there is a corresponding maximum limit in concentration of emulsion (% of
dispersed phase hold-up) that can be produced and remain stable when the
intensity reaches a higher point compared to the threshold [155]. This limiting
concentration of emulsion increases by increasing the ultrasound intensity. The
aforementioned limited concentration appears when equilibrium between the two
conflicting processes of emulsification and coagulation (coalescence) is obtained
[160]. On the other hand, to achieve the formation of cavitation low frequency (f)
is required, between 20 and 24 kHz, since it is inversely depending on the
generated power (P) (P «< 1/f?) [161]. However, when the frequency is higher,
close to 100 kHz, cavitation occurrence is reduced. When the generated
ultrasound waves interact with matter, physical and chemical changes are caused
[155], [162]. This means that longitudinal waves are generated, which propagate
into the surrounding liquid medium [162]. These waves activate a motion in the
medium particles through a series of compressions and rarefactions under
fluctuating pressure, hence leading to acoustic cavitation phenomena [163]
Ultrasound can directly produce emulsions, starting from separate phases, but
since breaking an interface requires a large amount of energyi, it is preferable to
prepare first a coarse emulsion before applying acoustic power [164].

As for all emulsification devices, various parameters are responsible for the control
of the droplet/particles size. These parameters can be either process or chemical
parameters. Referring to the last one, many changes can be done in the emulsion
composition to control the droplet size. Such changes can be the amount of
surfactant, the oil content and the Oswald’s ripening inhibitor. In 2020, in
Hernandez-Giottonini et al. [165] conducted using poly(lactic-co-glycolic acid)
(PLGA) to tune the nanoparticles’ size to be applied in pharmaceutical or food
industries. They changed monomer, surfactant and solvent concentrations to
observe the evolution of the particle diameter. Starting with the PLGA
concentration they discovered, alike other researchers [166], [167], that the
increased concentration of PLGA during emulsification method does not really
affect the particles of the emulsion. This can potentially be attributed to the small

range of variation of the concentration of PLGA. Further the surfactant
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concentration has been increased from 1 wt% to 5 wt% and a significant decreased
particle diameter from 187 nm down to 159 nm occurred. Indeed, when the
surfactant amount increased, the system was better stabilized against
coalescence, hence the smaller particle size. Ultimately, the volume of the organic
solvent has been alternated from 0.2 v% to 0.5 v%, exhibiting an increase of
particle diameter from 167 nm up to 242 nm.

When it comes to process parameters, amplitude/intensity/power (how vigorously
the particles vibrate), frequency (how fast the particles vibrate), time on and off,
and duration can be some of those who determine the size [168], [169]. Also, the
type of the sonicator as well as the tip and the bicker used play a significant role
on the droplet formation. Sui et al. [170] investigated the effect of power and

emulsification time on the particle size and polydispersity of an emulsion containing
soybeans (Figure 1.24).
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Figure 1.24. Particle size distribution regarding to emulsification time and power with an ultrasound
generator [170].

On one hand, three different power values were compared, and the results show
that (i) the system is bimodal (appearance of two different particle sizes at the
same time) in low sonicator energy, (ii) an increase of power led to monomodal
narrow distribution of the particles, and (iii) a further increase broadens the
monomodal pick while the particle size slightly decreased. On the other hand, they
examined the particle characteristics under the increase of time from 12 to 24
minutes, and the sample that was treated for 24 min (under 150 W, low power)

was the one who gave the most encouraging results. This means, the smaller
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particle size and the narrowest monodispersed pick. In contrary samples that were
prepared using higher powers and longer times exhibit a bimodal behavior as well
as an increase on the mean particle size. This can be attributed to the coalescence
that might happen under long emulsification times, which many researchers call
“over-processing” effect and will be discussed later in this chapter.

Another research group in Japan, Atobe et al. [171], used ultrasounds to produce
stable, size-controlled methylmethacrylate (MMA) emulsions without adding
surfactant. They claim that these emulsions are less pricey due to the absence of
surfactant and can be used in many fields in electronics, photonics, and
biotechnology. Just like Sui et al. [170] did with the effect of ultrasound generator
power on the droplet’s properties, Atobe et al. [171] increased the frequency of the
device which led to the formation of smaller droplets (ten times smaller when the
frequency is multiplied by 100) and to a sharper and narrower polydispersity peak
(Figure 1.25).
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Figure 1.25. Size distributions of MMA droplets in acoustically emulsified aqueous solutions. a) 20 kHz, 8
min, b) 20 kHz, 8 min then 500 kHz, 10 min, c) 20 kHz, 8 min then 500 kHz, 10 min, 1.6 MHz, 10 min and d)
20 kHz, 8 min then 500 kHz, 10 min then 1.6 MHz, 10 min then 2.4 MHz, 10 min [171].

In 2018, Li et al. [172], decided to associate the droplet size of a sunflower oll
emulsion with three major parameters: emulsification time, amplitude (which
correlates with the power intensity) and processing volume (Figure 1.26).

As it could be expected, the increase of the sonicator energy input allows the
droplets to break into smaller ones. The initial diameter was 10 ym for the least
time and energy and decreased down to 7 ym when the energy increased.
Referring to the sonication time it was proven that longer times tend to smaller
droplet sizes until a steady state was reached. This state is characterized of the

appearance of a plateau in the droplet diameter when the time is increasing
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(triangular data points), which means that the droplet breaking was happening in
a much lower level. Finally, in Figure 1.26.b, the processing volume is presented
regarding the sonication time. It is shown that the bigger the volume the harder the
droplets break so in 60 mL the droplets appear to have the lowest diameter above

all.
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Figure 1.26. Volume mean droplet diameter as a function of sonication time a) for different power intensities
at a constant volume (60 mL) and b) for different volumes at constant power intensities (200W) [172].

Considering all the work conducted using ultrasound generators, it is a very useful
technique to achieve a diameter control regarding the desired application.
However, it was very often reported that longer emulsification times not always
lead to smaller droplet or particle diameters. Researchers attribute that to the
“overprocessing” effect that occurs for increased emulsification time. This also
follows a strong increase of the temperature during emulsification. This
temperature rise in most of the cases needs to be avoided since it can decompose

the emulsion.

1.2 Rotor-Stator Mixer

One of the main equipment widely employed in the preparation of liquid-liquid
dispersions is the rotor-stator mixer, which have numerous industrial fields
including food [173], [174], cosmetic [175], [176] and pharmaceutical products
[177], [178]. In rotor-stator devices, oil and water phases are mixed at high rotation
speeds (above 1000 rpm) in a narrow gap (50-3000 pym) between the static disk
(stator) and a rotating disk (rotor) [148], [179]. The rotors generally rotate at an
order of magnitude higher speed than conventional impellers in a stirred tank [179].
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While the rotor rotates, generation of low pressure occurs, and the liquid is
circulated, producing coarse emulsions with small droplets [139], [148], [177]. The
distribution of the concentrated energy and shear by rotor-stator devices
accelerate physical processes such as mixing, dissolution, emulsification and
deagglomeration [179]. The mechanism that is promoted is the break-up of the
droplets by mechanical and shear stress in the turbulent flow between the rotor
and the stator [148]. The main advantage of using these mixers is due to the
creation of very high energy dissipation rates as the kinetic energy generated by
the rotor is dissipated in the small stator volume, and high shear rates in the rotor-
stator gap [177].

Although there is a big variety on rotor-stator designs, they can broadly be
classified into two groups based on the rotor type: teeth-designs and blade-designs
(Figure 1.27). The former carries a rotor either extending all the way from the shaft
or with both blades mounted on a plate attached to the rotor. Concerning the teeth-

design, it accommodates a circular plate-mounted rotor [180].
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Figure 1.27. Schematic representation of a rotor-stator head with a) blade-design and b) teeth-design [180].

There are two major forces that can reduce the droplet size of the emulsion. First
comes the mechanical impingement against the wall of the vial due to high fluid
acceleration. Another force is the shear stress in the gap between the rotor and
stator, which is generated by the rapid rotation of the rotor. The intensity of the
shear stress can be adjusted by differing the thickness of the gap, the rotation
speed or by using disks that have toothed surfaces or interlocking teeth [139].
Three main parameters can be controlled during this process: emulsification time
and intensity as well as the design of the rotor/stator.

In the very late 90s, Maa and Hsu [133] analyzed the consequences of the
operating parameters on the droplet diameter of poly(methyl methacrylate)
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(PMMA) emulsion that can find application in food or pharmaceutical industries. At
the same time comparison was done using two different tips: one micro-tip and
one macro-tip. The main difference relies on the number of blades in the rotor, 4
and 2 blades respectively. In Figure 1.28, both tips provide smaller droplet

diameters when the rotation speed was increasing.
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Figure 1.28. Emulsion droplet size regarding to homogenization time. The different phases were
homogenized by a micro and a macro-tip at different rotational speeds [181]

The emulsification time is also represented with respect to the droplet size,
showing a decreasing trend in the droplet diameter when the homogenization time
increases but after approximately 2 min of emulsification the diameter reaches a
plateau in almost all cases. Nevertheless, an equilibrium emulsion droplet size is
observed for both tip designs. This equilibrium arises when the homogenization
speed, even if its high, is not able to create the so-called turbulent eddies of sizes
bellow a critical value that determines that droplet breakup [182]. In their system
this equilibrium is reached for the micro-tip at 15,000 rpm and for the macro-tip at
10,000 rpm. Later, in 2009, El-Jaby’s team [183] compared three emulsification
devices: ultrasonicator, two rotor-stator blades, one with 5.5 cm and one with 7.5
cm head length, and static mixer. The later will be described later. Their main goal
was to differentiate the power and energy consumption, droplet characteristics and
shear rates using an oil mixture of acrylates and changing the emulsification time.
It can be clearly seen that rotor-stator shows the bigger droplet for the higher
amount of time, as compared to the others, while no significant difference between

the two designs can be observed (Figure 1.29).
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Figure 1.29. Droplet diameter evolutions for miniemulsions generated using the rotor-stator (5.5 and 7.5 cm
stator head), static mixer, and sonicator [183] .

Further, the diameter decreased using static mixer and followed by sonication with
the smallest diameter 110 nm after 4 min of sonicator. Referring to the
polydispersity of the systems all of them show monomodal distribution, values
were below 0.15. The polydispersity values of the rotor-stator and the static mixer
are quite close but former produces bigger droplets as compared to the latter, the
droplet rupture is less effective which results to broader droplet size distributions
alike the static mixer. In the case of sonicator a huge population of small droplets
appears which leads to a quite broad size distribution. Last comparison was done
concerning the energy consumptions of the three devices. It is proven that
sonication is the method that requires less amount of energy to produce droplets.
Even though static mixer needs energy input close to the one on the rotor-stator it
is proven to be the most suitable technique to produce miniemulsions, since the
system undergoes a bit less shear, hence less chances of increased temperature
during emulsification.

It has been described that the rotor-stator mixers show the poorest droplet control
as compared to ultrasound generators. This can be explained also by the Taylor
theory that was described in the beginning of this chapter. In the case of simple
shear, the droplet breakup is limited up to viscosity ratios pd/gc = 4. A further
increase of the viscosity will severely impede the rupture the droplets further, thus
emulsions produced with rotor-stator usually produced higher droplet/particle

diameter.
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1.3 High-Pressure Homogenizer

This method is widely used for the production of emulsions and several forces are
employed such as hydraulic shear, intense turbulence and cavitation. The high-
pressure homogenizer (HPH) is the most widely used high-energy device in the
food industry and typically consists of a high-pressure pump and a homogenizing
valve [135], [148]. The working principle is based on two immiscible liquids, which
move through a small orifice of piston homogenizer under high pressure (500-5000
psi) in order to produce emulsions [184]. In the beginning, a coarse emulsion with
large volume fraction of dispersed phase is formed, which can be diluted in a later
procedure. HPH can be classified based on the nozzle geometry and design and
depending on the flow guidance (Figure 1.30) [139]. There are four major
categories: standard nozzles, microfluidizers, jet dispersers and orifice plates
according to the emulsifying nozzle [148] [139]. The main difference between the
first and the last two is that during the former turbulent flow is applied to the solution
while on the other case is laminar elongation flow forces that generate the droplets

and provide the mixing [185].
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Figure 1.30. Different types of high-pressure homogenization systems [139].

The standard nozzles are also called valves and are the most common high-
pressure systems used in industrial production (Figure 1.30.a) [139]. A coarse
emulsion is first produced using a rotor-stator device, this emulsion is pumped
through a central inlet bore, diverted by 90°, and urged through the radial gap
between the valve seat and the valve plug [186]. These nozzles are also called
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radial diffusers due to the radial flow that they experience. As the crude emulsion
passes through the valve, it accelerates a very short distance to a very high
velocity, and the resulting strong pressure gradient between the inlet and outlet of
the valve generates a combination of intense shear forces, extensional stress
through the valve as well as cavitation and turbulent flow [187]. The pressure
energy that is applied on the system is the one responsible for the generation of
the kinetic energy, which leads to particle disruption to the submicron range [188].
With other words, kinetic energy causes the large droplets to break down into
smaller ones. The homogenizing pressure, for a given throughput, is determined
by the force acting on the axially movable valve plug and the size of the gap
resulting from this.

However, as described by Desrumaux and Marcand in 2002 [189] for sunflower
oil-in-water emulsions, the droplet size decreases when the pressure increases
until a given pressure threshold (Figure 1.31), after which a strange fluctuation on
the droplet diameter can occur due to a temperature increase (from 5°C up to
approximately 50°C). Indeed, increase of the heat, means increase of the

Brownian motion in the emulsion, which gives rise to the possibility of coalescence.
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Figure 1.31. Effect of the pressure of homogenization on the droplet’s diameter and on the viscosity of the
emulsions [189].

The same conclusions were made by another research group [190] by varying
process parameters such as homogenization pressure, number of homogenization
cycles and homogenization temperature. Figure 1.32.a shows the decrease on the
droplet diameter by increasing the pressure and the number of cycles, the passing

of the emulsion through the nozzle of the homogenizer. When the pressure was
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even higher at 160 MPa during one cycle the droplet size was smaller than the
previous pressures but by increasing the number of cycles they observed an
increase on the droplet diameter and distribution. This was followed by a significant

increase in temperature at 60°C (Figure 1.32.b).

This phenomenon is actually observed very often in the literature, and it is called
overprocessing [191]-[194]. During this stage there are two mechanisms
competing each other. On the one hand is the breaking bigger droplets into smaller
ones and on the other hand is the coalescence of the droplets. It is reported that
during the droplet formation the new interfaces of the droplets get in contact with
the surfactant molecules in order to stabilize the system. If the surfactant needs
more time to adsorb on the surface than the two droplets to coagulate this will form

an unstable system which will lead to coalescence [195].

Droplet size [um]
Droplet size [pm]
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Figure 1.32. a) Influence of the homogenization pressure and the number of homogenization cycles and b)
influence of the processing temperature on the droplet size (D (50%)) of emulsions processed at 50 MPa

(®), 90 MPa (A) and 160 MPa (m), D(90%) of emulsions of emulsions processed at 50 MPa (o), 90 MPa (A)
and 160 MPa (o), [190].

The second family of HPH concerns the microfluidizers (Figure 1.30.b). Here, a
coarse emulsion is forced by a pneumatically powered pump, and two jets of crude
emulsion from two opposite channels collide with one another, as a result of a
sudden decrease in the diameter of the pipe [196]. This pneumatically driven pump

is able to pressurize the in-house compressed air (150-650 kPa) up to about 150
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MPa [139]. In more details, a flow stream is pushed by high pressure through
microchannels against an impingement area. This creates an enormous shearing
action, which is able to provide a very fine emulsion [135]. Furthermore, the main
mechanisms that are responsible for the droplets’ disruption are the internal forces
in turbulent flow along with cavitation [139]. When the emulsion has a high viscosity
there is an opportunity to disrupt the laminar elongational flow [139], [148], [197],
[198]. Concerning the droplet size control, the homogenization pressure plays a
significant role, meaning that by increasing the pressure, the droplet size of the
dispersed phase of the emulsions is decreasing. Also decrease of the size can be
achieved by increasing the number of passages through the microchannel devices
[135]. One hindrance that microfluidization has is that when it comes in the
production of large amounts of emulsions it becomes very expensive [135], [199],
[200]. In Germany, in 2017 [201], experiments were conducted using biopolymers,
such as polysaccharides to obtain nanocarriers with tunable size. The increase of
the pressure from 30 MPa to 103 MPa gave much smaller droplets (from 300 nm
to 180 nm). Although there was no obvious decrease on the diameter above 69
MPa, the polydispersity index became higher due to the so-called overprocessing

phenomenon.

The third class of HPH is the jet disperser (Figure 1.30.c). In this case also two or
more jets or coarse emulsions, coming from opposing bore, collide with one
another but in a different design [139], [185]. The bore diameters in the jet
dispersers are usually 0.3-0.5 mm. The jet disperser has the same order of
magnitude as the diameter of the orifice bore and the inlet head diameter of the of
the orifice plate is typically 10-60 mm [185][139].

The last class is the based on the nozzle design and it is called orifice plate (Figure
1.30.d). It can be placed either in the center of the inlet or in the outlet of the
channel, where the oil is passing through and generate in the outlet of the orifice
[202]. The oil droplets undergo laminar elongational flow and they break in the
water phase where they are collected. Nair et al. [203] prepared acrylate double

emulsions and made effort to vary the droplet diameter by increasing the pressure
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during homogenization from 6 to 10 MPa. They display that the diameter
decreases by the pressure increase yet the size dispersity is significantly
increasing which was consequence of a belligerent homogenization (Figure 1.33).
Finally, in 2021, Mutsch et al. [204] compared two different Reynolds numbers,
Re = 2000 (laminar flow) and Re = 5700 (turbulent flow) and evaluated the droplet
variations. It was explained that both mean diameters were approximately the
same, whereas the polydispersity was higher in the case of low Reynolds nhumber
due to the absence of such high stress forces (Figure 1.33).

In jet dispersers and orifice plates, droplets are mostly disrupted by cause of
laminar elongational flow along the bores [139], [148], [185], [189], [198], [205]-
[208].
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Figure 1.33. Particle size distributions of the final solidified porous particles as a function of orifice back
pressure used during W1/O/W2 homogenization [203].

HPH is a highly efficient method, which makes it available at laboratory and
industrial scale [209]. They are used to produce emulsions with droplet diameters
smaller than 1.0 ym and a narrow droplet distribution [210]. However, two of the
major disadvantages are that a big amount of energy is required in order to operate
and usually there is an increase on the temperature during processing which might
deteriorate the components [135]. This is why, some studies aim to obtain
emulsions with rotor-stator mixer as efficient as the ones obtained with high-
pressure homogenizers. For instance, in 2020, the production of triglyceride oil-in-
water emulsion [211] has been done with these two methods. In Figure 1.34, both
devices enable to provide smaller droplet sizes with longer emulsification time.

Moreover, rotor-stator mixer displays bigger mean volume diameter in lower speed
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but when the speed is maximum the results are comparable with the ones obtained
from high-pressure homogenizer. The lowest diameter was a bit higher than
300 nm for both devices. When it comes to the emulsion polydispersity, results
show that rotor-stator has lower polydispersity opposed to the high-pressure

homogenizer.
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Figure 1.34. Mean diameters of emulsion droplets in relation with the number of passes through each
equipment, realized with rotor-stator mixer (UTL) at different rotational speeds and with high-pressure
homogenizer (HPH) [211].

So, both rotor-stator and high-pressure homogenizer can be used to obtain
monodispersed emulsions, but there is still a need to scale-up these processes in

order to have an industrial/continuous production of droplets or patrticles.

1.4 Static Mixer

In chemical process industries, mixing is the most common and essential
procedure in many different aspects [212]. Liquid-liquid dispersions is a widely
used method that can take place in various processes such as liquid-liquid
extraction, or reactions concerning an emulsification step. It is also comprised in
every-day used products such as food, cosmetics, or drug industries. In all the
applications, it is crucial to be able to control the droplet size distribution and the
average diameter which determine the final properties of the product [213]. Static
mixers are being increasingly comprehended in pharmaceutical, chemical, food
processing, polymer synthesis, paint and resin, pulp and paper, water treatment
and petrochemical industries [214]. It is a device used for continuous mixing of fluid

materials where there are motionless elements placed in a pipe or channel [215],
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[216]. The only driving force is the pressure difference between the inlet and outlet
of the tube [217]. Mainly it is used to provide mixing to two liquids, miscible and
immiscible, as well as to mix gas streams, or disperse gas into liquid [215]. There
is no requirement for external power apart from the energy needed to pump and
flow the fluids through the mixer [216]. However, it should be mentioned that the
usual energy required should be highly effected of the length of the tube asw ell
as the design of the stati mixers and may vary upon large range of decades.

In 1965 Armeniades et al. [218], discovered a new way of mixing two liquids or one
liquid with one gas, by installing a hollow cylindrical tube containing several thin
flat and curved sheets that fit in the inner tube diameter. Depending on the fluid to
be mixed, these elements can be twisted in different angles, between 30° and 210°,
to offer better dispersion. Their main use was to blend two viscous liquids that react
with each other and create either a viscous or solid product, for example synthetic
resin. Static mixing is claimed to be a cost-effective technique that provides in-
depth mixing and low pressure drop.

Since then, different geometries of static mixers were established and sold by the
most popular brands, Kenics® and Sulzer®, and are able to provide laminar or
turbulent blending depending on the application. Both companies develop different
geometries that can fulfill all the various demands of the market and research
(Figure 1.35). Static mixers are keen to promote secondary transverse flows that
elevate the mass and heat transfer in the cross-section [214]. An additional design
of a static mixer is the insert-type configuration, where the typical design is a series
of identical, stationary inserts named elements, which can be positioned in pipes,

channels or ducts [162].
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Figure 1.35. Different static mixers designs [219].

High demand of static mixers is observed in continuous processes instead of
conventional agitation or batch processes due to the lower cost and sometimes
better performance [214]. Using motionless mixers can provide plenty of
advantages such as low energy consumption as well as the lower maintenance
requirements due to the absence of moving parts [214], [220]. Other crucial
benefits are the low cost of the equipment, the small space to place it along with
the absence of power apart from pumping [214].

Majority of research that was conducted is based on computational fluid mixing
(CFM) to forecast the mixing behavior using a static mixer. This method provides
several advantages to research such as the low-cost, the easiness on alternation
of the parameter of the system and also allows experimentalists to predict an
outcome. Sulzer® SMRX static mixers were on high interest of several
researchers. In this static mixer there are several solid crossing tubes in the inner
part of the tube that provide high-efficiency cooling or heat of viscous media. In
this way the fluid undergoes a compelling radical mixing combined with controlled
heat transfer [221]. In 1996 a research group from Switzerland and Canada [222],
compared experimental and numerical results to allow the understanding of flow
in static mixers as well as to numerically develop an ideal design for an SMRX
static mixer. They tested different crossing angles,10° to 150° and compared an
SMRX with one or two elements placed in the inner tube. During the simulations it
was shown that 90° crossing angles are sufficient enough since smaller ones did
not provide efficient mixing since the obstacles in the flow path were not enough.
On the contrary, larger angles disrupt the flow and trigger high pressure drops. The
bigger the cross angle the more intense pressure drop was observed. It was also
shown that adding a second element in the tube increases the pressure drop by a
factor of two, which can be a limit in depending on the application. Finally, they
summarized that even though small deviations from numerical to experimental
approach can occur, numerical simulations results can serve as a reasonable
model of the experimental ones.

Later, Hobbs and Muzzio [223] numerically developed a 6-element Kenics static

mixer so as to detect and assess micromixing performance. The main goal was to
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vary the Reynolds number from very low up to Re = 1000 but still the mixed solution
to be in the laminar regime. They discovered that in Re < 10 the fluid was in the
creeping flow condition, where the advective inertial forces are smaller than the
viscous forces. In other words, the velocity was very slow and the viscosity too
high in that low Reynolds number [224]. On the contrary, by increasing Re = 100
and Re = 1000 they observed the formation of small islands that did not participate
in the mixing process, while at the same time the fluid was entering the chaotic
state of mixing. This led to the conclusion that in smaller Reynolds number, the
mixing performance is much more effective than in higher where the mixing is
poorer.

On the other hand, researchers experimentally evaluated micromixing ability of the
widely used continuous flow stirred tank reactor (CSTR) and compared with static
mixers. For example, in 2013, investigation was carried out on corn oil-in-water
emulsion using a helical type of static mixer equipped with 20 elements [225]. It
was shown that even in the beginning of the mixing, static mixer induced smaller
and more uniform droplet sizes than the mechanical mixer (Figure 1.36). However,
static mixer was more prone to higher reaction rates than the mechanical stirring.
This means that in cases that reaction between the two fluid is desired, static mixer

can provide this in less time and with much less power consumption.
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Figure 1.36. Droplet size distribution of methanol in oil when static mixer or mechanical mixing was used for
0.5 min of reaction time [225].

The famous Kenics mixer was developed from different scientific groups and by

using various number of elements, e.qg. 6, 12 or 24. In the late 90s experimentalists
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from Canada [226] used a KM Kenics static mixer equipped with 6 elements and
proved that working at low Reynolds numbers (Re = 2000, laminar flow) is
advantageous due to the decreased energy inputs needed to operate the mixer.
During the experiments, streamlines number and thickness were the main
characteristics to evaluate the micromixing efficiency. They showed that low or
high Reynold numbers had approximately the same striation characteristics after
the fluid was passing the 4™ or 5" element. This was a great understanding on the
fact that high feeding energy does not always cause better mixing. Finally, it was
also established that even if the viscosity ratio is high, up to 1, and the streamline
widths are bigger, the mixing is more consistent than at lower values of the ratio.
This is consequence of the shear rate applied in a less viscous material that causes
it to elongate and lead to less thick striations and providing poorer mixing efficiency
to the fluid.

