
 

 
 

 
 
 

 
Insights into nanomaterials: from surfactant 

systems to meso/macroporous materials 
 and nanoparticles 

 
Anna May Masnou 

 
 

 
 
 
 
 
 

 
 

 
 
 
Aquesta tesi doctoral està subjecta a la llicència Reconeixement- NoComercial – 
SenseObraDerivada  3.0. Espanya de Creative Commons. 
 
Esta tesis doctoral está sujeta a la licencia  Reconocimiento - NoComercial – SinObraDerivada  
3.0.  España de Creative Commons. 
 
This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial-
NoDerivs 3.0. Spain License.  
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B.6.3. Estudi de la cinètica de creixement de les nanopart́ıcules . . . 397
B.6.4. Nanopart́ıcules pel control d’hemorràgies internes . . . . . . . 398
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Abstract

Nanomaterials have structured components with at least one dimension of less than
100 nm. Their novel properties stem from their nanoscale dimensions and increased
relative surface area, and they have a wide range of applications in several key fields,
including biomedicine.

In this thesis we study some of these nanomaterials. We focus on meso- and meso-
/macroporous silica materials, with pores in these dimensions, and nanoparticles,
whose size is also in the nanoscale. We examine how the properties of nanomaterials
are influenced by the experimental conditions used in their synthesis. We then
explore the possibility of tailoring such properties by varying the parameters in the
process of manufacture.

To this end we prepared a range of materials, including mesoporous silica, meso-
/macroporous silica, silica porous spheres and silica nanoparticles and studied their
properties, such as pore size and volume, particle size and clotting activity. We
also examined the micellar solutions and emulsions that are used as a first step in
the synthesis of these materials, their micellar and droplet size, the phase behav-
ior of the surfactant systems involved in the synthesis, the stability and rheological
behavior of the emulsions and the scale up parameters for their preparation at dif-
ferent scales. The synthesis and characterization techniques include determination
of phase behavior, preparation of emulsions in stirred tank reactors, rheology, op-
tical microscopy, nitrogen adsorption-desorption (Brunauer-Emmett-Teller (BET)
method), X-ray scattering (SAXS and XRD), transmission and scattering electron
microscopy (TEM and SEM), dynamic light scattering (DLS), zeta potential and
thromboelastography, among others.

In the first study we examined water-in-oil emulsions with a liquid crystal phase as
continuous phase. These systems are stable and highly elastic. Their microstructure
is discussed by fitting the data with several rheological models. These systems are
also compared with water-in-oil emulsions with a micellar phase in the continuous
phase, and as a function of surfactant concentration and volume fraction of dispersed
phase. The presence of a liquid crystal continuous phase is responsible for the high
viscosity and solid-like behavior of the emulsions. In the absence of a liquid crystal
phase, the volume fraction of the dispersed phase, which forms a compact network
of droplets, determines these rheological properties.

In the second study, the process variables that have a significant effect on the proper-
ties of the emulsions are identified, including stirring rate, dispersed phase addition
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flow rate, surfactant concentration and scale up. Droplet size and rheological prop-
erties are considered as response variables. Stirring rate is the parameter that most
influences the emulsion properties, followed by surfactant concentration. Vessel size
is also important. To study the scale up, emulsions were prepared at three scales
with geometric similarity and we identified the parameters that must be kept con-
stant to obtain the same emulsion in the three scales, i.e. emulsions with the same
droplet size, viscosity, yield stress, viscoelastic parameters and stability. The scale
invariants take into account the stirring rate (N) and the scale (D, impeller diame-
ter). It has the form ND0.65, which is equivalent to the power input per unit volume.
Thus, the same energy input needed to prepare the emulsions must be kept constant
at all scales.

The third study focuses on the preparation of meso and meso/macroporous mate-
rials. Bimodal mesoporous materials with an ordered hexagonal structure and two
interconnected networks are prepared from a mixture of two surfactants, one hydro-
genated and the other fluorinated, through the cooperative templating mechanism,
using tetramethyl orthosilicate as silica source. The surfactant micelles formed,
which depend on the relative proportions of the surfactants used, are directly related
to the pore size. The synthesis of ordered mesoporous materials from a novel sur-
factant consisting of a block copolymer with amino-groups on the ends (Jeffamine)
is also studied. The surfactant system is first modified to increase its hydrophobic-
ity and form micelles in water. In this case, the best ordering of the mesopores is
obtained at low temperature. In both studies, the surfactant phase behavior, and
the structural properties of both surfactants and materials are determined, and the
experimental conditions (pH, temperature, agitation) are optimized. Macroporous
materials are then prepared from the oil-in-water emulsions stabilized with modi-
fied Jeffamine and using decane as organic phase, through the emulsion templating
mechanism. Pore formation is studied as a function of decane concentration. Fi-
nally, mesoporous silica spheres are prepared from highly concentrated water-in-oil
emulsions. The formation of these spheres is not trivial, and until now only the
preparation from diluted emulsions or microemulsions has been studied.

The last study focuses on the synthesis and applications of silica nanoparticles. The
process variables that have a direct effect on the size are identified, like the silica
source concentration and the pH. The growth mechanism of these particles is studied
through turbidimetry and explained in terms of nuclei formation and aggregation of
the hydrolyzed species. The clotting properties of the particles are analyzed, in order
to use these particles as a scaffold for further functionalization and application in
the control of internal hemorrhages. Silica has strong coagulation properties, which
depend on concentration and particle size. First, the particles are functionalized to
mask or reduce the clotting activity, in order to avoid the formation of unwanted
clots. Amino-functionalization and PEGylation are analyzed in this case. Second,
functionalization with polyphosphate chains is studied in order to enhance or accel-
erate the clotting activity of the nanoparticles, not only in normal conditions, but
also under coagulopathy and hypothermia. Nanoparticles coated with polyphos-
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phate around 70 monomers in length clot faster and at a lower concentration than
bare silica nanoparticles.

This thesis was carried out in four research centers, and in collaboration with four
more from around the globe. Because of this, the works presented here could be
considered not to be connected. However, as we have seen, they all have the same
conducting thread: the study of the influence of the preparation input variables on
the properties and behavior of the emulsions and nanomaterials prepared. Partic-
ipating in different projects and with different people has given us the possibility
of achieving a broad view of the potential properties of nanomaterials and of the
surfactant systems (micellar solutions, liquid crystals, emulsions...) used in their
preparation. We have seen that the experimental conditions can be changed and
optimized to tailor the materials properties, since there is a direct relation between
them and the properties of the products prepared, either emulsions, mesoporous
materials or nanoparticles.

Nanoscience and nanotechnology are already present in our daily lives and still have
much more to offer in the near future. In the field of nanomaterials, important
challenges include synthesis, characterization, simulation and safety of the nanoma-
terials, which are interrelated and determine their final applications. Research in
this field is welcome and necessary!
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1. General introduction

1.1. Nanomaterials: towards another industrial
revolution?

A European Project, named Com’N&N1 was created to evaluate the communication
and dialogue developed in Europe on nanoscience and nanotechnology in order to
identify the strengths and weaknesses in this field and future areas of improvement.
Their most recent study shows that about 60 % of the citizens of the European
Union have never heard the word “nanotechnology” in all their lifes2 and only a
few could give a proper definiton of it [1]. This is quite an amazing fact, especially
considering that nanotechnology employs nearly 400 000 people in Europe and its
industrial applications are growing fast, as well as the investment in research: from
432 millions in 1997 to 8 000 millions in 2011. In fact, without being conscious about
it, we use nanotechnology in our everyday lifes, and about 29 % of the Europeans
are convinced that nanotechnology will have a great influence on their lifes in a
near future. Nanotechnology is already widely accepted in a wide variety of fields
in our society, like in the development of new materials, computer equipment, and
new cosmetics. However, nanotechnology is still seen as a danger in the fields of
food and drinks and in pharmaceuticals, notably for the uncertainty of the possible
hazards to our health. Especially for this reason, there is a need to spread and
communicate the importance of nanotechnology, in order to avoid nonsense rumors
and false expectations of this science. It is true that still most of the side effects
of nanotechnology are unknown, but a lot of research and studies are being done in
order to ensure the safety of nanotechnology, including specific toxicological studies
for nanoparticles [2–4].

The first to coin the term nanotechnology was the Japanese Norio Taniguchi, in a
conference in Japan, in the 70’s [5, 6]. He defined it as the knowledge and control
of matter in dimensions from 1 to 100 nm. However, already in 1959, Feynman
[7], physicist, Nobel Laureate and beloved professor, pronounced a conference in
Caltech called “There’s plenty of room at the bottom”, which most people think is
the origin of nanotechnology. In this conference Feynman talked about the idea of
working with nanorobots, or being able to fit the whole Encyclopædia Britannica

1Com’N&N: Communicating nanoscience and nanotechnology (15/03/2014):
http://www.nanocommunication.eu/

2Also appeared in: http://www.elmundo.es/ciencia (04/11/2013)
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Chapter 1 General introduction

(consisting of 32 volumes and a total of 32 640 pages) written on something as
little as a pin’s head. Before Feynman, though, Wilhelm Ostwald (1853-1932),
chemist and Nobel Laureate, made a lot of advances in the colloidal systems, which
he thought about being the “neglected dimension” and where materials presented
unusual mechanical, electrical and optical properties [8]. In fact, this is the special
feature of nanotechnology: the materials at the small scale have different properties
than in the bulk or larger dimensions, and these unique properties of the materials
arise from these small dimensions.

Nowadays, nanotechnology is defined as “the design, characterization, production
and application of structures, devices and systems by controlling shape and size
at the nanoscale (< 100 nm)” [4]. In the past years there has been great advances
in this field, and still today, nanotechnology is a science which has much to offer,
and is open to many of the fields in science, from biology, food technology, and
pharmaceuticals to electronics, computer science and robotics.

In this thesis we will focus on nanomaterials: materials in which at least one of
the dimensions is between 1 and 100 nm: either the particle size of the material
(nanoparticles), the pore size (nanoporous) or both. Nanomaterials are here to help
us improve and advance in our lifes, and help us fulfill the new challenges of this
new century. As it happened with the First Industrial Revolution (1770 to ∼1840),
with the introduction of new production methods, carbon and steam power and new
chemicals, and also in the Second Industrial Revolution, the Technological Revolu-
tion (from about 1860 to the beginning of World War I), with the electrification of
the industry and home and the introduction of oil and its derived products, nano-
materials may lead us to another industrial revolution, as already described by the
Catalan scientist Xavier Obradors in a talk this last year [9], which could be called
the Nanotechnological Revolution.

However, contrarily to the 19th and 20th centuries, in which the materials were
created and consumed without taking into account neither the energy and raw ma-
terials consumption nor the environmental impact and safety, nowadays the new
processes to create nanomaterials must face the new challenges of the 21st century,
which imply sustainability, energy efficiency, being environmentally friendly, using
fewer and common raw materials and the applicability of these materials in our
world. We are going through an energetic crisis, and we are not sure until when
fossil fuels, such as oil, carbon or gas will be available. The renewable energies are
being developed at a slower speed than the desired one. On the other hand, if we
follow the same growth trend, in 2050 the world population can even reach 10 000
milions of people (10 billion in American English), and we still do not know if the
Earth can provide enough food, energy, and resources for all of us. We really need
to focus on the search of new materials, new sources of energy, new applications, if
we want to ensure a safe path for all of us. We also have to rethink our way of life,
and learn to live with less, true; but in the meantime, it is not a bad idea to start
thinking on ideas for a better future, especially for those parts of the planet with
water, energy and food scarcity.
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1.1 Nanomaterials: towards another industrial revolution?

Figure 1.1.: Nanomaterials can help to create a better world by designing novel low-dimensional nanostructures
for water purification and electrochemical energy storage.3

Nanomaterials can help in many different ways. Just as an example, Ying et al,
from the Singapore University of Technology and Design (SUTD), are focusing on
nanomaterials research for water purification technologies and electrochemical en-
ergy storage [10–13], as depicted in the scheme in Fig. 1.1.3 Other research studies in
which nanomaterials can be used to improve and help our world include nanopillars
for solar cells, carbon nanotubes for water purification membranes, nanoparticles for
biological imaging and lightning, nanomaterials for drug delivery and nanomedicine,
nanomaterials for nanoelectronics, or fullerenes for biomedical applications, among
others. There is an infinite number of materials and applications and the research
in this field still has no end.

In this thesis we will focus on nanoparticles and meso/macroporous materials with
hierarchical pore size, which are of great interest nowadays due to their potential
applications in fields in which mass transfer, diffusion and high porosity are relevant,
such as catalysis, drug delivery or bone fillers. These materials can be prepared by
multiple methods, depending on the type of material aimed, and on the final struc-
ture and properties. Silica materials can be prepared by the sol-gel process, using
a silica precursor and basic or acid catalyst. Silica meso- and meso/macroporous
materials, including nanoparticles, can be synthesized, among other methods, using
micellar solutions and highly concentrated emulsions as templates. The micelles act
as building blocks for the mesoporous structures, whereas the emulsion droplets de-
termine the size of the pores or particles. We will focus on the structure-properties
relationship, on the synthesis methods, on the surfactant systems and emulsions
used to prepare these materials, and on some possible applications of these prepared

3From Prof. Yang Hui Ying webpage: http://people.sutd.edu.sg/˜yanghuiying/?page id=5
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nanomaterials that can improve our life. We would like to think that we can be a
small part of what we expect will be another industrial revolution.

1.2. Scope and objectives of the thesis

This thesis explores the synthesis and applications of the nanomaterials introduced
in the above section. Four different but related study fields are covered:

1. The first one is the study of the phase behavior and rheological analysis of
systems forming liquid crystals and emulsions. This is specially important
to determine the nanostructure formed and the rheology of the continuous
phases of the emulsions, which can be used as templates for the synthesis of
nanomaterials.

2. The second one is the study of the process variables that affect the preparation
of highly concentrated emulsions, including the vessel size (scale-up).

3. The third one is the study of the synthesis methods of nanomaterials. Meso-
and meso/macroporous materials are prepared from different surfactant sys-
tems and at different reaction conditions, leading to materials with different
pore size and network structures.

4. Last but not least, the fourth field of study is to proof the potential applica-
tions of nanomaterials, by studying the functionalization of nanoparticles for
a specific function: halting internal hemorrhage, which constitutes one of the
major challenges in our world.

We examine how the properties of nanomaterials are influenced by the experimental
conditions used in their synthesis. We then explore the possibility of tailoring such
properties by varying the parameters in the process of manufacture. To this end,
and to cover the four topics, the following objectives are proposed:

For the first study field:

� Determination of appropriate systems to form highly concentrated emulsions.
Both water-in-oil (w/o) and oil-in-water (o/w) emulsions are considered, tak-
ing into account that a w/o system is more economic when produced at higher
scale and with less environmental impact. In order to compare different nanos-
tructures in the continuous phase, various systems are studied: ones with a
micellar solution in the continuous phase, and some that form liquid crystal
phases, that will lead to gel emulsions with different continuous phases.

� Characterization of the emulsions flow and modeling of the viscoelastic param-
eters, viscosity and yield stress with existing or modified rheological models.

For the second study field:

� Determination of the process variables that have a significant effect on the
properties of highly concentrated emulsions using Design of Experiments (DoE)

8



1.3 Organization of the thesis

techniques. With DoE the significant factors and interactions between factors
can be detected by doing a small and programmed amount of experiments,
and by varying more than one variable simultaneously rather than one at a
time. In addition, empirical models can be derived from the experimental
data, which can be used to study the behavior of the response variables and
to predict the emulsion properties of further experiments.

� Study the influence of scale-up in the preparation of highly concentrated emul-
sions. The goal is to see which parameter has to be kept constant in order to
obtain the same emulsions in different scales. The classical view of maintaining
constant the dimensionless numbers does not seem quite appropriate, so other
parameters are being kept constant, like the stirring rate (N) or the impeller
tip speed (v = ND), where D is the impeller diameter.

For the third study field:

� Determination of appropriate systems to form meso/macroporous materials
and optimization of the reaction conditions.

� Characterization of the properties of meso/macroporous materials and deter-
mination of the relation between the material properties and the surfactant
systems and emulsions used to prepare them.

For the forth objective:

� Study the synthesis and formation mechanisms of silica nanoparticles through
the Stöber method.

� Study the functionalization of the nanoparticles in order to enhance the coag-
ulant properties of silica and, at the same time, study the protection of the
nanoparticles from clotting when introduced in the blood vessels.

� Study the clotting properties of the silica nanoparticles synthesized.

1.3. Organization of the thesis

This thesis entitled Insights into nanomaterials: from surfactant systems to meso-
/macroporous materials and nanoparticles contains six chapters spanning from emul-
sions to mesoporous materials, nanoparticles and internal hemorrhage.

Chapter 1 is a general introduction to the world of nanomaterials, which might
face the challenges of the current century, together with the exposition of the thesis
objectives and structure.

Chapter 2 is dedicated to describe some of the experimental techniques used in this
thesis. The chapter covers a wide range of experimental techniques, which we think
are important to know and handle. From the analysis of the surface area and pore
size distribution of mesoporous materials, to the determination of the coagulation
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activity of nanoparticles, the analysis of particle size and the calculation of the
interlayer distance of liquid crystals. An experimented reader can skip this chapter,
as it is only descriptive, and can always go back to it if, when reading the following
chapters, needs more information about a particular technique.

Chapter 3 deals with the phase behavior and characteristic features of highly concen-
rated emulsions. The chapter begins with a general introduction of colloidal systems,
emulsions, surfactants, phase diagrams and rheology of emulsions, in order to have a
general background of the topics that will be studied in the chapter. Next, the phase
behavior and rheology of a system forming reverse liquid crystals and emulsions with
a liquid crystal in the continuous phase is studied. These emulsions are particularly
interesting because the liquid crystal provides a high viscosity and high stability
to the gel emulsions formed. The chapter ends with a section devoted to study
the rheological characteristics and emulsification conditions of highly concentrated
emulsions with a micellar phase on the continuous phase. Different rheological pa-
rameters are studied, compared with other systems found in the literature and fitted
with different models.

Chapter 4 discusses the preparation of the emulsions studied in the preceding chap-
ter. As emulsions are unstable systems, their properties strongly depend on the
method of preparation and on the scale used. For this reason, the factors influenc-
ing the properties of the emulsion are studied and a general model for the scale-up of
this process is exposed. The emulsions are prepared in three different scales with ge-
ometric similarity and, by studying the rheological parameters, which fully describe
the emulsions, the experimental conditions that need to be fixed at each preparation
scale are defined.

Chapter 5 covers the preparation of meso and meso/macroporous materials from
micellar solutions and emulsions, through the cooperative templating and emulsion
templating mechanisms. These nanomaterials are especially interesting for their
unique properties, such as their high specific surface area, controllable pore size and
monodisperse pore size distribution. The first section is devoted to explain the main
characteristics of these materials and goes through a literature review of different
materials synthesized until recently. The next section describes the preparation of a
novel nanomaterial consisting of a silica mesoporous material with a bimodal meso-
pore size and two ordered pore structures. The properties of the material are related
to the surfactant aggregates or micelles formed by the system used, which constitute
the building blocks for the final material. The following section is dedicated to the
synthesis of a mesoporous material from a novel and homemade surfactant, which
enables the preparation of this kind of materials at room temperature. The next
section is an extension of the preceding one and describes the formation of porous
materials by solubilizing an organic solvent in the micellar solution, i.e. from emul-
sions. Finally, the formation of silica mesoporous spheres from highly concentrated
w/o emulsions is essayed and discussed.

Chapter 6 describes the synthesis and functionalization of silica nanoparticles for
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a specific application: the control of internal hemorrhage. These nanomaterials
are specially interesting because of their potential applications in biomedicine and
cosmetics. In particular, silica nanoparticles have a flexible and simple surface func-
tionalization, a high carrier capacity and a high biocompatibility and low cytotox-
icity. Already in the sixties, silica was shown to be a procoagulant agent. In this
chapter, first the state of the art on the clotting treatments and a description of
the coagulation process is described. The next sections cover the synthesis of silica
nanoparticles in order to describe and optimize the process, and the functionaliza-
tion of these particles to mask the procoagulant property while in the blood vessels,
and to enhance the coagulation activity with other procoagulant agents.

The final chapter is dedicated to expose the main conclusions of the thesis.

In appendix A, the publications and the contributions to international conferences
resulting from this thesis are listed.

In appendix B, a brief summary in Catalan of the thesis is included.

Finally, the multiple references cited in this thesis are listed. As this thesis explores
different topics, with their corresponding literature background, there are a lot of
references in the list. We hope that they can be useful for all the readers who want
to know more about any particular subject or satisfy their curiosity in any of the
topics.

The nomenclature is listed at the end of the thesis.
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2. Experimental techniques

A vast amount of experimental techniques have been used for the realization of this
thesis. The different techniques are grouped in four different sections, each one
of them corresponding to the different chapters of the thesis (chapters 3, 4, 5 and
6). Finally, a last section is devoted to explain the Design of Experiments (DoE)
techniques used in several parts of this work.

The materials used in this thesis (surfactants, alcohols, alkanes, acids and bases,
inorganic precursors, water and other reactants) are detailed in each section.

2.1. Methodology for the determination of phase
behavior and rheology of highly concentrated
emulsions

2.1.1. Elaboration of phase diagrams

Phase diagrams are graphical representations that give information about the num-
ber and type of phases found in surfactant systems at different temperatures and
compositions. A more detailed explanation on phase diagrams is found in sec. 3.1.4.
Two kinds of diagrams were studied in this thesis: binary diagrams surfactant/water
at different temperatures and ternary diagrams surfactant/water/oil at a constant
temperature (e.g. Fig. 3.12).

To study the binary phase diagrams, the appropriate weight of the surfactant and
water was weighed in an analytical balance. Samples were prepared to cover all
the range of surfactant/water composition. The total mass of the sample was usu-
ally between 0.5-1 g. Samples were kept in small sampling hermetic glass tubes.
To properly homogenize them, they were heated in a thermostatic bath at ∼80
◦C or with hot air, then mixed with a vortex stirrer in open-air cooling and kept

at the desired temperature before being examined. Centrifugation and ultrasound
were used to remove the possible formed bubbles in the mixtures that required it.
This was needed for the more viscous samples, such as liquid crystals. The samples
were analyzed when the equilibrium was reached. They were first analyzed visu-
ally to determine the aspect and the number of phases in equilibrium. Anisotropy
was detected by placing the samples under polarized light. If the sample presented
anisotropy, the texture and characteristic structure was observed under polarized
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optical microscopy (POM). The polarized light is simply generated by blocking the
visible light with a polarizer at 90°. The hexagonal or lamellar phases exhibit bire-
fringence under polarized light due to their directional structure, and present unique
structures (sec. 3.1.3.1), whereas the cubic phase does not, like the micellar solutions.

Some samples, like liquid crystals, were analyzed by small-angle X-ray scattering
(SAXS) (sec. 2.1.2) to determine the repetition distance, structural parameters and
confirm the type of liquid crystal through the indexing of the Bragg reflections. After
being analyzed, the samples were re-homogenized and placed in the bath at another
temperature. Most binary diagrams were studied between 5-10 ◦C and 70-80 ◦C.
The cloud point temperature of ethoxylated surfactants, which is the temperature
from which the surfactant is not soluble, was also detected following this procedure.

The ternary phase diagrams, which enable the study of the phases present in a
ternary system, were studied at room temperature (20-25 ◦C). Usually the diagrams
were studied starting from the binary mixtures, and the third component was pro-
gressively added, to cover all the compositions. The presence of liquid crystals and
the phase boundaries were also confirmed by SAXS (sec. 2.1.2). The formation of
emulsions was also studied in these diagrams, so the phases that form the continuous
phase of the emulsions could be detected.

2.1.2. Determination of phase boundaries through small-angle
X-ray scattering

The X-ray diffraction method is based on the difference in electronic density be-
tween the continuous medium and the scattering entities. This method is used in
this study to investigate the structure of liquid crystal phases and mesoporous ma-
terials, as well as to explore the properties of the micelles in a surfactant micellar
solution (geometry, size, number of aggregation. . . ). In this section, small-angle
X-ray scattering (SAXS) is used in the elaboration of phase diagrams to determine
the phase boundaries, because every phase is characterized by some unique Bragg
reflection peaks, especially the liquid crystal phases: lamellar, hexagonal and cubic
liquid crystals.

The liquid crystals possess long-range structural order, so the interaction with elec-
tromagnetic radiation of a suitable wavelength involves the generation of diffraction
patterns characteristic of each type of structure. The repetition distance or distance
between each layer (d) is given by Bragg’s law: 2dh,k,l sin θ = nλ , where 2θ is the
scattering angle, n is the diffraction order (n = 1,2,3. . . ), λ is the wavelength of the
incident X-ray, and h, k and l are the Miller indices. The ratios between the repe-
tition distances indicate the structure of the sample, since they are characteristic of
each type of structure.

Measurements were performed in a SAXSess high-flux SAXS instrument (Anton
Paar, Austria), operating at 40 kV and 50 mA. The X-ray source was a long-fine focus
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(LFF) sealed copper tube with horizontal line focus, which provided a radiation of
wavelength 0.1542 nm. The sample-detector distance was 264.5 mm. Measurements
were carried out under vacuum, to prevent air scattering. The samples were filled
with a syringe on refillable quartz capillaries (diameter = 1 mm; sample volume
= 1000 μL). The temperature of the samples was kept constant at 25 ◦C using a
temperature controller. The scattered intensities were recorded with an imaging
plate (IP) detection system, Cyclone (Perkin-Elmer) and, via SAXSQuant software
(Anton Paar), two-dimensional intensity data were converted to one-dimensional
scattered intensities as a function of the scattering vector (q).