Research has also been conducted on the Sulzer SMX static mixer. Recently has
been investigated the influence of different parameters on the vegetable oil-in-

water emulsion using a 9 element SMX static mixer (Figure 1.37) [227].
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Figure 1.37. Particle size distribution obtained with a Sulzer SMX static mixer, for different ratios of o/w
emulsion (top left) 1:100; (top right) 1:50; (bottom) 1:25, at constant flow rates equal to 1250 L/h and for
increased emulsification times (30 sec to 3 min) [227].
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It was remarked that for a constant flow rate, g = 1250 L/h, the increase of the oll
content caused the diameter of the oil droplets to increase, while a second peak
arise due to instant coalescence of the droplets. Contrastingly, a rise on the flow
rate, from 750 to 12500 L/h, improved the droplet size below 10 um. Finally, the
operating time was investigated, and it appears that the droplet size enhanced by
longer mixing time. Unfortunately, in all the experiments coalescence of the oil

droplets was observed that could not be avoided.

As a partial conclusion, the previously evocated devices (ultrasound generators,
rotor-stator mixers, HPH and static mixers), that are the most widely used to
produce emulsions [147], [228] use high shear stress to deform and disrupt large
droplets [228], [229]. Therefore, high-energy inputs are required in order to
operate, limiting their use for shear-sensitive ingredients, such as proteins and
starch, that can lose their properties resulting in a poorer system stability [228],
[230]. Additionally, using these devices does not allow to easily control the droplet
size and the droplet size distribution. This is caused due to the shear stress that is
not uniformly distributed, because it is collectively applied near the mixing element,
while leaving dead volume areas [231]. Consequently, they can show low
reproducibility and quality of the product due to the variations per batch on the
same manufacturing scale [232]. Thus, there is a need to develop other methods,

such as membrane emulsification, to get rid of these disadvantages.

15 Membrane

Contrary to ultrasound generators, rotor-stator mixers, HPH and static mixers,
during membrane emulsification the shear stress is allocated evenly over the
membrane surface and the droplet size as well as the distribution are more
controlled [231]. Besides, the previously mentioned high-energy emulsification
devices apply high shear and energy which give rise to the temperature [233]. This
temperature increase is attributed to the mechanical energy that is transformed to
heat because of the viscous dissipation [234]. On the contrary, during membrane
emulsification the shear applied is mild and allows the temperature to have a

constant value [233]. Control of temperature is one of the major factors that enable
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temperature-sensitive compounds to stay flawless [231]. Over the last 20 years,
membrane emulsification received an increasing attention as an alternative
method to produce emulsions and particles. It is used in different fields such as
food industries and pharmaceuticals where highly consistent droplets with tunable
diameters are demanded, such as targeted chemotherapy.

The membrane emulsification method to fabricate monodispersed emulsions was
first introduced in 1986 by Nakashima and Shimuzu [235]. In the recent years,
there is an increase of interest concerning membrane emulsification used as an
alternative method to produce emulsions and particles [236]-[239]. The operating
principle, drawn in Figure 1.38, is quite easy to understand. In more details, there
are two phases (the continuous and dispersed one) that are separated with a
porous membrane that can be hydrophilic or hydrophobic depending on the type

of emulsion.
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Figure 1.38. Schematic diagram of the preparation of W/O emulsion by membrane emulsification [240].

Usually, the dispersed phase is surrounding the continuous phase that is running
through the center of the membrane. Basically, the dispersed phase is pushed with
the help of a pump to flow inside the membrane where the continuous phase flows
to form the droplets [240], [241]. It is very important to mention that the membrane
should not be wetted by the dispersed phase, since it can cause polydisperse
emulsions [242]. Once the droplets start to form, surfactant molecules from the
continuous phase are attached on their surface so as to stabilize them. This
adsorption kinetics dictates the time required to stabilize the droplets against

coalescence [240].
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There are several factors that influence the droplet size and can be divided in three
categories [243]. First, are the properties of the membrane: the porosity of the
membrane is a crucial parameter since it can influence the appearance of
coalescence. It is believed that the higher the porosity the more likely the droplets
in the exit of pores will come in contact and coalesce. Whereas the low porosity
can cause the decrease of the dispersed phase flux, which is not desired in a
larger-scale emulsion production [240]. Additionally, there is reported a linear
relationship between the mean droplet diameter of the emulsion and the mean
pore diameter of the membrane [241]. This means that increasing the later tends
to increase the droplet size. In 2002, researchers prepared vegetable oil-in-water
emulsions by using Shirasu-Porous-Glass (SPG) membrane and obtained a 3.5
times higher mean droplet size compared to the pore size of the membrane [244].
A second category that plays an important role on the droplet size is the process
parameters. Two parameters distinguish among others, the transmembrane
pressure and the crossflow velocity of the continuous phase. The former refers to
the amount of force that is required to push the dispersed phase through the
membrane [245]. Increasing this, leads to an obvious increase of the dispersed
phase flux through the membrane which causes bigger droplet sizes since the
emulsifier molecules do not have enough time to stabilize the newly formed
droplets, thus the polydispersity is also increasing. Wu et al. [246] prepared water-
in-oil kerosene emulsions by using a multiple ceramic membrane. As presented in
Figure 1.39, they confirmed that high transmembrane pressure brought an
increase on the dispersed phase flux, hence an increase on the mean droplet
diameter and polydispersity, that showed a linear dependence on the

transmembrane pressure.
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Figure 1.39. Influence of transmembrane pressure on the flux of the dispersed phase [246].
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One the other hand, the increase of the cross-flow velocity of the continuous phase
allows the formation of smaller droplets, while decreasing the shear forces applied
to the formed droplets causes the droplet size and polydispersity to increase [240]
Last category is the physical properties of the fluids to be mixed. One of the major
factors that plays a role on the size of the droplets is the surfactant. Its choice has
to be done carefully since the polar groups that are attached on the ends can react
with the membrane, if they are opposite charged, and adsorb on the surface. This
can cause polydisperse emulsions [242]. Moreover, the adsorption time of the
surfactant molecules on the droplets surface affects the droplet size. The more
rapid the adsorption the smaller the droplets [247]. Finally, the diffusion of the
emulsifier molecules determines the size of the newly formed droplets. This means
that a rise on the continuous phase viscosity will lead to lower diffusion of the
molecules thus to higher droplet diameters [240]. While on the contrary,
Vladisavljvic and Schubert [244] showed that an increase on the concentration of
the dispersed phase up to 20 vol% has no obvious impact on the mean droplet

size (Figure 1.40).
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Figure 1.40. The influence of dispersed phase content on mean droplet size for different mean pore sizes
[244].

As a summary, all the high-energy emulsification methods evocated in this part,
and summarized in Table 1.1, are widely used to produce emulsions. However,
the increased energy consumption when these devices are used led to the
development of low-energy emulsification devices. This way the emulsification

process becomes less expensive as well as more friendly for the environment.
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These low-energy emulsification processes will be discussed in more detail in the

following chapter.

Table 1.1. High-energy emulsification (HEE) methods.

HEE Methods

Forces driving the
droplet formation

Pros and cons

Ultrasound generators

Mechanical vibrations
(cavitation)

Pros:

e Fast method

e Small diameters (even below 100
nm)

¢ Narrow size distributions (PDI<0.2)

Cons:

e High energy consumption

e Heatincrease

e Small volume (not possible to
scale-up)

Rotos-stator mixers

Mechanical and shear
stress forces

Pros:

¢ Rapid

e Already used on industrial scale
Cons:

e Lack of diameter control

e High polydisperse emulsions

High-pressure
homogenizer

Intense shear and
extensional stress forces

Pros:

e Improved droplet size control

Cons:

e High energy consumption

e Heat increase

e Difficult to obtain monomodal
emulsions and diameter below 100
nm

Static mixers

Shear and extensional
stress forces

Pros:

e Low cost

e Compact device

e Rapid

e Low pressure drop?!
Cons:

e High pressure drop?
e Heatincrease

Membrane

Mild shear forces

Pros:

e Improved temperature control

e Low energy consumption

o Narrow size distributions

Cons:

e Low productivity

e Low production rate

o Relatively diluted emulsions
(dispersed phase up to 30 vol%)

e High pressure drop

1: Short tube, few static mixers, 2: Long tube, more static mixers
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2. Low-Energy Emulsification Methods

Low-energy emulsification occurs under laminar and low-energy conditions. The
important advantage using this method is from an economic perspective and as a
potential matrix to encapsulate fragile molecules. Low-energy methods are
primarily controlled by the physicochemical behavior of the surfactants and

requires careful selection of surfactant and cosurfactant combinations [148].

2.1 Spontaneous Emulsifications

Spontaneous emulsification has received an increased interest during the last
years since the energy input required is much less compared to the high-energy
emulsification techniques [248]. Therefore, they are used in different fields such as
pharmaceuticals, food, and agricultural industries. Johannes Gad was the one who
described spontaneous emulsification in 1879 [249]. Theoretically, to form an
emulsion using this method there is no requirement of external energy feeding just
an oil phase as well as an aqueous phase that are not in thermodynamic
equilibrium to come in contact. In a realistic sense, to spontaneously form the
emulsion energy is required, such as temperature increase, which can help a
thermosensitive system to form emulsion [250]. A very characteristic phenomena
for the spontaneous emulsification is the “Ouzo effect”. The first to describe this
were Vitale and Katz [251]. The term “ouzo” origins from a Greek alcoholic
beverage containing star-anis. Basically the “ouzo effect” occurs when water is
added in a mixture of ethanol containing anise oil. Once the anis oil is dissolved,
small droplets spontaneously nucleate and the emulsion is formed [252], [253].

Anton et al. [254] described a physicochemical mechanism where the two liquids
are mixed at room temperature. Particularly, the dispersed phase is composed of
oil, surfactant and a solvent that is miscible in water, and it is mixed with water.
When these two phases come in contact the surfactant, if water soluble, with the
solvent are diffusing to the aqueous phase, which causes a high turbulence at the
oil-water interface. This fast diffusion leads the oil-water interfacial area to grow
and allow the spontaneous development of the oil droplets in the aqueous phase.
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Three categories play a very important role on the control of the particle size. The
most obvious one is the thoughtful choice of the composition of organic and
aqueous phases. For example, in 2021, researchers tried to tune the morphology
of porous patrticles that could be used as biomaterials in tissue engineering [255].
They were the first ones to prove that varying the amount of the organic solvent
that is added in the continuous phase can change the porous formation (Figure
1.41).
Toluene fraction [v/v%]

Figure 1.41. Scanning electron microscopy images of particle cross-sections. The particles were produced
by changing the amount of organic solvent (toluen?%égit is added in the continuous phase. Extracted from
Another way to tune the particle size is the changes of the experimental
environment, such the temperature, pH and ionic strength are some important
conditions for this [256]. Finally, the mixing step is also important, which means
that the stirring speed need to be controlled, along with the sequence of addition
of the two phases, as well as the speed with which the second phase is added to

the first one [256], [257].

Several advantages distinguish this technique. Starting with the minimum energy
input which is necessary to form the emulsion, while at the same time the use of
compounds that do not harm encapsulated molecules [254]. On the contrary, a big
drawback is the fact that large amounts of synthetic surfactants are required in
many cases, which can be a restrictive factor in biocompatibility and most

importantly the increased cost of production [256].

2.2 Phase Inversion Temperature

The phase inversion temperature (PIT) process involves the recording of changes
of the emulsion properties according to the HLB of the emulsifier used, when
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temperature is provided to the system [258], [259]. Practically, the PIT occurs when
the emulsion from oil-in-water becomes inversed and forms water-in-oil emulsion,
and vice versa [260].Shinoda and Saito where the first to introduce the low-energy
phase inversion temperature method in 1968 [261]. They simply mixed oil with
water and non-ionic surfactants at room temperature under low stirring and
progressively increased the temperature. They observed that the oil-in-water
emulsion that was initially prepared, experienced phase inversion to form a water-
in-oil emulsion. This spontaneous emulsification method involves both oil-in-water
and water-in-oil emulsions that can be inversed. The driving force for this change
is the physicochemical properties of the surfactant.

This means that a nonionic surfactant can undergo changes in its hydrophilic-
lipophilic balance (HLB) which influences also the solubility in oil and water phases
depending on the temperature [262]. It is well known that the head group of a
nonionic surfactant is soluble in water, and this is due to the increased moisture
that is trapped in between the molecules. When the temperature is low, the water
solubility of the surfactant is high. Increasing the temperature results in the
dehydration of its head which lower its solubility in water. A further increase in the
temperature will reaches a critical point, called PIT, where the surfactant is almost
equally soluble in water and oil phases. Above PIT, the solubility of the surfactant
is higher in the oil than in the water phase. Some researchers refer this PIT to a
change in the curvature of the non-ionic surfactant molecules [256].

It is worth to mention that a stable oil-in-water emulsion in ambient temperature
can be obtained when the PIT happens at higher temperatures [261]. Control of
this temperature can be achieved by controlling the amount of surfactant used for
the experiment. Researchers in Japan reported that the higher the hydrophilicity
of the surfactant, the higher was the PIT, meaning above 25 - 70°C higher than the
storage temperature [263]. Another important parameter is the hydrophilic-
hydrophobic properties of the emulsifier. When the surfactant chosen is more
hydrophobic, the PIT decreases and the opposite [264]. Finally, a careful selection
of the oil that is used to emulsify is required. Indeed, Férster et al. [264], observed

a lower PIT when the oil they used was less polar.
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2.3 Phase Inversion Composition

The phase inversion composition (PIC) process has some common points with the
phase inversion temperature (PIT). However, the main difference relies on the
absence of heat input to the system. This unfolds a big variation of surfactants
alike PIT where the surfactant system has to be thermosensitive [265]. PIC is
conducted at room temperature, however emulsification occurs when the
composition of the system changes [256]. Most of the time a big amount of water
is added to a water-in-oil system in order to dilute and exceed the critical point
above which an oil-in-water emulsion will be formed. This allows the surfactant
micelles of the water phase to swell while the water is diffusing inside and form a
sponge like phase. The addition of more water will eventually lead to the phase
inversion when the oil droplets nucleate in this sponge phase, but they still stay
there while the rest of the sponge composition eventually forms cylindrical or
spherical micelles that are soluble in water. Finally, the oil droplets and micelles
separate and disperse in the agueous phase and the resulting emulsion has a
bimodal size distribution [265].

3. Microfluidics

Microfluidics is the field were small amount of fluids, between 10° — 108 liters,
flow in small channels having tens or hundreds of micrometers dimensions [266]—
[269]. Even though it seems that is a quite new method, the first time that this
concept was discussed was in microelectronics in 1947 [270]. There is an
extensive range of applications since microfluidics get involved in different fields,
such as microtechnology, biotechnology, engineering, chemistry, physics and so
on [210]. Researchers rely on the plenty advantages of microfluidics. Starting with
the fact that very small amounts of reagents can be used in order to run an
experiment, which rises from their small internal volume. This also is a big benefit
since the production time is very short. The budget required for the experiment can
be very low thanks to the use of common laboratory equipment, such as plastic
syringes and tubes, in some cases. Microfluidics offers a better control of the

parameters of the system, process or chemical parameters, as well as of the size,

87



Chapter I. Background Literature

shape, and morphology of the material to be produced [168], [272], [273]. Finally,
it turns out to be a method where contamination of the products can hardly happen
[271]. On the contrary, there are several disadvantages as well. The main
restrictions of microfluidics are the low production rates and the process scale-up.
In addition, the need of syringe pump is essential and can increase the set-up costs
[272].

Among many different subcategories of microfluidics is the so-called droplet-based
microfluidics and can be used in different applications such as individual chemical
microreactors, or emulsions, etc. [274], [275]. Main focus will be given on the
formation of micron size emulsions. Generally, in droplet-based microfluidics
immiscible fluids of specific volumes are used to form droplets that are mainly in
the range of micrometers with very narrow size distributions [276]. There are two
important classes of droplet generators: the microchannel- and capillary-based
devices. In the former, microfluidic chips composed of different microchannels
allow to put in contact both continuous and dispersed phases (Figure 1.42.a-c),
while for the second assembly of tubing and capillary are used for the same (Figure
1.42.d-f) [277] [278].
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Figure 1.42. Different microfluidic devices for the emulsification of a liquid monomer. Microchannel-based
devices: (a)terrace-like device, (b) T-junction device, (c) flow-focusing device. Capillary-based devices: (d)
co-flow device, (e) crossflow device, (f) flow-focusing device. CP and DP are respectively the continuous
and the dispersed phases [275]

In both classes, the main driving force for droplet production is the shearing force
imposed to the forming droplets. This force happens when the droplet that is
formed undergoes shear due to the flow of the continuous phase and gets
detached and dispersed into the continuous phase [277]. Different strategies can
be used to put the two fluids (Figure 1.42), among which the co-flow devices where

the continuous and disperse phase flow in the same direction The review of the
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literature concerning the co-flow devices will allow the better understanding of the
diameter control using those systems, which will also be used in the present
dissertation.

To have a better understanding on the system there are two dimensionless
numbers that play a crucial role on the particle diameter. The first one is the
Reynolds number Re, which is the ratio of the inertial to viscous forces in a fluid
system (Part D.1, Equation 1). Since the characteristic dimension of these droplet
generators is in the micron range, the Re is expected to be low (Re < 2000) and,
thus, the system evolves under a laminar flow regime. In this regime, the system
does not mix alike the turbulent flow but only by diffusion [279]. The second
dimensionless number is called the capillary number Ca (Equation 1.2), which
depicts for a shear flow the ratio between the viscous and interfacial forces of the
fluid system [279]:

_ kv
Ca = = (1.2)

where o is the interfacial tension between the two fluids, v is the mean velocity of

the fluid and p is the dynamic viscosity of the fluid.

Control of the particle size can be achieved by controlling the parameters that
influence those two dimensionless numbers [275]. Over the years, researchers
developed a big variety of particle shapes that are produced using microfluidics,
such as spheres [280], [281], discs [282] and rods [283]. In view of these
possibilities, Nie et al. [284] developed a polyurethane elastomer microfluidic
reactor allowing the continuous production of core-shell droplets to be used in data

storage (Figure 1.43).
UV-irradiation
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Figure 1.43. Schematic of production of droplets by laminar co-flow of silicone oil (A), monomer (B), and
aqueous (C) phases followed by schematic of the wavy channel used for photopolymerization of monomer in
core-shell droplets [284].
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They used three immiscible fluids the continuous phase fluid was an aqueous
solution with of sodium dodecyl sulfate as surfactant, the core fluid was silicon oil
mixed with another surfactant, Span 80, and finally the shell was a mixture of two
acrylate monomers and the photoinitiator. They obtained the solid particles using
a wavy channel which was under UV irradiation at 360 nm wavelength. Among the
different parameters that influence the particle size, they paid attention to the flow
rate of the continuous phase as it can change the patrticle size. In Figure 1.44, the
average diameter of the core-shell droplets is presented as the flow rate of the
continuous phase increases and keeping the other two flow rates constant. A
decrease of the diameter from 100 ym down to 70 um has been observed when
the flow rate of the continuous phase was increased from 20 mL/h to 50 mL/h.
Moreover, the coefficient of variation, determined as the standard deviation divided
by the mean droplet size, and when this value is below 5% the particles are
considered to be monodisperse, which is the case in this research (CV below
1.5%).
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Figure 1.44. Average diameter of core-shell droplets plotted as a function of flow rate of the continuous
phase [284].

Another particle morphology that was introduced in 2008 by Serra at al. [285] using
co-flow microfluidics (Figure 1.45) is the polymeric beads that stick together to form
a necklace looking shape. They used methyl methacrylate mixed with a cross-
linker and a photoinitiator to form the dispersed phase. For the continuous phase
they mixed distilled water with methyl cellulose. Once the droplets were formed,
they used in-line UV polymerization, at 365 nm wavelength, to obtain the particles.

Then they linked the particles using an aqueous solution and pushing the droplets
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in a tube so as the one touches the other in a line. Finally, the system was heated
for 1 h at 80°C in order for the particles to stick together and form a necklace shape.
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droplets beads
Carrier
fluid exit \
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octanoate sp
solution

Glogged
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-—

Convergent pipe Stacked particles

Figure 1.45. Schematic of needle/tubing microfluidic device and particles stacking [285].

In another work [286] they evaluate the influence of material and operating
parameters on the droplet size. Figure 1.45 shows that for a fixed ratio of
continuous and disperse phase flow rates, Qc/ Qu, the viscosity of the continuous
phase is inversely proportional to the particle size. This means that in higher
viscosities the obtained particle size is becoming smaller, since the shear applied
to the dispersed phase is much higher. At higher viscosities, more than 1050 cP,
a plateau was observed when the Qc/ Qa was higher than 150. This can be
explained by the fact that the needle used to produce the droplets had an inner

diameter of 260 um, and the droplets could not be formed below this value.
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Figure 1.46. Average diameters of polymer particles produced by varying the continuous phase viscosity
[286].
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D Conclusion

To summarize what was described in this chapter, an overview about emulsion
types (w/o, o/w and multiple) and stabilization mechanisms along with their wide
variety of applications were discussed in detail. This was followed by an extensive
report on the thiol-ene chemistry, and its use in many applications including
miniemulsions. Finally, several emulsification devices were detailed for the
production of nanometer and micron size droplets and polymeric particles. For the
production of nanodroplets, high-energy emulsification devices, containing rotor-
stator mixers and high-pressure homogenizers show several disadvantages such
as lack of droplet diameter control and increased energy consumption. Regarding
microdroplets, microfluidic-based droplet generators were appeared as elements
of choice to produce monodisperse micron size droplets whose diameter can be
easily varied upon changes in operating and material parameters.

The literature review revealed the need for the development of low-energy
emulsification device in order to produce thiol-ene based miniemulsions. The goal
of this thesis is to develop an elongational-flow based device so as to produce
monomodal miniemulsion whose droplet size can be tuned with the least amount
of energy required to operate. Since thiol-ene click chemistry has several
advantages and applications that were described before, the miniemulsion that will
be produced will be based on this thiol-ene chemistry using different monomers.
This way the droplet diameter can be tuned depending on the desired application.
Different emulsification devices will be investigated to produce different

poly(thioether) nano- and microparticles.
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Chapter Il. Materials and Methods

Preface
In order to achieve the different goals listed in the conclusion of the previous
chapter, use of common emulsification devices, adaptation of existing ones and
development of a new one was considered. This chapter therefore presents the
different devices that were used in this thesis work for i) the production of thiol-ene
miniemulsions, i) their subsequent photopolymerization to reach size-control
poly(thioether) nanoparticles and iii) the characterization of the different

miniemulsions and nanosuspensions produced.

A Emulsification Devices

1. Some Theoretical and Historical Aspects of the Elongational-Flow

Emulsification

There is an increased interest for emulsification devices that are friendly for the
environment, and which require low energy input. Researchers have developed
elongational flow devices that are able to provide improved dispersive mixing with
the least energy consumption. In 1934 a pioneering work was reported from Taylor,
who observed the droplet deformation under simple shear and two-dimensional
extensional flow, which occurs in an elongational-flow-based device [1]. His theory
proves that in the simple shear, droplet breakup happens only until the viscosity of
the dispersed phase is 4 times less the viscosity of the suspending fluid. However,
when the viscosity becomes higher, the droplet cannot be deformed further and a
steady shape, that might be also slightly deformed, is obtained. On the contrary, it
is shown that in the two-dimensional extensional flow, the droplets can rupture in
any viscosity ratio provided that the strain rate, the deformation of a material under
the evolution of time [2], has a value higher than a critical point (Figure 2.1).
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Figure 2.1. Effect of viscosity ratio in simple shear and two-dimensional extensional flow [3].

A very important value that can predict the droplet breakup is the capillary number

[4], which is the ratio of the viscous forces divided by the interfacial forces
expressed for an elongational flow with the elongational strain rate, € as follows:

ED

— (2.1)

where p is the viscosity of the emulsion, &, the elongational strain rate, Dd the
droplet diameter and o the interfacial tension between the dispersed and
continuous phases. As mentioned before and according to the Taylor theory, when
this capillary number reaches a critical value, Cac, depending on the overall
emulsion viscosity, the droplets rupture from one big drop into smaller droplets is
observed. In the case that the newly formed droplets have a diameter that can
allow the new value of the capillary number to be equal or higher to the Cac, they
will break up again and form smaller droplets.

In an elongational-flow based device the restriction plays one of the most important
roles since it is the parameter that will elongate the droplets and the flow of the
emulsion will undergo a strong elongational strain rate, €, which will cause the

deformation of the droplets. Assuming that the emulsion is a Newtonian liquid, and

following Cogswell analysis [5], the elongational strain rate can be defined as:

. 2T wh
g:ﬂ (2.2)
3A4P,

where T, is the shear stress at the wall of the restriction, y',, the shear rate at

the wall and APe is the pressure drop by passing the entrance of the restriction. To
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have a better understanding on the parameters that can influence the droplet
rupture it is important to develop further the equation 4.
Using the Newtonian law of viscosity one can determine the shear rate as:

. Tw
YW::77 (2.3)

where p, the overall emulsion viscosity. By combining the two equations 4 and 5,

the elongational strain rate becomes:

2732
g =—"" (2.4)
3uAP,
In case the restriction has a cylindrical shape, the shear stress can be expressed
as:
_ Dy APp

2.
w 4Ly ( 5)

where Dn is the diameter of the bore of the restriction, AP the pressure drop across
the restriction and L is the length of the restriction.

The pressure drop, APn for Newtonian fluids that are in the laminar regime inside
the chambers can be expressed according to Hagen-Poiseuille law as:

Ap, = 22K1nd (2.6)
Dy

where q refers to the flow rate of the emulsion. While in the turbulent flow it is

described as:

2
Am=£%%i 2.7)
where f is the Fanning friction factor, which is usually described as a function of
the Reynolds number.

Referring to the pressure drop at the entrance of the restriction it can be expressed

as:

2
Ag=@“? 2.8)

where Ks is the loss coefficient of the restriction and is determined as
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K, = 0.45 1—(ﬁ)2 2.9
r =0 D, (2.9)
where Dt is the inner diameter of the tubing or chamber that is connected to the

restriction, <u> the mean velocity through the restriction and defined as:
4q
u) = — 2.10

W =7 (2.10)
By having a quick look of the aforementioned equations one can understand that
the droplet rupture depends on many different factors such as the geometry of the
chamber and the restriction, the flow rate and the pressure drop across the
restriction [6].

Y. Suzaka in 1979 [7], was the first one to patent a mixing device based on an
elongational flow and used to mix polymeric melts. The device is shown in Figure
2.2, where the material is pushed through a series of chambers with a very narrow

path which promotes the elongation of the droplets and causes their breakup.

Figure 2.2. Elongational-flow mixing device [7].

Later in 1995, X. Q. Nguyen at al. [8], wanted to improve the device developed by
Y. Suzaka so they designed a similar device where one of the restrictions could be
controlled to adjust the stress applied to the system so as to achieve the desired

/

droplet size depending on the application (Figure 2.3).
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Figure 2.3. Extensional flow mixer [8].
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At the same time M. R. Mackley et al [8], developed a device called “multipass
rheometer” where a fluid is placed in a chamber where two servo-hydraulically
driven pistons are moving simultaneously so as the fluid passes through a very
narrow capillary and the droplets elongate and rupture (Figure 2.4). The pressure
that forces the pistons to move was approximately 210 bar. They claim that this

device can be used in rheo-optics, mixing and reactions.

Figure 2.4. Multipass rheometer [8].

Our group got inspired from this work and recently developed a novel mixing
device based on the elongational flow [9]. In the following section, all the

emulsification devices that were used are reported and commented.
2. Micro Elongational-Flow Reactor and Mixer (MRMX)

This device combines the elongational-flow reactor and mixer with microfluidics,
since a microchannel is used for the elongation of the droplets. This device is
mentioned before from our group [10] and is called micro elongational-flow reactor
and mixer (MRMX) (Figure 2.5). It comprises two mid pressure (2.5 bar) syringe
pumps (neMESYS Mid Pressure Module, Cetoni), two 25 mL stainless steel
syringes (Cetoni), an elongational-flow micromixer and a PolyEtherEtherKetone
(PEEK) tee (Valco Vici).
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Figure 2.5. Micro Elongational-Flow Reactor and Mixer (WRMX), A) withdrawing syringe, B) infusing syringe,
C) micromixer.

To operate the syringes the supplier provided a software that is able to move the
syringe pumps independently to inject or withdraw, work in tandem
(withdraw/withdraw, infuse/infuse), or in opposite phase (withdraw/infuse). The
micromixer that was used was composed of three or four drilled microchannels
with two different bore sizes, 150 or 250 ym. To connect the micromixer with the
stainless-steel syringes, two Polytetrafluoroethylene (PTFE) tubing (1.06 mm
internal diameter (ID) x 1.68 mm outer diameter (OD)) were used and placed in
opposite port positions (180°) in the micromixer. The rest of the microchannels
were closed during the experiment but one was open after finishing in order to
recover the miniemulsion.

The material to be mixed is introduced in a plastic syringe, whose volume can be
varied between 5 and 25 mL, without pre-mixing. The filled syringe and a second
empty syringe are placed on the syringe pump older and connected to the
micromixer by means of a PTFE tubing. Then through the software, the two
syringes are forced to work in opposite phase. Thus, the filled syringe pump starts
infusing the solution through the mixer and at the same time the empty syringe
starts to withdraw at same flow rate. One back and forth movement of the syringe

will count for one cycle. The software allows to adjust different parameters such as
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the flow rate and the number of cycles. After the prescribed number of cycles, the
device stops and the miniemulsion is recovered for further processing.

Research has already been conducted from our group to evaluate the droplet size
of a miniemulsion produced as well as the polydispersity index. W. Yu et al [6],
worked with methyl methacrylate (MMA) to produce miniemulsion with tunable
droplet size. The effect of the process parameters as well as the chemical
parameters that can change the droplet diameter was studied (Figure 2.6). They
first proved that the droplet diameter was decreasing when the number of cycles
was increasing from 100 to 800 number of cycles. While a significant decrease
was observed when the flow rate was increasing, and the bore size of the

micromixer decreased as a result in both cases an increased value of the strain
rate (€). Overall, they managed to obtain a droplet size between 500 nm down to

50 nm.

Among the other parameters, they investigated also the effect of the surfactant
concentration on the droplet size. A decrease of the droplet size was obvious by
increasing the amount of surfactant from 0.5 wt% up to 3.5 wt% referring to the
monomer concentration. This can be explained by the fact that the surface tension
decreases when the amount of surfactant increases, and it is inversely proportional
to the capillary number that was previously discussed. Finally, comparison was
made with simple shear rotor-stator device, and it was successfully proven that the
MRMX gave rise to smaller droplets as well as smaller polydispersity due to the
elongational flow that was applied to the droplets during mixing. These results were
in a very good agreement with Taylor’'s theory mentioned before and reached a

steady state value corresponding to the critical capillary number.
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Figure 2.6. Variation of nanodroplet size with respect to the number of cycles for different flow rates and
three different micromixers [6].

Following this study, M. Vauthier et al. [11], further used the yRMX device to
produce Janus polymeric nanoparticles. This time a solution of two different
polymers was directly mixed with water in the device and comparison was made
between yRMX and other more conventional emulsification devices, i.e. rotor-
stator and ultrasound generator. An overall investigation was made with all the
devices to evaluate the particle size (Figure 2.7). Among all the parameters
studied, it was shown that a particle diameter decrease occurs in higher
emulsification times while the polydispersity index in some cases was decreasing
below 0.2 [12], for which a system can be considered as monomodal. Another
important parameter that played a crucial role on the particle size was the volume
fraction of the dispersed phase. When the latter was high the particle diameter was
also big for the three devices. What is worth mentioning is that when rotor-stator
was used and the dispersed phase was 30 wt% of the total volume, the viscosity
of the dispersed phase was too high, and lead to a viscosity ratio of dispersed to
continuous phase more than 4. This, according to Taylor theory described before,
does not allow the droplets to further breakup. In this way they proved that uRMX
can provide small and monomodal nanoparticles as compared to the other two

devices.
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Figure 2.7. Evolution of nanoparticles’ diameter regarding to the emulsification time for a) ultrasonicator, b)

rotor-stator mixer and c) elongational-flow micromixer [11].

In this thesis experiments were conducted using yRMX, Ultra-Turrax as well as a

novel pneumatic elongational-flow reactor and mixer. The influence of different

chemical and process parameters, such the number of cycles, the flow rate and

the bore size of the micromixer and will be discussed in the following chapter.

3. Pneumatic Elongational-Flow Reactor and Mixer (pRMX)

A novel low-energy elongational-flow-based device was mainly used in order to

produce thiol-ene miniemulsions. The device is called pneumatic elongational-flow

reactor and mixer (pRMX) (Figure 2.8) and was developed from our group. The

operating principle is based on the reciprocating flow of the material through an
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abrupt contraction which generates a strong elongational flow, leads to a highly
efficient dispersive mixing even at moderate pressures [13].

Mode Speed A)
Manual Auto Low High Temperature Regulator
® ®

Open Left Open Right

o O
Close Left Close Right
o O

Figure 2.8. Pneumatic Elongational-Flow Reactor and Mixer (pRMX) and static mixing element (A).

It is well known that the elongational flow is more efficient, when it comes to droplet
rupture into smaller ones, compared to shear flow. The biggest privilege of using
this device is that it works at moderate pressures (approximately 6 bar) unlike the
high-pressure homogenizer. One drawback that can potentially limit some
applications, is the increase of the local temperature due to the highly turbulent
flow regime through the restriction [14].

The device is composed of two cylindrical chambers that come in contact with a
static mixing element, which is placed in the center and is responsible for the
mixing due to the elongation flow. The two cylindrical chambers are surrounded by
a double jacket in which tap water can run through in order to cool down the
system. In both sides of the chambers there are two pistons that are placed inside
and are pneumatically operating alternately pushing from one chamber to the other
through the static mixing element [15] (Figure 2.9). This means that compressed
air is used in order to control the movement of the pistons, while a pressure valve
allows the control of the air provided to the system, which corresponds to the flow

rate or the pistons [16].
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Figure 2.9. Three-dimensional view of the mixer: (a) chamber, (b) piston with seal, (c) mixing element, (d)
feeding unit for melts, (e) feeding channel for liquids, and (f) mold [15].

The process can be divided in three steps, the feeding, mixing and outlet of the
miniemulsion. The feeding process of the macro-emulsion takes place on the left
chamber of the device. To be able to fill the chamber it needs to be fully open,
which happens by pushing the button on the control panel so as the piston is
moved to the left and the chamber is open and ready to be filled. More specifically,
there is a channel, which is connected to a vial containing the macro-emulsion and
allows it to flow inside the left chamber. The vial is closed and connected with two
channels one for gas and one for feeding. The gas channel is used in order to
increase the pressure inside so that the macro-emulsion will flow in the chamber.
In the same left chamber, there is also the exit channel. While feeding the left
chamber, the right chamber is fixed in position that is close to the mixing element
to make sure that no material flows on that direction. The position of the pistons is
fixed so the total volume is 35 mL.

Next step is the mixing. During mixing both feeding, and outlet channels are
closed. The two pistons are pneumatically driven by compressed air at controlled
pressure of 6 bar, which corresponds to the flow rate (q) given to the pistons to
move. By changing the pressure one can control the flow rate. The position of the
pistons can also be modified so as to control the volume of the materials inside
and can be varied in the range of 10-100 cm3. The velocity of the pistons (v) as

well as the number of cycles (N) define the mixing sequence [15]. One cycle is
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considered as one back and forth movement of the pistons [17]. An experiment
can be comprised of several continuous sequences at different flow rates.

The static mixing element (Figure 2.10), which is placed between the pistons, is
easy to remove, change the geometry, clean, and place it back. It is made of
stainless-steel plate where there are different number of holes of adjustable
diameter. Changes on the number of holes of the mixing element, affect the flow
rate of the pistons. Two different geometries were investigated in the present work.
One was baring 4 holes of 1 mm diameter in the front part and one hole, D = 1
mm, in the back part. In between there was a space, which was corresponding to
a dead volume that was remaining there during the whole experiment. The flow
rate, defined as the total volume passed through the restriction per unit of time [18],

can roughly be calculated by the following equation:

2xXNxV
q=—"F" (2.11)

where N is the number of cycles, V the volume inside the chamber and t the time
to complete one cycle. In the case of the first mixing element the flow rate was
found to be g = 1400 mL/min. A second static mixing element geometry was
designed, which had a simpler design with just one hole through the whole
element, D = 1 mm. The flow rate with that mixing element became higher, g =
4200 mL/min, which can be explained due to the less resistance to the flow caused
by the mixing element. In other words, when the pressure drop is constant, the
flow can more easily go through one hole as compared to the previous 4 holes

mixing element.

Front View Back View Side View
Ax1ImmIDx1lcmL

.O O H

Ix1lmmIDxlcmlL

Figure 2.10. Static mixing elements.
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On the outer wall of the right chamber there is a pressure detector which measures
the pressure during the experiment. There is also a temperature sensor installed
to monitor the change of the temperature throughout the experiment. Finally, on
the left chamber there is displacement sensor which captures the position of the
pistons each moment. All these sensors are connected with a computer which
records all the values that are useful to calculate the flow rate each moment.
Finally, after several cycles all the material is pushed to the right chamber where
the outlet channel is connected. The valve opens and the final product is recovered
in a vial.

When this device was developed the main use was in mixing polymeric blends and
in 2012, 1. Souilem et al. [13], used pRMX to produce methyl methacrylate (MMA)
miniemulsion. They first evaluated the droplet diameter when the emulsification
time was increasing and observed that the diameter from 100 nm went down to 30

nm, while the miniemulsions were all monomodal (Figure 2.11).
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Figure 2.11. Evolution of volume-average drop diameter Dv (black dots) and PDI (white dots) [13].

A very important observation was made referring to the capillary number. They
wanted to estimate if the droplet breakup was happening due to elongation or
simple shear mechanism. For this reason, they estimated the capillary number by
varying the pressure drop, AP, during the experiment, and compared with the
simple shear and elongation (Figure 2.12). Surprisingly the result showed that the
capillary number of the pPRMX experiments follows the same trend with the pure

elongational flow.

129



Chapter Il. Materials and Methods

Dv (nm)

a) I Ca
100 . o3
—— ._—'—'—'_'_FH-

r0.25

\ F0.20

80 4

60 N,
k "
40 4
. 010
20 1 - 0.08
0 . . . . 0.00
0 5 10 15 20 25
AP (bar)
= 200
£
£ b) :
> N
[=]

160 4

120

AP (bar)

Figure 2.12. (a) Evolution of volume-average drop diameter Dv and capillary number as a function of the
pressure drop after 500 cycles. (b) Evolution of Dv as a function of pressure drop (solid lines): RMX after
500 cycles, (o: dashed lines) for pure elongational flow, (A: dashed lines) for pure shear flow [13].

The work made during the present thesis will focus on the variation of the chemical
composition of the emulsion as well as the process parameters, mixing element

geometry and number of cycles.
4. Rotor-Stator Mixer

In order to compare the droplet size and polydispersity of the miniemulsions that
formed the two elongational-flow reactors and mixers along with a rotor-stator
mixer were employed. The rotor-stator device was described in detail in chapter I.
In this work an Ultra-Turrax T 25 basic (IKA) was used and equipped with a S 25
N — 8 G dispersing element. A total volume of 15 mL was prepared where 80 wt%
was the continuous phase and 20 wt% the dispersed phase. The two phases were
premixed for 5 min using a magnetic stirrer and then Ultra-Turrax was applied. In
order to achieve a better control of the temperature rise during emulsification and
diminish the premature polymerization, the vial was placed inside an ice batch

whose temperature was monitored and kept constant during the whole experiment.
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The influence of the rotational speed was evaluated, where six different speeds,
6500, 9500, 13500, 17500, 21500 and 24000 round per minute (rpm), were tested
for 10 min of emulsification. For each speed the samples were emulsified, and
three samples were prepared and analyzed so as to obtain a representative
average droplet size and polydispersity and evaluate the reproducibility of the

method.

B Thiol-Ene Miniemulsion Formulation

2,2'-(Ethylenedioxy)diethanethiol (EDDT, 98%),1,2-Ethatnedithiol (EDT, 99%),
phthalate (DAP, 98%), Hexadecane (HD, 98%), (2,4,6-
trimethylbenzoyl) phosphine oxide (DTPO, 98%), Lithium Phenyl (2,4,6-
trimethylbenzoyl) phosphinate (LAP, 98%) and Sodium dodecyl sulfate (SDS,

diallyl Diphenyl

97%) were obtained from TCI Chemicals and used without further purification.
Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, 95%) was supplied by
Bruno Bock. Distilled water was used for the preparation of the continuous phase
of the miniemulsion. The chemical structures and amounts that used of all the

components can be seen in the following figure.
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Figure 2.13. Chemical structures and concentrations of all the compounds used for the experiments.

A standard recipe followed to prepare the miniemulsion comprises 80 wit%
continuous phase and 20 wt% of dispersed phase (Table 2.1). In more details, the
continuous phase was 80 wt% water mixed with SDS at a concentration of 3.5

wt%/cmonomer. This solution can be prepared in a bigger quantity to used it for
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several experiments. Ideally every week a new continuous phase stock solution
was prepared. As for the disperse phase the two monomers, thiol and alkene, with
stoichiometric ratios of the thiol and ene functional groups were mixed. Also,
Hexadecane was used as Ostwald ripening inhibitor at concentration of 4
wt%/Cmonomer, While radical inhibitor of 1 wt%/cmonomer Was also added to the system
to prevent the premature starting of polymerization. Finally, an oil soluble
photoinitiator, DTPO, was used (2 wt%/Cmonomer) SO as to perform the
photopolymerization later. Unless indicated differently this would be the reference

formulation for the miniemulsion.

Table 2.1. Standard miniemulsion formulation.

Continuous Phase Dispersed Phase
Continuous Phase Thiol
Distilled Water (Ethylenedioxy)diethanethiol (EDDT)
80 wt% 10 wt%
Surfactant Alkene
Sodium Dodecyl Sulfate (SDS) Diallyl phthalate (DAP)
3.5 wt% / Cmonomer 10 wt%

Photoinitiator
Diphenyl (2,4,6-trimethylbenzoyl)
phosphine oxide (DTPO)

2 wt% / Cmonomer

Ostwald Ripening Inhibitor
Hexadecane (HD)
4 wt% / Cmonomer
Radical Inhibitor
2,5-Di-tert-butyl hydroquinone (DBHQ)
1.05 wt%/ Cmonomer

Since the ITN Photoemulsion project is connecting different institutions and
industries, the standard miniemulsion formulation was first studied from C. M. Q.
Le and A. Chemtob [19], our colleagues at Institut de Science des Matériaux de
Mulhouse, 1S2M in Mulhouse. They worked on the development of a stable
miniemulsion using Ultra-Turrax and Sonicator. Our job was to use this chemistry
and apply it on our elongational-flow devices, in order to scale up the process and

reach to the industrial application of the thiol-ene miniemulsions.
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1. Coarse Emulsion Preparation

A premixing of all the components is required to obtain a homogeneous coarse
emulsion in order to make sure that the composition does not vary before entering

the emulsification device.

1.1 Ambient Atmosphere

Before miniemulsification with yRMX, pRMX or Ultra-Turrax a coarse emulsion
was prepared. This procedure was established for all the experiments and 5 min
of magnetic stirring was applied once all the compounds were added to the vial.
There was a specific sequence of the addition of the compounds: starting with the
addition in a vial of the photoinitiator and the radical inhibitor, followed by the
Ostwald ripening inhibitor, the alkene and the thiol. Few moments were allowed

for the powders to be solubilized before adding the continuous phase.

1.2 Inert Atmosphere

An important observation was made that oxygen can react and oxidize the thiol,
which means that polymerization takes place as soon as oxygen comes in contact
with the thiol [20]. It has been found that a diradical oxygen from the atmosphere
can abstract the hydrogen atom from the thiol, generating the radical and start the
reaction of thiol with the alkene following the free-initiator thiol-ene click reaction
(Figure 2.14).

30; .
R-SH —» R-S" + O:H
A\
, R|
RS * —p

.
Y

R

Figure 2.14. Thiol reaction with oxygen [20].
To avoid this unwanted polymerization, experiments were conducted by removing
the oxygen. To do so first the compounds with the specific order, as mentioned
before, were added to the vial and vacuum was applied to the system for 10 min

along with the magnetic stirring. Then, since the oxygen was removed, nitrogen
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was applied to the system, to obtain an inert atmosphere. The nitrogen gas was
introduced inside the solution to ensure that oxygen that was trapped in between
the liquid was totally replace by nitrogen. In this way, by conducting *H NMR, it
was observed that the pre-polymerization during the preparation step was zero.

2. Miniemulsion Preparation

After preparing the coarse emulsion with either ambient or inert atmosphere and
obtaining a homogeneous solution, the three miniemulsification devices were
used, Micro Elongational-Flow Reactor and Mixer (URMX), Pneumatic
Elongational-Flow Reactor and Mixer and Ultra-Turrax. Variation of process and
chemical parameters occurred for all the devices to estimate the changes on the

droplet and particle diameter as well as polydispersity.
¢ Thiol-Ene Miniemulsion Photopolymerization

After emulsification with one of the aforementioned emulsification devices (WRMX,
pRMX, Ultra-Turrax) the obtained miniemulsion was photopolymerized so as to
acquire a stable latex. It is very important in this chapter to analyze the
polymerization mechanism in miniemulsion. First, the droplets created in the
miniemulsion have to be small and as much homogeneous as possible, this will
allow them to behave as precursor materials, which will be transferred, through
polymer reactions, to the final polymeric particles, also called latexes. To obtain
the same droplet and patrticle size the initial droplets need to maintain their identity
with limited exchange of monomer between droplets through the continuous
phase. To achieve that, the droplets during polymerization must be the primary
locus of the reaction. In the case where a water-soluble initiator is used, the
initiation stage will cause the decomposition of the initiator and the formation of
radicals in the aqueous phase will follow. The generated radicals are hydrophilic
which does not allow them to enter to the hydrophobic oil phase, so they start
reacting with the few monomers present in the continuous phase forming
oligomers in the aqueous phase. For the droplet nucleation to occur, once these
oligomers become hydrophobic, which means that when these oligomers reach a
critical chain length they start to become hydrophobic and thus no more soluble in
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the water phase. This way they get stabilized by the surfactant and the particles
continue to grow by incorporating monomer. This is often called nanoreactor state,
since the droplets behave as individual nanoreactor and does not get influenced
by the surrounding environment. Termination also occurs in the droplet and ideally
the final latex particles will have almost the same size as the droplets.[21], [22] In
the case where an oil-soluble initiator is used, when the polymerization is triggered,
the reaction starts from the beginning in the droplets. An Ostwald ripening inhibitor
is thus added to the oil phase to avoid the possible transfer of monomer through
the continuous phase induced by the difference in chemical potential resulting from
droplets of different sizes.

In this thesis, free radical thiol-ene click miniemulsion photopolymerization reaction
was used to produce thioether latex particles. The free radical thiol-ene reaction
was described in detail in chapter I. Two in-line photopolymerization reactors were

used and compared during the experiments, one linear and helically one.

1. Linear Photoreactor (LP)

Our group has already developed this linear photoreactor and among all the
different applications it was also used to UV irradiate MMA miniemulsion [23]. This
device comprises of a syringe pump (PHD 2000, Harvard Apparatus) where a
plastic single-use syringe, containing the miniemulsion and covered with aluminum
foil to prevent light penetration and the premature polymerization, was placed and
kept stable (Figure 2.15). The tip of the syringe is connected with a PTFE tube of
a specific diameter, 1.06 mm ID x 1.68 OD, and the miniemulsion is forced to flow
inside by adjusting the flow rate of the pump. This PTFE tubing is coaxially fixed in
a stainless-steel tube, whose inner diameter was 4mm and the length was 22 cm,
and two T-junction UV sources (Lightningcure LC8, Hamamatsu) were placed at
both ends of the stainless stela tube. The wavelength of the UV irradiation was
kept constant in all experiments at A = 365 nm, which was in a good agreement
with the absorbance of the photoiniator that was used. Taking into account the
length of the stainless-steel tube as well as the flow rate, which was set at 0.025
mL / min, the residence time was calculated to be 7 min, using the following

equation:
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T= (2.12)

q
where qis the flow rate and V is the internal volume of the PTFE tube in stainless-
steel tube and can be defined by:

2
V= n% L (2.13)

where ID is the inner diameter of the PTFE tube and L is its length.
This residence time was found to be sufficient enough to achieve the maximum
photopolymerization rate. After this time the final latex particles were collected in

a beaker and characterized for the particle size and conversion.

| Miniemulsion I
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Figure 2.15. Linear Photoreactor.

W. Yu et al. [14], observed that the particles had a bigger diameter than the initial
droplets. They assume that this can happen due to the difference of the chemical
potential of the droplets, meaning that the small droplets have a higher chemical
potential than the big ones and the system wants to go to an equilibrium state by
monomer diffusion through the water phase from the bigger to the small droplets.
This can happen if the monomers are slightly soluble in the water phase. The
described phenomena occurs because the UV does not have enough space to

penetrate and nucleate the droplets that are in the center of the PTFE tube which
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leads in the end to bigger particle sizes (Figure 2.16). In order to avoid this
monomer diffusion, they diluted the miniemulsion so as the droplets will have more
space in between each other, and the UV irradiation can more easily access all
the droplets even the ones that are in the center of the tube and nucleate them.
Fortunately, after adding a big amount of solvent, water, they observed that the

particle size was identical to the droplet size.

Figure 2.16. Schematic drawing of the UV arrangement, green circles represent the droplets, purple
squares the two entrances of UV light, purple waves the propagation of UV light through the stainless- steel
tube (black).

2. Coiled Tube Photoreactor (CTP)

For comparison purposes a coiled tube photoreactor was designed in our lab
(Figure 2.17). The goal was to bring back the droplets in the center of linear
photoreactor to the wall for better change to be nucleated. The new setup includes
the same syringe pump (PHD 2000, Harvard Apparatus) as before, where the
miniemulsion was placed in a single-use plastic syringe, whose tip was connected
with the same PTFE tube (1.06 mm ID x 1.68 OD). This time the design of the
photoreactor was constituted of a stainless-steel rod which is placed in the middle,
on the wall of this rod 6 m of the PTFE tube are wrapped around. Then a quartz
tube was placed in the outer diameter of the PTFE tube, which was further wrapped
with an LED strip (ledxon RIBBONFLEX 2000056, solder connections 12V 90 cm,
CONRAD, A = 365 nm, Orizzonte, LED Lighting, A = 385 nm), where the
wavelength of the UV irradiation was either A = 365 or 385 nm. Finally, a stainless-
steel tube was used to keep all the system in place and provide UV protection. The
residence time was 7 min, which corresponds to the same residence time with the
linear photoreactor and was calculated using equations 14 and 15 and would allow

the comparison between the devices.
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Figure 2.17. Coiled tube photoreactor.

By using the coiled tube photoreactor it is believed that due to the centrifugal force,
that is applied to the droplets, more droplets will have the chance to reach the walls
of the PTFE tubing where the UV irradiation can reach and nucleate them (Figure
2.18). This way the final latex particles will have the same diameter with the
droplets without the need of dilution.