The interlayer spacing of the liquid crystal phases (d) was determined from the
Bragg peaks obtained for every sample, using the scattering vector q, corresponding
to the position of each reflection, following eq. 2.1:

d = 2
π

q
(2.1)

In the case of the reverse cubic phase, the lattice parameter (a) was calculated with
the most intense reflection, following eq. 2.2

a = d
(
h2 + k2 + l

2
)1/2

(2.2)

The lattice parameter is also equal to the slope in the indexing of the peaks (d−1

versus (h+ k2 + l2)
1/2

plot).

2.1.3. Surface tension measurements

Surface tension measurements are used to determine the critical micelle concentra-
tion (cmc) and the area per molecule of the surfactant monomers (a0). The cmc can
be determined by measuring the variation of the surface tension with the surfactant
concentration. At the same time, this relation can be used to calculate the amount
of surfactant adsorbed per unit area at the water-air interface.

The adsorption of amphiphilic molecules at the water-air interface and the formation
of aggregates or micelles at higher concentration occur in order to reduce the contact
between the hydrophobic part of the amphiphilic monomers and the aqueous medium
they are in. The consequence of this phenomenon is that the surface tension of water
decreases.

Gibbs equation [14] describes the evolution of the surface tension (γ) as a function
of the surfactant concentration at the water-air interface or surface excess (ΓS)
and the variation of its chemical potential (µS) : dγ = −ΓSdµS. The surfactant
concentration at the interface is equal to the number of surfactant moles at the
surface divided by the area of the interface (ΓS = nσS/A). On the other hand, the
chemical potential of a solute, at constant temperature is equal to: dµS = RTd ln aS.
As we are dealing with diluted solutions, the surfactant molar concentration in the
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bulk solution (cS) is a good approximation of the activity (aS) and, by combining
the two previous equations we obtain the following relation (eq. 2.3), in which the
variables can be experimentally determined:

ΓS =
−1

RT

(
dγ

d ln cS

)
T

(2.3)

The surface excess is then given by the slope of the plot of the surface tension versus
the concentration (in logarithmic scale), after the saturation of the interface and be-
fore the cmc (Fig. 2.1, part 2). At very low surfactant concentrations (Fig. 2.1, part
1), the adsorption of the amphiphilic molecules forming a monolayer on the water
surface takes place. After the saturation of the water surface, a linear relation-
ship between the surface tension and the logarithm of the surfactant concentration
is found: this corresponds to the solubilization of monomers in the bulk solution.
The surface tension decreases since the interactions between the molecules at the
surface and in the bulk solution becomes stronger. When the solution attains the
solubility saturation, the cmc is achieved: at this point, the monomers start associat-
ing themselves to form aggregates or micelles, which are considered a pseudo-phase,
resembling phase separation in ordinary systems once the solubilization point is over-
come. From this point, the surface tension remains constant (Fig. 2.1, part 3), and
the further surfactant added is aggregated in micelles, although there is a dynamic
equilibrium between free monomers and monomers forming the micelles.

Figure 2.1.: Variation of the surface tension with surfactant concentration.

With the surface excess value, the area per molecule of surfactant in the interface
(a0) can be calculated with the following equation (eq. 2.4), where the area per
molecule is given in Å2, the surface excess in moles/m2, and NA is the Avogadro
constant:

a0 =
1 · 1020

NAΓS
(2.4)
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The surface tension measurements are performed with a Krüss K 100 Tensiometer
equipped with a platinum Wilhelmy plate, which is in contact with the surfactant
solution. The solution rests within a sample vessel on top of a precision balance,
which is capable of measuring the force exerted (F ) by the plate once it has been put
in contact with the liquid. The surface tension of the liquid is measured knowing
this force, the length of the plate (L) and the contact angle between the liquid and
the plate (θ) : γ = F/(L cos θ). However, as this method is only valid when this
contact angle is close to zero, a roughened platinum plate is used, which is optimally
wet by the liquid. No correction calculations are necessary with this method, unlike
the ring method.

To do the measurements, all the material used (flasks, pipettes, sample vessel, plat-
inum plate) have to be perfectly clean. The platinum plate is washed with ethanol
and dried under flame and the glass material is washed with acetone and rinsed
with deionized water. It is recommended not to use detergents or soap, which could
contaminate the samples. In order to check the cleanliness of the material, a mea-
surement of the surface tension of deionized water, which has a known and defined
surface tension (72.5 mN/m at 25 ◦C), can be carried out. If the material is clean,
this value should be obtained accurately.

To begin with the measurements, a stock solution of a known concentration, usually
10-2 or 10-3 mol/L of surfactant is prepared and the different solutions are further
prepared from dilutions of this one, in order to reduce the possible experimental
errors. For each solution, the surface tension is measured until the equilibrium
is attained. The time until equilibrium depends on the concentration of the so-
lution. For the most diluted solutions, the kinetics and the rearranging time of
surfactant monomers is very slow. Additionally, the size of the surfactant itself
plays an important role. For the surfactants used, we needed up to 10 hours to
reach the equilibrium for the lowest concentrations, whereas for the highest ones,
only a couple of hours were required. In fact, if the equilibrium is not fully at-
tained, the obtained curve can be fitted to a third order exponential decay function
(γ = A1e

−x/t1 + A2e
−x/t2 + A3e

−x/t3 + γ∞) where the independent parameter (γ∞)
corresponds to the surface tension at infinite time. Once the surface tension of each
solution is obtained, each value is represented following Fig. 2.1 to determine the
cmc. It is recommended to have at least five points in part 2 (Fig. 2.1), so that the
slope is well defined and accurate results of surface excess and area per molecule can
be calculated.

2.1.4. Rheological analysis of emulsions and liquid crystals

The rheological behavior of the emulsions and liquid crystals under flow was analzed
in an AR-G2 rheometer (TA Instruments) using cone plate geometry (40 mm diame-
ter, 1° angle and 27 μm gap). Temperature was set and kept constant at 25 ◦C, except
for the temperature ramp tests, in which the temperature was varied between 10 to
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60 ◦C at a constant heating rate of 1 ◦C/min in the linear regime (ω= 1 Hz, 0.5 %
strain).

A frequency sweep test (0.01 – 100 rad/s) was performed at a constant strain in the
linear viscoelastic zone of the samples, which was determined previously in a strain
sweep test. The elastic or storage modulus (G’) and the viscous modulus (G”) of
samples were determined, as well as the complex viscosity (|µ∗|). Yield stress (τ0)
was revealed with a stress sweep test: the inflection point in the shear rate versus
shear stress plot was taken as the τ0 value.

2.2. Methodology for the study of the process
variables and scale-up in the preparation of
highly concentrated emulsions

2.2.1. Preparation of emulsions

Emulsions are an essential part of this thesis. The main point is that they are used as
template for the preparation of meso/macroporous materials through the emulsion
templating method (sec. 2.3.2). For this reason, the determination of their stability
(sec. 2.2.2) and droplet size (sec. 2.2.3) is of our interest. Also, as the emulsion
properties depend on the preparation method and on the size of the vessel used
(the scale is a determining factor), we have also used the emulsions as a model
fluid to study the effect of the process variables on their properties (sec. 3.3 and
chapter 4) and their preparation scale-up, in order to prepare meso/macroporous
materials at a higher production scale (chapter 4). Finally, we observed that the
rheological parameters of the emulsions were features that were specific for every
emulsion and that their determination was objective and reliable. This is the reason
why we rheologically characterized the emulsions (viscosity, yield stress, viscoelastic
parameters) and the results were used to study their scale-up.

2.2.1.1. Preparation of emulsions in test tubes

Emulsions and highly concentrated emulsions are prepared by the stepwise addition
method in test tubes for stability (sec. 2.2.2) and rheological (sec. 2.2.5) screening
tests and for the preparation of meso/macroporous materials (sec. 2.3.2) through the
emulsion templating method. To do so, the continuous phase is placed inside the
tube and then, with continuous and open-air agitation using a vortex stirrer, the
required amount of dispersed phase is added dropwise. The content of each phase
is confirmed by weight in every emulsion after its preparation. In some cases heat
or ultasounds are needed to mix and homogenize the emulsions formed.
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2.2.1.2. Preparation of emulsions in a batch reactor

To study the influence of the process variables (pv) and the scale-up in the prepa-
ration of water-in-oil (w/o) highly concentrated emulsions (chapter 4), these were
prepared in jacketed stirred-tank reactors, in a two-step batch process. The set-up
consists of a glass jacketed vessel and a three-level-four-blade impeller. A peristaltic
pump (ISMATEC MCP) is used to provide a constant addition flow rate of dispersed
phase. A thermostatic bath (HAAKE F6-C25) is used to maintain the system at a
constant temperature, and a digital laboratory stirrer (IKA Eurostar power control-
visc) is used to provide the agitation speed or stirring rate (Fig. 4.4). Three different
vessels with geometric similarity and with capacities of 0.1, 1 and 6 L are used to
study the influence of scale-up in the preparation of the emulsions. Each vessel has
its own impeller, also geometrically similar (Fig. 4.16).

The experimental procedure is divided in two steps. In step 1, the dispersed phase
is incorporated. First, the continuous phase, formed by the surfactant and the oil,
are weighed, mixed, and transferred to the reactor, which is already at the desired
temperature. A value for the stirring rate (N) and for the addition flow rate (Q) are
chosen (according to the experiments planned) and at time t = 0, the agitation starts
and the dispersed phase is added at a controlled and constant flow rate. The pump
is calibrated before each experiment to ensure the precise value of the flow rate. Step
2 is for the homogenization of the emulsion. Once the dispersed phase is completely
added, the emulsion is stirred for a certain time (usually 5 minutes) to ensure a good
droplet breakup and homogenization of the emulsion. The experimental conditions
that are explored in this thesis, and that will be studied in sec. 3.3 and in chapter 4
are:

� Surfactant concentration: the surfactant concentration affects the size of
the droplets and the stability of the emulsions. The surfactant concentration
is expressed as surfactant-to-oil ratio (S/O) on the continuous phase.

� Dispersed phase volume fraction (φ): the amount of dispersed phase
determines if an emulsion is diluted (less than 0.2), concentrated or highly
concentrated (more than 0.74). In this work we study the scale-up of highly
concentrated emulsions, so the dispersed phase volume fraction is varied in the
range 0.74 - 0.99.

� Stirring rate (N): The stirring rate provides the energy input to break up the
dispersed phase into small droplets and to form the emulsion. However, if it is
too high, it is difficult to incorporate all the dispersed phase in the continuous
phase, especially if the emulsion is highly concentrated and, therefore, highly
viscous. An optimum stirring rate is necessary to prepare stable emulsions.

� Dispersed phase flow rate (Q): the dispersed phase is added at a certain
rate to the continuous phase. The flow rate can have an influence on droplet
size and on the final emulsion properties.

19



Chapter 2 Experimental techniques

2.2.2. Determination of the kinetic stability of emulsions
through backscattering

This thesis focuses on two main ways to determine the stability of an emulsion:

i) Visual observation or eyesight

The stability of an emulsion can be observed visually. For example, when a highly
concentrated w/o emulsion is formed, a white homogeneous phase is observed. After
a certain period of time, depending on each emulsion, phase separation occurs. In
the case of highly concentrated emulsions, it is the dispersed phase which separates
from the remaining emulsion, so then two phases are observed. The consistency of
the emulsion is also visually observed, which is related to its stability.

Although this method is easy and simple, it has some drawbacks: it is a slow de-
tection method, since highly concentrated emulsions are usually stable for a long
time, and it is not until weeks or months that one can visually detect a change on
the emulsion. Moreover, it does not give a clear and direct picture of what is really
happening in the emulsion, since maybe some changes on droplet size are taking
place, but are undetectable by the naked eye. For this reason, a quicker and more
sensitive method is used, which is explained next. Analysis of the backscattering
light of emulsions are performed to quantify the kinetic stability of emulsions.

Figure 2.2.: Highly concentrated w/o emulsions showing signs of destabilization after 8 days of preparation. The
emulsions have different dispersed phase content (76.9, 87.5, 98.1 wt %) and the same S/O= 25/75 (system
water/Span80/dodecane).

ii) Variation of the backscattering (BS) with time

The stability of emulsions is determined by light scattering measurements, partic-
ularly, by measuring the backscattering BS over time (BS profiles). This is used
as an approach to stability, and to discern the mechanisms driving to the emul-
sion destabilization. This method is very sensitive to changes that are not detected
visually, so one can identify changes that happen in an emulsion during the first
minutes and days after the emulsion is formed. The period of observation required
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to draw conclusions is shortened, and we can say that this method kinds of predicts
the future behavior of an apparent stable emulsion [15].

The equipment used to analyze this parameter is a Turbiscan MA 2000 instrument
(Formulaction). Turbiscan technology is based on the transmission and backscat-
tering of a light source through the sample along all its height (Fig. 2.3). A mobile
reading head, composed of a near infrared (NIR) diode (λ = 850 nm) and two detec-
tors (transmission (T ) and backscattering (BS)), scans a glass cell containing the
sample (Turbiscan cell). The photons are scattered many times by the objects in
suspension (droplets, solid particles, gas bubbles,. . . ), then emerge from the sample
and are detected by different devices at different angles. Photons which are detected
by the device located opposite to where the light source is emitted indicate the trans-
mission of the sample, so the transmission is a parameter that indicates the light
which goes through the sample (transmission detector is at 0°). Photons which have
been backscattered are detected in a device located near the light source, at 135°
from the incident beam, and indicate the backscattering (BS) of the sample. Thus
the device provides transmission and back scattering profiles giving the transmitted
and backscattered light flux (%, relative to external standards) as a function of the
sample height (mm). These profiles can give us information about concentration
and size of the suspended matter present in the sample tube [16].

(a) (b)

Figure 2.3.: (a) Turbiscan measuring technology showing the light source, backscattering (BS) detector and
transmission (T ) detector [17]. (b) Turbiscan MA 2000 instrument.

Bru et al. [18] proposed a method to evaluate which destabilization phenomena occur
and to quantify its effect using the plots of backscattering BS versus axial position
provided by Turbiscan MA 2000. For example, a decrease of the backscattered
light flux at the bottom of the sample indicates a lower particle volume fraction in
this region (clarification) and, on the other hand, an increase of the backscattering
level at the top of the sample due to particle density increase indicates creaming of
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the emulsion (Fig. 2.4). The same kind of behavior is observed for a sedimentation
process, but with an increase of the backscattering level at the bottom and a decrease
at the top of the sample. It is then possible to analyze creaming and sedimentation
kinetics through the evolution of the BS profiles over time.

Coalescence and flocculation phenomena are physicochemically different mecha-
nisms, but both lead to an increase of the scatterers size. Coalescence leads to an
irreversible fusion of droplets, involving the rupture of the thin film that separates
them, whereas during flocculation or aggregation particles stick together but remain
as differentiated drops. However, in both cases the size of the suspended objects
increase. Particle size variation induced by these phenomena is detected by looking
at the backscattering profiles, as they lead to a decrease of the backscattering level
over the whole sample height. Fig. 2.5 shows a decrease of the backscattering level
in the cell during a coalescence process.
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Figure 2.4.: Example of backscattering (BS) profiles of destabilization mechanisms: creaming emulsion. A clari-
fication zone appears on the bottom of the emulsion, and a creaming zone on the top. The arrows indicate the
evolution of time.
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Figure 2.5.: Example of backscattering (BS) profiles of destabilization mechanisms: coalescing emulsion. The BS
decreases with time in all the emulsion height.The arrows indicate the evolution of time.
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Emulsions do not generally undergo only one phenomenon but several at the same
time. Since the Turbiscan allows a macroscopic visualization of the stability of con-
centrated dispersions, it is possible to discriminate various destabilizations mecha-
nisms, although the profiles obtained in real systems are a combination of the ones
previously described (Fig. 2.4 and Fig. 2.5). In general, though, the lower the change
rate of the backscattering data, the more stable the emulsions will be.

There are many works that analyze the stabilization of concentrated emulsions and
nano-emulsions using multiple light scattering provided with the Turbiscan equip-
ment [15, 19–26]. Abismäıl and co-workers compare the different stability of emul-
sions prepared by mechanical agitation or power ultrasound [15], and also determine
average droplet diameter of emulsions prepared through ultrasounds without the
need of diluting them, which is required when measuring droplet size through laser
diffractometry [19]. Mengual et al. [20,21] use the Turbiscan equipments to measure
the instability of concentrated emulsions and compare the physical models and sim-
ulations with the experimental results provided by these instruments. Lemarchand
et al. and Liu et al. [22, 23] study the stabilization of o/w and w/o emulsions sta-
bilized using different stabilizing agents. Romero et al. [26] provides a rheological
analysis of highly concentrated emulsions, and also studies the stability by observing
the changes on the backscattering profiles and Zhang et al. [24] studies the stability
of highly concentrated emulsions used for the synthesis of porous polymers. Finally,
Porras et al. [25] study the stability of nano-emulsions, which have a totally different
behavior than highly concentrated emulsions.

To perform the analysis, the portion of emulsion which is analyzed is extracted from
the whole emulsion into a 5 mL syringe with no needle. A plastic tube, with a length
equal to the cylindrical glass measurement cell, is fixed in the orifice of the syringe
and the other extreme of the tube is placed on the base of the cylindrical cell. Then,
the emulsion is carefully expelled avoiding the formation of air bubbles, which would
distort the measurement. Finally, the measurement cell is covered, introduced inside
the device Turbiscan MA 2000 and a light scanning is carried out every two minutes
for 30 minutes. Moreover, the evolution of the stability is measured every 24 hours
taking a light scanning test.

The initial backscattering is calculated on the whole length of the Turbiscan cell. In
order to obtain a value that can be compared and treated, the initial backscattering
(BS0) is taken as the mean value of the backscattering values measured along the
whole emulsion height just after the emulsion is prepared (at time = 0). However,
for the study of the stability, this is no longer valid, because backscattering values,
apart from varying with time, depend also on the height of the emulsion, as can be
observed in Fig. 2.4. For this reason, it is recommended to calculate the variation
of BS in different positions of the Turbiscan cell, for example at 10 mm (bottom),
25 mm (middle), and 40 mm (top), as can be seen in Fig. 2.6.
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Figure 2.6.: Turbiscan tube with the positions where the BS is analyzed.

The variation of BS to indicate the destabilization mechanisms is followed as the
evolution of the relative BS (BSrel) as a function of time observed in some predefined
positions. The BSrel is defined as follows (eq. 2.5):

BSrel =
BSt
BS0

(2.5)

Where BSt is the mean value for the BS profile in a specific section of the tube at
time t and BS0 the same at the initial time. This technique has been used for other
authors [26]. Moreover, the change in BS has also been quantified as the ratio of
the increase or decrease in BS respect to the increase of time (eq. 2.6):

∆BS

∆t
=
BSt −BS0

t− 0
(2.6)

2.2.3. Determination of emulsion droplet size distribution and
polydispersity

The droplet size is determined from microphotographs that are taken with an optical
microscope (Optika B-500 Series) (Fig. 2.7-a) equipped with a camera (Moticam 2300
3.0 MP) using Motic Images Plus 2.0 software (Motic). This technique is a direct
method that measures the size of the discrete drops and can detect flocculation,
multiple emulsions, and the degree of polydispersity, apart from the emulsion defects,
like dirt or entrapped bubbles [27]. As the emulsions are highly concentrated, the
techniques based on light scattering are not recommended to use, since they are
based on the Brownian motion of tiny droplets surrounded of continuous phase,
which enables them to move freely; which is not our case.

Droplet size is calculated from more than hundreds of diameter drops, which are
measured on different microphotographs of the same emulsion (in each corner and
in the center). The measure of the diameter is performed with the Motic Images
software (Fig. 2.7-b). The software is previously calibrated with standard images
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(a) (b)

Figure 2.7.: (a) Optical microscope (Optika B-500 Series). (b) Microphotograph taken with the microscope and
analyzed with the Motic Images Plus 2.0 software showing different ways to calculate droplet size: counting the
diameter, delimiting the perimeter by three points, or drawing a circle around the drop.

with a circle of 70 μm. All the microphotographs used to measure the droplet size
are made at 400x, in order to facilitate the measure of the drop diameter, which is
in the order of 1-20 μm.

There are many ways of expressing the mean diameter, depending on the information
that wants to be obtained. The most common one is the number mean diameter
(d10), also called length-weighted mean diameter, which is the arithmetic mean size
of the sample. This diameter is used when one of the quality parameters of the
global process is a particular size of the droplets (eq. 2.7):

d10 =

∑
nidi∑
ni

(2.7)

The mean diameter mostly used in emulsions is the Sauter mean diameter, also
known as the surface-weighted mean diameter (d32), since the parameters describing
the surface area are important in order to know the amount of surfactant on the
interface, for example. The physical meaning of this diameter is more understood if
the expression is expanded as follows (eq. 2.8) [28]:

d32 =

∑
nid

3
i∑

nid2
i

=
∑ nid

2
i∑

nid2
i

di =
∑

Aidi (2.8)

In this expression, Ai represents the surface area of the drops in a specific interval
of the distribution with respect to the total surface area of the dispersed phase. d32,
apart from being the relative area-weighted mean diameter of the dispersion is also
related with the specific surface area of the dispersion (av) (eq. 2.9), which is the
total surface or interfacial area of dispersed phase (ad) per unit volume of the whole
dispersion (Vt). The volume percentage of the dispersed phase (φ) is the ratio of
dispersed phase volume (Vd) respect to the total volume of dispersion (Vt).

av =
ad
Vt

=
adφ

Vd
=
φπ
∑
nid

2
i

π/6
∑
nid3

i

=
6φ

d32

(2.9)
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The Sauter mean diameter is inversely proportional to the specific surface area of
the dispersion, so when d32 decreases, the specific surface area of dispersion increases
[26]. As the Sauter mean diameter is related to the specific surface area, it is useful to
correlate drop size with the rheology for concentrated emulsions, since the rheological
properties in highly concentrated emulsions are controlled by the continuous film
that surrounds the droplets, which is stretched or shrunk when submitted to shear
forces, until a critical strain is achieved and steady flow is initiated. This is the
basic reason of using d32 to quantify the droplets in emulsions of this kind [29]. The
difference between d10 and d32 decrease as the uniformity of the drop size increases.
For a monodisperse emulsion, both diameters should be equal. Hence, the ratio
between both diameters (d32/d10) is an indication of the polydispersity of the sample.

Polydispersity of an emulsion can also be quantified using other parameters, such as
the standard deviation (s) of the data set of diameters collected or the coefficient of
variation (cv). The coefficient of variation is defined as the ratio between the stan-
dard deviation of the sample and the number mean diameter (s/d10). When cv < 0.1,
we can talk about a monodisperse emulsion, whereas for increasing polydispersity,
cv is higher.

Another expression of the average droplet size is the so-called number median di-
ameter (dM), which corresponds to a value such that half of the drop population is
smaller and the other half is bigger than this size. This diameter is obtained when
the cumulative frequency reaches the value 0.5.

As polydispersity influences the rheological properties of the emulsion [30], the drop
size distribution (DSD), which is a graphical representation of the frequency versus
drop diameters, is calculated. The DSD are obtained by a finite number of drops,
and extrapolated to all the system. They are discrete distributions, since the drops
of the emulsion are divided into several intervals (bins), which have a characteristic
size equal to the average of the upper and lower limiting values. The number of bins
depends, basically, on the sample size. The square root of the sample size is a useful
approximate value to determine the number of bins.

The number of drops in an interval (ni), divided by the total number of drops (n) is
the frequency, and it is represented as a function of the drop diameter. It is important
to analyze in detail the DSD, since it has been seen in previous studies [29], that the
width of the distribution influences the flow behavior and, therefore, the viscosity in
highly concentrated emulsions, and it is one of the major factors influencing some
unit operations with emulsions [28].

One common distribution found in systems involving particles or droplets, apart from
the typical Gaussian (normal) distribution, is the log-normal distribution, which
follows the eq. 2.10:

dPi
d(log(di))

=
100

log(sg)
√

2π
exp

(
−(log(di)− log(dg))

2

2(log(sg))2

)
(2.10)

Where Pi is the percentage of droplets with a diameter di (the frequency); the
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geometric standard deviation (sg) and the geometric mean diameter (dg) are defined
with the following expressions (eq. 2.11 and eq. 2.12):

log(sg) =

√∑
Pi((log(di)− log(dg))2∑

Pi
(2.11)

log(dg) =

∑
Pi(log(di)∑

Pi
(2.12)

The experimental values of the droplet size are plotted together with the log-normal
adjust, in order to see if the DSD follows this distribution.

2.2.4. Interfacial tension measurements

The interfacial tension between the dispersed and continuous phase is measured
with two different methods: the drop volume or weight method (for the interface
water/alkane-Span80) and the spinning drop method (for the interface water/cyclo-
hexane-Pluronic L121).

2.2.4.1. The drop volume or weight method

The interfacial tension on the water/alkane-Span80 interface for three different chain
length alkanes is measured with the drop volume or weight method. In this method,
the weight or volume of a drop falling from a capillary with a known radius is
measured [31] and the results obtained are independent of changes in the density
and viscosity of the liquids employed [32].

The weight of each droplet (mg = V∆ρg) is equal to the force exerted by the tension
in its perimeter, as the modified Tate law states (eq. 2.13);

mg = V∆ρg = 2πrσf (2.13)

Where m is the droplet mass, g is the standard gravity or gravitational acceleration
constant, V is the droplet volume, ∆ρ is the density difference between the two
phases (the fluid forming the drop and that surrounding the drop), r is the radius of
the capillary1, σ is the interfacial tension and f is a correction factor needed mainly
because the volume that is released is not the maximum volume achieved by the
droplet (as much as 40 % may remain adhered on the cylindrical support) [33]. In
the equation, all factors except σ are determined by direct experimentation or by
reference to a table of values. The correction factor, f , is a function of r/V 1/3, the

1Usually the external radius of the tip is taken; the inside radius is employed for liquids that do
not wet the tip, in eq. 2.13 [33].
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values of which are tabulated by Harkins and Brown [32] and can also be calculated
by an empirical function [31].