Centrifugal force

PTFE Tubing
UV LED Strip

Stainless Steel Cylinders

Figure 2.18. Coiled tube photoreactor.
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The described coiled tube photoreactor was inspired by a former work from our
group. D. Parida et al. [24], compared the polymerization conversion of 2-
(Dimethylamino)ethyl methacrylate) (DMAEMA) in batch, and using coiled tube
reactors. It became obvious that with the coil tube reactor the polymerization
started in less time while at the same time the reaction rate appeared to be higher
than the batch reaction (Figure 2.19).
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Figure 2.19. Relative conversions in batch (a) and coiled tube (b) reactors [24].

D Characterization Techniques
1. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) was used to characterize the droplet and latex
diameter as well as the polydispersity index. A DLS, Zetasizer, Nano Series from
Malvern was used at a fixed 173° scattering angle. A very important value that
needs to be added to the software in order to calculate properly the diameter and
the polydispersity is the reflecting index of the monomers that are used. All the
samples were prepared in the same way in order for the results to be comparable.
First 9 mL of water were added in a vial and 2 drops of freshly prepared
miniemulsion, or latex were mixed. To assure that the dilution will be the same in
all the experiments the 2 drops that were added, their weight in milligrams was
noted. The dilution plays a very important role since it controls the turbidity of the
solution and in this way, coalescence can be prevented. From this fresh diluted
miniemulsion or latex, 1.5 mL were added to a DLS cuvette, and each sample was

automatically measured three times at room temperature. Due to the sensitivity of

139



Chapter Il. Materials and Methods

the miniemulsion the DLS measurements had to be taken right after emulsification
and this time had to be constant for all the experiments. In this way reproducibility
is ensured. The important information retrieved directly from the device is the
number-, volume and intensity- diameter of the droplets and particles. In this study
only the droplet and particle number will be used, since it can provide information
about emulsions that have more than one diameter population of droplets/particles.
Finally, the polydispersity index of the miniemulsion and latex were obtained
automatically and the values that were below 0.2 will be considered as monomodal

systems.
2. Proton Nuclear Magnetic Resonance (*H NMR)

Proton nuclear magnetic resonance (*H NMR) spectra was recorded in a Bruker
Avance | 400 MHz, equipped with Ultrashield magnet, and used to evaluate the
polymerization conversion before and after photopolymerization. All the samples
were measured mainly after miniemulsification but before photopolymerization.
This happened because the different mixing devices provide increase of the
temperature of the miniemulsion which could initiate the polymerization. Latex
samples were also analyzed, and the results will be discussed in the following
chapter. To prepare the miniemulsion and latex sample, 30 uL were mixed with
0.5 mL of dimethyl sulfoxide-des, deuterated DMSO, and poured in an NMR tube.
The scans were adjusted to 32 in order to allow the solution more time to be
scanned so as the picks to be more identical and not overlap.
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Chapter Ill. From Thiol-Ene Miniemulsion to Thioether Latex Nanoparticles

Preface

The two elongational-flow based devices that were described in the previous
chapter, along with the two photoreactors, were used to produce monomodal size-
controlled thiol-ene based nano-droplets and -particles. In this chapter the results
obtained with these devices will be described in detail. The effect of the process
as well as chemical parameters on the droplet and particle diameter will
extensively be explained. Finally, comparison will be done using a conventional

rotor-stator mixer so as to evaluate the different processes.

A Introduction

A system in which distributed droplets or particles of one material are dispersed in
a continuous phase of another material is called dispersion [1]. Dispersions can be
classified by the combination of the dispersed phase and the medium phase where
the particles are suspended in [1]. First type is the gel, which is defined as a non-
fluid colloidal network or polymer network that is expanded throughout its whole
volume by a fluid [2]. Second is the emulsion, which is a mixture of two or more
liquids that are normally immiscible (unmixable or unblendable). Last class of
dispersions is the aerosol, which consists of fine solid particles or liquid droplets in
air or another gas [2]. In the presented work, focus will be given to oil-in-water (o/w)
emulsions between two phases: the oil (dispersed) phase and the aqueous
(continuous) phase. Emulsions are thermodynamically unstable, and consequently
tend to destabilize over time in order to minimize the interfacial area between the
aqueous and oil phase [3]. This break down happens due to various
physicochemical mechanisms, including gravitational separation, flocculation,
coalescence, Ostwald’s ripening and phase separation [3], [4]. In these conditions,
the use of the emulsifying agent (surfactant) is essential to obtain a stable
emulsion, by forming a thin film around the globules of dispersed phase [5], [6].
Therefore, to enhance emulsions long-term stability, different stabilizers can also
be incorporated in emulsion formulations apart from emulsifier, such as texture
modifiers, ripening inhibitor and weighting agents. There was always an increased
interest in o/w emulsions formation and on the control of the droplet diameter

according to the application. Huge amount of research is based on the biomedical
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field, for instance Delmas et al. [7], aim at extending the stability of miniemulsion
produced from soybean oil mixed with water, using ultrasounds. Basically, they
detect the droplet size and distribution while emulsifying and found that both
decreased after 5 min of emulsification and remained constant from 12 to 30 min.
Furthermore, they changed the power of the sonicator and discovered that the
droplet size decreased with increase of energy the first approximately 10 min and
then it reached a plateau value. Ashokkumar’s team then observed the droplet
growth by increasing the oil phase volume quantity [8]. But in both studies,
overprocessing effect (uncontrolled increase of the system’s temperature)
occurred, that is unwanted when the droplets’ reactivity is high, such as with thiol-

ene reaction.

Thiol-ene reaction was first communicated in 1950 by Posner that described the
reaction of a thiol with an alkene that form a thioether [9]. Thiol-ene polymerization
is often mentioned in the literature as click-chemistry reaction, which refers to a
process where simple, efficient reactions that yield in a single product are required.
Kolb and his coworkers were the first ones to establish the term ‘click-chemistry’
by combining small heteroatom units in order to produce modular “blocks” for both
small- and large-scale applications [10]. These reactions possess several
characteristics, among which the high polymerization conversion with no side
products, the insensibility to water and oxygen, provided that the amount of oxygen
is less than the amount of thiol, the abstention of solvents since most of the time
water is used as well as the stereospecificity and regiospecificity. Overall, thiol-ene
chemistry is used in a broad range of applications [11]-[13] since it is known to
form rapidly a homogeneous polymeric network due to the polymerization step
which can be tailored by step- and chain-growth mechanism [14].

Investigating thiol-ene droplets emulsions and poly(thioether) latex are thus highly
challenging with the classic emulsification devices (shear mixer or sonicator) due
to the poor stability over time at room temperature [15]. This is why, in this work,
we propose an alternative to conventional devices: a pneumatic elongational-flow
reactor and mixer. Elongational-flow devices are indeed known to have some

unmeet advantages, in comparison with more conventional emulsification
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equipments (sonicator and shear devices) [16]-[18]. It allows in particular to control
the droplets and latex particles’ size and the size distribution from highly viscous
solutions (e.g. polymers) with viscosity ratios higher than 4, which is the limiting

value according to Grace’s theory for the shear devices [19].
B Thiol-Ene Miniemulsification and Photopolymerization

1. Proton Nuclear Magnetic Resonance (*H NMR): Spectra Interpretation

In this section a detailed description will be given on how to interpret the *H NMR
spectra in order to be able to calculate the polymerization conversion right after
emulsification as well as after photopolymerization. It is very important to evaluate
if the emulsification process can initiate the polymerization. In that case, the main
reason is the increase of the temperature while emulsifying. This increase can
either be observed with a thermometer, or in the case where the overall
temperature is controlled, the phenomena that can occur is that, in the place close
to the mixing element, the temperature is slightly rising but not much so as to be
captured by the thermometer. This temperature though might me enough to start
the polymerization while using the emulsification devices.

In the rest of the manuscript, miniemulsion will be called the emulsion that was
recovered from the different emulsification devices, before flowing in the
photopolymerization arrangement. Irrelevantly of the potential presence of the
latex particles that may rise from a pre-mature polymerization during the
emulsification step. While latex is defined the suspension collected in the end of
the photoreactor.

In order to be able to understand a complicated spectrum obtained by the
miniemulsion, one need to first observe the spectra of each compound added in
the miniemulsion separately and identify which peaks correspond to which proton
of the compound. In this work three different thiols were combined with one bi-
functional alkene. Two different types of inhibitors were used, one to control the
polymerization, which is the radical inhibitor, and one inhibitor to control Oswald’s

ripening phenomena. Also, two different photoinitiators were added to the solution.
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All the aforementioned compounds were characterized with 'H NMR (400 MHz)
and discussed in detail.

Starting with the different thiols, it is worth mentioning that the bi-functional thiol
called 1,2-ethanedithiol (EDT) did not undergo NMR characterization because of
the limitation due to the strong smell, details will be discussed in the following
chapter devoted to this thiol. Referring to the tetra-functional thiol, pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP), the 'H NMR spectra as well as the
chemical structure can be seen in Figure 3.1. It becomes clear that there are many
small peaks in the spectra which are due to the impurities contained in the
monomer, since it was delivered with 95% purity. Overcoming these small peaks,
a very strong peak at 6 = 2.5 ppm is this from the deuterated solvent, DMSO-ds,
while the second strong peak at 6 = 3.3 ppm corresponds to water. Indeed, it is
well-known that DMSO-ds is highly hydroscopic and for this reason a water peak
is always coming along with DMSO-ds. These two peaks appear in all the spectra

that will be shown in this thesis.

4 Water 2,3 DMSO-ds

2 9@ o
Hs\/\g,o ol(\/SH

_J Jo Y

4.0 3.5 3.0 2.5
Chemical Shift (ppm)

Figure 3.1.Chemical structure and 1H NMR spectrum of the tetra-functional thiol,
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP).

The most important peak and the one that will be followed in order to evaluate the

polymerization conversion is the -SH functional group. In the tetra-functional thiol
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this group appears at 2.4 ppm (peak n°1), followed by the protons of the -CH:2
groups that are close to the sulfur groups at 2.6 ppm and finally, at 4.13 ppm the -

CHe: protons in the center show a characteristic peak [20].

A bi-functional thiol that is called 2,2'-(ethylenedioxy)diethanethiol (EDDT) was
used and the spectra can be seen in Figure 3.2. The characteristic proton of the -
SH group is found at 2.2 ppm, the proton of the -CH2 group that is next to the -SH
group can be seen at 2.6 ppm, while the protons that correspond to the -CH:>
groups surrounding the oxygen are seen at 3.5 ppm [21].

3,4 Water
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Figure 3.2. Chemical structure and *H NMR spectrum of the bi-functional thiol, 2,2'-
(ethylenedioxy)diethanethiol (EDDT).

When it comes to the alkene, the only one used for conducting the experiments,
the diallyl phthalate (DAP), whose molecular structure and *H NMR spectra are
presented in Figure 3.3. In this case, the functional group that will be monitored
through the experiments is the ending protons of the double bond, =CHz2, which
appear at 5.33 ppm. The protons that are next to the double bond, =CH-, are seen
at 5.9 ppm, while the protons that are close to the oxygen appear at 4.7 ppm.

Finally, the protons of the benzoyl are gathered at 7.7 ppm [22].
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Figure 3.3. Chemical structure and *H NMR spectrum of the bi-functional alkene, diallyl phthalate (DAP) .

Once the monomers are mixed and in order to be able to calculate the conversion,
a reference peak is needed. This peak has to be the one of a molecule that will be
added in the solution, but it will not participate in the reaction. This will allow the
calculations to be correct, reproducible and comparable for each experiment. In
this case hexadecane, that works as an Ostwald ripening inhibitor, is added to the
solution and does not react with any of the components, for this reason it will serve
as reference for all the experiments (peaks at 1.2 ppm and 0.8 ppm). The following

spectra will be discussed as a representative example of a miniemulsion.

In this spectrum, one can identify all the peaks that were previously described for
the two monomers: the tetra-functional thiol (Figure 3.1) and bifunctional alkene
(Figure 3.3). It is completely reasonable to assume that the water peak (6 = 3.3
ppm) becomes broader than in previous spectra because the majority of the
miniemulsion is water. As mentioned, the two peaks at 6 = 1.2 ppm and 6 = 0.8
ppm correspond to hexadecane, for protons of -CH2 group and -CHs respectively
[23] and since the reference peak to evaluate the polymerization conversion has
to be identical and no overlapping with other peaks, the one at 0.8 ppm will be
used. The protocol that will be described for this chemical system will be the same
with all the different thiols

152



Chapter Ill. From Thiol-Ene Miniemulsion to Thioether Latex Nanoparticles

2 9 0
rlls“gL OXOMSH
0 SH
o)

Radis o N
e}
Water DMSO-ds
(o] 3 5
1 2 ~~_~CHy
o 3
O eh,
(e}
3
1
2,3
RVAVANVE YAV ANV VAN 4 ‘
2
1,2

b

8 6 4 2 0
Chemical Shift (ppm)

Figure 3.4. Chemical structures of pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), diallyl phthalate
(DAP) and hexadecane *H NMR spectrum of PETMP-DAP miniemulsion prepared using pneumatic
elongational-flow reactor and mixer (pRMX) (400 cycles, (4 holes of 1mm micromixer, room temperature).
The continuous/dispersed phase volume ratio was equal to 80/20.

277 =~

57.4
8.4

Once all the peaks are identified, and since the concentration of each compound
is known the only three functional groups that are important for calculating the
conversion are, -SH of thiol, =CH: of alkene and -CHs of hexadecane. To start the
calculations, one needs the amount of the aforementioned compounds in moles
(n), which can be calculated by knowing the mass (m) and molecular weight (M)
of those: n = m/M. Then, in order to estimate how many protons are in the
miniemulsion, simply multiply the molar amount of the compound with the protons
of the related functional group:

- Hexadecane: the molar amount of hexadecane that is in the miniemulsion
corresponds to n = 1.4 mmol. The protons of the group that will be monitored (two
- CHs groups in hexadecane) are six. This will forecast that the expected protons
in the solution will be 1.4 x 6 = 8.4 H, which is equivalent with the integration of this
peak in the NMR spectra (Figure 3.4).
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- Thiol and alkene: Since the reference peak is fixed at 8.4 integration, the same
calculations for the thiol and alkene functional groups one can expect, if there is
zero polymerization, that the integration of the thiol peak corresponding to the
protons of the -SH group will be 8 x 4 =32 H (n = 8 mmol, 4 H) and the integration
of the alkene peak corresponding to the protons of the =CHz group will be equal to
20x4 =80H (h=8 mmol, 4 H).

Taking a look at figure 3.4, one can see the peak at 2.4 ppm (-SH) and the one at
5.3 ppm (=CHz) have correlated integrations equal to 27.7 and 57.4. Since the
amounts are less than the expected ones, calculated before, means that
polymerization took place during emulsification. To estimate the percentage of the

conversion, the following equation was used:

Theoretical peak integration— Peak integration of product

Yield =

x 100 (3.1)

Theoretical peak integration
As an example, in the previously evocated case of the tetra-functional thiol, the
yield corresponds to [(32 - 27.7) / 32] x 100 = 13%. This means that 87 % of thiol
remains in the miniemulsion, and the rest 13 % were consumed, polymerized.

Following this example, all the polymerization conversions that will be mentioned
will be calculated by using this protocol and by referring to the thiol, -SH, group

consumption.

2. Miniemulsions with tetra-functional thiol and bi-functional alkene

A tetra-functional thiol, pentaerythritol tetrakis(3-mercaptopropionate) (PETMP),
was combined with a bi-functional alkene, diallyl phthalate (DAP), to form a
polymeric network. This network can be formed due to the multiple functional
groups of thiols as well as the alkenes. A standard miniemulsion was prepared as
can be seen in Table 2. The continuous phase was 80 wt% of the total volume and
the rest 20 wt% was the dispersed phase, where the Ostwald ripening inhibitor,
radical inhibitor and photoinitiator were added to the mixture along with the two
monomers. In general, two different procedures of producing the coarse emulsion

were established as they were described in the previous chapter, and in this
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chapter the experimental results will be analyzed to evaluate which method is more
suitable to work with. Also, the influence of the design of mixing element, the

number of cycles as well as the chemical parameters will be reviewed.

Table 3.1. Miniemulsion formulation with pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)- diallyl
phthalate (DAP) “/Cmonomer “stands for “regarding to the monomers concentrations”.

Continuous Phase Dispersed Phase
Monomers
Deionized Water Thiol: pentaerythritol tetrakls(3-m5rcaptoproplonate) (PETMP)
30 wid% 5.52 wt%
Alkene: Diallyl phthalate (DAP)
14.48 wt%
Surfactant Photoinitiator

Diphenyl (2,4,6-trimethylbenzoyl)
phosphine oxide (DTPO)
2 wt% / Crmonomers
Ostwald Ripening Inhibitor
Hexadecane (HD)
4 wt% / Cmonomers
Radical Inhibitor
2,5-Di-tert-butyl hydroquinone (DBHQ)
1.05 Wt%/ Cmonomers

Sodium Dodecyl Sulfate (SDS)
3.5 wt% / Cmonomers

2.1 Pneumatic Elongational-Flow Reactor and Mixer: Effect of Process

Parameters and Surrounding Atmosphere

Experiments have been done using the pneumatic elongational-flow reactor and
mixer (pRMX) in order to assess the impact of the process parameters as well as
the atmosphere, under which the experiments were performed, on the droplet size
and polydispersity. The process parameters that could be altered were the number

of cycles and the static mixing element design.

As described in the literature, the flow rate was another important process
parameter that leads to a decrease of the droplet diameter by its increase [5].
However, in the case of pRMX, the flow rate could not be directly monitored
because it strongly depended on:

- The pressure of the compressed air that is moving the pistons. When this
pressure was decreasing, the pistons were not able to move because the energy

provided to them was not enough since the viscosity of the miniemulsion was quite
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high. This meant that during all experiments the pressure had to be fixed atp = 6
bar.

- The number of holes on the mixing element. It can indeed be expected that the
flow rate can increase by decreasing the number of holes, meaning that less

friction and resistance to the flow apply when the number of holes is less.

Finally, the atmosphere under which the coarse emulsion was prepared will be
evaluated. It is already explained that oxygen is a key factor when it comes in

contract with the thiol, since it can initiate the polymerization [24].
2.1.1 Four-Holes Static Mixing Element and Ambient Atmosphere

First experiments were conducted using the pneumatic elongational-flow reactor
and mixer (pPRMX) which was equipped with a four-hole static mixing element that
can be seen in Figure 3.5.

Front View Back View Side View
4AXx1ImmIDx1cmlL

O O H
...QH

Figure 3.5. Front, back and side view of the four-holes static mixing element.

The coarse emulsion was prepared under ambient atmosphere while mixing the
compounds (Table 2) using magnetic stirrer for 5 min. This way it was ensured that
the composition of the solution entered the device was constant and
homogeneous. The flow rate when this mixing element was used, was
approximately q = 1400 mL/min. The effect of the number of cycles was
investigated, ranging from 100 to 400 (Figure 74).
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Figure 3.6. Effect of number of cycles on the droplet diameter (Dexp) and polydispersity (PDI) with
pneumatic elongational-flow reactor and mixer (pPRMX) (coarse emulsion under ambient atmosphere, 4-
holes static mixing element).

As it can be seen in Figure 3.6 (light green curves), the average droplet diameter
was found to be 132 nm after 100 cycles, while the average droplet diameter
decreased down to 127 nm by increasing the number of cycles up to 300. This can
indicate that the more time the droplets experience the elongation the more the
droplet rupture occurred, and smaller droplets can be generated after each
increase of number of cycles. The same behavior was also reported in the
literature [16]. Surprisingly, the droplet diameter along with the polydispersity of
the miniemulsion increase after 300 cycles. This could happen due to increased
coalescence between the droplets, that may be explained by the “over-processing”
of the miniemulsions. Indeed, since the emulsification time was longer, the
temperature rise close to the mixing element was higher than after a smaller
number of cycles. It is worth mentioning that tap water was used to cool down the
walls of the pRMX, in order to achieve better control of the temperature.
Unfortunately, the energy provided to the system during mixing combined with the
high reactivity of the two monomers did not allow the further decrease of the

diameter.

The photopolymerization was then conducted using the linear photoreactor that
was described in the previous chapter (Chapter I, part C1). For low number of
cycles, it is observed that the particles had bigger diameter than the droplets

(Figure 3.6 — dark green curves). Previously our group [7] discovered that a
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potential diffusion of monomer (methyl methacrylate, MMA) through the water
phase from the smaller droplets to the bigger ones can occur with the same UV
photoreactor [25]. This could also be the explanation in the thiol-ene chemistry
case, since both thiol and alkene are slightly soluble in water, so this diffusion can
actually take place and increase the particle size. This phenomenon gave rise to
the polydispersity of the latex and in some cases the PDI was close to 0.3.

Table 3.2 shows the polymerization vyields for each experiment after
miniemulsification, before and after photopolymerization. The polymerization
reached more than 60% conversion before photopolymerization and, in some
cases the miniemulsion was already fully polymerized after the miniemulsification
with pRMX. Finally, the 'H NMR spectra disclose the complete consumption of

both monomers, thiol and alkene, after their exposure to UV light.

Table 3.2. *H NMR polymerization conversion after miniemulsification with pneumatic elongational-flow
reactor and mixer (pRMX) (coarse emulsion under ambient atmosphere).

Number of Cycles 100 200 300 400
o thiol conversion (%) 63 99 97 97

Before Photopolymerization .
alkene conversion (%) 78 91 91 86
o thiol conversion (%) 100 100 100 100

After Photopolymerization* .
alkene conversion (%) | 100 100 100 100

* All the latexes were 100% polymerized but cross-links led to an overlapping broad peak.

During all these experiments several problems were encountered. One of the
major issues was the clogging of the static mixing element of the pRMX. This
meant that polymer, agglomerated particles, were stuck together in the mixing
element and the pistons were not able to move anymore. The point where this
problem was observed was the empty space between the four holes that combine
and led to a single hole (Figure 3.7, red circle). This part was serving as a reservoir
in every experiment, so the emulsion was gathered at the “dead volume” parts of
the mixing element, where the emulsion stream to be mixed could not penetrate
and caused the temperature increase close to the mixing element and start the

polymerization.
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Figure 3.7. Side view of the four-holes static mixing element, red circle indicates the space of the “dead
volume”.

Along with clogging, leakage on the back of the pistons was also observed in
almost each experiment. This indicated that the PTFE shields, that were used to
ensure that the solution remained in between the pistons and did not flow outside
from the device, were not tight enough and allowed the emulsion to exit the device
from the space between the piston and the chamber. To solve those problems and
at the same time to clean the polymeric particles, the device needed to be
disassembled and each part to be removed, thoroughly cleaned and placed again
back in the correct position. Once the different pieces such as, pistons, chambers,
and static mixing element were arranged back, several tests with only water
needed to be done to ensure that there is no leakage in any part of the device. If
again leakage was found the device needed to be tightened more. All these
cleaning steps took from 1 day up to 1 month in order for the device to be fixed
and be able to work again. Several times leakage was inspected also in the mixing
element, since it is a separate piece and very accurate movements need to be
done, it can very often be misplaced even though it was not noticeable by naked
eye but only by testing.

After confronting clogging and dripping during every experiment, and by evaluating
the obtained results, decision was made to design a new static mixing element,
which was composed of a single hole across its width. In this way, less or zero
polymerization due to the temperature increase was expected. At the same time,
concern was rising regarding to the atmospheric oxygen that was surrounding the
coarse emulsion. This was confirmed by *H NMR, where the spectra showed that
the coarse emulsion prepared under ambient atmosphere was already
polymerized right after mixing with the magnetic stirrer for 5 min. The
polymerization yield was above 70% before even starting the emulsification (Table
3)! This let us decide to remove oxygen and replace it by nitrogen. The results will

be discussed in the following section.
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2.1.2 One-Hole Static Mixing Element and Inert Atmosphere

First, the previous experiments showed that the oxygen of the surrounding

atmosphere, while preparing the coarse emulsion, was enough to catalyze the

reaction of thiol with alkene and start the polymerization that reached up to 70%

yield. Thus, nitrogen was injected in the solution to replace all the oxygen and

prevent polymerization. The *H NMR spectra in Figure 3.8 revealed that the

preparation of coarse emulsion under inert atmosphere was the best way to avoid

polymerization in this step since it was completely diminished, down to zero.
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Figure 3.8. 'H NMR spectrum of the coarse emulsion under inert atmosphere.

Moreover, since the four-hole static mixing element gave rise to polymerization

during emulsification, a new design of mixing element was produced with a single

hole and no dead volumes in between (Figure 3.9). Since this mixing element had

only one hole, the flow rate was (q = 4200 mL/min) much higher than the previous

one (1400 mL/min).
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Figure 3.9. Front and back view of the one-hole static mixing element.

Another concern was that the number of cycles: 100 cycles were maybe already
too much for the PETMP-DAP miniemulsion to undergo a high yield of
polymerization as well as agglomeration. This premature polymerization was not
desired during emulsification. Consequently, for this set of experiments, a smaller
number of cycles ranging from 5 to 100, were performed (Figure 3.10) and the

polymerization conversion was evaluated by 'H NMR spectroscopy (Table 3.3).
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Figure 3.10. Effect of number of cycles on the droplet diameter (Dexp) and polydispersity (PDI) with

pneumatic elongational-flow reactor and mixer (pRMX) (coarse emulsion under inert atmosphere, 1-hole
static mixing element).

In figure 3.10, the droplets’ size experienced many fluctuations and a PDI above
0.3 below 40 cycles. This behavior was probably due to the high reactivity of the
two monomers since the polymerization reached up to 60% (Table 3.3) and the
system did not reach a steady state. After increasing the number of cycles, the
droplet diameter decreased down to 140 nm when the cycles were at maximum
100. However, the polydispersity index as well as the polymerization yield

increased by the longer emulsification time. The high polydispersity indicates that
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the miniemulsions had not a single droplet diameter, which can dictate that the

emulsification time was not enough to achieve monomodal size distribution.

Nevertheless, the polymerization conversion was already high before even
conducting photopolymerization, which was a restrictive factor to proceed in a

higher number of cycles.

Table 3.3. Polymerization conversion after pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)- diallyl
phthalate (DAP) miniemulsification with pneumatic elongational-flow reactor and mixer (pRMX) obtained by

'H NMR.
Number of Cycles 5 10 15 20 40 60 80 100
Thiol Conversion (%) 44 44 37 30 61 27 18 50

Alkene Conversion (%) 45 59 49 39 74 48 49 70

A very important observation was made at this point, that the clogging of the device
was not so often as compared with the previous mixing element, but still happened.
Referring to the dripping problem, it was still arising, and the tightening of the piston

shields was often mandatory.

Worth mentioning is that in this set of experiments no UV polymerization occurred
since focus was give on improving first the miniemulsification’s procedure. This
included (i) the coarse emulsion preparation along with (ii) the geometry change
of the mixing element and (iii) the decrease of number of cycles. As expected, the
polymerization yield was lower than with the previous conditions but still in most of
the experiments exceeded the 40%. Sadly, this was a limitation to the proper
evaluation of the droplet diameter and polydispersity. For this reason, the chemical
parameters were examined in the following part, in order to observe any variation

on the droplet size.

2.2 Pneumatic Elongational-Flow Reactor and Mixer: Effect of Chemical

Parameters

The composition of the emulsion was altered so as to estimate the droplet size and
polydispersity. The parameters that changed were the amount of surfactant, the

addition and absence of radical inhibitor. This set of experiments were conducted
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before changing the static mixing element design, which was the four-holes mixing

element together with ambient atmosphere.

=—NO Inhibitor Inhibitor == T Surfactant
200

—
U
=

—

—— -
R —
=
= 1
d_lOO
x
@
Q 5o
0

100 200 300 400
Number of Cycles

Figure 3.11. Effect of number of cycles and chemical parameters on the droplet diameter with pneumatic
elongational-flow reactor and mixer (pRMX) (coarse emulsion under ambient atmosphere, 4-holes static
mixing element).

In Figure 3.11, the green line corresponds to the standard miniemulsion that was
described in detail in part 2 (Table 3.3). The blue line represents experiments that
were done without the use of radical inhibitor. As it is shown in the graph, the
diameter undergoes several fluctuations and there is not a specific trend observed.
In the majority of the experiments the PDI was below 0.2, which indicates that the
miniemulsion had a single droplet size and can be referred as monomodal [26]—
[28]. However, an almost complete polymerization occurred during emulsification
(yield = 98 %, Table 3.4), which can explain the ups and downs of the droplet
diameter. There are two major explanations for this behavior. Sarting with the very
rapid reaction of thiol with alkene, that was already initiated from the atmospheric
oxygen. The polymerization was enhanced by the heat rise during emulsification,
which meant that the Brownian motion in the emulsion was high enough for the

droplet’s coalescence.

Table 3.4. *H NMR polymerization conversion after miniemulsification of pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) - diallyl phthalate (DAP) with pneumatic elongational-flow reactor and mixer
(pPRMX), no radical inhibitor.

Number of Cycles 100 200 300 400
Thiol Conversion (%) 98 98 97 97
Alkene Conversion (%) 97 99 98 99
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Appraising these results, allows us to make to conclusion that the radical inhibitor
is mandatory for this process, since the polymerization was a bit lower when the

radical inhibitor was present.

Another set of experiments was performed using a bigger amount of surfactant
(Figure 3.11, red line). Instead of the standard concentration, 3.5 wt%/Cmonomeri.€.
35 mmol/L, the amount was increased up to 5 wt%/Cmonomer (50 mmol/L), both
values were above the critical micelle concentration (CMC) of SDS, which is equal
to 8 mmol/L. Generally, according to the literature [26]-[28], a decrease of the
droplet diameter is observed when the amount of surfactant is increased. This is
due to the parallel decrease of the surface tension, which strongly depends on the
capillary number which becomes higher; thus the droplet size is expected to be
smaller.

In our study, the droplet diameter first decreased, from 133 nm for the standard
miniemulsion to 125 nm with higher surfactant amount, as expected from the
theory. In the contrary, a further increase of the number of cycles led to an increase
on the droplet diameter, up to 150 nm. As mentioned from different research
groups [29], [30], when the amount of surfactant used is not enough to cover and
stabilize the oil droplets, they tend to coalescence thus the droplet size increases.
This lack of surfactant, even though the amount is higher than the CMC, probably
gave rise to the coalescence of the droplets, along with the droplet diameter.
Another explanation for this coalescence may stand in the increase of the
temperature during emulsification which could lead to the destabilization of the
miniemulsion. Even though the droplets were bigger, the polydispersity index did
not exceed 0.2, which meant that the miniemulsion was monomodal.

Finally, the polymerization yield (Table 3.5) was close to 80%, which is still very
high but less as compared with the previous results (Table 3.4). This could
potentially be explained by the increased amount of surfactant that was able to

provide better stability against coalescence to the system.
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Table 3.5. *H NMR polymerization conversion after miniemulsification of pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP)- diallyl phthalate (DAP) with pneumatic elongational-flow reactor and mixer
(PRMX), [SDS] = 5 wt%/Cmonomer.

Number of Cycles 100 200 300 400
Thiol Conversion (%) 88 71 75 70
Alkene Conversion (%) 76 58 74 66

After miniemulsification using pRMX, each experiment was placed under UV, using
the linear continuous photoreactor as described in chapter Il. The wavelength was
fixed at A = 365 nm and the residence time at T = 7 min. Another important reminder
is that once the miniemulsion was obtained, directly the polymerization begun so
as to reassure that the miniemulsion did not have time to potentially destabilize

through time.
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Figure 3.12. Effect of number of cycles and chemical parameters on the latex particle diameter after

emulsification with pneumatic elongational-flow reactor and mixer (pRMX) (coarse emulsion under ambient
atmosphere, 4-holes static mixing element) and photopolymerization UV at 365 nm.

In Figure 3.12, most of the experiments showed a particle diameter that was
approximately identical with the droplet diameter. When higher amount of
surfactant was used, an increase of the particle’s diameter was observed for 300
and 400 number of cycles. This particle diameter increase was approximately 90
nm higher than the produced droplets. As reported in chapter I, W. Yu et al. [16],
attributed this behavior to the slight solubility of the two monomers in the water,
that allows their diffusion through the continuous phase from the smaller to the
bigger droplets during photopolymerization. The difference of the chemical

potential between the droplets is the driving force for this mechanism. As described
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previously, this can lead to an increased polydispersity of the latex, where in some
cases the PDI was close to 0.3.

Regardless the droplet size and polydispersity, the *H NMR spectra disclose the
complete consumption of both monomers, thiol and alkene, after their exposure to
UV light. It can also be observed that for low number of cycles and in absence of

inhibitor, latex particles size was smaller than in the presence.

Unluckily, the clogging problems of the pRMX were continuously arising during
most of the experiments and most of the time it was long with the leakage on the
back of the pistons. This was now followed by frequent clogging of the
photoreactor, which happened due to the stacking of particles on the walls of the
PTFE tube, which caused the diameter of the tube to block and the miniemulsion
could not flow further. That meant that the PTFE tubing needed to be changed and
to be replaced by a new one and start the whole procedure from the beginning.

Considering all the presented results and difficulties, it was found very useful for
this research to assess the stability of the standard miniemulsion, whose
composition can be seen in Table 3.3, and to compare it whit the emulsion where

no inhibitor was used.

2.3  System Stability

It was important to know the stability of the miniemulsions and to evaluate the time
the system could stay unchanged. For this purpose, miniemulsions were produced
and several samples through time were taken and analyzed by DLS. The main
goal was to observe any changes of the diameter of the droplets and the
polydispersity index. Two different miniemulsions were studied, one prepared
under the standard conditions (Table 3.1) and a second one prepared without
using any radical inhibitor. These two miniemulsions were manipulated under
ambient atmosphere and by using pRMX device equipped with the four-holes static
mixing element, for 200 number of cycles. This number of cycles was chosen since
the produced emulsions showed the maximum reproducibility (small error bar,

Figure 3.6) among the rest of the experiments. It is worth mentioning that these
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emulsions were already described and analyzed in the previous chapter for their
droplet sizes, polydispersity, and premature polymerization during emulsification.
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Figure 3.13. Miniemulsions stability by investigating the evolution of the droplets’ diameter after
emulsification with pneumatic elongational-flow reactor and mixer (pPRMX) (coarse emulsion under ambient
atmosphere, 4-holes static mixing element, 200 cycles), blue line) no radical inhibitor was used,
polymerization yield = 99%, green line) addition of radical inhibitor, polymerization yield = 90%.

The droplets’ diameter was studied for 6 days, while during the first 24 hours the
measurements were very frequent as compared to the next days. The frequency
of the measurements was more crucial the first 24 h since it was more luckily that
the miniemulsion will be destabilized, because of the high reactivity of the thiol and
the alkene as well as the heat rise during emulsification.

As it can be seen in Figure 3.13, the miniemulsion without the radical inhibitor was
stable during the 6 days of continuous characterization. This can be explained by
the fact that this miniemulsion was already polymerized, up to 99% conversion
(Table 3.4), due to the heat along with oxygen during emulsification. The latex that
was formed remained stable through time with very minor fluctuations on the
polydispersity, while remaining below 0.2.

One the other hand, the miniemulsion prepared with the addition of radical inhibitor
was stable for the first day, but then a huge increase of almost 100 nm on the
droplet size was observed. The droplet diameter reached 280 nm, while the
polydispersity increased more than 0.3. This could be a strong indication that the
miniemulsion was destabilized and lead to the agglomeration of the droplets to
form bigger and more disperse emulsion. In addition, this miniemulsion was found
to be 90% polymerized, meaning that this played a very crucial role on the

destabilization, since 10% of the monomers were still unreacted. These remained

167



Chapter Ill. From Thiol-Ene Miniemulsion to Thioether Latex Nanoparticles

monomers could be already initiated but once the heat during emulsification faded
the polymerization needed more time to occur, thus the increase of the droplet size
after 24 h.

It can be concluded that the miniemulsion could be stable for less than 24 h, as
evaluated by DLS. Unfortunately, premature polymerization could not be controlled

in this step, and this was a catalytic factor for the miniemulsion destabilization.

2.4 Rotor-Stator Mixer

Comparison was made between pRMX and rotor-stator mixer, both methods were
evaluated in terms of droplet size and distribution. The rotor-stator mixer was used
for 10 min at different rotational speed, ranging from 6500 rpm to 24000 rpm, to
emulsify the thiol-ene miniemulsion without the use of radical inhibitor and under
ambient atmosphere. The choice of not adding the radical inhibitor was done in
order to estimate the polymerization conversion during emulsification and compare
with the same results obtained using pRMX. Right after emulsification the
miniemulsions were placed in the linear UV photoreactor to photopolymerize.
Results are presented in Figure 3.14.
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Figure 3.14. Effect of rotational speed on the droplet and particle diameter.
Starting with the results of the miniemulsion (light blue curve), before 9500 rpm,
the droplet size was above 2 um with very broad error bar. These two results must
be taken with caution because these droplet sizes were much bigger than the
measurement size range given for the DLS device used (20 - 900 nm). An

explanation for these very big droplet diameters can be that the device when
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operated in low speeds was not able to provide enough shear to the droplets to
rupture. And this can be confirmed by the following experiments when the speed
increased further at 17500 rpm the droplet diameter significantly dropped down to
230 nm and the PDI followed this trend a bit below than 0.2. As it can be seen in
Figure 3.14, a further increase of the rotational speed did not provide any further
significant decrease on the droplet while the PDI was increased a bit above 0.2 for
24000 rpm. This could be the beginning of the “over-processing” of the
miniemulsion, since the energy given to the system was quite high, the
temperature of the miniemulsion was increased even though an ice bath was used.
This could lead to the coalescence of the droplets, thus the increased

polydispersity.

Taking a look on the table with the *H NMR conversions (Table 3.6), it became
clear that the higher the rotational speed the more polymerization during
emulsification occurred. This was expected due to the temperature increase during
emulsification which led to the beginning of the polymerization, even more than
90% vyield. The increased yield was also due to the increased reactivity between
the two monomers that got enhanced when the heat during emulsification started

to increase.

Table 3.6. *H NMR polymerization conversion after miniemulsifications of pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP)- diallyl phthalate (DAP) with rotor-stator mixer.

Rotational Speed (RPM) 6500 9500 13500 17500 21500 24000
Thiol Conversion (%) 41 0 69 98 99 87
Alkene Conversion (%) 31 27 70 92 95 84

Regarding the photopolymerization, the yield was always equal to 100% indicating
that the monomers were fully consumed. In Figure 3.14, the latex particles had
identical sizes with the droplets apart from the particles that were produced using
the minimum rotational speed. For the later particles, the diameter returned from
the DLS measurements were way above the size measurement range of the
device. For this reason, these values are not considered accurate.

Comparing the aforementioned results with the one obtained with the pRMX

(Figure 3.6), it can be seen that miniemulsion produced using the latter had better
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characteristics (Table 3.7): the miniemulsion produced with the pRMX had smaller
droplet size, approximately 120 nm, while the miniemulsion produced with the
shear mixer had 270 nm droplet diameter. As for the polydispersity in pRMX
experiments, under the same conditions with the rotor-stator mixer, was
monomodal, contrary with the Ultra-Turrax that the PDI was in most of the cases
above 0.2.

Table 3.7. Lowest droplet size and polydispersity index obtained with two devices to produce pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP)- diallyl phthalate (DAP) miniemulsions and latexes.

Lowest Lowest Lowest Latex Lowest
Device Droplets’ Size Droplets’ PDI Particles’ Size Latex PDI
(nm) (nm) (nm) (nm)
pRMX 107 0.12 112 0.17
Rotor-stator mixer 229 0.17 229 0.14

As it has been described previously from our group [13], comparison between
these two devices, using methyl methacrylate, showed the same trend, that the
miniemulsion prepared with pRMX was smaller in size and monodisperse as

compared with the shear mixer [18].
3. Bi-Functional Thiol and Bi-Functional Alkene

Different types of thiols were examined during this research, which had different
number of functional groups and molecular weights. When the tetra-functional thiol
was used, it was expected that cross links will be formed between the thiol and the
bifunctional alkene, while using a bi-functional thiol can form linear polymeric
chains [34]. The main purpose was to compare the different chemistries in terms

of droplet and patrticle size, polydispersity, as well as stability through time.

3.1 1,2-Ethanedithiol (EDT) and Diallyl phthalate (DAP)
The first experiments were conducted using 1,2-ethanedithiol (EDT) combined
with diallyl phthalate (DAP) (Figure 3.15).
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Figure 3.15. Topologic representation of a) 1,2-ethanedithiol and b) diallyl phthalate.
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In this part, three different devices were used to prepare the miniemulsion: micro
elongational-flow reactor and mixer (WURMX), pneumatic elongational-flow reactor
and mixer (pPRMX) and rotor-stator mixer. Comparison was done between the three
devices to evaluate the different processes along with the droplet and particle
sizes. The photopolymerization took place right after emulsification, where the
miniemulsion was flowing in the continuous linear photoreactor that was described
previously.

The miniemulsion that was produced had the same formulation (Table 3.8) and

consistency for all the devices:

- First the radical inhibitor was added in a vial, along with the Oswald ripening
inhibitor and the two monomers, thiol and alkene.

- Then the water phase was prepared mixing distilled water, surfactant, and the
water-soluble photoinitiator.

- Finally, the two phases were mixed with a magnetic stirrer for 5 min under
ambient atmosphere and introduced in the different devices.

Table 3.8. Miniemulsion formulation with 1,2-ethanedithiol (EDT) - diallyl phthalate (DAP). “/Cmonomer
“stands for “regarding to the monomers concentrations”.

Continuous Phase Dispersed Phase
Monomers
Thiol: pentaerythritol tetrakis(3-
Deionized Water mercaptopropionate) (PETMP)
80 wt% 5.52 wt%
Alkene: Diallyl phthalate (DAP)
14.48 wt%
Surfactant Ostwald Ripening Inhibitor
Sodium Dodecyl Sulfate (SDS) Hexadecane (HD)
3.5 wt% / Cmonomer 4 wt% / Cmonomer
Photoinitiator
e . Radical Inhibitor
Lithium Phenyl (.2,4,6- trimethylbenzoyl) 2,5-Di-tert-butyl hydroguinone (DBHQ)
phosphinate (LAP, 98%) 1,05 W%, Crnonomer
2 Wt% / Cmonomer '

A very important and limiting factor to work with this thiol was the high volatility of
the EDT, due to the very low molecular weight. This was a catalytic factor since
the ventilation was not enough to limit the smell of the toxic thiol. For this reason,
only few experiments were conducted using this thiol. It can be seen in the graphs
that will be presented that there are no error bars, this is because only one

experiment for each parameter and device was conducted.
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3.1.1 Micro Elongational-Flow Reactor and Mixer (MRMX)

The research started with the use of the micro elongational-flow reactor and mixer
(MRMX). The micromixer that was used for the experiments had bore size equal to
150 pym, while the flow rate was constant at 30 mL/min. Keeping the same
restriction and flow rate, the influence of the number of cycles on the droplet and
particle diameter and polydispersity was investigated (Figure 3.16). In comparison
with pRMX the flow rate was drastically reduced since the restriction in yRMX was
much smaller (dnole, prmx = 1 mm, dhole, yrvx = 150 pm), which results in higher

pressure that exceeded the syringe pump capability.
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Figure 3.16. Effect of number of cycles of the micro elongational-flow reactor and mixer (URMX) (150 pm,
30 mL/min) on the droplet and particle diameter (Dexp) and polydispersity (PDI).

As expected, when the number of cycles increased from 100 to 500, the droplet
size decreased from 160 nm down to 60 nm. The small increase on the diameter
after 300 cycles could be an experimental error since the experiments were only
conducted once. Then, after 600 cycles, a strong increase was observed on the
droplet diameter, up to 140 nm. Possibly, this was the limitation of the specific
chemical system, that led to the “over-processing” of the miniemulsion thus the
beginning of the coalescence of the droplets. However, this possible explanation
has to be taken with care, given that it was not possible to replicate the experiments
due to the aforementioned problem indicated by the high volatility of EDT.

Following the emulsification, photopolymerization was conducted at A = 365 nm

and the results for the latex can be seen in Figure 3.16 “latex”. In low number of
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cycles, the latex seemed to show a bit smaller diameter than the miniemulsion. As
mentioned before, the experiments were performed only one time due to the strong
limitation of the smell of this thiol. This could potentially explain this small variation
on the diameters before and after polymerization, due to the lack of more
experimental values in order to have an average diameter. However, it has been
reported that when a water-soluble initiator was used, the polymerization
mechanism occurred differently. According to this research [32], the water-soluble
initiator will enhance the formation of oligomers in the aqueous phase, and they
grow through mass transfer from the non-nucleated monomer droplets that behave
as a reservoir. This is the same mechanism with the emulsion polymerization. This
mechanism leads to a smaller particle size as compared with the droplets (Figure
3.17).
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Figure 3.17. Size distributions in a 2,2'-(ethylenedioxy)diethanethiol (EDDT)- diallyl phthalate (DAP)
miniemulsion photopolymerization using water soluble photoinitiator [32].

On the contrary, in higher number of cycles the latex revealed bigger diameter than
the miniemulsion. A potential explanation here could be the slight solubility of the
two monomers into the water, where the monomer diffuses through the continuous
phase, from the smaller droplets to the bigger. This diffusion happens due to the
difference in chemical potential as it is already described in the previous chapters.
Some important remarks were that the polydispersity for both miniemulsion and
latex was below 0.2, which meant that the solutions were monomodal. However,
due to the very strong odor of the thiol, NMR spectroscopy could not be conducted,
which means that the polymerization conversion during emulsification and after

photopolymerization was unknown.
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Despite the restrictions due to smell, it can clearly be observed a decreasing trend
on the droplet diameter by the increase of the number of cycles. This was also
observed by researchers that used the same device [16] and can be attributed to
the elongational strain rate that is responsible for the droplet rupture as described

in chapter I1.
3.1.2 Pneumatic Elongational-Flow Reactor and Mixer (pRMX)

The pneumatic elongational-flow reactor and mixer (pPRMX) was used in order to
produce miniemulsion that would then flow under UV in the continuous
photoreactor to obtain the latex. The pRMX was equipped with the four-holes static
mixing element (Figure 3.5) and experiments were conducted under ambient
atmosphere.

In Figure 3.18 one can see the diameter and polydispersity of the systems.
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Figure 3.18. Effect of number of cycles of the pneumatic elongational-flow reactor and mixer (pRMX)
(ambient atmosphere, 4-holes static mixing element) on the droplet and particle diameter (Dexp) and
polydispersity (PDI).

The miniemulsions exhibited a strong decrease (from 97 nm to 68 nm) when the
number of cycles increased from 100 to 200. The same decrease was followed by
the latex particles, with values that were approximately the same as the droplets.
Regarding the polydispersity all the experiments showed a unique diameter, which

was concluded by the PDI value that was below 0.2.
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Finally, during these experiments the device was clogged again, this time not only
in the mixing element but also in the entrance of the PTFE tubing. Also, it was
unfortunate that pRMX device was very big and could not be placed under the
fume hood in the lab. This limited the research to only few results since the strong

smell of thiol could not be extracted and eliminated.
3.1.3 Rotor-Stator Mixer

A rotor-stator mixer was finally used to produce EDT-DAP miniemulsions and to
compare the results with the two aforementioned elongational-flow-based devices.
In Figure 3.19, all the different device’s rotational speeds along with the diameters

and polydispersity of the systems are presented.
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Figure 3.19. Effect of rotational speed on the droplet and particle diameter and polydispersity.

In low rotational speed, below 13,500 rpm, large fluctuations of droplet and latex
particles’ size were observed. This could be due to the polymerization that could
occur since the heat during emulsification was increased. Another factor that could
start the polymerization of thiol with the alkene was the oxygen of the atmosphere,
which is impossible to avoid when using rotor-stator mixers.

A further increase of the rotational speed up to 24,000 rpm led to the decrease of
the droplet diameter from 662 nm down to 317 nm and to the decrease of

polydispersity index from 0.4 to below 0.2.
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Comparing the results of the three emulsification devices (Table 3.9), one can
estimate that the pRMX was the device that produced the smallest and
monodisperse droplets and patrticles, followed by the yRMX and finally the rotor-
stator mixer. These variations can be explained by the fact that the flow rate that
is applied to the system using pRMX, q = 1400 mL/min, is at least 47 times stronger
than the one of uRMX (g = 30 mL/min). This displays that the higher the flow rate,
the smaller the diameter of the droplets and particles, which comes in an
agreement with a previous work done by our group [16]. Finally, Ultra-Turrax was
the least effective device to produce monomodal and small droplets and latex, as
compared with the elongational-flow-based devices, as expected by the Taylor
theory [19].

Table 3.9. Lowest droplet size and polydispersity index obtained with three devices to produce 1,2-
ethanedithiol (EDT) - diallyl phthalate (DAP) miniemulsions and latexes.

Lowest Lowest Lowest Latex Lowest
Device Droplets’ Size Droplets’ PDI Particles’ Size Latex PDI
(nm) (nm) (nm) (nm)
HRMX 58 0.05 134 0.06
pRMX 68 0.07 68 0.08
Rotor-Stator Mixer 289 0.17 217 0.14

Unfortunately, the strong smell and volatility of this bi-functional thiol was
determinant factor to the termination of this set of experiments. Another bi-
functional thiol that was less volatile and with a smell that could be controlled was
decided to work with for the rest of the experiments and will be presented in the

following part.

3.2 2,2'-(Ethylenedioxy)diethanethiol (EDDT) and Diallyl phthalate (DAP)
A less volatile bi-functional thiol (2,2'-(ethylenedioxy)diethanethiol-EDDT, Figure
3.2) was used, whose molecular weight was higher than the previous one. This
thiol was easier to handle during experiments since the odor was less strong. The

miniemulsion was composed of the disperse phase, where the thiol, alkene, radical
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inhibitor, Ostwald ripening inhibitor along with the photoinitiator were mixer, and

the continuous phase of water and surfactant (Table 3.10).

Table 3.10. Miniemulsion formulation with2,2'-(ethylenedioxy)diethanethiol (EDDT)- diallyl phthalate
(DAP)“/Cmonomer “ stands for “regarding to the monomers concentrations”.

Continuous Phase Dispersed Phase
Monomers
Deionized Water Thiol: 2,2 -(Ethylenedloxygdlethanethlol (EDDT)
80 wi% 10 wt%
Alkene: Diallyl phthalate (DAP)
14.48 wt%
Surfactant Photoinitiator

Diphenyl (2,4,6-trimethylbenzoyl)
phosphine oxide (DTPO)
2 wt% / Cmonomer
Ostwald Ripening Inhibitor
Hexadecane (HD)
4 wt% / Cmonomer
Radical Inhibitor
2,5-Di-tert-butyl hydroquinone (DBHQ)
1.05 Wt%/ Crmonomer

Sodium Dodecyl Sulfate (SDS)
3.5 Wt% / Cmonomer

Experiments were conducted using rotor-stator mixer and pneumatic elongational-
flow reactor and mixer (pbRMX) equipped with a static mixing element with one hole
throughout its length. The pRMX flow rate was constant, g = 4200 mL/min, during
all experiments and the oxygen was removed and replaced by nitrogen, in order
to prevent premature polymerization. In the case of pRMX the influence of the
number of cycles as well as the variation of the chemical composition of the

miniemulsion were investigated.