The shape of the droplet, which determines the fraction of the drop which falls,
depends on the ratio between some linear dimension of the tip, such as its radius,
r, and a linear dimension of the drop, such as the cube root of the droplet volume,
V 1/3. Instead of V 1/3, any other value which varies as a linear dimension of the drop,
such as the capillary constant, a, could be used. According to Harkins et al. [32],
the optimum values of r/V 1/3 to obtain accurate results are between 0.55 and 0.9,
but a most precise study on uncertainties performed by Earnshaw et al. [34] affirm
that the errors are reduced when r/V 1/3 ≤ 0.85.

Figure 2.8.: Left : capillary chosen correctly, right : capillary too thin.

The shape of the droplet must be similar to Fig. 2.8-left, which corresponds to a
range of r/V 1/3 mentioned above. If the capillary is too thin (Fig. 2.8-right), or too
thick, the parameter r/V 1/3 is too low or too high, respectively, and the experimental
difficulties involved result in an increase on the final uncertainties. Therefore, low
or high r/V 1/3 should be avoided. The higher the interfacial tension, the thicker the
tip must be, especially if the difference between the densities of the two phases is
small [32].

The main advantages of the drop volume or weight method are that it is a very simple
method to use and in favorable circumstances it has a high repeatability, a standard
deviation of ± 0.01 mN/m can be achieved [34]. Moreover, it gives accurate results
of low interfacial tensions of the order of 1 mN/m; interfacial tensions between two
liquid phases containing all types of surfactants can be measured and only a small
amount of the solutions are needed [35].

However, it only gives valid results if the experimental conditions are the optimum,
and the uncertainties regarding the correction factor just mentioned [34] have to
be taken into account. It is a method very sensitive to vibrations and also to im-
purities. Vibrations can cause a premature release of the droplet, and impurities
decrease the interfacial tension values obtained. This latter effect is more important
when working with pure hydrocarbons than when working with surfactant and hy-
drocarbon mixtures. In any case, all the material has to be cleaned carefully: the
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glass material is cleaned with a sulfochromic mixture and the metal material with
an alcoholic KOH solution. Usually, capillaries are made of glass or metal [31].

The drop volume or weight method is performed with simple equipment consisting of
a support, a micrometer, a syringe and a capillary. The syringe is placed vertically
in the micrometer and this is placed in a support, as showed in Fig. 2.9-a. The
capillary is placed on the syringe, which is carefully filled up with Milli-Q water.
It is important to take out all the air inside the syringe. Once the syringe is full,
the capillary is placed inside the fluid in which the interfacial tension wants to be
calculated. The micrometer is gently moved, forming a drop at the end of the tube
within the bulk of the second liquid until it falls (Fig. 2.9-b). It has to be taken
into account that the droplet volume depends on the time of detachment, i.e. on the
speed with which is formed, so to obtain the interfacial tension at the equilibrium,
the droplet must be formed slowly, giving time for surfactant adsorption in the new
interface created. For a droplet formed in 1 minute, only 0.2 % error is introduced [33]

(a) (b)

Figure 2.9.: a) Equipment for the measurement of the interfacial tension with the drop volume or weight method.
b) Drop formation on the tip.

All the interfacial tension measurements were made out at room temperature. The
measurement of each interfacial tension is calculated from the average value of many
collected droplets, in order to have an accurate measurement. First of all, the
lectures on the micrometer are written down and the average value of the difference
is taken.

The droplet volume can be calculated in two different ways. The first one consists
in taking the experimental value of m, the mass per drop, and calculating the drop
volume from the density of the liquid. The second way consists of performing a pre-
vious calibration of the syringe used with Milli-Q water, and obtaining a graduation
factor which relates the distance covered by the micrometer and the droplet volume.
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Then, the volume is the product of the average value of the micrometer differences
and this graduation factor.

Once the volume is obtained, the parameter r/V 1/3 is calculated, and from this one,
the correction factor f is obtained, and the interfacial tension is calculated using
the modified Tate law (eq. 2.13).

2.2.4.2. The spinning drop method

In the spinning drop method, the interfacial tension is determined by measuring
the shape of a droplet surrounded by a more dense liquid contained in a rotating
horizontal tube. The determination of the interfacial tension is related only with the
droplet diameter, so the drop volume measurement is not required. The Vonnegut’s
equation (eq. 2.14) [36], also called infinite length equation, is used to calculate the
interfacial tension:

σ =
1

4
∆ρω2r3 (2.14)

In this equation, ∆ρ (g/cm3) is the density difference between the two phases, ω
(rad/s) is the angular velocity and r (cm) the droplet radius. If instead of the speed,
the period, P , is taken from the counter in mS/rev, which is equal to P = 103/v
(where v = ω/(2π) is the speed in rev/s) , and the measured diameter, d, is used
instead of the radius, the previous equation turns becomes eq. 2.15

σ =
π2106∆ρd3

8P 2
(2.15)

A prior calibration of the system is required to relate the radius measured with the
telescope and the real size. The calibration is performed with a metallic spherical
pellet immersed in water, and a correction coefficient is obtained by f = dreal/dinst.

This technique is appropriate for low interfacial tension values (σ < 5mNm−1) [37].
For an appropriate measurement, the temperature must be controlled and kept
constant, the angular velocity has to be sufficiently large so that the buoyancy
effect due to gravity is negligible and the axis of the droplet has to be completely
aligned with the horizontal axis of rotation. The shape of the spinning droplet is only
adequate when the length to diameter ratio is greater than 3.5-4, and the equilibrium
is considered to be attained when the difference in the measured values are less than
0.001 cm. Finally, it is recommended to perform a series of measurements at different
speeds in order to have a reliable value of the interfacial tension.

2.2.5. Rheological analysis of emulsions

The rheological behavior of the emulsions under flow was analyzed with two tests:
shear rate steps and oscillatory experiments. The tests were performed using a
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HAAKE RS300 controlled stress rheometer (Germany) and a HAAKE Mars III
Rheometer (Thermo Fisher Scientifics), at a controlled temperature of 25 ◦C. The
tests were performed with a 35 mm serrated-plate geometry, to avoid the slippage of
samples, and 0.5 mm gap.

2.2.5.1. Shear stress steps test

The shear stress steps test was used to obtain the static yield stress (τ0) of the
samples, as well as the steady state viscosity dependence on shear rate. The τ0 is
considered to be the stress at which the emulsion initiates flow, although the sample
is undergoing creep flow at stresses below this value. However, for practical reasons,
this creep flow is considered a zero shear rate. The yield stress value was obtained
as the inflection point in the representation of the shear rate in front of the shear
stress in a log-log scale.

The viscosity of all the samples studied decreased with shear rate. In some cases, a
plateau at smaller shear rates and at higher shear rates was found. To compare the
different experiments, apart from the slope of the viscosity on the part where the
samples follow the power law, the values of the viscosity at a fixed shear rate (0.1
or 1 s-1) were obtained by interpolation of the data.

2.2.5.2. Oscillatory experiments

For the oscillatory experiments, first a stress sweep test (from 0 to 1000 Pa) or a
strain sweep test was applied to the sample in order to determine the linear viscoelas-
tic region (LVR), the region in which the rheological parameters are independent
from the amplitude. The parameters monitored were the storage or elastic mod-
ulus (G’), the viscous or loss modulus (G”), the complex shear modulus (G∗), the
complex viscosity (|µ∗|), and the phase angle (δ).

This test was also useful to study the large amplitude oscillatory shear (LAOS)
behavior. According to Hyun et al. [38], the LAOS behavior is closely related to
the microstructure of the systems and very sensitive to their changes. This test is
described in detail in chapter 3.

Frequency sweep measurements between 0.01-100 Hz were performed at the chosen
stress in the LVR, which was more or less expanded depending on the emulsion. The
G’ and G” spectra were obtained from these experiments, as well as G∗ and |µ∗|.

The temperature dependence of G’, G” and |µ∗| in selected samples of the reverse
liquid crystals formed was determined with temperature ramp tests, from 10 to 60
◦C in the linear regime (ω = 1 Hz, 0.5 % strain) at a constant heating rate of 1
◦C/min. These tests, together with SAXS measurements, were used to determine

the temperature in which the order-disorder transition took place between different
lyotropic mesophases and study the thermal behavior of the samples.
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2.2.5.3. Creep tests

The rheological behavior at rest was analyzed by means of creep-recovery tests,
performed in the LVR. First, the sample was allowed to rest for 5 min on the
rheometer support before the measurement took place, in order to recover its static
structure. Then, an instantaneous stress (τ) was applied to the sample at zero time
and maintained constant for 10 min. The strain was measured over time until a
steady rate of straining was obtained. After the creep run, the stress was released
and the strain was recorded for another 10 min to determine the sample structure
recovery. From the data, the creep compliance at any time t, J (t) = γ (t) /τ , was
determined (where γ(t) is the shear deformation). This test is explained more in
detail in chapter 3. The variables obtained are the zero share viscosity (µ0), which
indicates the viscosity when the material is at rest, and the steady-state or residual
shear compliance (J0

e ), which represents the elastic deformation during steady flow.

2.3. Methodology for the preparation and
characterization of silica porous materials

2.3.1. Preparation of mesoporous materials

Mesoporous materials are prepared through the cooperative templating mechanism
(CTM), from a surfactant micellar solution and an inorganic precursor. The prepa-
ration of mesoporous materials with a high surface area, narrow pore size distribu-
tion and ordered mesostructure is not trivial. The conditions are different for each
surfactant system, so the experimental conditions must be optimized in each case.
Particularly, the experimental conditions that are explored in this study are:

� Surfactant concentration: the surfactant concentration can vary along the
whole micellar domain, so a previous study of the phase diagram is important
in this case. The micellar solution is formed by one only surfactant or by a
mixture of two surfactants. When a mixture of surfactants is used, the mixed
molar mass (Mmix) and density (ρmix) of the surfactant mixture are calculated
with the following expressions (eq. 2.16 and eq. 2.17):

Mmix =
n1M1 + n2M2

n1 + n2

(2.16)

ρmix =
1

x1
ρ1

+ x2
ρ2

(2.17)

Where ni = xi/Mi and xi = mi/
∑
mi. In these equations, n1 and n2 (mol) are

the number of moles of the two surfactants, x1 and x2 are the mass fractions of
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each surfactant in the mixture, m1 and m2 (g) are the mass of each surfactant,
and M1, M2, (g/mol), ρ1 and ρ2 (g/cm3) are the molar mass and density of
each surfactant.

� Surfactant-to-inorganic precursor molar ratio (R), which is calculated
using eq. 2.18:

R =
ms/Ms

mpre/Mpre

(2.18)

Where ms and mpre are the mass of the surfactant and inorganic precursor,
respectively, and M stands for the molar mass. In the case of using a surfactant
mixture, Ms = Mmix.

� pH, which is adjusted with HCl, H2SO4 or NaOH solutions.

� Temperature and duration of the hydrothermal treatment. When
the temperature is low, the duration of the hydrothermal treatment is higher,
since the condensation of the inorganic precursor is slower.

The experimental procedure for the CTM is divided into four steps:

1. Preparation of the micellar solution. A known amount of surfactant (or
mixture of surfactants) is mixed with an aqueous solution at the desired pH
(which is adjusted with HCl, H2SO4 or NaOH) in order to obtain a solution in
the micellar domain (usually 3-20 wt % in surfactant). The micellar solution
is agitated until the system is homogeneous (transparent).

2. Addition of the inorganic source. The agitation is then decreased to
150 rpm and the flask, if required, is placed in a thermostatic bath at the
desired temperature. After the homogenization, the inorganic source is added
drop by drop. The necessary quantity is calculated according to the chosen
surfactant/precursor molar ratio (R) (eq. 2.18). The system is agitated for one
hour in these conditions (in some essays the agitation time is varied).

3. Hydrothermal treatment. The mixture is placed in a sealed Teflon auto-
clave, and, without stirring, is placed in the oven at a certain temperature
or in open-air. Usually the hydrothermal treatment lasts 24 hours, although
the time is changed in some essays, especially when the temperature is low
(Fig. 2.10-a).

4. Soxhlet extraction. To eliminate the surfactant template, the solid mixture
is placed on a Soxhlet extractor in a cellulose cartridge (Fig. 2.10-b), which
acts as a filter. The solvent used is ethanol, since the surfactants used are
soluble in this solvent. The system is left for 48 hours (after the 24 first hours,
the ethanol is changed). The mesoporous material is recovered after being
air-dried for one more day and after a grinding process.

No calcination at high temperatures is performed to eliminate the surfactant tem-
plate, since it was not necessary: the ethanol extraction was enough. For nonionic
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(a) (b)

Figure 2.10.: (a) Material in the autoclave after the hydrothermal treatment and (b) Soxhlet extraction with
ethanol to remove the surfactant template.

surfactants, as the interactions between the surfactant and the inorganic precursor
are weaker than with ionic surfactants (hydrogen bonding instead of electrostatic
interactions), the calcination is not necessary. However, in order to proof that no
surfactant was present in the mesoporous materials, some samples were calcined to
detect the differences and some samples were tested with Fourier transform infrared
spectroscopy (FTIR) to identify the status of the silanol groups, in the case of silica
materials, and to confirm that the surfactant template is completely removed.

2.3.2. Preparation of meso/macroporous materials

The hierarchical porous materials, with two pore sizes in the meso and macro
range, are prepared by combining the CTM mechanism with the emulsion tem-
plating method. To this effect, the oil-in-water (o/w) emulsions were prepared by
adding dropwise the disperse phase in the continuous phase, formed by a micellar
aqueous solution, and with a continuous agitation. Once the emulsion was formed,
and without stopping the agitation, the procedure continues from step 2: addition
of the inorganic source, hydrothermal treatment and Soxhlet extraction. For the
preparation of meso/macroporous materials from w/o emulsions, the procedure is
not trivial, since then it is not clear where the TEOS needs to be added and where
does the hydrolysis starts. The study of meso/macroporous materials from w/o
emulsions is explained in detail in the final section of chapter 5.

2.3.3. Determination of micelle size through dynamic light
scattering

Dynamic Light Scattering (DLS) also known as Photon Correlation Spectroscopy
(PCS) or Quasi Elastic Light Scattering (QELS) is used in this study to determine
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the existence and size distribution of the micelles in a micellar solution. The for-
mation of mesoporous materials with the CTM mechanism uses micelles as building
blocks for the hydrolysis and condensation of the inorganic precursor on their sur-
face, so it is important to know which type of micelles we are facing with in order
to a better understanding of the structure of the mesoporous material obtained
(chapter 5).

The DLS uses a laser light, which hits the micelles or particles that are moving in the
solution as a consequence of Brownian motion, characterized by a diffusion coefficient
(D0). The light then is scattered (90° scattering angle is used) and collected in a
detector. The sample needs to be diluted enough in order to avoid multiple light
scattering. In multiple light scattering, the light scattered from one particle would
be re-scattered by other particles before reaching the detector, so the final intensity
recorded would not only be the consequence of the diffusion of micelles, but also a
consequence of intermicellar interactions. The sample time has to be long enough in
order to allow the photo detector track the rapid changes in intensity, consequence
of the fluctuations of the particles and so, proportional to their size, and produce
the consequent pattern or “snapshot” to determine the particle size. It could seem
that the fluctuations are random, but in fact they are correlated in a small time
scale. As a consequence, they can be studied with correlation functions, which give
us information of the time that an intensity signal remains correlated (Fig. 2.11).
In the case of diffusion, this function follows an exponential decay. The slower the
decay is, the bigger the particles are. The correlator can be lineal, or logarithmic,
like the one used in this study.

Figure 2.11.: Correlator function for dynamic light scattering (DLS).

The correlator works as a comparison tool, by forming the products of the signal
intensities separated a time interval: it stores successive samples intensities and mul-
tiplies every old sample by the current value of the signal. The products accumulate
and are stored in different channels. The process is repeated for a certain amount
of time.
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Once the diffusion coefficient is obtained, the hydrodynamic radius (Rh) is obtained
by combining the Stokes diffusion law and the Einstein law for Brownian motion
(eq. 2.19), in which µ0 is the solvent viscosity, k the Boltzmann’s constant and T
the absolute temperature.

Rh =
kT

6πµ0D0

(2.19)

Dynamic light scattering (DLS) measurements of micellar solutions were performed
with a Malvern 300HSA Zetasizer instrument at 20 or 25 ◦C. Diluted micellar so-
lutions (approx. 2 wt %) were used to determine the presence and size of micelles.
They were prepared and placed into clean disposable plastic cuvettes, after being
filtered through 0.45 μm pore size syringe filters. Each measure is the result of 10
measures in each test. The measurements were repeated three times with differ-
ent dilutions. To represent the data, the intensity is plotted as a function of the
hydrodynamic radius and a size distribution is obtained.

2.3.4. Determination of pore ordering through small-angle X-ray
scattering

Mesoporous materials structures, like liquid crystals, possess long-range structural
order when the pores are packed in an ordered structure. The most common struc-
tures are lamellar, hexagonal or cubic. As with liquid crystals, the ratios between the
repetition distances indicate the structure of the sample, since they are characteristic
of each type of structure.

The SAXS instrument used to determine the structure of the mesoporous materials
was a SAXSess mc2 Anton Paar instrument, attached to an ID 3003 laboratory X-
ray generator (General Electric), equipped with a sealed X-ray tube (PANalytical,
λCuKα = 0.1542 nm, P = 3.3 kW). A multilayer mirror and a block collimator provide
a monochromatic primary beam. A translucent beam stop allows the measurement
of an attenuated primary beam at q = 0. The silica materials were introduced
into a powder cell, which was placed into the chamber at the desired temperature
and then vacuum was performed. Scattering of X-ray beam was recorded by a CCD
detector (Princeton Instruments, 2084 x 2084 pixels array with 24 x 24 μm2 pixel size)
for small angle measurements in the q range 0.04 to 5 nm-1 (q = 4π sin θ/λ, where
2θ is the scattering angle), or by an image plate detection system Cyclone (Perkin-
Elmer) for simultaneous small and wide-angle measurements from 0° to 40° scattering
angle, covering repeated distances until 0.2 nm. The detector was placed 309 mm
away from the sample holder. The 2D image was integrated into one-dimensional
scattering intensities I(q) as a function of the magnitude of the scattering vector q,
using SAXS Quant software.

To analyze the results, the scattering intensity is plotted as a function of q. The
repetition distance of the porous materials (d) was determined from the Bragg peaks
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Figure 2.12.: SAXS patterns of mesoporous material indicating (a) a hexagonal structure and (b) a wormhole
structure of the pores.

obtained for every sample, using q, corresponding to the position of each reflection,
following the equation d = 2π/q. The peak sequence obtained indicates the type of
pore ordering (hexagonal, lamellar or cubic), e.g. Fig. 2.12-a shows a SAXS pattern
with a distance relation of 1 :

√
3 : 2 :

√
7, showing a hexagonal pore packing. If

there is a wormhole structure or no pore ordering, only one peak is observed, or even
none, as observed in Fig. 2.12-b.

2.3.5. Analysis of surface area and pore size of porous materials
through nitrogen adsorption-desorption

Apart from the ordered structure determined by SAXS, the potential applications
of mesoporous materials are related to their available specific surface area, to their
narrow pore size distribution (PSD), and to their large pore size and volume. Usu-
ally, these materials have a high surface area (around 1000 m2/g) and a PSD more or
less expanded between 2 and 50 nm. To determine these parameters, the adsorption-
desorption of nitrogen (at 77 K) is performed, and the data is treated with the BET
(Brunauer, Emett, Teller) method [39] to determine the specific surface area, and
the BJH (Barrett, Jayne, Halenda) method [40] to determine the mesopore size
distribution and pore volume.

Adsorption-desorption process The adsorption, according to Sing et al. [41], is
the enrichment of one or more components (in this case, the gas molecules) in an
interfacial layer (gas-solid). Adsorption occurs when a gas capable of being adsorbed
(adsorptive) is brought into contact with the surface of a solid (adsorbent) and
accumulates in the interfacial gas-solid layer, becoming now the adsorbate. It can
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be divided between physisorption and chemisorption. In our case, physisorption,
only intermolecular forces are involved in the process (attractive dispersion, short
range repulsive and specific molecular interactions). Contrarily, in chemisorption,
chemical bonds are created between the adsorbed gas and the material. Moreover,
adsorption is not to be confused with absorption, in which the adsorptive molecules
penetrate the surface of the solid and enter the bulk. Desorption is the converse
process of both adsorption and absorption, and is defined as the process in which
the adsorptive molecules are released back again to the gas phase.

The magnitude of the adsorption depends on the temperature, pressure and nature
of both adsorbate and adsorbent. However, in order to obtain universal and hence
comparable results, the process is performed at constant temperature (isotherm),
with a particular system, and at working pressures within the limits of vacuum and
saturation pressure of the adsorptive gas. Pressure, then, can be expressed in terms
of relative pressure (P/P 0). By doing so, the isotherm of the process is obtained,
which is the representation at constant temperature of the volume of gas adsorbed
on the solid (V ) as a function of the relative pressure.

Interpreting the isotherms: type of porosity and nature of the adsorption pro-
cess The first step of the analysis is to determine the isotherm type and, hence, the
type of porosity of the material and the nature of the adsorption process (monolayer-
multilayer adsorption, capillary condensation or micropore filling). In porous mate-
rials, which are characteristic of possessing high specific surface areas, the surface
is divided into two regions: the external surface, which surrounds the particles and
includes the prominences that are wider than deeper, and the internal surface, which
includes all pores and cavities that are deeper than wider. This internal surface is
mostly responsible of the high values of specific surface areas. The pores can be
open, if they communicate with the surface of the particles, closed, if they are iso-
lated inside, transport pores, if they communicate two surfaces, and blind, if they
are only open to a transport pore. The space between particles is known as void
(Fig. 2.13).

Figure 2.13.: Cross section of adsorbent particles to identify the types of pores: open, closed, blind or transport
pores.

Pores are classified according to their size in three groups: macropores (width
> 50 nm), mesopores (2< width < 50 nm) and micropores (width < 2 nm). The
analysis used in this study detects mainly the presence of mesopores. In mesopores,

38



2.3 Methodology for the preparation and characterization of silica porous materials

the monolayer-multilayer adsorption is followed by a capillary condensation. During
the monolayer adsorption, all the adsorbate molecules are in direct contact with
the adsorbent, whereas in a multilayer, not all the gas molecules are touching the
solid surface, since they are placed on top of another existing layer. In capillary
condensation, the vapor phase inside the pores condenses into a liquid phase which
fills the residual space in the pores. This phenomenon occurs at a pressure below
the saturation pressure of the pure liquid, as a result of increasing van der Waals in-
teractions between the gas molecules inside the pores, and a characteristic meniscus
is formed between the liquid and the gas phases. A hysteresis loop appears in the
isotherms as a consequence of this irreversible process, which occurs at relatively
high relative pressures, in contrast with micropore filling, which takes place at low
pressures. In addition, micropore filling is a reversible process, so no hysteresis loop
is present, since the adsorbate does not condensate in such narrow pore volumes.

(a) (b)

Figure 2.14.: (a) Adsorption-desorption isotherm classification according to the IUPAC. The arrow indicates the
inflection point bettween formation of a monolayer and a multilayer. (b) Types of hysteresis loops of the isotherms.

The isotherms are classified in six different types, according to the IUPAC [42], as
shown in Fig. 2.14-a. Type I is a reversible isotherm characteristic of microporous
adsorbents with relatively small external surfaces, which become saturated at low rel-
ative pressures. The major micropore filling occurs at low relative pressures (< 0.1)
and the limiting uptake is governed by the micropore accessible volume. Types II
and III are reversible isotherms characteristic of macroporous or non-porous solids.
The characteristic rise of the isotherm at P/P 0 → 1 is characteristic of the presence
of these macropores. In type II, a monolayer is formed followed by a multilayer at
high relative pressures. The arrow indicates the inflection point between the two
phenomena. In this isotherm, the interactions between the gas and the solid are
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stronger than in type III, since the curve is concave to the x-axis, contrarily to type
III, in which the convex curve indicates the weak interactions between adsorbate
and adsorbent. However, in type III, after this low uptake at low relative pres-
sures, there is an acceleration of the volume adsorbed at higher relative pressures
corresponding to a cooperative adsorption, since the molecules of adsorbate interact
strongly between them.

The characteristic isotherms of mesoporous materials are those of type IV, which
involve a first formation of a monolayer, followed by a multilayer adsorption, as in
type II. However, in this case, a limiting uptake over a wide range of high relative
pressures, indicating the absence of macropores and a pore volume well defined, is
observed. At higher pressures, an hysteresis loop is present, which is, as commented
previously, associated with capillary condensation, characteristic of mesopores. If
the material has pores of two or more different sizes, the isotherm will have two
or more sudden increases in the adsorbed volume, since the smaller pores fill in
at smaller pressures, in accordance with their size. Type V is similar to type IV,
indicating micro- and mesopores, although the affinity between the adsorbate and
the adsorbent is weaker, since the curve is convex in the x-axis as in type III (non-
wetting adsorbates). In type III and V, the attractive forces between the adsorptive
molecules are higher than the forces between the gas and the solid. The last one,
type VI, is a particular isotherm with steps, which could represent a stepwise mul-
tilayer adsorption on a non-porous surface, in which the subsequent monolayers
are not formed until the previous ones are completed. The step height would be
representative of each monolayer capacity.

The hysteresis loops that appear in the multilayer range, related to capillary conden-
sation in mesoporous materials, are also classified in four different classes (Fig. 2.14-
b). In type H1, the two branches are almost vertical and parallel to the adsorbed gas
volume. This type of hysteresis loop is associated with a narrow PSD and a fairly
regular pore array. It is usually found in systems where the pores follow an ordered
pattern. In type H2, the adsorption curve is less steep, and could indicate a not so
well defined PSD. Type H3, in which there is no limiting adsorption at high relative
pressures, is characteristic of aggregates of plate-like or slit-shape pores. Types H2
and H3 have been found in disordered mesoporous materials. Finally, type H4 is
the other extreme of H1. In H4, the two adsorption-desorption branches are nearly
horizontal and parallel over a wide range of relative pressures, and is associated with
narrow slit-like pores. If low-pressure hysteresis is found (dashed lines), probably
caused by swelling of non-rigid pores or irreversible uptake, the samples must be
outgassed at higher temperatures to remove the adsorbed material.