Finally, since the premature polymerization during emulsification, that was already
described in all the different cases, was too high, decision was made to focus on
improving the emulsification process and reducing the polymerization yield. For
this reason, no photopolymerization occurred after emulsification for majority of the
experiments and main focus was give on the mixing process. Only the optimized
set of experiments was investigated under the continuous coiled tube photoreactor

using A = 365 nm wavelength and will be discussed in the following section.
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3.2.1 Pneumatic Elongational-Flow Reactor and Mixer: Effect of Process

Parameters

The impact of the number cycles on the droplet diameter and size dispersity was
investigated using pRMX with the one-hole mixing element. Since the experiments
conducted with the tetra-functional thiol PETMP under inert atmosphere revealed
that the polymerization during preparation of the coarse emulsion was zero when
the oxygen was removed from the system (Figure 3.8), this bi-functional thiol was
manipulated under inert atmosphere only. In Figure 3.20, the effect of the number

of cycles, ranging from 5 to 300, on the droplet size and polydispersity is presented.
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Figure 3.20. Effect of number of cycles on the droplet diameter and polydispersity after emulsification with
pneumatic elongational-flow reactor and mixer (pRMX) (inert atmosphere, 1-hole static mixing element).

One can observe that starting from 5 cycles the diameter was 147 nm and
increasing the number of cycles to 200 the droplet diameter slightly decreased for
approximately 40 nm. It is worth mentioning that in the first 5 cycles the
polydispersity was higher than 0.2, which indicated that the miniemulsion was not
yet monomodal. At 40 cycles, an experimental artefact led to an increase of the
droplet size, of the PDI along with an increase of the polymerization during
emulsification, yield = 35 % (Table 3.11). Taking in to account the increased values
of the polymerization yield at 40 number of cycles, along with the increase of the
diameter (Figure 3.20), one could attribute this to an experimental artefact.
Considering also that a further increase of the number of cycles, decreased the
droplet diameter, the assumption of an experimental error is the most logical

explanation.
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Nonetheless, further increase after 300 cycles revealed an increase on the droplet
diameter (approximately 20%) as well as the polydispersity. This could be the
starting point of the “over-processing” effect applied to the miniemulsion. In other
words, the emulsification time was too long for the specific chemical system and

the coalescence of the droplets was more likely to happen.

Table 3.11. Polymerization conversion after miniemulsification of 2,2'-(ethylenedioxy)diethanethiol (EDDT)-
diallyl phthalate (DAP) with pneumatic elongational-flow reactor and mixer (pRMX) obtained by *H NMR.

Number of Cycles 5 10 15 20 40 60 80 100 200 300
Thiol Conversion (%) 27 20 27 30 35 29 29 29 36 23
Alkene Conversion (%) | 43 35 40 42 45 40 37 40 41 25

In this point and after discussing the results of both tetra- and bi- functional thiols,
a comparison of the two is important to assess which of the two was able to provide
smaller droplet diameter and narrower size distribution. The comparison was done
between the two miniemulsion prepared with one-hole mixing element and under
ambient atmosphere, so as to ensure that the only difference in the process was
the thiol molecule. In Figure 3.21, the two graphs of EDDT-DAP and PETMP-DAP
droplets size and PDI regarding to the pRMX number of cycles are combined in

one.
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Figure 3.21. Comparison of 2,2'-(ethylenedioxy)diethanethiol (EDDT)- diallyl phthalate (DAP) (blue curves)
and pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)- diallyl phthalate (DAP) (green curves)

miniemulsion droplets and polydispersity after emulsification with pneumatic elongational-flow reactor and
mixer (pPRMX) (inert atmosphere, 1-hole static mixing element).
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A clear difference between the two different thiols is observed in Table 3.12 for the
smallest nanoparticle size that could be achieved. The tetra-functional thiol,
PETMP, revealed a droplet size higher (390 - 148 nm) than the bi-functional thiol,
EDDT (155 - 120 nm), during all the number of cycles that were examined. This
could be explained:

- By the size of each molecule: PETMP is a bigger molecule than EDDT, or

- By the PDI values: the polydispersity of the PETMP-DAP miniemulsion was
always above 0.2, which meant that the miniemulsion was polydisperse, contrary
to the monomodal EDDT-DAP miniemulsions. The increased polydispersity could
lead to the destabilization of the system, thus the coalescence of the droplet, which
is highly implied for the PETMP-DAP miniemulsion.

- By the difference of reactivity between PETMP and EDDT. Indeed, a premature
polymerization can strongly affect the composition as well as the viscosity of the
dispersed phase [33], leading to the changes on the droplet rupture [19], along
with size and size distribution. An improvement was found on the polymerization
yield during emulsification using the bi-functional thiol. In the case of EDDT-DAP
miniemulsion the yield was close to 30%, while experiments with PEMTP-DAP
miniemulsion had a higher yield, approximately 40 %.

Table 3.12. Lowest droplet size and polydispersity index obtained with two different thiols tetra-functional
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and2,2'-(ethylenedioxy)diethanethiol (EDDT)
combined with diallyl phthalate (DAP) using pneumatic elongational flow reactor and mixer (pRMX).

. Lowest Droplets Size | Lowest Droplets PDI
(nm) (nm)

Tetra-functional (PETMP) 148 0.32

Bi-functional (EDDT) 120 0.15

3.2.2 Pneumatic Elongational-Flow Reactor and Mixer: Effect of Chemical

Parameters

Once evaluating the process parameters, the influence of the chemical parameters
was investigated. The aim was to assess the droplet diameter and polydispersity
along with the premature polymerization keeping a constant number of cycles,

equal to 80. This choice was due to the smallest droplet size and polydispersity,
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combined with the smallest polymerization conversion during emulsification. The
amount of surfactant, radical inhibitor, Oswald ripening inhibitor as well as of the
photoinitiator were varied so as to monitor the droplet diameter (Figure 3.22). The
standard miniemulsion formulation can be seen in Table 3.10, where the reference
concentrations Co are reported. The variations of the concentration of the

aforementioned compounds were done referring to the standard ones.

For example, in the case where the amount of surfactant was altered, the reference
concentration of SDS Cosps) was 3.5 wt%/Cmonomer (blue spots), half the
concentration Cosps)/2 (green spots) responded to 1.75 wt%/Cmonomer Of SDS, zero
concentration (yellow spots) refers to the complete absence of SDS, and finally
double concentration 2*Cosps) (red spots) describes the double amount of
surfactant, 7 wt%/cCmonomer. The same concept was followed for the rest of the

chemical parameters.
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Figure 3.22. Effect of the variation of chemical parameters on the droplet size and polymerization
conversion referring to -SH consumption. The miniemulsions were produced with the pneumatic
elongational-flow reactor and mixer (pRMX) (inert atmosphere, 1-hole static mixing element, 80 cycles).
Starting with the Ostwald ripening inhibitor (ORI), its role is to provide equillibrium
of the chemical potential between the droplets of the miniemuslion. It is proven that
the less soluble in the water is this inhibitor, the more efficient against Oswald

ripening it is [34]. In Figure 3.22, the absence of ORI led to a strong increase on
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the droplet size, which was expected since the system was not stabilized and
Oswald ripening (i.e. merging of small droplets into bigger ones) occurred rapidly.
This also result in a very broad size distribution, above 0.5. Adding half of the
reference amount of ORI to the system was able to stabilize it and reduce the
droplet diameter down to 129 nm. Taking a look on the reference (blue rhombus)
becomes obvious that the increased amount of ORI led to a further decrease of
the droplet size, 127 nm, along with the polydispersity, which was below 0.2. This
proved that the miniemulsion droplets were able to equilibrate the difference of the
chemical potential and provide a single size distribution. However, doubling the
amount of ORI showed an increase on the diameter (from 127 nm to 250 nm) as
well as the PDI = 0.22. This could potentially happen due to the limited solubility of
the ORI used, hexadecane, in the disperse phase when a bi-functional thiol was
used. A research group that worked with the same set of monomers [32] described
that in high amounts of hexadecane, the insolubility increased and a thin layer of
hexadecan was present on the surface of the droplets (brighter colour in Figure
3.23).

Figure 3.23. Cryo-TEM image of an 2,2'-(ethylenedioxy)diethanethiol (EDDT)- diallyl phthalate (DAP)
miniemulsion containing DBHQ [32].

Regarding the radical inhibitor concentration, an increase of the droplet size and
polydispersity was observed by increasing the amount of inhibitor. One potential
reason for the increase of the diameter could be that the higher the amount of the
inhibitor the higher the droplet load, thus the increased diameter. However, taking
a closer look to the polymerization conversion, it is also increasing with the
increased inhibitor concentration. Thus, the radical inhibitor maybe did not allow
the droplets to stabilize against coalescence, which was enhanced during

emulsification due to the temperature increase. Even though, the number of cycles
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was the same for all the experiments, the only parameter that might change and
its weather dependent, is the temperature of the cooling jacket. As mentioned
already, the water that flows in the cooling jacket comes from the tap and is
affected from the temperature outside. A warm day could limit the temperature
control thus starting of the polymerization due to heat easier.

On one hand, when using an oil soluble photoinitiator (Figure 3.24 a) the droplets
appear to increase in size, while the polydispersity remains below 0.2 for all
experiments. This behavior could probably be explained by the fact that the
premature reaction of the two monomers was increased when the amount of
photoinitiator increased. The higher yield means that probably the radical inhibitor
amount was not enough to fully prevent the radical formation during emulsification.
Additionally, since the amount of photoinitiator was increased, the radicals formed
were not able to inhibit by the less amount of inhibitor, thus the polymerization
started to take place. This could be also enhanced by the fact that the photoinitiator
was soluble only in the disperse phase and the radicals were initiated there, which
led the increase of the droplet size. Additionally, the more components added to
the dispersed phase, the larger the droplet diameter that was formed (Figure 3.24
a).

On the other hand, the use of a water-soluble initiator (Figure 3.24.b) showed the
reverse behavior. This might happen due to the different polymerization
mechanism that is followed when this type of initiator is used. It can be observed
that the polymerization yield during emulsification was above 22%, which means
that the radicals started to form. As described in the literature [32] and explained
previously, the monomer droplets in the case of the water-soluble initiator
oligomers were formed in the aqueous continuous phase, thus the monomer
droplets serve as reservoir and the monomer was diffused though the continuous
phase to the oligomers. This caused the particles to have a smaller diameter as
compared with the droplets, as shown in Figure 3.24. Even though the
photopolymerization did not take place, the heat rise close to the mixing element

during emulsification was enough to initiate the polymerization.

183



Chapter I11. From Thiol-Ene Miniemulsion to Thioether Latex Nanoparticles

a)

.:monomer .: polymer @:initiator @~ :surfactant ® : ORI

b)

Figure 3.24. Photopolymerization mechanism when a) oil soluble and b) water soluble photoinitiator was
used.

Worth mentioning is that by the absence of initiator (Figure 3.22, yellow spots) the
miniemulsion revealed the maximum polymerization yield (37%). As reported
several times in this manuscript, the temperature rise in the pRMX device plays
the most crucial role for initiating the premature polymerization. This is the case
even by the absence of initiator.

Finally, the influence of the surfactant, SDS, concentration was inspected. A quite
clear trend was recovered for the droplet diameter. The increase of the amount of

SDS decreased the droplet size as well as the polydispersity. It has already been
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explained in literature that small amounts of surfactant are not able to cover the
surface of the droplets and stabilize them [34]. This leads to the coalescence of
the droplets, followed by an increase of the diameter and polydispersity.
Furthermore, the surface tension decreases when the amount of surfactant
increases, thus the capillary number described in previous chapter increases and
leads to a smaller droplet diameter.

Overall, the effect of the different chemical parameters on the droplet size and
polydispersity was investigated. It was found that the limit on the concentration of
the Oswald ripening inhibitor was close to 4 wt%/cmonomer and a further increase
causes the increase of the droplets due to the hydrophobicity of hexadecane. On
the contrary, the increased inhibitor amount led to a higher droplet size, which
could be either due to the increase of the load of the droplets or by the
polymerization that occurred during emulsification. As for the two different
photoinitiator the yield was noticeable, and it is believed that the difference on the
droplet diameter emanates from the two different polymerization mechanisms that
were analyzed. Eventually, the increase of the surfactant concentration was critical

to the decrease of the diameter.
3.2.3 System Stability

In this point and after several changes on different parameters, it was considered
very important to study the stability through time of the standard miniemulsion. For
this reason, a miniemulsion using pRMX, equipped with one-hole mixing element,
at 80 number of cycles, under inert atmosphere, and with the standard
concentrations (Table 3.10) was formulated. During the stability test, the same time
samples were taken for DLS (Figure 3.25) and 'H NMR (Table 3.13)
measurements. In this way the droplet size, polydispersity and polymerization yield
were monitored. The first sample was characterized 5 minutes right after the
emulsification and the droplet size was 138 nm with a narrow size distribution (PDI
< 0.2). The premature reaction between the two monomers started with a yield of
22%. The EDDT-DAP miniemulsion was stable in droplet diameter and
polymerization which did not exceed the yield = 25%. After one day the

miniemulsion started to destabilize and the diameter increased up to 216 nm and
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the polydispersity index was a bit above 0.2. This time the polymerization rose to
almost 60%. After one day, the miniemulsion started to further polymerize and the
droplets coalescence until after one week the diameter reached 220 nm and the

PDI was 0.21. In one week, the polymerization conversion reached almost yield =

100%.
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Figure 3.25. 2,2'-(ethylenedioxy)diethanethiol (EDDT)- diallyl phthalate (DAP) miniemulsion stability after its
production with the pneumatic elongational-flow reactor and mixer (pRMX) (inert atmosphere, 1-hole static
mixing element, 80 cycles).

Table 3.13. Polymerization conversion after miniemulsification of 2,2'-(ethylenedioxy)diethanethiol (EDDT)-
diallyl phthalate (DAP) with the pneumatic elongational-flow reactor and mixer (pRMX) obtained by *H

NMR.
: 5 60 180 1 2 3 6 7
Time ) ) .
(min) ~ (min) ~ (min)  (d) (d) (d) (d) (d)
Thiol conversion (%) 22 21 25 59 76 89 92 99

In Figure 3.25, the droplet diameter as well as polydispersity experience several
fluctuations after the passing of one day. This could be either due to the
destabilization of the miniemulsion or due to statistical error. The latter can be
explained because this stability test was done only one time and not several times
in order to obtain the average values.

Even though the premature polymerization during emulsification started, the
EDDT-DAP miniemulsion showed a relative stable profile approximately one day.

This could be helpful in case of further photopolymerization was conducted.
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3.2.4 Pneumatic Elongational-Flow Reactor and Mixer: Temperature
Control

In all the previous parts, the main issue that was described refers to the very rapid
reaction between the thiol and the alkene that was enhanced during emulsification.
This happened due to the increase of the heat close to the mixing element of
pRMX. For all the experiments, a cooling jacket was used to achieve a control on
the temperature rise. At the same time, the temperature was monitored using a
sensor that was installed on the walls of the chamber of pRMX. It was observed
this temperature was still rising even after using that tap water to cool down the
device. It is mentioned previously that this water was strongly depending on the
weather and the temperature could not be further controlled. This is probably why,
even after several changes and improvements on the preparation of the
miniemulsions, the thiol-ene polymerization still took place.

For this reason, a chiller was installed and connected with the cooling jacket of
pRMX. Isopropanol was used to cool down the device close to 10 °C, contrary with
the already used tap water (T > 20 °C). Even from the first experiments the dripping
problem was becoming stronger, while some grey particles were obtained along
with the miniemulsion. After few experiments with the standard recipe of the EDDT-
DAP miniemulsions, the whole emulsion was grey instead of white (Figure 3.26),
which after few days was becoming reddish. This started rising questions about
what could be wrong.

Figure 3.26. Miniemulsion containing metallic particles after adding a chiller to the system.
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To examine and understand what the grey particles could be, several experiments

were performed, where every time the same grey solution was obtained. Parallel

with that, a closer look on the back part of the pistons (Figure 3.27) revealed some

black materials, which had a gluey texture.

Figure 3.27. Back side of the pneumatic elongational-flow reactor and mixer (pRMX) piston.

Elemental analysis confirmed that these grey patrticles, coming from the back part

of the pRMX pistons, had metallic origin (Table 3.14). It is important to mention

that the whole device was made of stainless-steel, only the back part of the piston

was made of brass. Brass is an alloy of copper and zinc, which can easily be

oxidized. Another crucial measurement was the pH of the miniemulsion, which was

found to be very acidic, pH = 4.

Réf. Externe

Réf. ECPM
Al
Ca
Cr
Cu
Fe
K
Mg
Mn
Na
Ni
P

S

Si
Zn

Emulsion

0,60
0,57
0,223
11,52
1,95
0,456
0,073
0,40
431
0,140
155
1,26
0,37
3,91

H o+ M+

21-03-08-CS-EK-01

0,01
0,01
0,002
0,08
0,02
0,003
0,001
0,01
7
0,002
2
0,04
0,02
0,07

unité
mg/kg
mg/kg
mg/kg
mg/kg
mg/keg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
% (m/m)
mg/kg
mg/kg

Table 3.14. Elemental analysis of emulsion and grey gluey material

Contamination

21-03-08-CS-EK-02

4332
406
482
6,9
1,65
156
41
2739
1659
376
2893
12,6
875
2,69

+ + 1+ I+

H 0+ M+

70

02
0,03

36
24

461
03
29
0,05

unité
meg/kg
mg/kg
meg/kg
% (m/m)
% (m/m)
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
% (m/m)
mg/kg
% (m/m)
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Finally, the main problem was that by installing the chiller (T = 10°C), the shields
that were used to reassure the tightness between the piston and the chamber,
were shrunken due to the cold temperature. This caused the acidic miniemulsions
to flow a bit outside of the device from the back position of the pistons, leading to
the corrosion of the brass part of the piston, which was eventually polymerizing the
miniemulsion and forming small particles combined with the brass, black gluey
particles. For this reason, no further experiments could be performed using pRMX,
because the miniemulsions obtained was contaminated with metallic particles and
any characterization technique would not have been accurate to evaluate the
droplets size and polydispersity.

3.2.5 Rotor-Stator Mixer

In this point, just like it has been done with PETMP-DAP system, comparison of
two emulsification devices (shear mixer and pRMX) was crucial to compare the
droplet diameter along with the polydispersity. The composition of miniemulsions
were the same standard recipe with the EDDT-DAP miniemulsion (Table 3.6).
Photopolymerization followed after emulsification, at wavelength A = 365 nm and

residence time 1 = 7 min, using the coiled tube photoreactor.

-~ Miniemulsion -o-Latex (365 nm)

-#-PDI Miniemulsion®-PDI Latex

1125 1
0.9
__ 900 - 0.8
g 0.7
T 675 —* 0.6 _
.3 T 059
£ 450 0.4
-g -— l\ i ; —> 03
225 ] 0.2
0.1
0 0
9500 17500 24000
Speed (rpm)

Figure 3.28. Effect of rotational speed on the droplet and particle diameter and polydispersity.

In Figure 3.28 is observed that for low rotational speed, the droplet diameter
appeared to be 683 nm, while increasing the speed the size decreased down to

323 nm. Additional increase of the speed to maximum showed a further decrease
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of the droplet diameter, 207 nm. However, the polydispersity index measured by
DLS was above 0.8, which meant that different droplet sizes appear in the
miniemulsion indicating that was polydisperse. Regarding the polymerization yield
during emulsification, it was very low, below 15%, for all the experiments (Table
3.15).

Table 3.15. 'H NMR polymerization conversion after miniemulsification of 2,2'-(ethylenedioxy)diethanethiol
(EDDT)- diallyl phthalate (DAP) with rotor-stator mixer.

Rotational Speed (rpm) 9500 17500 24000
Thiol Conversion (%) 6 12 2
Alkene Conversion (%) 5 15 1

The same decreasing trend was observed for the latex when the rotational speed
was increased. Nevertheless, the particle size appeared to be much smaller than
the droplet size, more than 300 nm difference. This could potential be attributed to
different factors: (i) the miniemulsion and latex was not stable through time and a
face separation occurred by the end of the day, (ii) that maybe when the sample
for the DLS was taken, the bigger, heavier particles sedimented on the bottom of
the vial and (iii) the smaller particles were the ones, whose droplet size was
measured.

Comparing those results with the results described previously for the same
chemical system prepared with the pRMX (Figure 3.20), the pRMX was, once
more, able to provide better mixing in terms of droplet diameter and polydispersity.
In all the experiments the pRMX miniemulsion was monomodal alike the rotor-
stator mixer which was polydisperse. The same occurred to the diameter, since
the one obtained from pRMX was below 150 nm, contrary to the minimum 207 nm
of shear mixer (Table 3.16). These observations allowed to conclude that pPRMX
could deliver improved control on the droplet diameter and polydispersity, despite
the 20% of polymerization yield.

Table 3.16. Lowest droplet size and polydispersity index obtained with two devices to produce 2,2'-
(ethylenedioxy)diethanethiol (EDDT)-diallyl phthalate (DAP) miniemulsions.

Device Lowest droplets’ size (nm) | Lowest droplets’ PDI (nm)
pRMX 110 0.15
Rotor-stator mixer 207 0.88
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3.3 Thiol-Ene Photopolymerization and Miniemulsification

Since many problems were encountered during miniemulsification, as mentioned,
premature polymerization, clogging and finally corrosion of the pRMX, a new
procedure was established to produce latex particles. Unfortunately, due to lack of
time, since this new idea came almost in the end of this research project, only few
preliminary experiments were conducted using this new method.

During these experiments, the two monomers (EDDT and DAP) along with the oil
soluble photoinitiator were first mixed in a vial. Then, a given amount of acetone
was added in order to control the viscosity of the solution. The main goal was to
inject this solution in the coiled tube photoreactor, A = 365 nm and 1 = 7 min, and
photopolymerize it. Once the polymer was obtained, it was mixed with water and
surfactant, which was the continuous phase, using magnetic stirrer for 10 min.
Then, the solution (Table 3.17) was introduced in the pRMX equiped with one-hole
mixing element, to obtain a latex.

Indeed, since the poly(ether) was stable at temperatures close to 30°C, the pPRMX
could be used without using the chiller. The number of cycles was set at 100 so as
to achieve a homogeneous latex. Worth mentioning is that trials were done at lower
number of cycles, but no homogeneous latex could be obtained, thus the 100
cycles was found to be the least one to provide homogenous latex. It was
challenging to achieve a stable latex, because the disperse phase was very
viscous and the particles formed were more dense than the continuous phase This
was the driving force for the destabilization of the latex. Thus, longer emulsification

time slowed down this destabilization.

Table 3.17. Latex formulation based on 2,2'-(ethylenedioxy)diethanethiol (EDDT)- diallyl phthalate (DAP).
“/Cmonomer “stands for “regarding to the monomers concentrations”.

Polymeric Solution
Poly(thioether)
10 wt% 2,2’ -(Ethylenedioxy)diethanethiol (EDDT)
+
10 wt% Diallyl phthalate (DAP)
Photoinitiator
Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide
(DTPO)
2 wt% / Cmonomer
Solvent
Acetone
Different concentrations

191



Chapter Ill. From Thiol-Ene Miniemulsion to Thioether Latex Nanoparticles

Continuous Phase Dispersed Phase
Distilled Water
80 wt%
Surfactant
Sodium Dodecyl Sulfate
(SDS)
3.5 wt% / Cmonomer

Polymeric Solution
Poly(thioether)

The acetone that was trapped in the droplets, was diffused to the aqueous phase,
since it was soluble to water and evaporated by stirring the solution for 1 hour
before leaving the latex under the fume hood overnight. The next day the latex was

characterized for the particle diameter and polydispersity (Figure 3.29).

ol 50w% of acetone

400 1
= " — 0.8 ®m 50w% then 80w% of acetone
g 300 S =
g 0,6
Q. 200 B em 80w% of acetone
> 0,4
Q 100 -— 9 02 90w% of acetone

0 0

Figure 3.29. Effect of solvent concentration on the droplet diameter (circles) and polydispersity (squares) at
fixed number of cycles, 100.

Different concentrations of acetone were tested, ranging from 50w% to 90w%, in
order to observe the particle size and polydispersity. The particle diameter
obtained the smallest by adding 50w% of acetone (100 nm), but the polydispersity
was close to 0.9, which meant that the latex completely polydisperse. Further, it
was observed that the latex was not stable, and sedimentation took place few
hours after terminating the stirring for the solvent evaporation. An attempt to
decrease the polydispersity was done by preparing the polymer with 50 wt%
acetone and after emulsification to dilute the 40 mL of latex in 80 wt% of water.
This led the particles to increase the size while the dispersity was still very high,
above 0.6.

It was again observed that the latex particles were very viscous, which made them
dense, thus the destabilization of the latex occurred rapidly. For this reason, the
amount of acetone was increased up to 90 wt%. This last preparation condition
gave encouraging results since the diameter was a bit below 200 nm and the

polydispersity close to 0.2, which indicated that the latex had a monomodal size
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distribution. More investigations need thus to be done, buy increasing the solvent
amount to decrease the particles’ size, in order to achieve a stable latex with a

tunable particle size.

¢ Conclusions

Different emulsification devices were used to produce thiol-ene miniemulsions.
Two homemade elongational-flow emulsification devices (WRMX and pRMX) which
were compared with a simple shear rotor-stator mixer. Among the three, the shear
mixer showed the poorest diameter and dispersity control.

Additionally, the composition of the miniemulsion was investigated by using
different types of thiols: one tetra-functional and two-bifunctional ones. It was
shown that the bi-functional thiol, 2,2" -(Ethylenedioxy)diethanethiol (EDDT), was
the one providing the smallest diameter and polydispersity. Furthermore, the
droplets’ size decreased steadily when the number of cycles was increased.
Therefore, the droplets’ size could easily be targeted by adjusting the number of
cycles. The amount of surfactant, photoinitiator, radical and Oswald ripening
inhibitor was also investigated, proving that the smallest diameter (d = 121 nm)
was obtained when water soluble initiator with twice the standard concentration
was used. On the contrary, the largest diameter (d = 156 nm) was observed when
no surfactant was added in the miniemulsion. The latter result was expected since
the droplets could not stabilize against coalescence. This variation of parameters
provided a droplet diameter control according to what was varying. For the tetra-
functional thiol, the number of cycles did not change the droplets’ size, but it was
found that the diameter was highly sensitive to the mixing element (1-hole vs 4-
holes) and the presence of oxygen during the preparation of the solutions. This
complies well with the increased reactivity of higher functional monomers.
Unfortunately, due to the acidic nature of the miniemulsion many problems
occurred. Starting with clogging during emulsification, while at the same time
leakage on the back part of the chambers was observed. This dripping was enough
to corrode the pRMX piston, which was made of brass, and metallic particles

appeared in the solution. Finally, this corrosion was a restrictive factor to further
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work with thiol-ene solutions in the pRMX, when the temperature was below room
temperature.

This led to a new experimental procedure, where the monomers were mixed with
photoinitiator and acetone, in different concentrations. The solution was flowed in
the coiled tube photoreactor, and the polymer solution was obtained before
introducing it into the pRMX. Interesting results were obtained with this procedure
when the monomer solution was mixed with 90 wt% acetone, since the diameter
was equal to 200 nm and the latex appeared monomodal. This technique needs

further improvement and investigation.
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Chapter IV. Development of a Continuous Pneumatic Elongational-Flow Reactor and Mixer

Preface

Two batch elongational flow reactor and mixers along with a linear and coiled tube
photoreactors were developed in the previous chapter. It was observed that droplet
and particle diameter control could be achieved by adjusting either process or
chemical parameters. In this chapter an innovative elongational-flow based device
will be described. This device works in a continuous mode and in a larger industrial

scale as compared with the previously described devices.

A Continuous Pneumatic Elongational-Flow Reactor and Mixer
(cpRMX)

A novel device was built under the scope of this PhD. The device is called
continuous pneumatic elongational-flow reactor and mixer (cpRMX) (Figure 4.1).
The working principal is based on the elongation of the droplets, which also
occurred in the micro elongational-flow reactor and mixer (WRMX) and pneumatic
elongational-flow reactor and mixer (pRMX) that were described in the previous
chapters. In more detail, in all these devices, an elongational reciprocating flow is
created due to the movement of the pistons which breaks the droplets into smaller
ones in each passing though the restriction.

The cpRMX device comprises of two pistons that are aligned vertically and come
in contact in the center with the mixing element. In this RMX, the mixing element
is small, and it can easily be removed, cleaned and placed back in place without
the need to dismount the whole device. The mixing element that is designed has
3 holes of 1 cm diameter each, but the number of holes can be modified depending
on the need of each application. Compressed air is the driving force to
pneumatically move both pistons. The pressure can be tuned between 10 and 100
bar. However, a minimum pressure of 10 bar is required to move the pistons and
thus will be considered the working pressure. At first, pressure is directed to the
bottom chamber which was previously filled with the raw solution to be emulsified,
the upper chamber pressure is at atmospheric pressure. Thus, the bottom piston
starts to move upwards. When it reaches the mixing element, the pressure is

directed to the upper chamber while the pressure is released in the bottom

201



Chapter IV. Development of a Continuous Pneumatic Elongational-Flow Reactor and Mixer

chamber. Thus, the upper piston starts to move downwards while the bottom piston

moves freely. This procedure counted as one cycle.

Top View

Figure 4.1. Schematic drawings of the continuous pneumatic elongational-flow reactor and mixer (cpRMX,
left) and mixing element (right).

The main goal of the cpRMX is the continuous production of miniemulsion, which
will be photopolymerized to finally obtain a latex with tunable diameter. For this
reason, the process was divided in four steps: the feeding, mixing,
photopolymerization and outlet. Starting with the feeding two high pressure piston
pumps (MX-Class Pump) were installed which were connected with the continuous
and dispersed phase respectively. The two phases were flowing in two different
PTFE tubes that were coming in contact, with the help of a T-junction, right before
the mixing element. This was to ensure that the two phases would not come in
contact before emulsification, so as to avoid any premature reaction between the
different components.

To start the cpRMX, a software is mandatory to operate. A detailed manual of the
operating software in English will be given by the end of this chapter. This software
controls the pressure provided to the piston to move, the volume and the number

of cycles for each experiment. The software collects the values from the two
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pressure sensors that are antipodally installed. One sensor is connected to the
upper chamber and the second to the bottom chamber. To adjust the volume,
between 5 and 113 mL, the “remote” mode needs to be selected on the operating
box. In this way the pressure is released and only the gravity force is applied to the
pistons. Then the screw-rod that is on the top of the device can be tighten or loosen
to as to obtain the desired volume, that can be seen on the software. Once this
step is done, the mode can be switched to “local” from the corresponding box and
the bottom “up-down” can be pressed so as to reassure that both pistons are
calibrated to the desired volume. This volume will correspond to the position of the
bottom piston once the mode “remote” is selected.

To fill the cpRMX the mode has to be in “local” and the outlet valve open and both
pistons in zero position (i.e. in contact with the mixing element). Then the flowrate
on both high-pressure piston pumps is adjusted close to 7 mL/min, so as to fill the
upper chamber quickly. Once the liquid is flowing to the outlet it means that the
chamber is filled with the desired volume that was adjusted previously. For the
continuous operation of cpRMX the outlet valve can be closed and one waits until
the pressure becomes higher than 20 bar on the software. This will allow the
chamber to be completely filled. Then outlet valve opens again, and the flowrates
of the high-pressure piston pumps can be modified depending on the desired
flowrate.

For the mixing step, the mode has to be again switched to “remote” in order for the
liquid to flow under pression to the bottom chamber. The flowrate of the pistons
can be adjusted by the “Speed SetPoint” box, while the duration of the experiment
can also be controlled. The duration will indicate the number of cycles that will be
done during the experiment. Finally, the cpRMX is ready to run according to the
parameters given to the software. The emulsion flows from the bottom chamber
through the mixing element to the upper chamber with the help of the compressed
air.

While mixing the high-pressure piston pumps work and continuously feed the
cpRMX chamber with fresh dispersed and continuous phase solutions. This will
force the miniemulsion that was already mixed in the device to the exit the device
though the mixing element. The flowrate of the exit has to be equal with the
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combined flowrates of dispersed and continuous phases given to the high-
pressure piston pumps. For example, if the continuous phase flowrate is
gc = 0.4 mL/min and the disperse phase flowrate is qda = 0.1 mL/min, the outlet
flowrate will be qoutet= 0.5 mL/min. The outlet PTFE tube is connected with a coiled
tube photoreactor that was described in the previous chapter. This means that the
outlet flowrate will determine the residence time, the time that the miniemulsion will
stay under UV. For the same example, when the qoutet = 0.5 mL/min the residence
time will be 8 min. In the case that the outlet flowrate is not equal to the combined
inlet flowrates a setting valve is added after the outlet valve in order to achieve a
better control on the outlet flowrate. Finally, the latex is collected in a vial which is
connected with the outlet tube of the coiled tube photoreactor.

In case where the photopolymerization is not desired the photoreactor can be
removed from the outlet and the freshly prepared miniemulsion can be collected
instead.

There is the possibility of the cpRMX to work in a batch mode. In this case both
high-pressure valves stop once the chamber is filled, and at the same time the
outlet valve is also closed. This operation will be the same as the pRMX operation
but in a vertical direction. The operating flowrate and duration can be adjusted
again from the same software.

The main purpose of this newly built device is to produce miniemulsion and latex
in a continuous way, while it is fully automated and only a software is needed to
operate the device. This can allow the use of cpRMX on a larger industrial scale.
Using the continuous mode several advantages are expected against the batch
one. Starting with a high production rate, since there is no dead time between
charging, discharging the solution and cleaning the device. This will also allow to
obtain a constant quality of the product over time with the same patrticle size and
polydispersity. These can be adjusted by varying the flowrate and/or the duration
of each experiment. The particle size and polydispersity can be tuned depending
on the application of the final product. Finally, the improved design of cpRMX as
compared with pRMX allows the easy modification of the static mixing element by
simply unscrewing it without the need of dismounting the whole device as for the
PRMX.
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Unfortunately, during the time this research lasted no successful experiments
could be conducted with the cpRMX. This was due: 1) to the time requested to
design the device, to fabricate and assemble all its different parts and to adjust
them (roughly one year) and 2) the late delivery of the software (roughly one year
as a consequence of the Covid situation) which was mandatory to operate the
device safely. It is worth mentioning that this software was designed by the
technical support provided from our institute. Once the software was delivered,
several trials were conducted with water to troubleshoot the software while at the
same time the tightness of the cpRMX was assessed. During these tests one
pressure sensor broke, and the device could not be operated, for safety reasons,
until it was replaced by the new one which took almost 3 months. Furthermore,
many leaking problems were encountered from the beginning, which will
necessitate to redesign the setup and more precisely the piston seal and seal
holder.

B Forecasted Experiments

In this point, and since no successful experiments could be conducted, some
forecasted experiments will be described using cpRMX. After evaluation of the
several advantages explained in the previous part, the predicted experiments that

could be performed will be discussed.

1. Calibration of the high-pressure piston pumps. One has to estimate that the
flowrate that is shown on the device is identical with the outlet flowrate. This has
to be done for all possible flowrates. By drawing the calibration curve of the pumps
one can estimate and adjust accordingly the desired flowrate. Worth mentioning is
that the specific high-pressure piston pumps (MX-Class Pump), provide the

possibility of changing the pump performance (%) so as to be correctly calibrated.

2. Calibration of the cpRMX device. This has to be adjusted according to the
solution that will be introduced. There is the need to evaluate the inlet and outlet
flowrate. In more detail, the combined flowrate of the dispersed and continuous
phases flowrates have to be identical with the flowrate in the outlet tube. To assess

this, the upper chamber of cpRMX has to be filled and the inlet and outlet valves
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to be open. Additionally, the two pumps will continuously pump the liquid, starting
with the smallest flowrate possible, and the time and volume of the outlet flowrate
will be observed. This has to be done for all the possible flowrates and changes
have to be done accordingly. These changes could be on the high-pressure piston

pumps directly, or by modifying the position of the setting valve.

3. After completing the calibration of both pumps and cpRMX and reassure their
accurate performance, the experiments that could be done in order to evaluate the

possibility to control the droplet and particle diameter are:

-The variation of process parameters:

i) change of the flowrate through the mixing element by means of the piston
driving pressure which can be done from the software. It is expected that the higher
the flowrate, the smaller the droplet/particle diameter [1]

i) change of the geometry of the mixing element. Since the latter has been
designed to be easily exchanged, it will be possible to investigate the effect of the
geometry of that element, namely the number and diameter of the holes. Since
cpRMX is a continuous process, the pistons will operate continuously thus no
control of the number of cycles is required.

iii) change of the feed flowrate by adjusting the individual flowrate of the two
piston pumps. It is expected that the higher the feed flowrate, the lower the droplets
size. Possibly one can also investigate asymmetric piston flowrates to get access

to different monomer ratios in final emulsion.

-The variation of photoreactor parameters:

i) change the UV lamp intensity and wavelength

i) change of the residence time in flow photoreactor to get access to
different polymerization times. This could be obtained by using a third piston pump
delivering water that will modulate the flowrate at the entrance of the photoreactor.

iii) alternatively, the residence time can also be changed by using PTFE

tubings of different inner diameters.
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-The variation of chemical parameters:
i) changing the composition of the emulsion, meaning the amount of
surfactant, of Ostwald’s ripening and radical inhibitors, of initiator and monomer

molecular structure, monomer and comonomer ratios.

There are many factors that can influence the droplet and particle diameter. The
most important ones have been described and it is expected that the droplet
diameter could be tuned depending on the desired application. This way a larger

industrial scale process operating at low pressure could be operated continuously.
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¢ Operating Software Manual

Figure 4.2. Pictures of the continuous pneumatic elongational-flow reactor and mixer (cpRMX, left) and
the mixing element (right).
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Preparation:

1) Afterturning on the computer and the control box

(switch on the large box), open the “RMX

vertical” software.

2) Check that the graphics acquire values continuously.

3) Adjust the
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1st Initialization of the cpRMX:

The aim is to get the zero, it corresponds to the top stop of the RMX.

For this operation, the mode selector must be on "remote".

Click on "initialize".
Remark:

1) The RMX go up stop then go down stop in order to take the

corresponding position measurements.

2) After this operation, the “Start RMX” button becomes active.

3) This operation is mandatory at least once when restarting the

"RMX_vertical" program.

Adjusting the volume of the cpRMX chamber:

te Control box

— Ready
... USB link

Remote O\ Local
<§\)
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The RMX chamber is theoretically empty for this operation.

On the control box:

1) Set the mode selector to "local”.

2) Press the "up - down" button until the mechanism comes to a stop upwards,
then to a stop downwards. These positions can be called "top dead center”
and "bottom dead center". In this way, both pistons remain in contact with
the mixing element.

3) Set the mode selector to "remote”. In this way, the drive mechanism goes
down by gravity.

4) Loosen the lock nut on the adjustment rod above the cpRMX.

5) Adjust the screw to the desired volume indicated on the RMX program.

6) Re-tighten the lock nut.

7) Perform the following actions: 1) and 2) in order to check the minimum and
maximum volume indication. Correct the setting if necessary. The
measurement error should not be more than £ 0.1 cm3.

2"d Initialization of the cpRMX:

The aim is to get the value of the volume corresponding to the bottom stop of the
RMX which will be used during the operation of the RMX.

For this operation, the mode selector must be on "remote".

1) Click on "initialize".

Filling the RMX:

For this operation the method selector will preferably be on "local", the |

mechanism brought into abutment downwards.
1) Open the outlet valve.

2) Sufficiently open the regulating valve.

3) Put each circulation pumps inlet pipe in a container containing the part

of the sample provided. As well as the outlet pipe in another container.
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4)

5)

6)
7
8)
9)

10)Adjust the flowrates of the circulation pumps to the operating

Ensure that the pressures maximum circulation pumps are
set to 100bar.

Switch on the pumps with the flowrate ratio required to
obtain the right mixture by selecting high flowrates in order
to reduce the filling time.

Wait for the sample to start coming out of the RMX.

Close the valve at the RMX outlet.

Wait until the pressure exceeds 20 bar in the RMX chamber.

Open the outlet valve.

values.

11)Turn the adjusting valve knob to obtain a residual pressure

of approx. 10 to 20 bar.

Stop the circulation pumps.
RMX works:

For this operation, the method selector must be on "Remote".

1)

2)
3)

4)
5)

6)
7
8)

If necessary, change the destination folder and / or the name of the recording
file using the “folder \ file” field. The name of the file will automatically be time
stamped.

In "Speed SetPoint" set the piston displacement speed setpoint in cm3/ min.

In “dTime measure” set the time interval between measurements in ms. The
minimum increment is 10 ms.

In "Duration" set the maximum time of the experiment in seconds.

The “Number of measures per cycle” field is for information only. If you want to
change this wvalue, you have to act on "dTime measure".
To start up circulation pumps (the debits planned for the experiment must be
settled beforehand).

Wait for the pressure in the RMX chamber to stabilize.

Click on “Start RMX”.

Check for a few minutes that the “Valve” indication does not reach 100%

(indicated by the “Valve saturation” indicator).
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If this happens, speed can't anymore be regulated. This is due to too high a
"Speed SetPoint" value.
The mechanism goes back and forth at the prescribed speed until the maximum

time of the experiment, or until you click on "Stop RMX".

Dysfunction:
The program fails to communicate with the control box:

1) Check if the control box is switched on.
2) Check whether the USB cable is properly connected between the control
box and the pilot computer.

3) If necessary, press on the "Reset" button located on the control box.

The program loses communication with the control unit:
1) Find and open: "Gestionnaire de périphérique" (Device Manager).
2) Unwind: "Contréleur de bus USB" (USB bus controller).
3) Right click on "dispositif de stockage de masse USB’—“désactiver
'appareil” (USB mass storage device — deactivate the device).

4) If necessary, press on the "Reset" button located on the control box.

The indication "Valve" hit 100% (indicated by the "Valve saturation"
indicator):
Set the pressure regulator to a higher pressure or choose a “Speed SetPoint” lower

value.

The "Local" mode has erratic operation:
It can happen after an emergency stop.
1) Execute a “Start RMX” or “Initialize” sequence in “remote” mode.
2) If necessary, stop and restart the "RMX_vertical" program and / or press

the small "reset" button on the control box.
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Chapter V. Microfluidic Device for Thioether Micron Size Particles

Preface
In the previous chapters the formation of miniemulsion and latex was described by
using elongational-flow devices and comparing with conventional simple shear
device. In this chapter different morphologies of thioether particles are developed.
Instead of nanopatrticles, in the case of latex, microparticles and microrods are
discussed in this chapter using microfluidic devices. The effect of viscosity of the
continuous phase, along with the continuous and disperse phase flow rates on the

particle diameter will be discussed.

A Introduction

Thiol-ene Thiol-ene click chemistry has received an extensive interest due to
several advantages, which were extensively discussed in Chapter I. Among the
benefits of this chemistry [1] is the very fast reactivity between the two monomers
which can allow the rapid production of poly(thioether) particles. Another important
advantage is the high polymerization yield with no side products.

Only few research groups decided to work with thiol-ene click chemistry in
microfluidics. A first report was found in 2010 [2], where thiol-ene and thiol-yne
microporous and nonporous functional beads were produced. They developed a
homemade microfluidic device (Figure 5.1) and obtained monodisperse beads
having a size between 210 and 600 um (Figure 5.2). The continuous phase was
either light mineral oil mixed with silicon-based non-ionic surfactant (ABIL EM-90)
for the nonporous particles or water with SDS for the porous particles. While the
disperse phase was a mono- or tetra-functional thiol combine with mono-, bi- or tri-

functional alkene or mono-, bi-functional alkyne.

uv |
Droplets

Tubing
N L7
E=* 9 0 0o o 0 0 @ o} ‘/o e o0
Flow direction = KK )
Needle

Polymer beads

Continuous
phase

Figure 5.1. Schematic drawing of the microfluidic setup [2].
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(a) Thiol-ene -NH, .| (b) Thiol-yne -NH,
>

400

Figure 5.2. Optical (top) and SEM (bottom) images of the nonporous functional beads [2].

Later in 2017 D. V. Amato et al. [3], used microfluidics to produce microcapsules
with thiol-ene click chemistry (Figure 5.3). They used a tri-functional thiol and either
bi- or tri-functional alkene along with a photoinitiator as the dispersed shell phase.
On the other hand, the material encapsulated was anhydride monomers, while the
outer continuous phase was water with surfactant. The reaction was triggered
under UV irradiation and the diameter of the microcapsules was found to be 300

um.

%__—_
Thlollene;’ . . .‘.’
Thiollene o — T———

Water

HS. SH
"‘g"" & { Initiator
- e —
H = \ hvor A
Multifunctional Multifunctional
Thiol

Alkene

Figure 5.3. a) Glass capillary microfluidic device, b) thiol-ene reaction, c) optical microscope image, d, €)
SEM images of dried microcapsules [3].
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Finally, in 2021 a research group [4] developed a co-axial microfluidic chip and
produced different morphologies of thiol-ene chemistry by applying UV irradiation
(Figure 5.4). Starting with particles that had a diameter of approximately 0.6 mm,
followed by fibers of approximately 0.4 mm diameter and finally thioether rods of 2

mm length and 0.5 mm diameter (Figure 5.5).

= <

Figure 5.4. Co-axial microfluidic chip [4].

Rb /
i \l‘:"h\_z

Figure 5.5. Optical microscope images of microparticles and microfibers [4].

B Materials and Methods

1. Co-Flow Microfluidic Device for Production of Microparticles

The co-flow microfluidic device that was used for the production of microparticles
is presented in figure 5.6. It comprises of two syringe pumps (PHD 200, Harvard
Apparatus) one for the continuous phase and a second one for the disperse
phase. Each syringe was connected with a PTFE tube (ID 1.06 mm) that was
coming in contact with the other one using a T-junction (P-728-01). In the T-
junction the PTFE tube of the dispersed phase was connected with a fused silica
capillary in order to achieve a smaller particle diameter. Two different capillaries
were used and evaluated, one of 75 ym and one 100 um inner diameter. The exit
of the capillary was fixed on the left side of the T-junction, while the continuous
phase was flowing from the top of it. The two phases were coming in contact in
the outlet PTFE tube, where the tip of the glass capillary was centralized. To
reassure that the capillary was correctly centralized, and the droplets were able

to form, an optical microscope (Eclipse 80i, Nikon) was used. When the dispersed
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phase exited the glass capillary, it came in contact with the continuous phase.
This resulted to the shearing of the disperse phase by the continuous phase and
ultimately led to the droplet formation. Once the droplets are formed thanks to the
droplet generator (T-junction), the downstream PTFE tube is placed inside a
linear flow photoreactor, that was described in Chapter Il. This photoreactor
comprises of a 22 cm stainless steel tube, which accommodates two T-junctions
on both ends, where the UV light is applied. The UV light (Lightning-cure LCS8,
Hamamatsu) wavelength was fixed at 360 nm and was chosen to be compatible
with the photoinitiator that was used. Further information about the residence time
in relation with the flow rate adjusted on the syringe pump can be found in
Chapter II.

L

Continuous Phase

HARVARD
APPARATUS

Dispersed Phase

Figure 5.6. Co-flow microfluidic device for production of microparticles.
Two dimensionless numbers are crucial for the droplet formation, the Reynolds
number and the capillary number. Both are already described in Chapter I. As a
reminder the equations are shown below. Starting with the Reynolds number:
pvD

Re = p (5.1)

where p is the density of the fluid, v the mean velocity of the fluid, D the
characteristic dimension of the flow, usually the width of the channel, and p is the

dynamic viscosity of the fluid. While the capillary number is defined as:
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iy
Ca = ~ (5.2)

where o is the interfacial tension between the two fluids. Any change on the

aforementioned measures can influence the particle size.
2. Co-Flow Microfluidic Device for Production of Microrods

By slightly altering the design of the device, it is possible to obtain microrods
instead of microparticles. Keeping the same two syringe pumps and T-junction, the
dispersed phase was forced to flow in a fused silica capillary (Postnova) of 100 ym
inner diameter. Conversely to the previous device, the exit tube is by now
connected with a second PTFE tube (OD 1.6 mm, ID 0.3 mm) so as the inner
diameter of the former be equal with the outer diameter of the second tube (Figure
5.7). In this way once the droplets were formed at the tip of the capillary, they were
forced to flow in the smallest diameter PTFE tube. This causes the deformation of
the droplets which results in the production of elongated droplets. The latter are
then polymerized in line using the linear photoreactor that was described before to

form nanorods (Figure 5.7).

HARVARD

APPARATUS

Dispersed Phase

Figure 5.7. Co-flow microfluidic device for production of microparticles.
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3. Control of particle size

Although not directed to the production of tioether micron size particles, our group
developed a microfluidic process for the production of size controlled microdroplets
as precursors for polymeric microparticles. This process was adapted as
mentioned above for the production of tioether micron size particles. Thus, it
seems interesting to highlight here some key aspects of the control of particle size.
On the foremost, the capillary number ratio between the continuous and disperse
phases (Cac/ Cad) was found to have the strongest effect on the particle size [5].
Indeed, particles of methyl methacrylate (MMA) mixed with glycidyl methacrylate
(GMA), along with dimethacrylate ethylene glycol (DIMAEG), were produced using
different concentrations of methyl cellulose in water as continuous phase. Figure
5.8 shows the effect of Cac/ Cad on the particle diameter. Different viscosities of
the continuous phase were also tested and for all of them it was obtained a master
curve that exhibits a decrease in particle size when the capillary number ratio

increases.
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Figure 5.8. Influence of the capillary number ratio of the continuous and disperse phase for different
viscosities [5].

Hence, taking into consideration the ratio Cac/ Cad, one can foresee the particle

diameter behavior.
Cac Ue Ve

= (5.3)
Cag  MaVga

The fluids mean velocity is defined as:
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v = (5.4)

> |Q

Q is the flow rate and A is the inner cross-section of either the PTFE tube

(continuous phase) or capillary (disperse phase) that:
A=— (5.5)
where d is the inner tube or capillary diameter.

4. Thiol-Ene Solution Formulation and Particles Characterization

For all the experiments a trifunctional thiol (trimethylolpropane tris(3-
mercaptopropionate), TMPTMP, Sigma-Aldrich, 95%) along with a bifunctional
alkene (diallyl phthalate, DAP, TCI Chemicals, 98%), and the photoinitiator
(diphenyl (2,4,6-trimethylbenzoyl), DTPO, TCI Chemicals). The choice of these
two multifunctional monomers was done in order to obtain solid crosslinked
particles. Concerning the continuous phase, distilled water was admixed with a
viscosifier, hydroxyethyl cellulose (Mw= 720,000 g/mol), in different concentrations
such as to change its viscosity and evaluate its influence on particle size. The table

below shows the experimental formula.

Table 5.1. Solution formulation.

Continuous Phase Dispersed Phase
Thiol
Continuous Phase Trimethylolpropane Tris(3-mercaptopropionate)
Distilled Water (TMPTMP)
10 wt%
Viscosifier
Hydroxyethyl cellulose Alkene
. . Diallyl phthalate (DAP)
Different concentrations 10 wi%
0.5-1.5wt%
Photoinitiator
Diphenyl (2,4,6-trimethylbenzoyl)
phosphine oxide (DTPO)
2 wt% / Conomers

The increased number of functional groups is expected to form more stable
particles due to the high crosslinking density between the three functional thiol and

the bifunctional alkene.
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A numerical microscope Keyence, VHX-J100T, was used to observe the

microparticles and microrods as well as to measure their sizes.