Experimental and analytical procedure The adsorption-desorption analysis is
performed with a volumetric adsorption analyzer TRISTAR 3000 manufactured by
Micromeritics. Prior the adsorption-desorption measurements, the samples are out-
gassed in order to remove the physisorbed species from the adsorbent surface, like
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possible humidity or adsorbed gasses (CO2. . . ). The outgas is performed under vac-
uum and at 320 ◦C during a minimum of 12 hours, with an increasing rate of 60 ◦C
every 30 min starting from 80 ◦C. The outgassing method has to ensure the removal
of all the adsorbed species without involving structural, textural or compositional
changes in the solid surface, so it has to be adapted to every sample in particular.

The sample mass (m) is weighed after the outgas and placed for the nitrogen
adsorption-desorption isotherms measurements, which take place at the nitrogen
liquid temperature (77 K) in 0.01-1 relative pressure range, with an equilibration
interval of 50 s and leak test duration of 120 s.

Determination of the specific surface area The volume adsorbed in the forma-
tion of the monolayer (Vml, cm3/g) is calculated with the so-called BET equation
(eq. 2.20). The BET method is a volumetric method, in which the amount of gas ad-
sorbed is calculated by the difference between the gas admitted and the gas required
to fill the space around the adsorbent. It is valid for isotherm types II, IV and VI
(when the interactions between adsorbent and adsorbate are strong and multilayer
adsorption is present), and if the constant, C, is not too low neither too high.

P

V (P 0 − P )
=

1

VmlC
+

(C − 1)P

VmlCP 0
(2.20)

The BET method will be correctly applied if there is a lineal relation between
P/(V (P 0 − P )) and P/P 0, representation known as the BET plot – at least in
the pressure range between 0.05 and 0.35, and if the inflection point (marked with
an arrow in types II and IV in Fig. 2.14-a ) is within this linear zone in the BET
plot –. The constant, C, is related to the enthalpy of adsorption in the monolayer
(El), and is an indication of the interaction strength between the mesoporous ma-
terial and the adsorbed gas. In Brunauer et al. [42] it is defined as approximately
exp [(El − EL) /RT ], where EL is the heat of liquification of the gas. If it is high
(C > 100), the inflection point is clearly defined, whereas for low values (C < 20),
the curve advance is smoother and the point is not detected. When C > 200, the
process is associated to micropore filling, which BET does not take into account.

The specific BET surface area (SBET , m2/g) is calculated at lower pressures with
eq. 2.21, from the adsorbed volume of the monolayer, together with the nitrogen
molar volume (Vmol, cm3/mol), the area effectively occupied by a nitrogen adsorbed
molecule at 77 K (am = 0.162 nm2) and the Avogadro constant (NA). The adsor-
bent mass (m) has to be weighed with precision, since little fluctuations can cause
important changes in the SBET values.

SBET =
Vml
Vmol

NAam (2.21)

Determination of the pore size distribution and pore volume The pore size dis-
tribution (PSD), which is usually represented as the pore volume (Vp) as a function
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of the pore radius (rp), is determined by the BJH method applied on the adsorption
phase of the analysis. The method is based on the Kelvin equation (eq. 2.22), which
relates the change in relative pressure at which capillary condensation occurs to the
radius of the liquid meniscus formed in the mesopores, assuming the pore shape to
be cylindrical and the curvature of the meniscus to be related with the pore width.

ln

(
P

P0

)
=

γVm
(rp − t)RT

(2.22)

In the equation, γ is the surface tension, t is the thickness of the gas layer adsorbed,
R is the gas constant and T the temperature. The computation of mesopore size
distribution with this method is only valid in type IV isotherms, since it assumes the
absence of micropores or macropores. Moreover, the PSD is dependent on which
hysteresis loop is used to compute the size, and the correct side (adsorption or
desorption) to choose is also dependent on the type of hysteresis. Usually, with type
H1 the two sides give similar results, whereas for the other types, the adsorption
side is chosen, since desorption is less reliable (pore blocking effects could occur).

It is known that this method underestimates the pore size around 20 %; although
other methods are developed [43], this method is used in this study for the sake of
simplicity in order to make comparisons with previous results. Moreover, as it can
be observed, the determination of the PSD and pore volume is subject to a quite
number of uncertainties, due to the assumptions made and even to the method used
to calculate them. For this reason, care should be taken when comparing the results
with other data found in literature.

2.3.6. Analysis of macropores with mercury intrusion
porosimetry

Mercury Intrusion Porosimetry (MIP) was developed in 1945 by Ritter and Drake
[44–46] to measure the volume and size of meso- and macropores of solid substances.
It is based on the non-wetting behavior of mercury, which will only penetrate the
pores when the pressure is increased above the capillary pressure. Using a relation
proposed by Washburn, the pressure is then related to the pore radius, by taking
the following assumptions into consideration: the contact angle and surface tension
of mercury remain constant during the analysis (contact angle is 141.3° and surface
tension 480 N/cm), the pore geometry is cylindrical, the pores are not deformed with
the applied pressure and the intrusion pressure is in equilibrium.

MIP is used in this study to determine the size and the pore volume of the macro-
pores (> 50 nm) that are formed in the material due to the emulsion templating
technique. The instrument used is a ThermoFischer Scientific (Pascal series: Pres-
surization by Automatic Speed-up with Continuous Adjustment Logic). Pascal
Porosimeter Model PA 140 and PA 240. The Pascal 140 is for low pressures and
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pore sizes between 3.8-116 μm, whereas the Pascal 240 model is higher pressures (up
to 200 MPa) and for pore sizes between 7.4 nm and 15 μm.

For each set of measurements and for a same dilatomer, a blank analysis is per-
formed. A blank analysis is an analysis without sample, but that follows the same
procedure than a normal analysis. The sample analysis data is be corrected by
subtracting the blank data, in order to have correct data. The results obtained by
the mercury porosimetry are: bulk density (g/cm3), apparent density (g/cm3), per-
centage porosity (%), pore volume distribution as a function of the radius, particle
size distribution, pore specific volume (cm3/g), pore average radius (nm), specific
surface (m2/g) and analysis of pore shape.

In many materials, their physical properties and consequently their application and
performance are strongly affected by their pore volume, size and shape.

2.3.7. Transmission and scanning electron microscopy to
visualize pore ordering and material morphology

Transmission Electron Microscopy (TEM) is performed to visualize the structure
of the mesoporous and meso/macroporous materials. TEM uses electrons as “light
source” and their associated wavelength (according to the wave-particle duality)
makes it possible to get a resolution of a thousand times better than a light micro-
scope. At the top of the microscope a beam of electrons is emitted into a vacuum
column, usually from a tungsten filament or a small lanthanum-hexaboride (LaB6)
crystal, which is connected to a high voltage source (typically ∼100-300 kV). The
electrons are focused with electromagnetic lenses, pass through different apertures
and finally the image is observed on a fluorescent screen, or recorded on film or
digital camera. The TEM magnification change is obtained by simply modifying
the amount of current that flows trough the lenses.

The image observed is based on the interactions between electrons and the speci-
men observed. All information in TEM images is due to electron scattering – by
diffraction (elastic scattering), by coherent (inelastic) scattering, and by energy loss.
Different levels of scattering cause the image to have different levels of contrast;
regions of the sample with more scattering are darker. The simplest type of TEM
image contrast is caused by the difference between regions that scatter the incident
electrons and regions that do not scatter, or scatter weakly. This can be due to
change in the elemental mass or change in sample thickness: regions of higher mass
or greater thickness will scatter more electrons and appear darker.

A Philips CM20 microscope, operated at accelerating voltage of 200 kV was used.
Samples for TEM analysis were dispersed in ethanol under ultrasounds. A drop of
the mixture was poured on a holey-carbon-coated copper grid.

The scanning electron microscopy (SEM) is used to analyze the material morphology.
The basis of SEM technology is the same as for TEM. In SEM, electrons are also used
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to obtain images of the sample studied. Whereas in TEM the electrons pass through
the sample, in SEM the image is formed from the backscattering of the electrons
and the emission of secondary electrons from the sample. Secondary electrons are
produced by inelastic interaction of the beam’s high energy electrons with valence
electrons of the specimen, which cause the ejection of the electrons from the atoms.
Some of these ejected electrons can emerge from the surface of the sample, and
therefore be detected by a device. Although in SEM electrons are also emerged from
a tungsten or lanthanum-boride filament and the beam is adequate with different
magnetic fields acting as lenses, this distinct interaction between the electrons and
the specimen affects the preparation of the sample. Whereas it is highly important
to have a very thin sample in TEM, so the electrons can pass through it, in SEM,
the sample can be of any thickness and they are usually mounted on an aluminum
stub and covered by a conductive material, like gold or carbon.

The width of the beam used in scanning electronic microscopy is much lower than
the one used in TEM. Then, instead of illuminating the whole sample (TEM) the
electron beam only scans with a focused point and the sample is moved to obtain
an image of a region of the specimen. Due to the very narrow electron beam, SEM
micrographs have a large depth of field. The depth of field of a microscope image
has to do with how much of the sample stays in focus. This depth of field appre-
ciation yields a characteristic three-dimensional appearance which is very useful for
understanding the sample surface structure and morphology.

Another difference between TEM and SEM would be that a magnification of 500000x
can be achieved in TEM, while the magnification is only 200 000x in SEM.

Several SEM microscopes were used in this study, although the sample preparation
procedure was the same. For SEM microscopy the samples were prepared by deposit-
ing a small quantity over an adhesive carbon surface stuck to an aluminum sample
holder. Then pressurized air was used to ensure that the sample was correctly ad-
hered to the carbon surface. Then, the sample was covered with a carbon coating to
increase its conductivity. Once the sample had been introduced in the microscope,
the focus, magnification and brightness had to be adjusted in order to acquire the
desired images. Two different microscopes were used with an acceleration voltage
of 15 and 20 kV. Images were recorded with a Hitachi S-4800 instrument.

2.4. Methodology for the design and
functionalization of silica nanoparticles for the
control of internal hemorrhage

2.4.1. Synthesis of nanoparticles

Different kind of nanoparticles were synthesized: silica, mesoporous silica, silver
nanoparticles with a silica shell, titania and hydroxyapatite. From all of them, silica
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nanoparticles were the ones that we studied the most, used in further functionaliza-
tion steps and studied their clotting activity, in order to apply them in controlling
internal hemorrhage. However, in this section the synthesis procedure used to pre-
pare the others particles is explained.

Silica nanoparticles (SNP) were prepared through the Stöber method [47], which
is explained in detail in chapter 6. The nanoparticles obtained were between 20 and
300 nm, monodisperse and nonporous. They were functionalized with polyphosphate
chains, to increase the clotting activity, and also protected with polyethylene glycol
(PEG), which was added through an amino-group and a peptide. The synthesis
methods and main results are found in chapter 6.

Mesoporous silica nanoparticles were synthesized following the studies from
Gao et al. [48]. In their study, nanoparticles with a controlled diameter between
70 and 300 nm and with uniform pores of about 20 nm were synthesized. These are
the ideal features that we aimed for in order to use the nanoparticles for controlling
internal hemorrhage: small size and large pores. Small size is required to prevent
the obstruction of the blood vessels, especially the small diameter ones; and large
pores seem to be a good option if we want proteins and coagulation factors to adsorb
on the nanoparticles surface. We had experience in synthesizing mesoporous silica,
but the material had either a large particle size, like mesocellular foams (MCF) [49],
or small pore size [50]. MCF are micron-sized mesoporous silica nanoparticles with
cell diameters between 2 - 90 nm and cell windows up to 35 nm [49]. They prooved to
have a high clotting activity; however, due to their big particle size, they could only
be used for controlling external hemorrhage. On the other hand, when the particle
size could be tuned and many different shapes could be prepared (depending on the
synthesis conditions, like temperature, composition, stirring rate...), the pore size
of the particles synthesized in this case was too small for our purposes (between
6 - 8 nm). Gao et al. use a dobule surfactant method to synthesize the mesoporous
silica nanoparticles with small particle size and large pores. A triblock copolymer
(Pluronic F127, Aldrich) is used as the pore template to form a mesophase with
cubic symmetry, and a fluorocarbon surfactant (FC-4, Yick-Vik) is used as template
for the nanoparticle size. The detailed process can be found in Gao et al. [48].

Silver nanoparticles with a silica shell were tested since we thought that this
kind of nanoparticles would be useful for bioimaging, and at the same time, useful for
initiating clotting as they would have the silica surface. Nanoparticles were synthe-
sized following the method described in Zhang et al. [51]. Firstly, silver nanoparti-
cles are prepared using polyvinylpyrrolidone (PVP) dissolved in ethylene glycol and
AgNO3, and precipitation of the particles takes place when adding acetone. Then,
the silica shell is added through the hydrolysis of TEOS in an alcohol (propanol) in
a basic medium (adding ammonia).

Titania nanoparticles were synthesized to test their clotting properties because,
contrarily to silica nanoparticles, titania has a higher clotting time than silica
[52]. Titania nanoparticles were synthesized via the sol-gel method using titanium
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tetraisopropoxide (TTIP, Aldrich), distilled water, ethanol (EtOH, Rossville) and
hydrochloric acid (HCl, EDM) as the starting materials, at different volume ratios
of the reactants using a procedure adapted from Mehrizad et al. [53] and Wang et
al. [54]. The solution of water, ethanol and acid were prepared in round-bottom
flasks. TTIP was dropped slowly into the solution while stirring continuously with
magnetic agitating to get a white slurry solution. White precipitates of hydrous
oxides were produced instantly. The obtained solutions were kept under slow-speed
constant stirring on a magnetic stirrer for 24 h at room temperature. Then the
amorphous titania precipitates were first separated from the mother liquor by cen-
trifugation (8000 rpm 30 min) and were redispersed in ethanol to minimize particle
agglomeration from hydrogen bonding. This washing process was repeated 2 times.
The resulting materials were dried at 60 ◦C overnight and after ball milling, the
dried powders obtained were calcined at 400 ◦C for 3 h (1 ◦C/min heating rate) to
obtain anatase titania nanopowders.

Hydroxyapatite (HA) nanoparticles were synthesized, functionalized and tested
to study their clotting activity. HA is already present in the body in tooth enamel
and represents more than 50 % of bone weight. We synthesized and studied the syn-
thetic analogue of the inorganic oxide found in bone, (CaO)10(P2O5)3(OH)2 (Ca/P
3.3:1). Initial studies of synthetic HA showed its anti-thrombotic effect, unlike other
inorganic oxides tested [52, 55]. HA nanoparticles were synthesized by mixing di-
hydrogenphospate and Ca(OH)2 with the stoichiometric Ca/P molar ratio, at 65
◦C during 12 hours, followed by a calcination at 900 ◦C for 30 min, adapting the

procedure of Tseng et al. [56]. Functionalization with polyphosphate (∼70 and 700
monomer length) was carried out at 30 ◦C for 12 hours.

2.4.2. Determination of particle size and morphology

Two techniques were used to determine particle size and particle size distribution
of the silica nanoparticles synthesized through the Stöber method and of the func-
tionalized nanoparticles: dynamic light scattering (DLS) and transmission electron
microscopy (TEM). Scanning electron microscopy (SEM) was used to see the particle
morphology and confirm that spherical nanoparticles were prepared (chapter 6).

The basis of DLS is already explained in sec. 2.3.3. In this case, two instruments
were used: a Malvern ZEN 3600 Zetasizer Nano ZS instrument, and a 3D LS Spec-
trometer (LS Instruments), which incorporates the 3D cross correlation technology,
for eliminating contributions of multiple scattering. The particle size of different
samples was measured using DLS technique at different reaction times ranging from
50 to 7500 minutes (125 hours). Due to the different opacity of the samples, the
procedure for their preparation varied. For the smaller particles, as the solution
was transparent, samples were analyzed without diluting them, but for bigger parti-
cles or calcined particles, the samples were diluted or dispersed in 1 mL of absolute
ethanol and the mixture was sonicated for 30 seconds. Three measures of each sam-
ple were taken. The measuring time was 100 s, but when the samples contained
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small particles in a low concentration, the measuring time was reduced to 50 s. This
was done because in such dilute samples the high intensity peaks could damage the
receptors of the equipment. Reducing the measuring time, size measures could be
taken without observing these large peaks. DLS measurements were carried out at
25 ◦C.

TEM and SEM were used to analyze the particle size and shape of the small nanopar-
ticles synthesized. Images were recorded with a Hitachi MT800 for the bigger silica
nanoparticles, whereas JEOL JEM2100 was used to see the smaller ones. In both
microscopes the acceleration voltage was 200 kV. To prepare the samples for obser-
vation, the particles were separated from the reaction medium and calcined. Then,
a small amount was diluted in 300 μL of hexane, sonicated for about 45 seconds
and two drops were deposited on a carbon coated copper grid. For the smaller par-
ticles, which could not be separated from the reaction medium with the available
centrifuge, a drop of the solution was deposited directly over the grid. When the
solvent evaporated, the dispersed particles were left on the supporting carbon film.
Once having acquired the desired images, the mean particle size of a sample was
calculated by measuring the diameter of a great amount of particles using the Motic
Images Plus 2.0 software. Histograms were plotted, and the size distribution of the
particles was observed and fitted to Gaussian curves.

2.4.3. Study of the kinetic growth of silica nanoparticles
through transmission

Changes in transmission and backscattering are related to the increase of particle size
and concentration of the silica nanoparticles when synthesized through the Stöber
method, since they are related to a change of turbidity on the medium, which is
caused by this particle size or concentration increase. Changes in transmission will
be analyzed with the Turbiscan MA 2000, already described in sec. 2.2.2.

The reaction medium during the synthesis of nanoparticles through the Stöber
method changes its transparency or opacity over time, depending on the reaction
rate and final particle size achieved by the particles. Visually, the solutions are first
transparent. In some cases, the solutions become bluish, but still translucent, due
to the particle size achieved by the particles (similarly to nano-emulsions). If the
particle size increases further, the solution becomes whiter and the opacity higher.
Taking advantage of this change in turbidity detected visually, we thought that it
would be a good idea to quantify this change with the Turbiscan technology and
study the kinetic growth of the silica nanoparticles through the changes in the trans-
mission profiles. Fig. 2.15 depicts a typical sample experiment, in which transmission
decreases with time, as the reaction forming the silica nanoparticles proceeds and
the solution becomes turbid.

To perform the analysis, different samples of a same experiment were taken at differ-
ent reaction times, to have transmission data over time, from time zero to the final
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Figure 2.15.: Change in transmission detected with the Turbiscan for a synthesis of silica nanoparticles through
the Stöber method. The arrow indicates the evolution of time.

reaction time. The procedure for taking measures of the transmission and backscat-
tering of the samples was quite simple. A quantity of 2 or 1.5 mL was taken at
different times and put in a Turbiscan cell which was then cleaned externally with
paper before introducing it in the Turbiscan equipment. One scan was done of each
sample. The transmission and backscattering value was taken as an average value
of the whole sample height.

If the incident light is scattered by a reduced number of particles the transmission
measured is high (most of the source of light passes through the sample). An increase
of the concentration of the particles in the reaction medium is observed by a decrease
of the transmission with time. A decrease of transmission also indicates, generally,
an increase in the particles size. In contrast, an increase of the BS indicates that
the concentration is increasing. Regarding the size effect, for diameters smaller than
0.6 μm, an increase of the particle size increases the value of BS, reaching to a
maximum when particles have a diameter of 0.6 μm. After that point, BS decreases
if particles grow in size, although it also depends on the concentration (volume
fraction) of the particles or dispersed phase [18].

2.4.4. Determination of the zeta potential of the particles

Colloidal particles dispersed in a solution are electrically charged due to their ionic
characteristics and dipolar attributes. The development of a net charge at the
particle surface affects the distribution of ions in the surrounding interfacial region,
resulting in an increased concentration of counter ions (ions of opposite charge to
that of the particle) close to the surface. Thus an electrical double layer exists
around each particle. The liquid layer surrounding the particle exists as two parts;
an inner region, called the Stern layer, where the ions are strongly bound, and an
outer, diffuse, region where they are less firmly attached. Within the diffuse layer
there is a notional boundary inside where the ions and particles form a stable entity.
When a particle moves (e.g. due to gravity), ions within the boundary move with it,
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but any ions beyond the boundary do not travel with the particle. This boundary
is called the surface of hydrodynamic shear or slipping plane. The potential that
exists at this boundary is known as the zeta potential, as depicted in Fig. 2.16-a.

Zeta potential is a physical property which is exhibited by any particle in suspension.
It can be used to optimize the formulations of suspensions and emulsions. Knowledge
of the zeta potential can reduce the time needed to produce trial formulations. It is
also an aid in predicting long-term stability.

Zeta potential can indicate the stability of the colloidal system. If all the particles
in suspension have a large negative or positive zeta potential then they will tend to
repel each other and there will be no tendency for the particles to come together.
However, if the particles have low zeta potential values then there will be no force
to prevent the particles from coming together and to start the flocculation process.
According to Derjaguin, Verwy, Landau and Overbeek (DLVO theory [57, 58]), for
values higher than +30 mV and lower than -30 mV the electrostatically repulsive
forces are much greater than the attractive van der Waals forces, consequently no
coupling exists between the particles, and the suspension can usually be considered
stable in time.
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Figure 2.16.: (a) Scheme of a colloidal particle in solution showing the zeta potential. (b) Typical plot of zeta
potential versus pH showing the position of the isoelectric point (IEP) and the pH values where the dispersion
would be expected to be stable.

The DLVO theory suggests that the stability of a particle in solution is dependent
upon its total potential energy function, which is a balance of several competing
attractive and repulsive contributions. The attractive contribution (VA), given by
the van der Waals interactions, is given by eq. 2.23, where A is the Hamaker constant
and D the particle separation. The repulsive potential (VR) is given by eq. 2.24,
where a is the particle radius, ε is the solvent permeability, κ is a function of the
ionic composition and ζ is the zeta potential.

VA = −A/(12πD2) (2.23)

49



Chapter 2 Experimental techniques

VR = 2πεaζ2 exp(−κD) (2.24)

The sum of these van der Waals attractive and double layer repulsive forces deter-
mines the stability of the colloidal system. These forces exist when the particles
approach each other due to Brownian motion. Particles are prevented to approach
one another and adhere together due to the existence of an energy barrier resulting
from the repulsive forces. However, if the particles have enough energy to overcome
this barrier, and they collide, then the attractive forces will act by putting them in
contact and adhering them strongly and irreversibly.

If the particles have a strong repulsion, the dispersion will be stable since flocculation
will be prevented. If a repulsion mechanism does not exist, particles will flocculate
and the colloidal system will not be stable. To maintain the stability of a colloidal
system, the repulsive forces must be dominant. This can be achieved by steric
stabilization (adding big enough molecules on the surface that prevent the particles
from coming together) or electrostatic stabilization (when the particles have a high
charge on their surface).

Because the particles charge can interact with protons and hydroxyls in aqueous
solutions, the zeta potential is mainly affected by the pH value. A zeta potential
value needs to be always quoted with a pH value to be a meaningful number. With
the addition of alkali or acid in the solution, the charge of the particles can vary,
and at some point even be neutralized. The pH value where the particles charge is
neutralized is called the isoelectric point (IEP) and is normally the point where the
colloidal system is least stable. A zeta potential versus pH curve will be positive at
low pH and lower or negative at high pH (Fig. 2.16-b).

Conductivity and concentration of the particles will also effect the value of the zeta
potential. This is why for our analysis, we will do the zeta potential determination
at the same concentration of particles (1 mg/mL) and the conductivity will be the
same in the samples that will be compared.

In this study, zeta potential was used to check the functionalization of the particles,
by comparing the values between the modified and non-modified silica nanoparticles.
Silica usually has a negative zeta potential of around -20 mV at blood pH (7.40).
However, if the particles are coated with amino groups, the zeta potential will be
more positive, whereas if the particles are coated with polyphosphate groups, the
zeta potential will move to more negative values.

The measures were taken using a Zetasizer Nano ZS (Malvern) equipment. Each
measurement consisted of three replicates of twenty runs each at 25 ◦C.

For the measurements, different solvents at different pH were used. We wanted to
calculate the zeta potential of the particles in a fluid that could mimic as close as
possible the real conditions, i.e. blood. As we could not determine the zeta potential
in blood or plasma samples as is, we thought to measure it in a simulated body
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Table 2.1.: Reagent amounts for preparing 1 L of i-SBF

Reagentsa Amount to add Final

to 1 L solution (g) concentration (mM)

NaCl 5.585 95.6

NaHCO3 0.965 11.5

Na2CO3 1.765 16.7

KCl 0.225 3.0

K2HPO4·3H2O 0.230 1.0

MgCl2·6H2O 0.217 1.1

HEPESb 11.928c 50.1

CaCl2 0.191 1.7

Na2SO4 0.072 0.5

Reagents amounts were first dissolved in 800 mL water and then buffered to pH 7.4

with NaOH (1M).aReagents are listed in sequence of dissolution.
bHEPES = 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid.
cHEPES was previously dissolved in 100 mL of ultra-pure water.

fluid (SBF). The preparation of ionized SBF (i-SBF), described in Oyane et al. [59]
(Tab. 2.1), was chosen because it is designed to have concentrations of dissociated
ions equal to those of blood plasma (Tab. 2.2). The calcium and magnesium ions can
be found as dissociated ions in the plasma, or protein-bound, but for our necessities,
the dissociated ions are the only ones interesting and that have an effect on the zeta
potential. However, the conductivity detected by the equipment was too high, being
able to affect the correct value of the zeta potential.