Additionally, the viscosities of the different phases under study (continuous phases
of various viscosifier amounts and dispersed phase) were measured at 19°C
(temperature controller CT52, Schott) using a viscosity measuring unit AVS 360
(Schott) monitored by an electronic controller (Schott TITRONIC universal).
Various viscometers where needed to measure the kinematic viscosities (Table
5.2). This method was based on the determination of the time required for the
solution to flow through a capillary. Each measurement was repeated eight times
and a mean value for the flow time was taken. This time was then correlated to the
kinematic viscosity v as follows:

v =K (t-H) (5.6)

where K is a constant related to the capillary (mm?/s?), t the average flow time (s)

and H the Hagenbach correction of time (here, H =0 s).

Table 5.2. Viscometer used to measure the kinematic viscosities of the different solutions of this project.

. K Maximum
Viscometer Type
(mm?/s?) Kinematic Viscosity Measurable (mm?/s)
Micro-Oswald 0.01064 1.2
Micro-Ubbelohde 1.039 10
Ubbelohde 3.079 3000

The values of the dispersed and continuous phases dynamic viscosities, Jd and Hc

respectively, were then easily determined from their respective volumetric mass

(p) since p =p v.

¢ Results and Discussion

In this thesis, focus will be given on producing thioether micron size particles using

the previously described microfluidic device. The impact of the continuous and
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dispersed phase flow rate as well as the viscosity of the continuous phase on the
particle size will be discussed.

1. Thioether Microparticles

Since the tiol-ene chemistry was never tested before with our microfluidic process,
the influence of the flow rate of continuous (Qc) and disperse (Qd) phases was
investigated. To have a better estimation of the overall effect of both flow rates and
understand which one plays the most crucial role on the droplet diameter, the ratio
Qc/ Q4 was plotted in all figures.

A first set of experiments were conducted using a 100 um inner diameter capillary.
In order to be able to understand which flow rate has a higher impact on the particle
diameter control, one flow rate was kept constant and the second one was
changing. Figure 5.9 represents the experiments that were conducted when the
dispersed phase flow rate was constant Q4 = 3 pL/min and the continuous phase
flow rate was changing. Variations on the latter were done from Q¢ = 150 pL/min
up to Qc =700 pL/min.

Figure 5.9 revealed the decrease of the size down to 275 pm, from 442 ym, when
Qc was increasing from 150 yL/min to 700 yL/min. This complies well with the fact
that the droplet size results from the competition of the shear force imposed by the
flow of the continuous phase and the surface tension. Note that the latter has a
fixed value for a given continuous and disperse phases system. The higher the
former, the lower is the particle size. Thus, when the Cac / Cad increases, e.g.
when the continuous phase flow rate is increased, the shear force imposed on
droplet formation is higher which induces the production of smaller particles. This
means that the particle size can be controlled just by adjusting the flow rate of the

continuous phase.
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Figure 5.9. Evolution of the mean particle diameter by keeping the dispersed phase flow rate constant and
varying the dynamic viscosity (uc) and flow rate of the continuous phase, Qa4 = 3uL/min, capillary inner
diameter = 100um.

Another way to control the particle diameter was to change the viscosity of the
continuous phase. For this reason, viscosity measurements were performed, and
the dynamic and kinematic viscosities were determined and reported in Table 5.3.
It is observed that the higher the mass concentration of hydroxyethyl cellulose in
the aqueous continuous phase, the higher is the viscosity. Indeed, high molecular

weight polymers are known to be efficient viscosifiers in food industry for instance.

Table 5.3. Dynamic and kinematic viscosity the continuous and dispersed pahses

Continuous Phase
Hydroxyethyl cellulose Dynamic Kinematic
concentration viscosity viscosity
c (wt%) U (mPa.s) v (mm?/s)
0.5 15 1.6 10
0.6 18 1.8 102
0.7 23 2.310?
0.8 66 6.7 102
1 97 1.510?
1.2 430 43101
1.5 751 7.7 101
Dispersed Phase
Dynamic Kinematic
viscosity viscosity
ud (mPa.s) v (mm?/s)
5.7 4.8 103
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As such, at a given value of Qc / Qu (i.e. 233), one observes in Figure 5.9 a strong
decrease of the particle diameter from roughly 400 to 100 um. This observation
complies well with the increased shear force when the continuous phase viscosity
is increasing. Indeed, the shear force exerted on the forming droplet is simply
proportional to the viscosity.

The mean patrticle size reported in Figure 5.9 was evaluated thanks to a numerical
microscope and reported in Table 5.4. As an example, Figure 5.10 presents two
images of the diameter determination of a bunch of particles produced under two
different concentrations of viscosifier (0.6 and 1.5 wt%.). In addition to showing
that the particle diameter is dependent of the continuous phase viscosity, this
image reveals that all particles are highly monodisperse in size as it can been seen

also in Figure 5.11.

Table 5.4. Flow rates and particle diameter for different concentrations of hydroxyethyl cellulose and an
inner capillary diameter of 100 um (data reported in Figure 109)

Flow Rates (uL/min) Diameter (um)
C=0.5 C=0.6 C=0.7 C=0.8 Cc=1 C=1.2 C=15
Qe Q4 Q:/Q4 wit% wit% wit% wit% wt% wit% wit%
150 3 50 575 634 614 424 442 280 378
250 3 83 523 555 576 361 385 239 191
300 3 100 496 527 525 342 367 220 123
400 3 133 496 463 457 325 334 192 107
500 3 167 459 448 427 316 313 169 85
600 3 200 445 418 400 298 293 148 79
700 3 233 424 398 361 280 275 135 68

b)

2000

Figure 5.10. Numerical image of thioether microparticles produced with capillary ID = 100 ym, qa = 3 L, qc
=700 pL/min and a) C = 0.6 wt%, PDI = 0.12 and b) C = 1.5 wt%, PDI = 0.09.
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Figure 5.11.Numerical image of thioether 575 um microparticles PDI = 0.04 (Qd = 3 yL/min, Qc/Qu4 = 50, C =
0.5 wt%)

As mentioned in the previous part, the capillary number strongly depends on the
viscous and interfacial forces. Research has shown that the particle diameter
changes when the ratio Cac / Cad varies [5]-[7] (Equation 5.3). For this reason,
Figure 5.12 presents the variation of the data reported in Figure 5.9 as a function
of Cac / Cau. It is observed that independently of the continuous phase viscosity,
all the obtained particle diameters fall down on a single master curve. This comes
in agreement with previous research conducted by our group on another chemical
system (free radical polymerization) (Figure 5.8). Thus, it is highlighted that despite
its own specificities the thiol-ene chemistry can be implemented in droplet and that

the resulting droplet size is only affected by the hydrodynamic conditions.
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Figure 5.12. Master curve of the droplet diameter in relation with the capillary number ratio Cac/Caaq, for
different dynamic viscosities (uc) of the continuous phase, Qd = 3uL/min, capillary inner diameter = 100um
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It was observed from Figure 5.12 that the particle diameter was strongly influenced
by the ratio Cac / Caqd. In more detail, the higher the capillary number ratio the
smaller is the particle diameter. However, we can question ourselves about the

effect of the capillary diameter.

Therefore, a smaller capillary (ID = 75um) was used. The flow rate of the
continuous phase was the one parameter that was varying while the other
parameter was the viscosity of the continuous phase. Regarding the first one,
different Qc were tested, and the ratio of Qc / Q4 was altered in order to observe
the particle size (Figure 5.13). The same trend as with the bigger capillary was
observed. More specifically, for the 1 wt% concentration of hydroxyethyl cellulose
the initial particle size was 381 um, while increasing Qc led to a strong decrease
down to 149 ym (Figure 5.14).
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Figure 5.13. Evolution of the particle diameter by keeping the dispersed phase flow rate constant and
varying the dynamic viscosity (uc) and flow rate of the continuous phase, Qa4 = 3uL/min, capillary inner
diameter = 75 ym.
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Figure 5.14. Numerical images of particles produced for a hydroxyethyl cellulose concertation of 1wt%, a
disperse phase flow rate of 3 yL/min and different flow rate ratios: 50 (A), 83 (B), 100 (C), 133 (D), 167 (E),
200 (F) and 233 (G).

Following the variation of Qc, the amount of hydroxyethyl cellulose in the
continuous phase was increased in order to plot the diameter behavior. The same
solutions as before was used, whose viscosities can be found on Table 5.5. A
decreasing trend of the particle size when the viscosity was increased was
observed especially in higher Qc/ Qu ratios. The highest diameter was found to be
at 434 um for 0.5 wt% of hydroxyethyl cellulose, while the smallest was at 74 pym
corresponding to the highest viscosity and Qc / Qd values. The minimum diameter
obtained was roughly equal to the inner diameter of the capillary, which could
indicate the beginning of a threshold zone. In this zone the diameter of the particles
does not get affected from a further increase of Qc / Qa4 and a plateau is expected
to be reached. This threshold zone is strongly depending on the inner diameter of
the capillary. Indeed, for the 100um capillary, the threshold value of the flowrate
ratio was around 100, while for the 75 um it appears around 167. The Table 5.5
comprises all the diameters and flow rates obtained with all the different viscosities
and flow rates.
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Table 5.5. Flow rates and particle diameter for different concentrations of hydroxyethyl cellulose and an
inner capillary diameter of 75 ym (data reported in Figure 113).

Flow Rates (uL/min) Diameter (um)

C=0.5 C=0.6 C=0.7 C=0.8 C=1 C=1.2 C=1.5
Q- Q4 Q:/Qa wt% wt% wt% wt% wit% wt% wt%
150 3 50 616 637 692 592 381 320 280
250 3 83 657 622 458 365 335 265 234
300 3 100 595 589 452 336 283 247 222
400 3 133 568 528 441 305 248 214 185
500 3 167 523 485 414 273 189 171 105
600 3 200 493 461 393 256 185 121 87
700 3 233 430 434 368 226 149 114 74

Since experiments showed an important relation of the particle diameter with the
capillary number ratio Cac / Cad for capillary inner diameter 100 ym, the same

graph was also conducted for capillary inner diameter 75 ym (Figure 5.15).
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Figure 5.15. Master curve of the droplet diameter in relation with the capillary number ratio Cac/Cag, for
different dynamic viscosities (uc) of the continuous phase, Q4 = 3uL/min, capillary inner diameter = 75 pm.
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Figure 5.15 revealed the same dependence of the ratio Cac / Cad on the particle
diameter, as with the capillary of inner diameter 100 ym. The particle diameter was
decreasing when the ratio of capillary number was increasing. However, for the
two higher viscosities (n = 430 and 850 mPa.s) the curves do not align with other
lower viscosities curves. This behavior could potentially be attributed to some

experimental or diameter determination errors.

231



Chapter V. Microfluidic Device for Thioether Micron Size Particles

The comparison between the results obtained with the two different capillary
diameters reveals that the smallest particle size is obtained with the 75 ym capillary
when all other parameters are kept the same (continuous phase viscosity and Qc
/ Qd). For example, for 1.2 wt% concentration of hydroxyethyl cellulose and the
highest Qc = 700 pyL/min, the particles prepared using the 75 ym ID capillary had
a diameter of 114 ym. On the contrary, the particles prepared with the 100 ym
capillary have a higher size, close to 135 uym. This observation complies well with
the fact that at a given flow rate ratio, the smaller the capillary inner diameter, the
higher is the velocity of the dispersed phase.

To conclude, two capillaries with 75 and 100 ym inner diameters were used so as
to achieve a control on the particle size. Two parameters played a key role, the
flow rate ratio, Qc / Qd, and the continuous phase viscosity. Both parameters affect
the size in a way that their increase globally lowered the particle diameter. Finally,
the ratio of the capillary number, Cac / Cad, was also crucial to the diameter control
since any increase of this ratio led to a decrease of the particle diameter.

2. Thioether Microrods

A different morphology of thioether micron size particles was attempted by slightly
modifying the design of the process (Figure 5.7). To the best of our knowledge
only one group reported thioether microrods so far and decision was made to
evaluate whether thioether microrods can be produced with the specific chemical
system under study. The system was the same as for the microparticles and can
be seen on Table 5.1. Several clogging problems were encountered during the
experiments but ultimately microrods were successfully produced. The obtained
microrods appeared to be resistant to any solvent (i.e. acetone, ethanol and
dicloromethane) and all exhibited the same length and width distribution. More
specifically, the average length and width were kept constant to 1551 and 350 pym

respectively (Figure 5.16).
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350 um 1551 pm

Figure 5.16. Thioether microrods produced with Q¢ = 400 pL/min and Qg = 15 pL/min.

It has been previously reported from our group [8] that the characteristics of the
rods can be tuned by altering the dispersed phase flow rate. It is expected that
thiol-ene click chemistry could provide the same control but the fast reactivity
between the thiol and alkene needs to be carefully monitored in order to avoid any

clogging problems.
D Conclusion

Microfluidics have been used in order to produce thioether micron size particles. A
specific process developed in our lab was described for the production of thioether
microparticles and microrods. A single device was used for both morphologies that
were obtained upon a light modification in the design of the droplet generator.

Regarding the microparticles, two capillaries of different size were used and
compared. In both cases the effect of the continuous phase flow rate and viscosity
were investigated. The smallest capillary (I.D. 75 ym) was the one providing the
smallest particles. An identical tendency of the particle diameter was observed for
both capillaries. More specifically, the particle diameter showed a decreasing
behavior when the continuous phase flow rate was higher, while the same behavior
appeared with the increase of the viscosity of the continuous phase. Combining
the two effects in a single operating parameter expressed as the continuous to
dispersed capillaries ratio gives a master curve. The latter can be used to predict
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the particle diameter for a given set of operating parameters or to set these
parameters at specific values to target a given particle size.

Finally, in the case of microrods, a first attempt was made to obtain thioether
microrods that had an elongated shape. Despite the clogging difficulties that were
fixed at the very end, the microrods produced using thiol-ene chemistry give a

promising perspective for further investigations.
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Conclusions and Perspectives

A Context and Objectives

A variety of emulsification devices were reported in the literature. Ultrasound
generators, rotor-stator mixers, static mixers and high-pressure homogenizers are
widely known for their use in laboratory and industrial scales. However, several
disadvantages can be reported, such as the unavailability of ultrasound generators
in larger scale productions, poor diameter control for the rotor-stator mixers,
pressure drop problems in the case of static mixers and high energy consumption
using high-pressure homogenizers.

On the contrary, elongational flow-based devices shown an increased interest. It
is already reported that these devices are able to provide better mixing and
diameter control by consuming a smaller amount of energy, i.e. by working under
low pressure, as compared to the conventional emulsification devices.

Thiol-ene click chemistry was used in this research so as to maintain a droplet and
particle diameter control with the least energy requirements. Thiol-ene click
chemistry provides several benefits among which the fast reactivity and the

absence of side products during the reaction.

In this thesis, four objectives have been successfully achieved:

- The diameter control of thiol-ene miniemulsion and poly(thioether) latex by using
an elongational-flow emulsification device in conjunction with the flow
photoreactors,

- The production of thioether latex by a low energy consumption device that is
friendlier to the environment as compared to the conventional emulsification
devices,

- The design and building of a continuous elongational-flow emulsification device
- The use of a microfluidic device to acquire thioether microparticles and microrods
with tunable particle diameter.

239



Conclusions and Perspectives

B Results

1. Chapter 3: From thiol-ene miniemulsion to thioether latex nanoparticles

The main goal of this research was to develop low energy emulsification devices
in order to produce monomodal size-controlled (60 — 400 nm) poly(thioether) latex.
Two novel elongational-flow reactor and mixers were used (Figure 6.1). Both
devices had the same working principle which described a reciprocating
elongational flow, that goes through an abrupt contraction and leads to a strong
elongational flow. This allowed the highly efficient dispersive mixing of the
emulsion even at moderate pressures. One of the main differences between the
two devices relays on the operating pressure, on the micro elongational-flow
reactor and mixer the operating pressure was 2 bar, while it was 6 bar on the
pneumatic elongational-flow reactor and mixer. The latter could easily be used to
scale up the process since the volume that could be added was almost two times

more than the former one.
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Figure 6.1. (left) Pneumatic elongational-flow reactor and mixer (pRMX) with the different mixing elements,
(right) Micro elongational-flow reactor and mixer (URMX).

Three different thiol monomers were compared and described. A tetra-functional
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) as well as two bi-
functional thiols 1,2-Ethatnedithiol (EDT) and 2,2'-(Ethylenedioxy)diethanethiol
(EDDT) were mixed with a bi-functional alkene diallyl phthalate (DAP). With the
pneumatic elongational-flow reactor and mixer (pRMX), two different mixing
element geometries were investigated, one with four holes on the front and one

hole on the back and a second one with a single hole throughout the width of the
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mixing element (Figure 6.1. left). Finally, the influence of the oxygen of the
atmosphere was also investigated by changing the experimental atmosphere from

ambient to inert.

Starting with the tetra-functional thiol PETMP, that was more prone to develop

crosslinked materials when combined with the bi-functional alkene, the effect of
the number of cycles on the droplet size was investigated.

When the four-holes mixing element and ambient atmosphere was used a
control of the diameter was achieved with the minimum droplet size to be close to
120 nm, while the droplets did not exceed 150 nm in size. Experiments were also
conducted by changing the composition of the miniemulsions in order to
investigate the influence of the amount of radical inhibitor and surfactant on the
droplets’ diameter. All experiments revealed a maximum of 150 nm while the
minimum diameter was close to 100 nm. It was also found that some latex had a

diameter close to the one of the droplets, while other had a higher size.

However, since clogging problems were encountered and a premature
polymerization (with sometimes 100% of polymerization yield) occurred during

emulsification, some changes needed to be done.

An improvement of the process was established by changing the mixing element
and using the one with the single hole. Additionally, the ambient atmosphere was
changed into inert atmosphere in order to avoid the presence of oxygen that can
react with the thiol and initiate the free radical polymerization. The resulted thiol-
ene miniemulsion showed a less premature polymerization during emulsification
with maximum 60 % yield. However, a lower number of cycles was tested, and it
was found that the droplet diameter was reduced when the cycles were above 40,

with a minimum of 145 nm diameter.
Two linear thiols were used but the EDT was much more volatile as compared to

the EDDT, which limited its research. The more volatile thiol was mixed using the

micro elongational-flow reactor and mixer (URMX, Figure 6.1) as well as the pRMX

241



Conclusions and Perspectives

with 4-holes mixing element. Experiments showed that the pRMX and yRMX were
capable to obtain droplet sizes very similar ( durvmx = 58 nm and dprvx = 68 nm).
Concerning the particle diameter obtained with pRMX it was found identical to the
droplet size, while for uRMX potential coalescence during polymerization led to the
increase of the particle’s diameter. In both cases the increase of the number of

cycles allowed the droplets and particles to decrease in size.

Finally, the less volatile thiol (EDDT) was examined using the pRMX that was
equipped with the single hole mixing element. All the experiments were conducted
under ambient atmosphere, since it was found to limit the premature
polymerization due to the absence of the oxygen. The droplet diameter significantly
decreased (from 170 nm to 119 nm) by the increase of the number of cycles from
5 to 300. Coalescence of the droplets was observed for the maximum number of
cycles which could indicate that the miniemulsion was subject of the “over-
processing” effect. The influence of the concentration of the Ostwald ripening and
radical inhibitor, surfactant along with the type of the photoinitiator on the droplet
diameter was also described. It is worth mentioning that the diameter was between
120 and 250 nm for all the experiments. Furthermore, the premature
polymerization was calculated and found to be less than 35 % for all the

experiments, what was very encouraging.

Comparison between this bi-functional thiol and the tetra-functional showed that
the latter had a higher polymerization conversion. However, all thiol-ene systems

appeared to be stable for one day of storage.

It was also important to compare all these results with the one obtained by using
a more conventional emulsification device. As expected, the rotor-stator mixer
gave rise to the larger droplet diameter (d > 200 nm) and polydispersity (PDI >
0.2), which allowed to conclude that the elongational-flow devices were the most
appropriate for controlling the size and reducing the polydispersity of the latex.
Indeed, as it was described by Taylor, the simple shear flow (rotor-stator) is less

effective in the droplet breakup as compared to the elongational flow.
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2. Chapter 4. Development of a continuous pneumatic elongational-flow

reactor and mixer

Development of a novel elongational-flow based device was done (Figure 6.2).
This device had the same working principle than the pneumatic elongational-flow
reactor and mixer, but with many differences. The main purpose was to develop a
device that would be able to continuously infuse monomer solution, emulsify and
then photopolymerize the droplets in order to obtain the latex. This home-made
device was operating with the help of a software that was prepared in our lab.
Unfortunately, due to many delays in the manufacture and software delivery
induced by the Covid situation and some leakage problems, the device was not

yet fully operational before the end of this thesis.

/ Top View

Figure 6.2. Left) schematic representation of the continuous pneumatic elongational-flow reactor and mixer
(cpRMX), right) mixing element.

3. Chapter 5: Microfluidic device for thioether micron size particles

Finally, different thioether morphologies were produced by using a microfluidic
process. Thioether microparticles with tunable sizes were synthesized. The two
main parameters that influence the size were the flow rate and viscosity of the

continuous phase. Two different capillaries were used (Inner Diameter = 100 and
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75 pm) and the particles appeared slightly smaller when the smallest capillary was
used, with the lowest diameter of 74 ym, which was equal to the capillary inner
diameter. Additionally, a strong dependence on the capillary number ratio of the
particle diameter was found. The higher the Cac/ Cad (C: continuous phase, d:

dispersed phase), the smaller were the particle diameter.

A successful attempt was also made to produce thioether microrods of 1551 ym
length and 350 ym width (Figure 3).

350 um 1551 pm

—
100pm

Figure 3. left) Numerical image of thioether 575 um microparticles (Qa = 3 puL/min, Qc/Qq4 = 50, C= 0.5
wt%).; right) thioether microrods produced with Qc = 400 pL/min and Qd = 15 pL/min

In summary, this thesis research showed the production of thiol-ene based nano-
and micro-droplets whose size could be controlled by adjusting different process
and chemical parameters. The elongational-flow devices that were developed in
our lab also provide highly efficient emulsification as compared to a conventional

rotor-stator mixer.

¢ Perspectives

The elongational-flow based emulsification devices have significant advantages
that could be used on laboratory as well as industrial scale. The improved
diameter control can be achieved by consuming less energy as compared to
conventional emulsification devices. The materials to be mixed can vary depending

on the application, which could be either cosmetics, drugs or food.
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A very promising method to simplify the process is the continuous pneumatic
elongational-flow reactor and mixer that was developed. This way the
production time will be reduced by operating in continuous mode, and the quality
of the final product will be the same, since one raw material batch will be used.
The solutions to be mixed can be of any of the aforementioned fields by tuning the

final size of the product.

Beneficial could also be the online characterization of the miniemulsion and latex.
For example, a Dynamic Light Scattering or Raman probe would be useful for the
inspection of the characteristics of the product without the need of separate
sampling. In this was a fully automated environmentally friendly process can be

developed.

Finally, promising preliminary results were obtained with the used of coiled tube
photoreactor to obtain a poly(thioether) solution and then emulsifying using the
elongational-flow based device. This could allow the production of poly(thioether)

latex without with a strict temperature control.
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Poly(thioether) micro- and nanoparticles produced by low energy

emulsification devices and continuous-flow photopolymerization

Résumé

Les nanoparticules de poly(thioéther) constituent une classe de nanomatériaux qui pourraient convenir a
de nombreuses applications telles que la nanomédecine, les revétements ou l'analyse. Cependant, leur
développement est limité par le faible controle de leur taille et de leur dispersité induit par les dispositifs
conventionnels de cisaillement utilisés pour I'étape d'émulsification. Au cours de cette thése, deux
nouveaux dispositifs d'émulsification cyclique discontinue travaillant a basse pression et basés sur un
écoulement élongationnel d'une solution thiol-éne/eau ont été utilisés pour produire, en conjonction avec
un photoréacteur a flux continu, des nanoparticules monomodales en taille. Une étude approfondie a été
menée pour quantifier les variations des caractéristiques des nanoparticules en fonction des parameétres
matériaux (fonctionnalité et nature du thiol, quantité de photoamorceur, d'inhibiteurs de maturation
d'Ostwald et de radicaux) ainsi que des paramétres de procédé (géométrie de I'élément de mélange,
nombre de cycles). En outre, un nouveau dispositif a flux continu a été congu, qui pourrait permettre la
production de latex de thioéther en des quantités pré-industrielles. Enfin, un dispositif microfluidique a été
utilisé pour obtenir des microparticules et des microbatonnets de thioéther de taille contrélable. Des
recommandations ont pu étre extraites des expériences pour aider au réglage des parameétres du procédé
afin d’obtenir des particules d’une taille spécifique.

Mots-clés : thioether, microfluidique, flux élongationnel, micromélange, microparticules, nanoparticules,

microbatonnets, latex

Abstract

Poly(thioether) nanoparticles composed a class of nanomaterials which could be suitable for many
applications such as nanomedicine, coating or analytics. However, their development is impeded by the
poor control on their size and dispersity induced by the conventional emulsification shear devices use for
the emulsification step. In this research two batch novel cycling emulsification devices working under low
pressure and based on the elongational-flow of a thiol-ene/aqueous solution were used to produce, in
conjunction with a continuous-flow photoreactor, monomodal nanoparticles. A thorough study was
conducted to quantify the variations of nanoparticles’ characteristics with changes in material parameters
(functionality and nature of the thiol, amount of photoinitiator, of Ostwald ripening and radical inhibitors)
as well as process parameters (geometry of the mixing element, number of cycle). Additionally, a novel
continuous flow device was designed that could allow the production of thioether latex in pre-industrial
scales. Finally, one microfluidic device was used to obtain thioether microparticles and microrods with
controllable sizes. Useful guidelines were returned to tune the process parameters for targeting a specific
particle’s size.

Keywords: thioether, microfluidics, elongational-flow, micromixer, microparticle, nanoparticle, microrod,
miniemulsion, latex