Table 2.2.: Normal ion concentrations of i-SBF compared with those of human blood plasma in total and dissociated
amounts.

Ion Total in blood Dissociated in i-SBF

plasma (mM) blood plasma (mM) (mM)

Na+ 142.0 142.0 142.0

K+ 5.0 5.0 5.0

Mg2+ 1.5 1.0 1.0

Ca2+ 2.5 1.3 1.6

Cl- 103.0 103.0 103.0

HCO3
- 27.0 27.0 27.0

HPO4
3- 1.0 1.0 1.0

SO4
2- 0.5 0.5 0.5

Then we dispersed the nanoparticles in phosphate-buffered saline (PBS) solutions
at pH 7.4 (buffered at 36.5 ◦C), which we prepared according to CSH Protocols [60]
(Tab. 2.3). However, the conductivity of the medium was still too high, no plots of
the zeta potential were obtained, only a numerical value. Therefore, samples were
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diluted 1 to 20 in water before doing the zeta potential measurements. In addition,
the zeta potential was also measured in Milli-Q water at different pH values in order
to see the dependence of zeta potential with pH and to avoid the high conductivity
of the i-SBF and the PBS. Aqueous solutions of NaOH (1 M) and HCl (1 M) were
used to adjust the pH.

Table 2.3.: Reagent amounts for preparing 1 L of PBS.

Reagent Amount to add Final

to 1 L solution (g) concentration (mM)

NaCl 8 137

KCl 0.2 2.7

Na2HPO4 1.44 10

KH2PO4 0.24 1.8

Reagent amounts were first dissolved in 800 mL of water, then pH was adjusted to

7.4 with HCl (1 M). Water was added up to 1 L and the solution was stored at RT.

2.4.5. Determination of the clotting activity

The clotting activity can be determined using several methods. The methods used
in this work are the thromboelastography (TEG), to measure the clotting dynamics,
and the calibrated automated thrombography (CAT) and the fluorescence intensity
detected using a plate reader, to measure thrombin generation.

2.4.5.1. Thromboelastography

Thromboelastography or TEG is a methodology developed by Hartet in 1948 (Hei-
delberg, Germany) [61]. It was not used in clinical practice for more than 25 years,
but its use is now expanded with new clinical applications and it has been the
choice for coagulation tests in the US for the last 15 years. Many studies also use
TEG to analyze the effect of some added materials, or the effects of acidosis and
hypothermia, on haemostasis [62–66].

The TEG results are a reflection of the whole hemostatic system. The TEG ana-
lyzer demonstrates both the contributions and the interactions of the blood-borne
hemostatic components during the clotting process. It actually monitors the shear
elasticity of clotting blood - or in other words, the mechanical properties of the de-
veloping clot. The whole blood sample is activated in vitro to maximize thrombin
generation, and thus platelet activation. As a result, the TEG analyzer demonstrates
the hemostatic potential of the blood at a given point in time. This simulates in
vivo clot formation under conditions of explosive thrombin generation.

TEG has other advantages over traditional clotting tests: it can use whole blood,
platelet-rich plasma or platelet-poor plasma, it minimizes the dilution of the sample,
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it measures clot dynamics after initial polymerization, it is sensitive for both hyper
and hypocoagulability and it also evaluates fibrinolysis.

The test is simple: in clinical tests, a whole blood or plasma (citrated or non-citrated)
is placed into a cuvette or cup and a cylindrical pin is immersed in it, as depicted
in Fig. 2.17-a. The pin is free-pending and the cup oscillates at a set speed through
an arc of 4°45’; each oscillation lasts ten seconds. The clotting process is detected
via a torsion wire attached to the pin: when the clot is formed, the viscoelasticity
of the sample changes and the oscillation of the cup varies.

The degree of pin movement is a function of the kinetics of clot formation. The
movement of the pin is converted by a mechanical-electrical transducer into an elec-
trical signal, which can be monitored by a computer.The TEG is extremely sensitive
to vibration and mechanical shocks. The normal assay time for whole blood and
plasma is between 15 and 20 minutes. The analyzer monitors the dynamic changes
in the hemostasis of the sample over time.

TEG quality control (QC) tests have to be performed periodically, once a week or
even more often (depending on the amount of samples tested per day) to ensure the
reliability of the results.

TEG provides data about the entire coagulation system, from clot initiation, to
fibrinolysis. The movement of the pin generates a hemostasis profile (Fig. 2.17-b),
which is a measure of the following parameters:

� The time it takes for the first fibrin strand to form, the clotting or reaction
time, R (min). It is is identified as the time from the start of the test, when
the pin is stationary, to the time of initial fibrin formation, when fibrin cre-
ates a connection between the surface of the cup and the surface of the pin,
causing the pin to begin oscillating. The R parameter designates time until
the generation of a critical mass of thrombin, which cleaves sufficient fibrin to
engage the pin. The R value reflects the ability of the coagulation pathways -
or the series of enzymatic coagulation reactions - to generate thrombin, which
in turn cleaves fibrinogen into fibrin.

� The kinetics of clot formation, which represent the development of the fibrin
and fibrin-platelet clot, and is represented by parameters K (min) and angle α.
The time K is a measure of the speed to reach a clot of 20 mm amplitude. The
angle or alpha (α) parameter is a kinetic measurement of clot formation that
represents the rate of increase in pin oscillation amplitude due to fibrin gen-
eration and fibrin cross-linking, this includes the rate of thrombin generation,
the conversion of fibrinogen to fibrin, the interactions among fibrinogen, fibrin,
and platelets and the cellular contributions to clot formation. The faster the
rate of fibrin generation, the greater the increase in pin oscillation amplitude,
and the larger the angle. A low angle suggests a slow rate of fibrin formation,
which could lead to bleeding. A high angle suggests a rapid rate of fibrin
formation. This is usually indicative of platelet hypercoagulability or a rapid
rate of thrombin generation, which can lead to thrombosis.
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� The strength of the clot (in shear elasticity units of dyn/cm2), or maximum
amplitude (MA). The stronger the clot, the greater the amplitude of pin os-
cillation. The major contributors to clot strength are platelets (80-90 %) and
fibrinogen (10-20 %), which binds the platelets together.

� The dissolution of clot, clot breakdown, or lysis, which is represented by two
parameters, LY30 and EPL. The LY30 value indicates the percent decrease
in the amplitude of pin oscillation (i.e. clot strength) 30 minutes after MA is
attained. The EPL, or estimated percent lysis value, estimates the rate of
change in amplitude after MA is reached. The EPL value estimates the rate
of overall clot breakdown. When fibrinolysis is greater than the rate of clot
formation, or when it causes the breakdown of new clots, bleeding typically
occurs.

� The coagulation index, or CI value, provides an indication of the global hemo-
static state of a patient, reflecting both clot development and clot strength. It
is derived from a linear combination of the kinetic parameters of clot develop-
ment (R, K, α) and clot strength (MA). For human blood, a CI value greater
than 3.0 suggests a hypercoagulable state and a higher risk of thrombotic
events. On the other hand, a CI value less than -3.0 suggests a hypocoag-
ulable state and a higher risk of bleeding. The CI linear equations can be
found in [67]. In this study we use the CI expression derived from celite-
activated blood, without the independent term, which is CI = −0.3258R −
0.1886K + 0.1224MA+ 0.0759α, to compare the effects of the samples tested
on haemostasis.

(a) (b)

Figure 2.17.: (a) TEG equipment. Adapted from [66]; (b) TEG thromboelastograph, showing the parameters
of the TEG test; R: clotting time; K: clot time when clot is 20 mm; α: rate of clot formation, MA: maximum
amplitude (clot strength)

The parameters appear on a thromboelastograph, like the one shown in Fig. 2.17-b.
The Y-axis of the profile demonstrates the amplitude of pin motion in millimeters,
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and the X-axis demonstrates the time in minutes. A thromboelastograph is obtained
from each experiment, and from the comparison of the different plots and param-
eters, the samples with a higher clotting activity, or that provide a higher clotting
rate or clot strength are determined.

The tests are performed in a TEG 5000 Thromboelastograph Hemostasis Analyzer
System (Haemonetics). In our case we do not test blood from patients, but the tests
are performed with citrated pooled normal plasma (PNP), so the parameters LY30
and EPL, which indicate clot breakdown or clot dissolution are not obtained since,
in theory, the plasma is healthy and no factor deficient. To perform the test, we first
defrost the plasma for 20 minutes at the test temperature (usually at 37 ◦C). Then,
we take 360 μL of plasma, and we add them to the TEG cups, which are already at
the desired temperature. Then we add 10 μL of the sample, which consists of the
particles in a phospholipid solution, and after 3 minutes of incubation, we add 20 μL
of CaCl2 0.2 M solution and just after the calcium addition, the test begins. The
phospholipd (PL) solution is prepared according to the Morrissey lab protocol for
preparing PL vesicles by sonication [68].

2.4.5.2. Calibrated automated thrombography

The calibrated automated thrombography (CAT) is used to determine the time for
thrombin generation by monitoring the splitting of a fluorogenic substrate and com-
paring it to a sample with a known thrombin generation time. This sensitive tool
is used by many researchers to study the von Willebrand’s disease, hypercoagula-
ble states (activated protein C resistance, hyperprothrombinemia, lupus anticoagu-
lants), genetic and acquired factor deficiencies, and procoagulant micro and nanopar-
ticles, which is our case. However, it is not used for diagnostic procedures [69].

Figure 2.18.: Thrombogram. The parameters are: lag time (min), peak height (mM), the area under the curve
(AUC) is the endogenous thrombin potential (ETP) (mM x min), time to peak, the maximum rising slope (slope
from the lag time to the time to peak), and time to tail [69].

The result of the test is a thrombin generation curve (thrombogram) (Fig. 2.18),
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which reflects the overall function of the clotting system and can detect which coag-
ulation factors have a non-standard behavior. The parameters of the thrombogram
are the lag time or time before starting to detect the fluorescence; the time to reach
the thrombin peak and its height; the endogenous thrombin potential (ETP), cor-
responding to the area under the curve (AUC), and the time to tail, which is the
time when no thrombin is detected. The fluorogenic substrate used is the Z-Gly-
Gly-Arg-AMC (depicted in Fig. 2.19). When it is cleaved by thrombin it releases
the fluorescent AMC (7-amino-4-methylcoumarin), which is measured by a 390-nm-
excitation and 460-nm-emission filter set. These tests are performed at University
of Illionois at Urbana-Champaign by the Morrissey group.

��������

Figure 2.19.: Thrombin sensitive dye: Z-Gly-Gly-Arg-AMC, that can be cleaved by thrombin and generate fluo-
rescence.

2.4.5.3. Fluorescence intensity detection on plate reader

Thrombin generation was also monitored by changes in the fluorescence intensity of
the samples using a TECAN infinite M1000 platereader, with an excitation wave-
length of 355 nm and an emission wavelength of 460 nm. The same fluorogenic
substrate as the one used in the CAT tests was used. This coumarin-derivated dye
was added to the plasma, particles and calcium samples.

To prepare the samples, first the plasma was defrosted at 37 ◦C for 20 minutes.
Then, the nanoparticles solution was added to the plasma, followed by the calcium
and dye solution. The dilution solvent, if needed, was PBS. In total, 300 μL of
the sample volume were the plasma and nanoparticle solution, and 100 μL were the
calcium-dye solution. Three replicates of each sample of a total volume of 100 μL
per well were performed and the results presented here are the average values of
the three replicates. The test, which is temperature controlled, is performed for 30
minutes and data is collected every 10 seconds.
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2.5. Design of experiments

The statistically designed experiments offer a solid and valid base to develop an
empirical model of the system being studied. Once obtained, the model can be
manipulated like any other engineering model, for example, through a response
surface, and then interpolate and predict results of experiments.

2.5.1. Experimental design

The experimental design or design of experiments (DoE) consists in a series of exper-
iments designed in a way that they allow for an effective observation of the changes
that take place in the response variables of a process due to the changes induced in
the entrance variables. Through their statistical analysis, the changes that have a
significant effect on the process and the direction of the effect can be identified. The
experimental design is very useful when the process is influenced by various factors,
since their effect can be studied by modifying simultaneously the factors, instead of
one at a time. Therefore, the number of experiments is reduced and the interactions
between factors can be detected.

There are several objectives of the experimental design. Among them, to identify
which factors have a major influence on the response variables and to determine
the values of the factors that lead to the desired response variable, to a minimum
variability or to the minimization of the uncontrolled factors.

In our case, we use DoE to study the effects of the process variables (pv) on the
emulsion properties, and on the silica nanoparticles properties. The variables that
we think have an influence on the final result are studied, and these are the factors
(either temperature, stirring rate, concentration of the reactants...). The response
variables are the parameters that are measured, such as droplet size, particle size,
or rheological parameters.

Steps for a good experimental design To obtain good and valid results from
the experimental design, a previous planning is needed. It basically consists in the
following steps:

1. Identification and state of the problem. Some questions are formulated
for each experimental design. The questions are expected to be answered once
the results are statistically analyzed.

2. Factors, levels and ranks selection. The factors are divided into design
factors (which are studied), constant factors (which can have a certain effect,
but are of no special interest for the objective of the experimentation and,
therefore, are maintained constants) and perturbations (which can be con-
trolled (day of the week), uncontrolled (air humidity) or only noise). To select
the levels and ranks it is necessary to have a previous knowledge of the process.
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3. Selection of the response variables, which will give valuable and useful
information of the process studied. Once this planning is performed, the next
step is the design and analysis of the experiment:

4. Election of the experimental design, having in mind which is the objective
of the experimentation. It includes the number of experiments and the order
to carry them out.

5. Performing the experiment, controlling what is being done and making
sure there are no anomalies.

6. Statistical analysis of the results, so they can be objectively evaluated.
It is useful to present the results in an empirical model, i.e. an equation ob-
tained from the experimental results that relates the significant factors with
the response variables.

7. Conclusions and recommendations, if possible, practical ones. Moreover,
confirmation and additional experiments are needed to confirm and validate
the results.

Important concepts of the experimental design The factors, as commented, are
the variables that can have an influence on the response variables. To be able to
study the effect of each one, each factor is studied at a certain levels, usually two or
three, like Tab. 2.4 shows.

The main effect of a factor on a certain response variable is defined as the variation
that experiences the response variable when the factor goes from the lower (-1) to
the upper (+1) level, for every possible combination of each of the other factors.
If there are two levels, the main effect is calculated as the difference between the
mean response variable in the upper level and the mean response variable in the
lower level . The effects are positive if, when varying the factor from the lower to
the upper level, the response variable increases, and are negative when the effect on
the response variable is the opposite.

Table 2.4.: Experiments at different levels to perform in an example of an experimental design with two factors
(A,B) at two levels (+,-).

Experiment Studied levels Factor A Factor B Response y

1 A high, B high + + Observed value

2 A low, B high - + Observed value

3 A high, B low + - Observed value

4 A low, B low - - Observed value

The experimental design techniques have the advantage of detecting the interactions
between factors, since they are varied simultaneously. The interaction between two
factors is defined as the influence that a factor has on the effect of the other one
on the response variable. There is an interaction between factors when one of them
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does not produce the same effect on the response variable at different levels of the
other factor or, what is the same, if the difference of the response variable between
the lower and upper levels of a variable is not the same in all the levels of the other
variable, like is depicted in Fig. 2.20-b. When plotting, the response variables are
represented as a function of a factors for all the levels of the other one. If parallel
lines are obtained, there is no interaction between the two factors. However, if they
cross, the interaction is present. The following figure (Fig. 2.20) shows the two cases
in which (a) there is no interaction between the factors A and B and (b) there is
interaction. In case (b), the optimum value of one factor will depend on the value
of the other one.
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Figure 2.20.: (a) Design without interaction. (b) Design with interaction.

Sometimes, a significant interaction can mask the main effects. For example, when
the effect of a factor depends strongly on another one, its calculated main effect
might be small and the results might show that it is not significant. Thus, the
variation of a factor must be studied when all the other factors are constant, to
study its real effect.

It is important that the experiments are performed randomly, so the effects of the
uncontrolled factors can be minimized. Also, to eliminate the effects of the pertur-
bations, that can effect the system but are not really interesting (for example, the
use of a different product lot in the experiments) it is convenient to separate the
experiments in different blocks, since probably the variability inside a block will be
less than between blocks, and the comparison between them will be more reliable.
To do a block design, however, one must be sure that the elements inside a same
block are more homogeneous than all the sample studied, that is, that the variabil-
ity inside the blocks is smaller than the variability of all the sample. If not, the
experiment will be worse instead of being improved.

Replication, that is, the repetition of a same experiment in the same conditions, is
useful to estimate the experimental error and determine if the differences observed
between the experiments are statistically significant or if they are only due to this
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error. Moreover, replicates are also used to obtain a more precise estimation of the
response variable if the mean value is calculated, because the variance decreases when
the number of replicates increases. If an experimental design without replicates is
performed, it is possible to reach erroneous conclusions, especially if the experimental
error is high. In order to achieve more reliable estimations in this case, the levels of
the factors have to be sufficiently separated and see if the results are the same.

One cannot mix the replicates with the repeated measures, which are used to de-
crease the inherent variability of the measure system. For example, in the case of the
emulsions, when performing two replicates, we would obtain two emulsions obtained
in the same experimental conditions. After that, of each emulsion, we could mea-
sure four times its droplet size, so we would have four repeated measures for each
replicate and we could calculate the mean value of the repeated measures, which we
would use as response variable.

2.5.2. Response surface methods

The response surface methods (RSM) are mathematical and statistical techniques
useful to modelize and analyze the processes in which the response variable of interest
(y) is influenced by many factors (x1,x2, ... xn), and when we want to optimize or
study how is the variable affected by the different factors (eq. 2.25).

y = f(x1, x2, ..., xn) + ε (2.25)

The response surface, graphically, is represented as a solid surface in a 3D space.
The boundary plots, in 2D, represent the surface in a specific height and help to
understand how the response variable changes when the factors vary.

To create a response surface it is necessary to find a function that relates the sig-
nificant factors with the response variable from the experimental data and estimate
the parameters of the adjusted model. Once this is done, the response surface is
represented and if it represents adequately the experimental values, the analysis of
the adjusted surface is equivalent to analyzing the real process.

2.5.3. Factorial design

An effective method to find an equation that relates the factors with the response
variable and to estimate the parameters of the model consists in designing correctly
the experiments to obtain the experimental results. For this reason, the experimental
design techniques, specially the factorial designs, are used.

The factorial designs have many advantages: they are much more efficient than
the experiments in which one only factor is varied at a time, since the number of
experiments is reduced; the interactions are detected and valid conclusions can be
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extracted in a wide range of experimental conditions. For all this, the factorial
design will be useful to calculate each variable effect on a response variable of the
system, together with the possible interactions between them.

There are several factorial design techniques, depending on the number of studied
factors and the number of experiments that one can or wants to do. Usually the
first order models are essayed, since when we are far away from the optimum, the
curvature of the response surface is small, and we can easily arrive to the optimum
region. Complete and fractional factorial designs are used in this case, both for char-
acterizing a system through screening experiments and for identifying the direction
that has to be followed to go to the desired region of the response surface.

The complete factorial design, the most common, implies that if there are k factors,
each factor with n levels, the number of experiments to perform is nk, without count-
ing possible replicates. It is highly recommended to perform first a complete factorial
design to determine which variables affect significantly the response variables and
decide the direction to follow in the following experiments.

When the number of factors increases (more than 4 or 5), the number of experiments
to perform increases and the design becomes nearly unfeasible. Generally, in this
case, the fractional factorial design is used, which is a variation of the complete
factorial design, in which the number of experiments is reduced.

Once we are near the optimum value and we know which are the adequate factors
and levels, we use a second order model, more elaborated, to obtain an empirical
model that can adjust to the process. The central composite design (CCD), named
also star design, which adds some experimental points to the complete factorial
design, is used to observe the curvature of the system.

Tab. 2.5 shows the principal characteristics of these designs, explained in detail be-
low.

Table 2.5.: Design of experiments with 2 levels and k factors.

Design Order Number of Model Factors and

experiments interactions

Complete factorial First 2k Linear x1, x2, x1x2

Fractional factorial First 2k−p Linear x1, x2, x1x2

Central composite Second 2k + 2k Quadratic x1, x2, x
2
1, x

2
2, x1x2

Complete factorial design 2k One of the design more generalized is the factorial
design with k factors and 2 levels each one: a lower level (-1) and an upper level (+1),
quantitative or qualitative. Then the number of experiments are 2k. For example,
if there would be 2, 3 or 4 factors to study, the number of experiments would be
4, 8 and 16, respectively. These types of designs are performed in the beginning
of the experimentation, since they propose the minimum number of experiments to
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study a maximum number of factors. Fig. 2.21 shows the experimental domain of a
complete factorial design 22.

Figure 2.21.: Experimental domain of a complete factorial design with two factors and two levels (22) and with
center points.

The factorial design 2k presumes that the response variable has a linear effect in the
range studied, even though the linearity is not perfect. However, there is a method
that gives protection against the curvature of the second order effects and, at the
same time, makes possible the independent estimation of the experimental error:
the aggregation of center points at intermediate levels between the lower and the
upper ones. The number of center points (nc) is usually between 2 and 6, although
the recommended number is chosen according to rotability and ortoganility criteria,
explained below.

To verify the curvature of the model and, at the same time, its suitability, a mean
value test (Tab. 2.7) is performed. The test wants to proof that the difference be-
tween the mean value of the response variable of the factorial points and the mean
value of the center points is small, which would indicate that the center points are in
a plane that passes through the factorial points and that there is no quadratic curva-
ture. If the test says that the two mean values are significantly different, the linear
model is not adequate and a quadratic model is needed to adjust the experimental
results. If the two mean values are not statistically different, then the curvature is
not significant and the first order model is valid. Before the mean value test, the
center points must be used to estimate the variance and compare it to the variance
obtained with the factorial points in a variance test (Tab. 2.6).

Table 2.6.: Hypothesis test for a population variance. Notation: H 0 : null hypothesis, H 1: alternative hypothesis,
s12: factorial points variance; s22: center points variance, Fcal: calculated Fisher parameter, Ftab: tabulated
Fisher parameter, α: significance level, n: number of experiments.

H0 : s21 = s22 Fcal ≤ Ftab(α,n1−1,n2−2) Fcal =
s21
s22
≥ 1

H1 : s21 > s22 Fcal > Ftab(α,n1−1,n2−2)

The value of tcal will depend on the variance test:

Center points can only be done when the factors are quantitative. If there are
qualitative factors, the center points will only be done in the sub-spaces that include
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Table 2.7.: Hypothesis test for a population mean. Notation: ẋ1: factorial points mean; ẋ2: center points mean,
tcal: calculated t Student parameter, ttab: tabulated t Student parameter, α: significance level, d.f : degrees of
freedom. The rest of notation as in Tab. 2.6.

H0 : ẋ1 = ẋ2 tcal ≤ ttab(α,d.f.)
H1 : ẋ1 6= ẋ2 tcal > ttab(α,d.f.)

Table 2.8.: Calculation of tcal depending on the equality of the variances. Notation: s: global standard deviation;
n1: factorial experiments, n2: center points experiments. The rest of notation as in Tab. 2.6 and Tab. 2.7.

If H0 is true: s2
1 = s2

2 s =
√

(n1−1)s21+(n2−1)s22
(n1+n2−2)

tcal = |ẋ1−ẋ2|
s
√

1
n1

+ 1
n2

d.f. = n1 + n2 − 2

If H1 is true: s2
1 > s2

2 d.f. =

 (
s21
n1

+
s22
n2

)2

(
s21/n1
n1−1

)2

+

(
s22/n2
n2−1

)2

− 2 tcal = |ẋ1−ẋ2|

s

√
s21
n1

+
s22
n2

the quantitative factors, like the following figure shows, for a factorial design 23 with
two quantitative factors and one qualitative factor. The center points (o) are in the
planes of the quantitative factors.

Figure 2.22.: Center points (o) for a complete factorial 23 with two quantitative factors and one qualitative factor.

Fractional factorial design at two levels Fractional factorial designs are used
a lot in product design and in the improvement of processes, specially when the
number of factors of a complete factorial design is increased and the number of
experiments results unfeasible. Information can be extracted from the principal
effects and interactions of lower order when performing only a fraction of the total
experiments needed in a complete factorial design. However, the precision in the
fractional factorial designs is not as good as in the complete ones. Fractional factorial
designs 2k that contain 2k−p experiments are called 1/(2p) fraction or, just fractional
factorial design 2k−p. To construct fractional factorial designs one half (1/2), the
basis is the complete design 2k, but the total number of experiments will be the
ones corresponding to 2k−1. As a factor would remain untouched, the kth, this one
is equal to the interaction of major order.

For example, if we have 4 factors (A, B, C i D) and we want to do a fractional
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factorial design 24−1, this will have the same number of experiments of a complete
factorial design 23, i.e. 8. First the levels of the complete factorial design are chosen
(for the factors A, B and C) and then the levels of the factor D are obtained by
multiplying the ones from A, B and C like: ABC=D, which is the design generator.

We can define a word like a set of factors, like ABCD. The defining relation (I) is the
collection of generators of the design, including all the generators that are formed
as a product of these generators, multiplying them two at a time or three or four.
The number of words that constitute the defining relation for a design 2k−p is equal
to 2p − 1. In the example, p = 1, so 21 − 1 = 1, ther is one word: ABCD.

The effects that will be obtained are the factor estimated effects. In the same exam-
ple, as the effects from factor D are obtained from ABC, it is impossible to obtain
an effect for the interaction ABC separated from the D effect. This phenomenon
is called aliasing and ABC and D are aliases. Usually it is presumed that the ef-
fect of the interactions, especially those of major order, is less than a factor main
effect. To calculate the number of effects and interactions (no aliases) that will
appear in a fractional factorial design, the expression h = 2k−p − 1 is used; in our
case,h = 24 − 1 − 1 = 7 effects (A, B, C, D = ABC, AB, AC, AD). Generally, the
length of the shortest word in the defining relation is the design resolution, which
describes the degree in which the main effects are alias with the major order interac-
tions. In our example, the resolution is IV, since the defining relation is constituted
with one only word of 4 letters. In a IV resolution design, the main effects are not
alias either between them nor with two-factor interactions, but two-factor interac-
tions are alias between them.

The fractional factorial design one forth (1/4) is analogous to this one but based on
the complete factorial design 2k−2 and associating two factors to two interactions
that include the first k − 2 factors. For example, for 6 factors, the 4 first ones will
have a direct effect, but the other two will be equal to E = ABC and F = BCD, for
example. It is quite often to perform a fractional factorial design before the complete
factorial design, to know how to continue with the experimentation and, if needed,
the factorial design can be completed later.

Central composite design (CCD) Response surfaces can be obtained with the
central composite design, together with non-linear effects, since each factor is studied
at more than two levels. This design will be used to adjust the second order models.
In this case, apart from the number of experiments of the complete factorial design
(2k) and the center points (nc), the so-called star or axial points (2k) are included in
the design, since they are able to estimate the curvature of the model. The distance
of this points to the center point corresponds to ±δ, where|δ| > 1 and depends on
the number of the experiments in the factorial design in the following way (eq. 2.26):

δ =
4
√

2k (2.26)
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Fig. 2.23 shows the experimental domain of the central composite design.
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Figure 2.23.: Central composite design (CCD) (star design) for k = 2 factors.

It is convenient that the CCD fulfills the orthogonality and rotability conditions. The
orthogonality implies that the estimations of the model parameters are independent
between them and from each experimental block. When applying the orthogonality
condition, an equation relating the value of δ with the number of experiments in the
factorial design (2k), the number of factors (k) and the number of center points of
the factorial design (ncf ) and star design (ncs) is obtained (eq. 2.27).

δ =

√
2k(2k + ncs)

2 (2k + ncf )
(2.27)

To determine the number of center points, first the distance δ is calculated, according
to eq. 2.26, and then this is substituted to eq. 2.27. Rotability, property that has
to fulfill any CCD, involves that the variance of the equidistant response variables
to the center has to be the same, i.e. the surface can rotate on its center and the
precision does not vary. The rotability only depends on the value of δ and, therefore,
of the number of experiments of the factorial design 2k.

2.5.4. Analysis of the experimental design

The experimental design is used to draw objective and significant conclusions from
the experimental data. For this reason, apart from the experimental design itself,
the statistical analysis of the results, which directly depends on the design, is very
important. The steps to analyze the data are the following:

1. Calculate the main effects and interactions.

2. Obtain the significant effects and interactions through the analysis of the vari-
ance (ANOVA) method and the diagnosis plots.

3. Derive the empirical model with the significant factors, the confidence intervals
and the model parameters.
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4. Carry out curvature tests and general tests to validate the model statistically.

5. Generate response and boundary surface for a good interpretation of the re-
sults.

6. Validate the model with additional experiments and draw the conclusions.

Calculation of the principal effects and interactions The principal effects and
interactions can be calculated using different methods, like the contrast coefficients
table, and the Yates algorithm, although some softwares make the calculations di-
rectly (MiniTab, Statgraphics Plus).

Contrast coefficients table The contrast coefficients table is a table in which
each factor or interaction is in a column, with the (+) and (-) signs, according
to the levels, and the last column contains the values of the response variable.
The signs in the interaction column are obtained by multiplying the signs of the
factors that are included in the interaction. To calculate the effects of each factor or
interaction, the values of the response variable are added or subtracted, depending of
its corresponding sign. The final value is divided by the divisor, which is equal to the
number of experiments for the mean value, and to half the number of experiments
for the other effects.

An example of this method is shown in Tab. 2.9, with two factors (A and B) and
the interaction AB. The first element of the “Contrast” column (64) is obtained
by adding the values of the “Response” column as the signs in the “Mean” column
indicate (+23+21+11+9), the second element (-4) is obtained as the first one but
for the factor A column (-23+21-11+9), and the same for factor (-23-21+11+9) and
for the interaction AB (+23-21-11+9). The effect is found by dividing each element
in the “Contrast” column by the divisor.

Table 2.9.: Contrast coefficients table

Exp Mean A B AB Response Contrast Divisor Effect Id.

1 + - - + 23 64 4 16 Mean

2 + + - - 21 -4 2 -2 A

3 + - + - 11 -24 2 -12 B

4 + + + + 9 0 2 0 AB

Yates algorithm The Yates algorithm is very similar to the contrast coefficients
table. In this case, a table is also constructed (Tab. 2.10), and the experiments
must be in the standard order (first column, alternate signs; second column, pairs
of alternate signs; third column, groups of 4 alternate signs. . . ). To calculate the
elements in the “Yates 1” column, the first two elements are obtained by adding the
response values by pairs (in the example, 23+21=44), while the other two elements
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are obtained by subtracting the lower value from the upper value of each pair (21-
23=-2). In the same way, the “Yates 2” column is constructed from the “Yates 1”
column. There is as many “Yates” columns as number of factors. Finally, the last
“Yates” column divided by the divisor is, like the other case, the estimated effect of
each factor, interaction and average value.

Table 2.10.: Yates algorithm table

Exp Mean A B AB Response Yates 1 Yates 2 Divisor Effect Id.

1 + - - + 23 44 64 4 16 Mean

2 + + - - 21 20 -4 2 -2 A

3 + - + - 11 -2 -24 2 -12 B

4 + + + + 9 -2 0 2 0 AB

The value of the effects of the factors and interactions are obtained with both meth-
ods. However, how can we know if they are statistically significant or their value is
only due to the experimental error?

2.5.5. Significant factors and interactions

The statistical analysis of the results is necessary to determine which parameters are
significant, since the variation of the parameters can be due to an existent effect to
one of the response variables or simply due to an experimental error. The analysis
of the variance or ANOVA method, which compares the variances of each effect with
the error, is the statistical tool used.

The sum of squares of each treatment (each treatment is a combination of factor
levels to be compared) SS = (yobs − ȳ)2, can be divided between the sum of squares
term (SST ) and the error sum of squares(SSE). Then, the mean square is calculated
(MS) dividing each SS for the pertinent degrees of freedom (DF ). If N =

∑
ni,

where n is the number of terms, then the DF for each treatment is DFT = k–1 and
for the error DFE = N–k, where k is the number of factors. The mean squares are:

MST = SST/DFT (2.28)

MSE = SSE/DFE (2.29)

The statistical test is equal to F = MST/MSE, where F is the so-called F -ratio.
This value is compared with the tabulated value in the Fischer distribution, based
on one significance level, α, usually equal to 0.05 (the values will then be inside the
95 % interval), and on the degrees of freedom (DFT and DFE). If Fcal > Fcrit,
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Table 2.11.: ANOVA table

SS DF MS F

Treatments SST k − 1 SST/(k − 1) MST/MSE

Error SSE N − k SSE/(N − k) -

Total SS N − 1 -

there is a significant difference between the two population averages. The ANOVA
table (Tab. 2.11) summarizes the calculations performed:

In order to use the ANOVA correctly, three requirements must be fulfilled: the data
have to belong to random simple samples, the populations from which they proceed
have to follow a normal distribution and have the same variance.

To proof that the two variances are not significantly different, so we can consider
them equal, the plot of residuals is used. The residues are the differences between
the observed value and the value adjusted of the response variable, and they are
proportional to the population variance. The residues are represented in front of the
estimated values (yest): the values have to be randomly distributed along the x = 0
axis, like Fig. 2.24 shows:

Figure 2.24.: Residual plot.

A part from the F -ratio, the p-value indicates if the statistical test is significant in
that level and which factors and interactions have a significant effect on the response
variables. If the p-value is lower than α, the factor is significant. The factors
that have a significant effect will be included in the empirical model, whereas the
effects and interactions which are not significant are not included, provided that the
hierarchy principle is fulfilled. This principle says that if a model contains one term
of a superior level (for example AB2), it should include also the terms of inferior
levels that compose it (A, AB, and B2 in this case), in order to have an internal
consistence. Then, even if the interaction AB is not significant in terms of the
p-value, it should be included in the model if the term AB2 has a significant effect.

The Pareto chart is a visual tool that is used to discern between the significant
effects and the ones that are only due to the experimental error. In this case, each
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effect and interaction are represented in horizontal bars, and the ones which exceed
the vertical line, calculated from the significance level test, are significant. In the
example of Fig. 2.25, the effects of factors A and B, are significant, and the B2 (BB)
too, whereas the AA and the interaction AB are not significant so this last two
effects should not be included in the empirical model.

Efectes estandarditzats
0 3 6 9 12 15

AB

AA

A

BB

B

Standardized effects

Figure 2.25.: Pareto chart.

The normal probability plot is also useful to discern which effects are significant,
since the ones that are not significant are distributed normally and form a straight
line, whereas the significant effects are outside the line, as Fig. 2.26 shows.
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Figure 2.26.: Normal probability plot.

To do this representation, the effects are sorted in ascendant order. Then, the
accumulative ratio (Pi) is calculated according to the following expression (eq. 2.30):

Pi =
100i− 0.5

n
(2.30)

Where i is the position of the effect and n the total number of effects (i = 1, 2, 3...n).
Finally, each pair of values (effect, accumulative ratio) is represented.

2.5.6. Obtention of the empirical model

The experimental data can be adjusted to an empirical model when using the fac-
torial and the central composite designs. The model is obtained by the estimation
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of the parameters using linear, multilinear or non-linear regression, as indicated in
Tab. 2.5. For a factorial design 22, for example, the regression model is:

y = β0 + β1x1 + β2x2 + β12x1x2 + ε (2.31)

Where β0, β1, β2 and β12 are the regression parameters or coefficients, x1 and x2 are
the significant factors, y is the response variable and ε is the associated error.

The empirical models, then, relate the response variable with the entrance variables
or factors. They are useful to do interpolations and predict the response variables
in intermediate levels that have not been studied. The parameters are adjusted so
that the sum of squares between the experimental and calculated values is minimum
(eq. 2.32):∑

(yobs − yest)2 = min (2.32)

From the empirical model, usually a polynomial equation of first or second order,
the response variables can be estimated, whatever the entrance variable is, in the
range studied. It is not recommended to extrapolate, i.e. expand the range of the
entrance variables, because then the error in the estimated value would increase.

2.5.7. Obtention of the response surface

With the empirical models, the response surface can be plotted. These response
surfaces are very useful since they modelize the behavior of the response variables
respect to the significant factors of the model, as the following figure shows. In this
case, factor A has a strong effect on the response variable, which is positive and
non-linear. On the other hand, factor B has a smaller influence when A is low, and
at high A values, B has a negative effect. A part from the main effects, there is an
interaction between A and B because the effect of a factor depends on the other’s
level.

Factor B
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1100

13001500
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140
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260

Factor B

Figure 2.27.: Response surface.
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2.5.8. Validation of the empirical model

The validation of the empirical model involves the determination of the significance
of the factors, i.e. if the model parameters that accompany them are significantly
different from zero. With the linear regression, the p-value of each coefficient is
obtained, which is associated with a statistical test. If the p-value is lower than α,
the coefficient is significantly different from zero and, therefore, the associated factor
has a significant effect on the response variable.

Associated to the p-value we find the coefficients confidence intervals (at 95 % if α =
0.05). Each coefficient (in the example, β0, β1, β2 and β12) has an error associated,
the smaller the better. The width of the confidence interval gives us an idea of the
coefficients uncertainty. If it is very wide, it could indicate that we need more data
before reaching any conclusion. The narrower, the better is the estimation for the
coefficient and, therefore, the model is more reliable.

We can also determine the significance of the coefficients with the confidence interval:
with a statistical text with two hypotheses, the null hypothesis (H0) affirms that the
coefficient is equal to zero, and the alternative (H1), that the coefficient is different
from zero (Tab. 2.12). The coefficient, therefore, will not be statistically significant
if the confidence interval includes the zero, since then the H0 cannot be rejected,
so the factor associated with this coefficient would not have a significant influence
on the response variable studied. All the values that include the confidence interval
are plausible values for the parameter, whereas the values that are outside it are
rejected.

Table 2.12.: Statistical test to determine if the coefficients are significant.

H0 : βi = 0 Zero is included in p-value > α Not significant Not significant

the confidence interval coefficient factor

H1 : βi 6= 0 Zero not included in p-value < α Significant Significant

the confidence interval coefficient factor

This method is useful to validate the results obtained with the ANOVA and the
Pareto and to check if the analysis is properly done. Sometimes a coefficient might
be significant, but the confidence interval includes the zero, or viceversa: some
factors can be rejected at first, but then the model requires them to be valid.

The validation of the model is also performed with ANOVA. A good statistical pa-
rameter to quantify the goodness of the fit is the correlation or regression coefficient
(R2), which takes values between 0 and 1; the 0 indicates and absolute lack of cor-
relation, i.e. the experimental and estimated values of the response variable are far
away, whereas the 1 corresponds to a perfect model. The coefficient also has a sec-
ond lecture, indicating the variability percentage in the response variable that can
be explained by the fitted model. The higher the percentage, the better the model
will be fitted. The coefficient can be corrected (R2

corr) if the degrees of freedom of the
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system are taken into account, in systems in which there are multiple independent
variables (multilinear regression).

Another way of validating the model is by plotting the estimated values as a function
of the observed ones. The points should be randomly distributed around the line
x = y, the closer to the line the better. It is also recommended to carry out
some additional experiments, in a response surface plane, and compare them with
the model. If the values are in the 95 % confidence interval, the model can be
considerated as valid.

72



3. Phase behavior and rheology of
highly concentrated emulsions

3.1. An introduction to emulsions

3.1.1. Colloidal systems

Colloid comes from the Greek kolla, which is “glue”, one of the first substances in
which the colloidal properties were seen. Colloidal systems were first introduced by
Graham in 1861 [70], although the systems already existed and were studied way
before: e.g. Faraday was the first to prepare a pure sample of colloidal gold and
to realize that the color of the dispersion (from red to purple) was caused by the
small size of the gold nanoparticles [71]. Colloidal systems are constituted by several
components which, at least one of them, is within the dimension interval 1 nm-10 μm.
The systems are formed by finely divided particles or droplets or by supra-molecular
aggregates, which experience Brownian motion. The low value of the interval (1 nm)
is taken for the low diffusion rate and Brownian motion of the particles, whereas the
high value (10 μm) is taken for the low sedimentation rate of particles of this size.
The contact or interfacial area between the dispersed phase (particles or droplets)
and the medium or continuous phase is large, and it increases when the particle size
is reduced. Energy is needed to create and maintain the interfacial area.

Colloidal systems are classified in three different groups: (1) colloidal dispersions,
unstable and irreversible; (2) macromolecules dispersions, which can be stable and
reversible; and (3) association of colloids, which are stable. According to the state
of the phases implied (gas, liquid or solid), many different colloidal systems exist, as
shown in Tab. 3.1: foams, if the dispersed phase is a gas; aerosols, if the gas is the
continuous phase; emulsions, when spherical droplets of a liquid phase are dispersed
either in a liquid or in a solid, and dispersions or sols, when a solid phase is dispersed
in a liquid or in another solid. In this thesis we will mainly focus in emulsions, which
are liquid-liquid colloidal systems.

One might think that colloids are neither present nor important in our lifes. Yet,
many colloidal systems are present in nature, like fog, clouds, volcanic smoke, opals,
muddy water or oil reservoir rocks. Even blood and synovial fluids can be considered
colloidal systems. In industry, a lot of colloidal systems are present in many pro-
cesses, like in the fabrication of paper, ink, paints and pottery, but also in composite
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Table 3.1.: Colloidal systems

Continuous phase or Medium

Gas Liquid Solid

Dispersed

phase or

particles

Gas -

Foam

(whipped

cream)

Solid foam

(floating

soap)

Liquid
Aerosol

(fog, cloud)

Emulsion

(milk,

butter)

Solid

emulsion

(pearl,

jelly)

Solid
Aerosol

(smoke)

Dispersion

or colloidal

sol (clay,

paint)

Solid sol or

solid

suspension

(colored

glass,

alloys)

materials and new ceramics, and in the food industry and agriculture. Even many
pollution problems are derived from undesired colloidal matter.

3.1.2. Emulsions

Emulsion comes from the Latin emulsus, which means “to milk out”; the first emul-
sion definitions that appeared in the dictionaries were referred to milky drinks [72].
An emulsion, nowadays, refers to a disperse multiphase colloidal system of two im-
miscible substances, in which distinct droplets of one of them, the dispersed or inter-
nal phase, are dispersed or suspended in the continuous or external phase. Emulsions
are very common in our society and many examples can be found in our everyday
life. In fact, we are surrounded by emulsions and we use many of them without even
knowing it: bituminous emulsions (road, roofs), gasoline emulsions, paint emulsions,
agricultural sprays, soap preparations, cosmetic creams and lotions, food emulsions
(milk, butter, mayonnaise) and medicinal preparations. In this study we will focus
on the emulsions, in which both phases are either a liquid phase (water, organic
solvent or a micellar solution) or a mesostructured liquid crystal phase (sec. 3.1.3.1).

When water is mixed with an oil phase, a dispersion is formed. However, at rest,
phase separation rapidly occurs because they are immiscible liquids. In order to de-
lay the destabilization process and achieve a kinetic stability, some stabilizing agents
or emulsifiers are added in the emulsion. These agents can be solid nanoparticles
(then the emulsions are called pickering emulsions, named after Pickering, who de-
scribed the phenomenon after Ramsden, in 1903 [73, 74]), polymers, or amphiphilic
molecules, like surfactants or amphiphilic block copolymers. All three agents pro-
vide a steric hindrance to drop coalescence; the amphiphilic molecules, in addition,
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reduce the interfacial tension of the emulsion and provide interfacial tension gra-
dients. These gradients are basic to form stable droplets, because without these
amphiphilic molecules between the two emulsion phases, the interface could not re-
sist a tangential stress and then liquid motion would be continuous, leading to phase
separation [75].

Although emulsions are kinetically stabilized with one of these stabilizing agents,
they are thermodynamically unstable and tend to an increase of droplet size before
phase separation occurs. The destabilizing mechanisms can be internal, caused by
intrinsic properties of the emulsions, or external, caused by added substances or
changes in the ambient conditions. The different destabilizing mechanisms will be
described in a further section (sec. 3.1.2.3).

3.1.2.1. Types of emulsions

According to the nature of the phases Oil-in-water (o/w) emulsions are emul-
sions in which the internal or dispersed phase is an organic solvent (oil phase) and
the continuous phase is an aqueous solution; they are also called direct or normal
emulsions. In water-in-oil (w/o) emulsions, also called inverse or reverse emulsions,
the aqueous phase is dispersed in the organic solvent (Fig. 3.1). Multiple emulsions,
described first by Seifriz in 1925 [76], in which globules of a w/o or o/w emulsion
are dispersed in another liquid continuous phase (w/o/w or o/w/o) are also found.
In this case, the three phases are named the inner, intermediate and external phase.

Figure 3.1.: Types of emulsions according to the nature of the phases. Left : o/w or direct emulsion; right : w/o or
inverse emulsion.

There are several methods to identify if an emulsion is o/w (direct) or w/o (inverse)
[33]:

a) Electric conductivity test: o/w emulsions have a higher conductivity than w/o
emulsions, because the continuous phase is water. Another technique to know which
phase is the continuous phase consists in adding a salt (e.g. NaCl) in the water before
preparing the emulsion and then monitoring the conductivity.

b) Miscibility test: an emulsion is soluble in its continuous phase, so an o/w emulsion
will be soluble in water, whereas it will not dissolve in an organic solvent.

c) Dye test: there are substances which have hydrophilic or hydrophobic properties.
The solubility in one phase or the other determines the type of emulsion. Microscopic
observation is recommended in this case.
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d) Staining test: a filter paper impregnated with CoCl2 turns from blue to pink on
drying when exposed to o/w emulsions [77].

According to the emulsion droplet size Depending on the droplet size, we can
distinguish between nano-emulsions (also called miniemulsions), if droplets are be-
tween 50 and 200 nm, and macroemulsions (just referred commonly as emulsions),
if the droplet size is between 0.2 and 100 μm [78]. The term “microemulsions” also
exists, but this refers to systems that are thermodynamically stable and formed
spontaneously when the fluids and surfactants are placed together in contact, and
their droplet size (swelled micelles) is up to 100 nm.

Nano-emulsions, due to their small droplet size, can appear transparent or translu-
cent, resembling microemulsions [79], whereas emulsions are generally white, since
their droplets are large enough to scatter the light of the visible wavelengths. How-
ever, depending on the refractive indexes of the phases, transparent emulsions can
also be prepared, for example, by adding glycerol to the emulsion [80,81], as depicted
in Fig. 3.2 for o/w emulsions of 80 % dispersed phase.

Figure 3.2.: Effect of glycerol concentration (wt %) on the transparency of the gel emulsions (80 % dispersed phase)
at a fixed composition of water + glycerol/surfactant/dodecane = 12/8/80, from Alam et al. [81].

Emulsions, with a drop diameter larger than nano-emulsions, are more susceptible
to gravity forces that lead to sedimentation or creaming. Nano-emulsions, on the
other hand, with a smaller droplet size are more stable regarding flocculation, co-
alescence and sedimentation: the Brownian movement of the droplets avoids the
destabilization mechanisms to progress [82]. Nano-emulsions are being widely inves-
tigated [75,78,79,82–84], due to these potential advantages that lead to an increased
stability.

According to the dispersed phase concentration According to the volume frac-
tion of dispersed phase (φ), emulsions are classified into diluted (φ < 0.2), con-
centrated (0.2 < φ < 0.74) and highly concentrated or high-internal phase (ratio)
emulsions (HIPE or HIPRE) (φ> 0.74), also called gel emulsions (Fig. 3.3).When the
dispersed phase volume fraction (φ) is low, droplets have spherical shape and poly-
dispersity is generally low. However, in highly concentrated emulsions, the volume
fraction exceeds the maximum droplets packing volume fraction (φmax), so droplets
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start to deform and polydispersity increases. The φmax is 0.74 if the droplets are
completely spherical and the emulsion is monodisperse; however, the random close
packing of monodisperse spheres is about 0.64. When φ is higher than φmax, the
droplets are deformed by their neighbors and are no longer spherical, but polyhedral,
and surrounded by a thin film of continuous phase. However, the concentration of
dispersed phase can reach ∼99 %, since the solubilization of one phase into the other
one is not limited by equilibrium thermodynamics, like in microemulsions, but can
reach any ratio if the conditions are favorable [85].

Figure 3.3.: Types of emulsions according to the dispersed phase concentration. Left : diluted when φ < 0.2;
center : concentrated, when 0.2 < φ < 0.74; right : highly concentrated, when φ > 0.74.

The type of emulsion formed (o/w or w/o), is not so dependent on the volume
fraction of each phase, but on the type of stabilizer used and on the preparation
method. According to the Bancroft rule [86], the continuous phase in an emulsion
is the one in which the emulsifier is more soluble, so a predominantly hydrophilic
emulsifier will stabilize o/w emulsions, whereas for oil to be the continuous phase,
the emulsifier needs to be predominantly hydrophobic.

Ordinary highly concentrated emulsions consist of water or oil dispersed in an in-
verse or direct micellar solution, respectively. Although they are highly viscous,
have generally elastic behavior and can achieve a considerably long stability, they
are not stable enough for many applications. As in highly concentrated emulsions
the droplets nearly touch each other, the predominant destabilization mechanism is
coalescence. The thin film is stretched till it breaks and the drops merge together.
However, the stability of these emulsions can be increased if instead of having a
micellar solution in the continuous phase, a liquid crystal phase is present, since its
viscosity is extremely high and coalescence and creaming are strongly prevented [87].

When the volume fraction of dispersed phase is so high, highly concentrated emul-
sions can present phase inversion or form multiple emulsions. This takes place
when, as φ increases, the repulsive steric pressure that maintains individual droplets
separated cannot balance the pressure of compression below which the thin film
surrounding the polyhedral drops is submitted.

3.1.2.2. Emulsion characteristics

The main features that define an emulsion are its droplet size, expressed for exam-
ple as the mean number diameter (d10), or the Sauter mean diameter (d32), and
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the droplet size distribution (DSD) or polydispersity, that can be expressed as the
coefficient of variation (cv = d10/s), where s is the standard deviation of the droplet
diameter. Emulsions rheological behavior has also been studied in terms of the yield
stress (τ0), the viscosity (µ), and the static shear moduli, including the storage or
elastic modulus (G’) and the loss or dissipation modulus (G”). These characteristic
features will depend on the composition of the emulsions and on the preparation
method used to prepare them, and will ultimately determine their stability.

One of the main factors that determine the emulsion properties is the protecting
film created by the emulsifier or stabilizer (surfactant, polymer or nanoparticles) at
the interface. In the case of polymers or nanoparticles, the effect is only sterical.
However, in the case of amphiphilic molecules, like surfactants or amphiphilic block
copolymers, the film mechanical properties are characterized by four phenomeno-
logical constants [88]: the surface tension at the interface, γ, the spontaneous or
preferred curvature, Ho (for nonionic surfactants, the preferred curvature, Ho, de-
creases strongly with increasing temperature), the blending rigidity, R and the area
expansion elastic modulus, Ka. Of all these parameters, the surface tension at the
interface or interfacial tension, is analyzed in this work, since it is a variable that
appears in many rheological models and is directly dependent on the surfactant
concentration, which is also one of the variables studied here.

3.1.2.3. Destabilization mechanisms

The mechanisms that can alter the stability of an emulsion and return it back
to the previous emulsification stage are classified between internal mechanisms, if
the destabilization process is caused by the intrinsic properties of the emulsion, or
external mechanisms, if the destabilization is caused by the addition of a substance
or by a change in the storage conditions.

At the same time, the destabilization mechanisms can be classified into chemical
mechanisms, if the molecules structure is altered; biological mechanisms, if the
emulsion is attacked by microorganisms; and physical mechanisms, if the spatial
distribution or organization is changed. Chemical destabilization includes oxidation
and hydrolysis, and can be avoided by adding antioxidant agents or controlling the
storage conditions. Biological destabilization usually can be avoided if the storage
conditions are appropriate. Physical destabilization includes sedimentation, cream-
ing, flocculation, coalescence and Ostwald ripening: these mechanisms are depicted
in Fig. 3.4 and will be described below. Depending on the emulsion components and
type, the destabilizing mechanism will be one or another, or can occur simultane-
ously.

Internal mechanisms

These mechanisms are caused by the intrinsic emulsion properties, like density dif-
ferences, lack of surfactant, high solubilization of one phase to the other or high van
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Figure 3.4.: Destabilization mechanisms of an emulsion, leading to phase separation.

der Waals interactions between droplets. They cause, principally, a physical desta-
bilization, which occurs when the spatial distribution or organization is changed.

Emulsion droplets are in a continuous motion in the bulk and collision between
them continuously occurs. If the emulsion is stable enough, the emulsion droplets
will separate after the collision. Droplets can also remain adhered after the colli-
sion, with a thin film separating them and forming aggregates, or globules. This
mechanism, which is reversible, is called flocculation, and it favors sedimentation or
creaming (inverse sedimentation), as the aggregates are bigger than single droplets.
Sedimentation and creaming are reversible destabilization mechanisms, which do
not cause an increase on the droplet size distribution (DSD). However, if the thin
film between droplets is broken, then droplets join together to form a larger droplet.
This phenomenon, called coalescence, is irreversible and involves the elimination of
the interface between droplets and the loss of their identity. Another important
destabilizing phenomenon is Ostwald ripening, which consists in the dissolution and
diffusion of the dispersed phase to the continuous phase from the smaller droplets
to the bigger drops. These four phenomena are explained more in detail below.

a) Flocculation This mechanism, which is reversible, consists in the adhesion
of droplets, without losing its identity, forming globules or aggregates. These ag-
gregates formed are more prone to sedimentation, as they are bigger than single
droplets, so they will increase the sedimentation or creaming rate. This mechanism
is controlled by the attractive van der Waals forces and by the repulsive steric and
electrostatic forces. For this reason, flocculation will be less if ionic surfactants are
used. Moreover, at lower temperature, as the kinetic energy of droplets is reduced,
the flocculation process will be much less as the collision rate will be reduced. Highly
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concentrated emulsions, with droplets touching one another can be seen as already
flocculated emulsions, because there is only a thin film of continuous phase separat-
ing the dispersed phase, and in any moment, if this film breaks, the droplets merge
together, in a coalescence process.

b) Sedimentation and creaming This destabilization process is caused by the
gravity force, which involves that the two liquids, with different densities, move
upwards or downwards, resulting in a vertical concentration gradient. Usually, if the
dispersed phase density is lower, the mechanism is called creaming, as it concentrates
at the top; whereas if the dispersed phase has a higher density, the mechanism is
sedimentation, as it concentrates at the bottom. The velocity (vs) at which the
different droplets move is defined by the Stokes law (eq. 3.1):

vs =
2gr2 (ρd − ρc)

9µc
(3.1)

As it can be observed, the process will be favored by a higher density difference
between the two phases (ρd − ρc). The smaller the droplet radius (r), the slower the
mechanism will go. Moreover, the higher the viscosity of the continuous phase (µc),
the more stable the emulsion will be, as this parameter is inversely proportional to
the sedimentation rate. The sedimentation or creaming is a reversible destabilization
mechanism, which do not cause an increase on the DSD. If the droplets or particles
are < 0.1 μm, sedimentation is compensated by the Brownian movement of the
particles.

c) Coalescence Coalescence is the irreversible fusion of droplets, which involves
the elimination of the interface between them and the lost of their identity. One of
the factors that favors coalescence is the lack of emulsifier to stabilize the interface,
as well as the high volume fraction of dispersed phase, which makes that droplets be-
come closer to each other. In fact, in highly concentrated emulsions, as the droplets
already touch each other (the whole system is already flocculated), coalescence is
one of the most important destabilizing phenomenon. Coalescence involves a de-
crease of the number concentration of droplets, since little and numerous droplets
join together to form less and bigger drops.

For concentrated emulsions, the rupture frequency (ω̇) of the interface determines
the coalescence phenomenon. Deminiere et al. [89] showed that the variation of the
mean droplet size, with time varied according to eq. 3.2:

1

r2
=

1

r2
0

− 8π

3
ω̇t (3.2)

where r is the average drop radius, r0 is the initial drop radius, ω̇ is the rupture
frequency, and t is time. This relation between droplet size and time is valid for
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both monodisperse and polydisperse systems. Plotting the droplet radius versus
time, a linear behavior should be observed in systems in which coalescence is the
main destabilizing mechanism.

Surfactants that adsorb on the droplet surface, with rigid monolayers, like polymeric
surfactants, are recommended in order to avoid coalescence.

d) Ostwald ripening This phenomenon consists in the dissolution of the little
drops to the continuous phase followed by a diffusion of them to the bigger drops.
Hence, the big drops grow in expense of the little ones. The internal pressure of
smaller droplets is higher than in bigger droplets, according to the definition of
the Laplace pressure. In a polydispersed emulsion, if the dispersed phase is soluble
enough in the continuous phase, it will diffuse from the smaller droplets to the bigger
droplets.

The rate of this mechanism depends on the solubility of the dispersed phase to the
continuous phase c (∞), as can be seen by the Lifshitz, Slezov and Wagner (LSW)
theory (eq. 3.3) [90,91]:

vo =
dr3

c

dt
=

8c (∞)σDVm
9RT

f (φ) (3.3)

Where rc is the critical droplet radius in which droplets do not change in size and
represents the average radius of the emulsion, t is time, D is the dissolved compo-
nents diffusion coefficient, σ is the interfacial tension o-w, Vm is the dispersed phase
molar volume, f (φ) is the correction factor depending on the volume fraction of
dispersed phase (φ), R is the gas constant and T , the temperature. When the dis-
persed phase is more soluble on the continuous phase, the rate of Ostwald ripening
is higher. Usually the Ostwald ripening rate (vo) is determined by the slope when
plotting r3

c versus time. This mechanism is irreversible, as it changes the DSD.

The most effective way of avoiding Ostwald ripening is to add to the dispersed phase
of the emulsion a substance which is insoluble with the continuous phase.

e) Phase inversion or emulsion breaking An inversion of an emulsion takes
place when the dispersed phase and the continuous phase are exchanged, so an o/w
emulsion becomes a w/o emulsion and vice versa. This mechanism highly depends
on the volume fraction of dispersed phase. Ideally, inversion should take place at the
theoretical φ value of 0.74, but this is certainly not the case, as emulsions droplets are
deformable and generally polydispersed, and many other factors affect the breaking
of an emulsion: temperature changes, the type of surfactants used (HLB number
and polar group), and the addition of acids/bases in the emulsion. This is the reason
why highly concentrated emulsions, with a dispersed phase volume fraction of nearly
0.99 can be prepared and remain stable for a long time.
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External mechanisms

These mechanisms are caused by added substances or changes in the ambient con-
ditions.

1. Temperature change: if temperature is increased, the kinetic energy of the
drops increases and coalescence is favored as there is a raise in drop collisions.

2. The addition of electrolytes causes an emulsion charge alteration, which can
change the attraction forces between droplets, for example.

3. Some added agents, like acids or bases, can react with the surfactants sen-
sible to hydrolysis, or reactions can take place between cationic and anionic
surfactants.

4. Application of a mechanical stress, like agitation, impact, pressure. . . can
affect the stability of the emulsion.

5. Dilution, evaporation or freezing of the continuous phase.

Usually destabilization occurs as a combination of the different mechanisms exposed
above, which can take place simultaneously, at different rates or consecutively. In
the very end, the complete phase separation is always achieved, although some times
it can take a long, long time.

3.1.3. Stabilizing agents

3.1.3.1. Surfactants

Surfactant is an abbreviation of surface active agent. A surfactant is an amphiphilic
(or amphipathic) organic compound composed of two groups with different polarity:
it has a hydrophilic head group and a hydrophobic (lipophilic) long tail. It is able
to interact with both polar and non-polar compounds and has the property to lower
the high surface tension of liquids, and the interfacial tension between two phases,
which involves very practical effects, such as the stabilization of emulsions (since the
driving force toward coalescence is reduced, for example [33]). This effect is caused
by the positioning of the surfactant monomers into the interface of the aqueous and
oil phase, and by the association of surfactant molecules into aggregates (micelles),
whose form is dependent on the temperature, concentration and molecular structure.

The cohesion between surfactant monomers occurs through no covalent forces, so we
name them supramolecules. Apart from being emulsifying agents, they also act as
detergents, foaming and dispersing agents. Although there are other molecules that
have both an hydrophilic and an hydrophobic groups, in order to possess surface
activity, a minimum ratio between both groups is needed (usually when C > 8) [35].
Surfactants can be found generally as viscous liquids or solid powder.
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Types of surfactants Surfactants are classified according to their hydrophilic head
in ionic (anionic and cationic), nonionic and amphoteric surfactants Some examples
are shown on Tab. 3.2.

� Ionic surfactants dissociate in polar solvents and form ions. They have counter-
ions and their solubility in water is very high.

– Anionic surfactants, which have negatively charged head groups, have
a high cleaning action, so they are generally used in detergents, soaps
and cleaning powder. Anionic surfactants include long-chain fatty acids
(RCOO−M+), sulfosuccinates (RSO−3 M

+), alkyl sulfates, phosphates
(RPO3−

4 M+) and sulfonates. One of the most common anionic surfa-
cants is SDS (sodium dodecyl sulfate), with many detergent, cleaning
and laboratory applications.

– Cationic surfactants, with positively charged head groups, may be pro-
tonated long-chain amines and long-chain quaternary ammonium com-
pounds. They strongly adsorb to solid surfaces, which determines their
principal applications in conditioners and corrosion inhibitors. One of
the most common cationic surfactants is CTAB (cetrimonium bromide
or hexadecyl-trimethyl-ammonium bromide), which has been used in the
synthesis of porous materials and nanoparticles.

� Nonionic surfactants have uncharged head groups and do not dissociate. Their
solubility in water is due to their hydrophilic or polar group. Nonionic sur-
factants include polyethoxylated alcohols (CH3(CH2)mO-(CH2-CH2-O)n-H),
alkylfenolethoxylated (RC6H4(O-CH2-CH2)nOH, esters of fatty acids (RCOO(CH2-
CH2-O)n, and other polar groups such as sorbitol esters (Span®) and ethoxy-
lated sorbitol esters (Tween®).

� Amphoteric surfactants, which have zwitterionic head groups, can become
anionic or cationic depending on the pH of the solution they are in, by bonding
to hydroxyls or protons. Examples of amphoteric surfactants are lecithins and
betaines, which are mostly used in cosmetic products and soaps.

Soaps are a specific group of surfactants. They are usually alkaline, ammonium
or alkalineammonium salts of fatty acids of medium chain length (C > 6-8). The
hydrophobic chain is usually a hydrocarbon, silicone or fluorinated chain.

In this work we will mainly use hydrogenated nonionic surfactants, such as Span80
(sorbitan monooleate) and fluorinated nonionic surfactants, which have the hydrogen
atoms substituted by fluorine atoms.

HLB number The hydrophile-lypophile balance (HLB) number [92, 93] is a nu-
merical rating scheme defined as the balance of the size and strength of the hy-
drophilic and the lipophilic groups of surfactants, and tries to estimate its affinity
to the aqueous and the oil phase. The HLB number is useful to have a general
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Table 3.2.: Types of surfactants: examples.

Anionic Cationic Nonionic Amphoteric

Soaps Quaternary ammonium Ethoxylated fatty Alkyl dimethyl

compounds alcohols betaines

Alkylbenzene Amine salts Ethoxylated fatty Alkyl amino

sulphonates amines propionates

Alkyl sulphosuccinic Monoalkyl dimethyl Ethylene/propylene Alkyl and alkyl a

derivatives amine derivatives oxide block copolymers mido sulphobetaines

Alkyl ether Dialkyl monomethyl Sorbitan and ethoxylated Imidazoline betaine

carboxylates amine derivatives sorbitan esters derivatives

Alkyl phenol and alkyl Imidazoline Ethoxylated/propoxylated fatty Alkyl amido

phenol ether sulphates derivatives alcohols and related products betaines

idea of the type of emulsions that a certain surfactant could stabilize, although it is
an empirical value which does not take into account other factors, like temperature
changes, ionic force or the type of oil phase used.

The HLB number is generally calculated as the ratio of the molecular weight of the
hydrophilic groups (H) and the total molecular weight of the surfactant (H + L,
being L the molecular weight of the lipophilic groups) multiplied by a factor of 20
(eq. 3.4):

HLB =
H

H + L
·20 (3.4)

Anionic surfactants can be characterized by the HLB system, which goes from 0 to
20. If HLB < 9, the surfactant has a more hydrophobic character, whereas an HLB
> 10 means that the surfactant is more hydrophilic. If there are more surfactants
in a system, the total HLB number is the lineal combination of the contributions
(mass fraction (x)) of each individual component (i): HLB =

∑
i xiHLBi. It

is also possible to calculate the HLB number from the group contributions of each
surfactant molecule [33]. There are a lot of tabulated HLB numbers in the literature
and many ways of calculating it, if the value is not found elsewhere. However, usually
each commercially available surfactant is given with its HLB value.

The solubility of a surfactant for water-in-oil (w/o) emulsions has to be higher in
the oil phase, according to the Bancroft rule [86], since it constitutes the continuous
phase, and a fast adsorbance on the interface is needed. Therefore, surfactants
that form w/o emulsions have a low HLB number (0-10), whereas the optimum
surfactants for oil-in-water (o/w) emulsions have a high HLB value (10-20). Even
though, there are some exceptions of the Bancroft rule. For example, Pons et al. [94]
obtained stable o/w high-internal phase ratio emulsions (HIPRE) with a Pluronic
L92 (an ABA block copolymer, A being polyethylene oxide and B polypropylene
oxide) surfactant with a HLB number between 1 and 7. They attributed the result
to the procedure used to prepare the emulsions, which was the dropwise addition
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method of the dispersed phase (in this case, decane) to the mixture of water and
surfactant. The first oil droplets added are dispersed in a high volume of continuous
phase, and further droplet coalescence is avoided due to the high molecular nature
of the surfactant used, which creates a steric stabilization. This proves that apart
from the HLB value of the surfactant, the emulsification method plays an important
role on deciding the final type of emulsion obtained: a direct (o/w) or inverse (w/o)
emulsion. In addition, apart from the HLB number and the method of preparation,
other characteristics of the surfactant used, like the hydrophobic chain length or
polar group, its purity and its phase behavior (formation of lamellar, hexagonal or
cubic liquid crystals at high surfactant concentration) also have an effect on the type
of emulsion finally formed.

Surfactant adsorption on the interface When preparing an emulsion, the area
between the two immiscible phases (oil and aqueous phases) has to be stabilized
when the stress (energy input) is removed, to prevent coalescence and the forma-
tion of bigger drops, which would involve a higher sedimentation or creaming rate
and, finally, the emulsion destabilization. This stabilization is achieved by the dif-
fusion and adsorption of the surfactant on the w-o interface [95]. The faster the
surfactant can adsorb on the interface, the smaller the droplets will be. There are
slow-adsorbing and fast-adsorbing emulsifiers.

Figure 3.5.: Marangoni effect. The surface tension of a flat surface is smaller than that of a curved surface.

The amount of surfactant is important in order to know how much interface can
be stabilized, which has a direct effect on droplet size: smaller droplets require a
higher amount of surfactant. However, due to the Gibbs-Marangoni effect, if there
is an excess of surfactant, emulsions can be less stable against coalescence, since the
free surfactant monomers in the continuous phase will fill in the interface when it
is curved, instead of letting the flat surface restore itself spontaneously to minimize
the surface tension, because a flat surface has smaller surface tension than a curved
one (Fig. 3.5).

The Gibbs-Marangoni effect involves a liquid flow from the low tension region to
the high tension region to restore equilibrium. So, if the surfactant concentration is
too low (Fig. 3.6-a) to form a resistant protective layer around the droplets, droplets
tend to coalesce as they collide. In the case of the continuous phase being too
concentrated (Fig. 3.6-c), the differential tension relaxes too rapidly because of the
supply of surfactant which diffuses to the surface. This causes the restoring force to
have time to counteract the disturbing forces and producing a dangerously thinner
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film which could lead to drop merge (coalescence) [96]. Therefore, an optimum of
surfactant concentration to maximize stabilization over time would exist (Fig. 3.6-b).

Figure 3.6.: Gibbs-Marangoni mechanism of dynamic stability. Adapted from Pugh [96].

The ratio between the surfactant and the continuous phase content is usually used
to analyze the surfactant concentration effect on the emulsion final properties. If a
mixture of surfactants is used to achieve a required HLB number, the ratio between
the different amounts of surfactants is also an important parameter to take into
account. When preparing o/w emulsions, this ratio will be S/W (where S stands
for surfactant and W for the aqueous phase) and when preparing w/o emulsions,
the ratio S/O is used, where O stands for the oil phase.

Aggregates and critical micelle concentration Surfactants are generally soluble
in water, because of their hydrophilic group, although some nonionic surfactants are
more soluble in an oil phase. When the concentration is low, they keep as separate
monomers in solution, and they are found in the interface air-water, since the hy-
drophobic part wants to minimize its contact with water. When the concentration
rises over a specific concentration, named critical micelle concentration (cmc), they
form aggregates of monomers or supramolecules, usually spherical, called micelles.

These surfactant aggregates normally contain from 50 to 100 molecules of surfactant.
The cmc depends on the type of surfactant, on the size of the hydrophilic and hy-
drophobic groups, on the ionic strength and also on temperature. The cmc generally

86



3.1 An introduction to emulsions

drops as the chain length increases. The temperature at which the concentration
reaches the cmc is defined as the Krafft point. At higher concentrations than the
cmc, monomers and micelles coexist in equilibrium. As the surfactant concentra-
tion increases, the surface tension decreases, it achieves its minimum value in the
cmc and remains more or less constant with a further concentration increase, since
the interface is already saturated with monomers. Thus, by measuring the surface
tension, one can determine the cmc, as shown in Fig. 2.1. There are many other
properties, like turbidity and osmotic pressure, which also experiment an abrupt
change at the cmc.

Micelles can be direct, if they are formed in water and have the polar heads on the
surface, or inverse, if they are formed in an oil phase and have hidden inside the
polar heads of the surfactant. In direct micelles, the hydrophilic head groups of the
surfactant monomers form the phase barrier to the water, while the hydrophobic
alkyl chains orientate themselves inward and form the core of the micelle. The
counterion must also be taken into account in the case of ionic surfactants, since
they are found in the immediate proximity of the micellar surface, in the so-called
“Stern layer”.

The type and size of the micelle depends on the structure of the surfactant. A
prerequisite of the formation of micelles, among other aspects, is sufficient solubility
of the surfactant in the medium which they are formed. An important precondition
for the formation of micelles is the presence of a long chain of the surfactant, normally
C > 10. The presence of micelles affects the physical characteristics of the solution,
such as osmotic pressure, detergence, conductivity and surface tension.

Spherical micelles only exist in dilute dispersions; the formation of “rod like” struc-
tures occurs relatively quickly with increasing concentration. Highly ordered struc-
tures, named liquid crystals, are formed at higher concentrations, when the stability
limit of micellar solutions is achieved and phase separation occurs. In liquid crystals,
the dispersion medium and the hydrocarbon chains have a semi liquid behavior, but
the surfactant aggregates, are well ordered and have no or little mobility.

Surfactants with two long alkyl chains per head form different aggregations with
bilayers in water, called multilamellar or unilamellar vesicles. Micelles and vesicles
differ not only in their structure but also in their size; micelles diameter is normally
between 3 and 20 nm and vesicles diameter can be from 25 nm (unilamellar) up to
1000 nm (multilamellar).

Liquid crystals The formation of liquid crystals (LC), also referred as surfactant
self-organized structures or mesostructures [97], can be considered as the next step
of the aggregation process that takes place when increasing the surfactant concen-
tration in water. As said before, at concentrations below the cmc, surfactant is
present as monomers; as the concentration increases, the new surfactant monomers
will aggregate themselves into micelles. If the concentration still increases, the num-
ber and size of micelles will increase, increasing then the interactions between them,
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which, at the same time, decreases their mobility, until, ultimately, the structure
of a liquid crystal is achieved. In fact, micelles pack themselves in a cubic lattice
in order to minimize the energy interaction between them. A further concentration
increase will lead to the separation of surfactant rich solutions or to the formation
of crystalline solids.

Liquid crystals can be classified into two different types, depending on how they
are formed. Liquid crystals that are formed by the dispersion of surfactants in a
dispersion medium are called lyotropics, whereas thermotropic liquid crystals are
formed when heating certain solids up to a characteristic temperature. In this thesis
we focus on lyotropic LC. There are different shapes of liquid crystal structures,
being the most common the laminar or lamellar phase (Lα), the normal and re-
verse hexagonal phases (H1, H2), the discontinuous direct and reverse micellar cubic
phases (I1, I2) and the bicontinuous cubic phase with positive or negative curva-
ture (V1, V2) (Fig. 3.7). The different shapes acquired depend, basically, on the
hydrophile-lypophile balance (HLB) of the surfactant, on the critical packing pa-
rameter (sec. 3.1.3.1), on the concentration and on temperature.

Figure 3.7.: Types and nomenclature of liquid crystals.

Lamellar liquid crystal A lamellar liquid crystal, also referred as lamellar phase
(Lα), consists of surfactant bilayers alternated with oil phase or water layers. The
crystal has no curvature, and the solutions are quite fluidized –viscosity between
0.1 and 10 Pa · s, although the surfactant concentration is high (usually > 50 %).
This phase is translucent and optically anisotropic, which means that it presents
birefringence. This means that the incident light is decomposed and refracted in
two rays with different velocity and slightly different directions, so when it is placed
between two crossed polarizers, the sample can be observed and identified according
to its structure. Through an optical microscope and crossed polarizers, the laminar
liquid crystal can be identified, since it presents a typical fan structure, flat net or
Maltese cross. Using small-angle X-ray scattering (SAXS), laminar liquid crystals
are identified with a peak sequence of 1:2:3:4 and with a repetition distance (d) equal
to d = 2π/q, where q is the dispersion vector module that corresponds to the first
order peak.
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Hexagonal liquid crystal A hexagonal liquid crystal consists of cylindrical mi-
celles on a bidimensional hexagonal reticule. They present a yield stress and a high
viscosity (20-45 Pa · s), although its surfactant concentration is usually lower than
in lamellar liquid crystals. If the structure is formed with direct micelles, being wa-
ter the continuous phase, they are called normal hexagonal phase (H1); whereas if
water is inside the cylindrical micelles, they are named inverse or reverse hexagonal
phase (H2). The latter ones usually appear at higher surfactant concentrations, and
with surfactants with a low water solubility. They are transparent and they present
birefringence. They present a mosaic structure when observed with an optical micro-
scope and crossed polarizers (Fig. 3.8). With SAXS, the sequence corresponds to the
repetition distance d = 2π/

√
3q, corresponding to a peak sequence of 1 :

√
3 : 2 :

√
7.

(a) (b) (c)

Figure 3.8.: Polarized optical microscopy micrographs showing hexagonal phases formed at different surfactant
concentrations and temperatures: (a) 47 % at 30 °C (near melting point); (b) 67 % at 20 °C; (c) 72 % at 20 °C.
The surfactant used is the modified Jeffamine ED900Myr, studied in chapter 5.

Cubic liquid crystal Cubic liquid crystals are the most complex structures. They
are formed by spherical, cylindrical aggregates or bilayers, adopting an isotropic
tridimensional structure. If they are formed by spherical micelles, they can be
disposed face-centred or body-centered in a cubic net (discontinuou micellar cubic
phase). If they are formed by cylindrical micelles or bilayers, they can form a
complex tridimensional or bicontinuous structure (bicontinuous cubic phase). They
can also be direct (I1, V1) or inverse (I2, V2), respectively. These liquid crystals
are highly viscous, transparent and, although they are very common in surfactant
systems, they are difficult to detect, as they do not present birefringence, and the
repetition distance with SAXS depends on the type of symmetry they adopt.

The formation of discontinuous cubic phase (individual ordered normal micelles in
a cubic lattice) is usually formed in water with hydrophilic surfactants, and it is
promoted with the addition of oil, such as long-chain alkanes. With the addition of
excess oil, o/w based gel emulsions are formed. On the other hand, discontinuous
reverse micellar cubic phase is formed in an oil phase and the addition of water
involves the formation of w/o based gel emulsions.

Oil-in-water (o/w) emulsions with a cubic liquid crystal (I1) in the continuous phase
are interesting, due to their high stability, and have been highly researched. Usually
the surfactants used to form this kind of systems are nonionic poly(oxyethylene)
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block copolymers with a long chain length, as they are more hydrophilic. Short
chain surfactants, though, do not form I2 structures in a non-polar phase, because
the chains are too short and the micelles formed cannot interact with each other,
thus they remain as individual micelles without any order. For that reason, a long-
lipophilic chain surfactant should be used to form I2, so poly(oxyethylene) surfac-
tants with a low HLB will not be able to form these structures. A solution could
be to use surfactants with oxyethylene groups together with oxypropylenes groups
(EO-PO), which are more hydrophobic, and have been shown to form a discontin-
uous reverse cubic phase. Also some systems with lecithin [98, 99], sugar-related
surfactants [100] or glycolipids [101] can form these reverse sructures. However, the
most promising surfactants seem to be the hydrophobic A-B type silicone surfac-
tants [87,97], which are liquid at ambient temperature, and form reverse hexagonal
or discontinuous reverse micellar cubic phase in water, and can form highly concen-
trated w/o based gel emulsions.

Critical packing parameter The surfactant critical packing parameter (CPP ) is
expressed as the ratio of the effective volume of a surfactant monomer (v0) to its
head group area (a0) and chain length (lc) (eq. 3.5).

CPP =
v0

a0lc
(3.5)

Table 3.3.: Critical packing parameter and aggregation of surfactant monomers.

This parameter explains the packing of the surfactant monomers and so, the type of
micelles and liquid crystals formed. If CPP < 1/3, the surfactant monomer has the
shape of a cone, and it forms spherical micelles. If 1/3 < CPP < 1/2, its preferred
association form are rod-like micelles. If 1/2 < CPP < 1, a truncated cone shape is
characteristic, which forms lamellar liquid crystals or vesicles. If it is ∼1 lamellar
or planar layers are formed with cylinder shaped monomers. If CPP > 1, inverse
structures are preferably formed (Tab. 3.3).
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3.1.3.2. Other stabilizers

Amphiphilic block copolymers Amphiphilic block copolymers based on polyethy-
lene (PEG) glycol and polypropylene (PPG) glycol backbones are used in the same
applications of surfactants. In fact, they also decrease the surface tension of liq-
uids, they have a HLB number and also form micelles and liquid crystals. As they
behave as surfactants, they can be used in their same applications. Emulsions sta-
bilized with these polymers can have a more viscous continuous phase. The high
inherent viscosity prevents the movement and the probability of further fusion of
the droplets is less than when stabilized with surfactants or solid particles, so they
are more stable. However, if the polymer concentration is not the appropriate, the
opposite effect is observed due to depletion flocculation. According to this mecha-
nism, polymer is depleted from the interdroplet space after a droplet collision which
gives rise to an osmotic pressure gradient with respect to the bulk of the solution
and flocculation begins.

In this work we use the commercial amphiphilic block copolymers called Pluronic,
from BASF: the Pluronic L121 and P123. In these Pluronic-type surfactants, the L,
P and F stand for liquid, paste and flakes, respectively, and simbolize the surfactant
aspect. The first digit (or two in a three-digit number) multiplied by 300, indicates
the approximate molecular weight of the PPG (hydrophobic part), and the last digit
multiplied by 10 is the percentage of PEG content, so the higher the last number,
the more hydrophilic the molecule is. We have also used Jeffamines (Hunstman),
which have the same structure as the Pluronic block copolymers, but with amines
in one or both endings (chapter 5).

Solid particles Emulsions stabilized by solid particles are known as pickering
emulsions. These particles have a certain affinity for both phases but they are not
soluble in any of them. Usually they have to be wetted by both phases, but with
a preference for the continuous phase. They can stabilize emulsions because the
contact angle between the solid and two liquids is finite, so the particle remains at
the interface [33]. Steric effect and the work needed to remove the particle from the
interface prevent droplet coalescence. The type of emulsion formed depends on the
contact angle on both liquids. Some examples include calcium carbonate stabilizing
water-benzene or pyrite stabilizing toluene-water. Janus particles, which are nano-
or micron-sized particles with two surfaces of different polarity, are also used for the
stabilization of emulsions. The energy to remove these particles from an interface
is much larger than for smaller molecules and therefore they are very efficient at
stabilizing interfaces [102].

Other stabilizers Other substances are used to provide long-term stability in
emulsions by increasing the continuous phase viscosity or producing a yield strength
in the system that hampers motion. These stabilizers are usually macromolecules
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that are not surface-active, but only soluble in the continuous phase. One typical
example is the non-adsorbing polymer xanthan gum, used as thickener and stabilizer
in many food and cosmetic preparations [103–105]. Aben et al. [105] observed that
adding xanthan gum to a o/w emulsion resulted in the formation of a network of
emulsion droplets, which provided a mechanism capable of stabilizing the emulsion
against creaming.

3.1.4. Phase diagrams

Phase diagrams are an essential tool to study the phase behavior of different mixtures
between a surfactant and an aqueous or oil phase (binary diagram) or between all
three components (ternary diagram). Phase diagrams are schematic representations
that give information, at a simple glance, of the phases that coexist in equilibrium, of
their composition and their structure. To achieve the equilibrium state, sometimes
the system only needs a few hours, but sometimes three or four months are needed,
depending on the kinetics of each system.

The Gibbs phase rule is used to determine the possible phases that exist in equi-
librium (P ), knowing the number of components (C) and the number of variables
that need to be specified to determine the system (F ): F + P = C + 2. In binary
diagrams, usually the temperature is represented in the y axis, and the surfactant
concentration in the x axis. As F +P = 2 + 2 = 4, the diagram is at constant pres-
sure to completely describe the system. In ternary diagrams, F + P = 3 + 2 = 5,
the temperature and pressure are fixed so that the diagram can be represented as a
triangle with the three components in its vertices.

The systems are studied at different compositions, at increasing surfactant concen-
tration in the binary systems, or changing the surfactant-to-oil or surfactant-to-water
ratio, in the ternary systems. The samples are kept at a constant temperature until
equilibrium is reached. After being analyzed, the same samples are homogenized
once again and set at another temperature until the equilibration of the samples
is achieved. Usually the diagrams are performed both at increasing and decreasing
temperatures, to be sure of the equilibrium state and to avoid the hysteresis effects.
The procedure to elaborate phase diagrams is described in sec. 2.1.1.

Another typical ternary diagram is the so-called “fish” diagram, owing the name
to the shape of the curves when representing temperature as a function of total
surfactant mass fraction (γ) (Fig. 3.9). These diagrams are useful to determine
the lowest surfactant needed to form microemulsions (one phase) and the HLB
temperature (THLB), which is the temperature at which the surfactant has equal
hydrophilic and hydrophobic properties.

Nonionic ethoxylated surfactants usually present a solubilisation curve which limits
the domain of the micelles. Visually, the transparent and isotropic micellar solution
becomes a cloudy solution in which two phases coexist when the temperature is
increased, due to the dehydration of the ethoxylene groups. For this reason the
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Figure 3.9.: Fish diagram. Notation: 3: indicates the three phase region where an excess water and an excess oil
phase coexist with a bicontinuous microemulsion. Above and below, the 2 and 2 indicate a two phase region,
where direct or inverse emulsions are formed. From the intersection point, one-phase regions are formed (1), and
first a bicontinuous structure appears, and at higher surfactant content, a lamellar phase Lα.

curve is known as the cloud point curve. This curve usually presents a minimum
point at surfactant percentages of around 1-5 %, then the cloud point temperature
increases as the concentration of surfactant is increased. The cloud point is usually
tabulated at 1 % of surfactant, in order to have a standard value to compare different
surfactants. Above the cloud point curve the system is biphasic, formed by two
micellar solutions of different compositions. The cloud point is a measure of the
hydrophilicity of the surfactant: the more hydrophilic the surfactant is, the higher
the cloud point will be.

The position of the curve can be influenced by the addition of additives, such as
alcohols, organic acids, hydrocarbons, other surfactants and salts. Salts modify the
structure of the water molecules at polar head level, so they have also an effect on
the cmc. Salts having a salting-out effect reduce the solubilisation of surfactants,
thus the cloud point curve is moved to lower temperatures. These salts have a
cosmotrope anion (such as Cl-, F-, Br-), which is preferably solvated with water, so
the surfactant is consequently dehydrated. Salts with a chaotrope anion (I-, ClO4

-,
SCN-) have a salting-in effect: they increase the solubilisation of the surfactants,
since they increase the number of free water molecules.

For ionic surfactants, the solubility increases when temperature increases, since at
low temperatures the surfactant crystallizes in small solid crystals that precipitate in
water. So, contrarily to the nonionic ethoxylated surfactants, in ionic binary systems,
the system is cloudy below a certain temperature, consisting of the dispersed solid
crystals, and above this temperature, the solution becomes transparent, due to the
formation of a micellar phase. The temperature at which the surfactant becomes
soluble is known as the Krafft temperature, which is defined as the temperature at
which the surfactant solubility is equal to the cmc solubility.
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3.1.5. Rheology of emulsions

Emulsions are complex fluids, whose rheological behavior can vary far from the
Newtonian behavior. They usually behave as non-Newtonian fluids, as their effective
viscosity varies with the shear rate. Diluted emulsions have a simple viscous flow,
similar to that of the continuous phase, but highly concentrated emulsions usually
have a plastic behavior: for small deformations, they are elastic, being the shear
stress linearly proportional to the shear strain; for large deformations, they yield
and flow. They usually have a shear thinning behavior, like pseudoplastic fluids,
in which viscosity decreases with increasing shear rate, together with a Bingham
plastic behavior, since most of them present a yield stress value below which there
is only creep flow. The shear-thinning behavior is a result of the droplets elongation
and the positioning of the major axis in the direction of flow, when the emulsion
is under shear, which causes its structural breakdown. This rheological behavior
is very important to take into account in the production of emulsions, since the
viscosity and the yield stress values will vary depending on the stirring rate and on
the position of the emulsion in the mixing vessel.

There are many studies concerning the rheology of emulsions [26, 30, 94, 106–111],
basically because the knowledge of the rheological parameters is the best way to
understand how the emulsion will flow under stress and under rest, how stable will
it be, if the product quality is the one expected, and to understand how it is formed.
Moreover, many studies try to modelize the rheological parameters as a function of
droplet size, surfactant concentration, interfacial tension and many other emulsion
features [112–117], some of them will be studied in this thesis.

In this work, we study the rheology of the emulsions in different ways. Firstly, in
order to know if the emulsions are formed and to determine the nature of the contin-
uous phase: liquid crystal or micellar phase, since they have different flow behavior.
We also modelize the rheological behavior of the emulsions with existing and mod-
ified models, in order to predict the necessary conditions to obtain some specific
rheological properties. Finally, we think that the detrermination of the rheological
parameters is a valid analysis to study how the composition and preparation process
variables influence the emulsion properties. Hence, the rheological parameters can
be used to study the scale up of the formation of emulsions (chapter 4).
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3.2. Phase behavior and rheological analysis of
reverse liquid crystals and W/I2, W/H2 gel
emulsions using an amphiphilic block copolymer

After this introduction in emulsions, surfactants, liquid crystals and rheology of
emulsions, we now present a study in which emulsions with a liquid crystal contin-
uous phase are formed and their rheological analysis and phase behavior is studied.

This section was published as: May, A.; Aramaki, K.; Gutiérrez, J.M. Phase behavior
and rheological analysis of reverse liquid crystals and W/I2, W/H2 gel emulsions
using an amphiphilic block copolymer. Langmuir. 2011, 27 (6), 2286-98 [118].

3.2.1. Introduction

Both highly concentrated emulsions [119], also referred as high-internal-phase ratio
emulsions (HIPRE), and emulsions with a structured mesophase (liquid crystal) in
the continuous phase [120], are described by the term “gel emulsions”, since they are
both highly viscous emulsions. In this study, the term will be used mainly for the
latter definition. These emulsions possess a finite yield stress, so they do not flow
under their own weight [121], and they exhibit a non-Newtonian shear-thinning be-
havior [122]. They have been of great interest recently due to their intrinsic enhanced
long-term stability, mainly due to the presence of the microstructured continuous
phase, which prevents droplet coalescence as a result of its high viscosity [97, 123].
A good review of this topic was performed by Rodŕıguez-Abreu and Lazzari [124].
This external microstructure has been reported to serve as an emulsion template
for the preparation of meso/macroporous materials [125–128] as well as nanopar-
ticles [129], topics that are being widely researched since the first discovery in the
early 90’s [130].

Most studies regarding gel emulsions with a structured mesophase have been per-
formed with systems that present a cubic liquid crystal in the continuous phase,
direct (I1) [120, 131, 132] or reverse (I2) [87, 97, 133, 134]. Cubic phases are highly
appreciated for being the most viscous and, therefore, good emulsion stabilizers.
Among them, normal cubic-based emulsions (O/I1), with oil as the dispersed phase,
are more common, using nonionic surfactants based on poly(ethylene oxide) chains
or ionic surfactants. The formation of I1 phase is usually enhanced with the ad-
dition of oil. Reverse cubic phase-based emulsions (W/I2) are less studied, due
to the difficulty of finding surfactants to form a reverse structure. It could seem
that the surfactants having a short chain length could form I2 structures in a non-
polar phase, but their segregation tendency is not strong enough for aggregation in
non-polar medium [87]. Even if there are poly(oxyethylene) surfactants with a low
hydrophilic-lipophlic balance (HLB) number, they would not be able to form these
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structures [135]. For that reason, a long-lipophilic chain surfactant should be used
to form I2.

Some of the amphiphilic substances that are used include copolymers like poly
(oxyethylene) - poly (dimethylsiloxane) (HLB ∼5) or the several poly (oxyethy-
lene) - poly (oxypropylene)-type, which are known to form I2 phase in the presence
of water-oil mixtures [133, 136, 137]. Lecithin has also been reported to form an I2

phase [98], although due to its impurities, the phase diagram could vary from one
system to another.

Gel emulsions with a direct hexagonal phase on the continuous phase, O/H1, have
been studied with a nonionic surfactant and several solvents [132], also emulsions
with a lamellar phase in the continuous phase, and emulsions with a two-phase
continuous phase consisting of a reverse hexagonal and lamellar phases (H2+Lα) were
formed in monoolein-based systems 5 up to 80 wt% of water [123]. However, to our
knowledge, there is no such study of gel emulsions with only the reverse hexagonal
phase in the continuous phase (W/H2), which would be placed between the ones
with lamellar phase and cubic phase regarding stiffness and stability, and with an
interesting microstructure to use as template for the formation of meso/macroporous
materials. This research fills this existent gap of knowledge, apart from providing
additional data regarding stability, rheology and microstructure of the reverse liquid
crystals and gel emulsions formed.

3.2.2. Goal of this study

In this study, we have undertaken an analysis of the phase behavior of a new system,
the water/Pluronic® L121/cyclohexane system, paying particular attention to the
formation of reverse liquid crystals. We have investigated the ability of the sys-
tem to form water-in-oil emulsions with a structured continuous phase (W/I2 and
W/H2), and we have performed a thermal, rheological and SAXS characterization
of the one-phase regions and gel emulsions formed, studying the effect of water con-
centration and temperature. Precisely, we are interested in using this system to
form highly concentrated reverse emulsions, in order to produce, in further studies,
meso/macroporous materials with high surface area and porosity, which will be able
to increase diffusion and mass transfer in their potential applications [125].

3.2.3. Experimental section

3.2.3.1. Materials

The amphiphilic poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol), (EO)5(PO)68(EO)5 triblock copolymer (Pluronic® L121 [P-121 from now
on]), (Mw 4400 g/mol) was purchased from Sigma Aldrich. This copolymer is hy-
drophobic, as the weight fraction of the hydrophobic PO chains is far more significant
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than the hydrophilic EO chains. It was chosen in order to form reverse liquid crys-
tals. SAXS patterns of the pure block copolymer show no correlation peaks at low q
values, which is an indication that it does not form aggregates without the presence
of water or oil; a broad peak appears around 14 nm-1(Fig. 3.10), indicating the dis-
ordered liquid-like behavior of the polymer. Cyclohexane was provided from Tokyo
Chemical Industry. All chemicals were used without further purification. Milli-Q
deionized water was used in all samples.

Figure 3.10.: SAXS and WAXS of the pure amphiphilic block copolymer Pluronic-L121.

3.2.3.2. Determination of the phase behavior

In order to determine the different regions of the phase diagram, the required
amounts of the components were weighed in clean and dry glass tubes (13 mm in
diameter), as indicated in sec. 2.1.1. A proper mixing and homogenization of the
samples was achieved using a vortex stirrer, together with heating of the samples in a
dry thermo-bath combined with centrifugation. Once homogenization was attained,
samples were kept in a water bath at 25 ◦C during several weeks, to ensure that
equilibrium was achieved. Visual observation, together with cross-polarizers, was
used to identify the phases formed, according to their stiffness and birefringence.
Moreover, SAXS analysis was performed to confirm the liquid crystal phases formed
and determine the phase boundaries.

3.2.3.3. Preparation of gel emulsions

Once the one-phase regions were determined, different amphiphilic block copolymer
concentrations, expressed as polymer/oil (P/O) ratios, were essayed to determine
the different amount of water solubilization in the reverse hexagonal and reverse
cubic phases. Gel emulsions were prepared following two different paths: P/O =
90/10 for the formation of W/H2 emulsions and 72.5/27.5 for W/I2 (paths a and b,
respectively, in Fig. 3.12). Emulsions were prepared by weighing all components in
the final concentration in dry glass tubes (13 mm in diameter). Then the samples
were heated above the melting point of the I2 and H2 phases, in order to reduce
the viscosity of the system. Above the reverse structures melting point, a micellar
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solution is present instead of an ordered packed structure, so the excess water could
be mixed up to a complete homogenization of the emulsion by vigorous stirring in
open air-cooling. Next, the samples were cooled down below the melting temperature
in order to form the reverse structures around the water droplets and form the
emulsions, which were kept at 25 ◦C until the SAXS or rheological analysis took
place. With this method, represented schematically in (Fig. 3.11), gel emulsions
could be formed. The determination of the transition temperature of the reverse
structures is shown in further sections.

Figure 3.11.: Schematic representation of the procedure to prepare emulsions with a liquid crystal (LC) in the
continuous phase.

3.2.3.4. SAXS measurement

Small angle X-ray scattering (SAXS) measurements were used to confirm the re-
verse cubic (I2) and reverse hexagonal (H2) phases in liquid crystal samples and in
gel emulsions and to determine phase boundaries. Measurements were performed
as indicated in sec. 2.1.2. For selected samples in the H2 and I2 phases, SAXS mea-
surements were undertaken at temperatures between 20 and 85 ◦C to detect phase
transition phenomena with increasing temperature, and to confirm the results from
the temperature ramp rheological tests.

3.2.3.5. Rheological measurement

Rheological measurements were carried out in an AR-G2 rheometer (TA Instru-
ments) using cone plate geometry (40 mm diameter, 1° angle and 27 μm gap), as
indicated in sec. 2.1.4. Temperature was set and kept constant at 25 ◦C. A fre-
quency sweep test (0.01 – 100 rad/s) was performed at a constant strain in the
linear viscoelastic zone of the samples, which was determined previously in a strain
sweep test. The elastic modulus (G’) and the viscous modulus (G”) of samples were
determined, as well as the complex viscosity (|η∗|). Yield stress (τ0) was determined
with a stress sweep test: the inflection point in the shear rate versus shear stress
plot was taken as the τ0 value. All measurements were carried out as a function of
water concentration in the H2 and I2 zones, at P/O ratios of 90/10 and 72.5/27.5,
respectively (paths a and b in Fig. 3.12). Liquid crystal samples were prepared and
homogenized at least 48 hours before the measurement took place. Emulsion sam-
ples measurements took place within 24 hours after their preparation. A sample
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cover was used to minimize the change in composition by evaporation during the
analysis. The temperature dependence of G’, G” and |η∗| in selected samples of the
reverse liquid crystals formed was determined with temperature ramp tests, from 10
to 60 ◦C in the linear regime (ω= 1 Hz, 0.5 % strain) at a constant heating rate of 1
◦C/min. These tests, together with SAXS measurements, were used to determine

the temperature in which the order-disorder transition took place between different
lyotropic mesophases and study the thermal behavior of the samples.

3.2.3.6. Differential Scanning Calorimetry (DSC)

A differential scanning microcalorimeter (EXSTAR 6000, DSC6200, Seiko Instru-
ments) was used to measure DSC of the samples at a heating rate of 10 ◦C/min.
Samples were sealed in hermetic capsules and an empty one was used as a reference.

3.2.4. Results and discussion

3.2.4.1. Phase behavior of the water / (EO)5(PO)68(EO)5/cyclohexane
system

More than 100 samples were used to determine the phase behavior of the ternary
system water/(EO)5(PO)68(EO)5/cyclohexane at 25 ◦C. Cyclohexane was soluble
in all proportions with the block copolymer P-121. A reverse micellar solution (L2)
is found in all proportions. When temperature is decreased, a slight birefringence
appears, indicating the ordering of the copolymer in laminar layers. Contrarily,
when temperature is increased, a slight precipitate appears (cloudy appearance),
indicating a reduction of the polymer solubility in the oil phase. The ternary phase
diagram in weight fractions of the three components is shown in Fig. 3.12. It can
be observed that there are two anisotropic phases, the lamellar (Lα) phase and
the reverse hexagonal phase (H2); two isotropic phases, namely reverse-micellar
cubic phase (I2) and reverse micellar solution phase (L2). Reverse phases, with
negative interfacial mean curvature, are formed since the volume fraction of the
hydrophobic part of the polymer is much higher than the hydrophilic part, so the
critical packing parameter (CPP ) is higher than one. The phase boundaries (±
2.5 wt %) are represented as solid lines. The rest of the diagram corresponds to
aqueous solutions in equilibrium with the one-phase zones.

The sequence of the phases formed, starting from the oil/copolymer binary axis to
the water/copolymer binary axis is L2�I2�H2�Lα, (sphere, cylinder, plane), which
corresponds to a change of curvature from negative to zero, and is consequence
of the balance between the interfacial energy and the elastic energy per polymer
chain when water concentration increases and oil decreases, so hydration of the
hydrophilic part is enhanced and the critical packing parameter decreases down to
one. When the copolymer concentration is low, it exists as simple unimers. When
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Figure 3.12.: Phase diagram of the water/P-121/cyclohexane system. Solid lines indicate the one-phase boundaries.
Phases: Lα: lamellar, H2: reverse hexagonal phase, I2: reverse cubic phase, L2: reverse micellar solution. W
indicates excess water. The two thick dashed lines are the water-addition paths followed in this study at a
constant polymer/oil ratio of 90/10 (a) and 72.5/27.5 (b)

the concentration increases, they form aggregates, named micelles. At a higher
concentration and with addition of water, the micelles grow, get closer to each
other and repulsive intermicellar interactions become more important. In order to
maximize their distance, the micelles arrange into a reverse cubic lattice, which
formation is also induced by the high volume fraction. If copolymer concentration is
increased, it is observed that cylinder aggregates are formed, packed in a hexagonal
lattice. Eventually, the curvature is changed to zero, forming a lamellar phase, at
higher water concentration. Once the lamellar phase is achieved, the short PEO
blocks in the unbalanced PEO-PPO-PEO block copolymer get saturated with water
and further normal structures are not formed, in agreement with the “truncated”
sequence found in Svensson et al. [138]. According to Svensson [138], when a block
is saturated, additional solvent is added to the bulk, but it does not influence the
curvature of the PPO/PEO interface. This truncated chain behavior is similar to
that of surfactants presenting a low HLB number, which are generally soluble in an
oil phase.

3.2.4.2. Formation and stability of W/I2 and W/H2 gel emulsions

Two P/O ratios were chosen to form the reverse water-in-oil gel emulsions; 90/10 for
the based reverse hexagonal gel emulsions (W/H2) and 72.5/27.5 for the emulsions
with reverse cubic phase in the continuous phase (W/I2). A large amount of water
could be emulsified in the reverse liquid crystals; in W/H2 emulsions, up to 88 wt %
of water could be incorporated as the internal phase, and up to 93 wt % in the case of
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W/I2 emulsions. In the range 80-93 wt %, a long mixing time, combined with heating
and centrifugation was required. In order to form gel emulsions above 93 wt % of
internal phase, the idea of first forming the I2 and H2 phases and adding water
gradually combined with continuous vortex stirring and heating was essayed, but
unfortunately, the further added water was separated out as an excess water phase.

The emulsions formed, in both cases, were white, due to the difference between the
internal and external phase refractive index [97], highly viscous, stiff, and presented
shear-thinning behavior and a yield stress value. They did not flow when the tube
was turned upside down. The presence of liquid crystal phase in the continuous
phase was confirmed with SAXS and rheological measurements. As the phase dia-
gram depicts (Fig. 3.12), and considering the components used, the structure of the
liquid crystal is assumed to be reverse. Diluting the samples in cyclohexane, and
not being able to dilute them in water, confirmed that the internal phase was indeed
water. When observed through an optical microscope, small droplets in a highly
packed structure were observed. In the case of highly concentrated emulsions, as
the volume fraction of dispersed phase is higher than the maximum packing vol-
ume fraction of rigid homogeneous spheres, which is equal to 0.74 for undistorted
monodisperse spheres, droplets were no longer spherical, but they were deformed
against their neighbors and took the shape of a polyhedron, with a consequent in-
crease in their surface area. A polyhedrical shape is obtained, since it is the best
geometric conformation to achieve the most densely and optimized close-packed
structure.

Emulsions were very stable, compared to other similar systems [132]. After two
months, no phase separation was observed in emulsions up to 70 wt % of water.
Emulsions up to 85 wt % for the W/I2 emulsions were stable for more than 45 days,
and for more than 20 days for > 90 wt %, whereas for the W/H2 emulsions, which
are less viscous, phase separation started after two weeks for emulsions up to 88 wt %
of water. The enhanced stability in gel emulsions was due to two different phenom-
ena. In the first place, since the continuous phase was formed by an ordered block
copolymer microstructure with an extremely high viscosity, droplet coalescence and
creaming was highly impeded. In the second place, block copolymers provide a
steric stabilization to emulsions, since they adsorb in the water-oil interface and
create a barrier for droplet coalescence [139]. These two phenomena resulted in the
proved high-stability of the gel emulsions formed up to 70 wt %. For highly concen-
trated emulsions, as the liquid crystal fraction was less, the two stabilizing effects
diminished.

3.2.4.3. Characterization of the one-phase regions and based gel emulsions

The main characteristics of the liquid crystals are shown in Tab. 3.4. Apart from
visual observation, the structure of the liquid crystals was established by SAXS mea-
surements. Representative samples in each region were used to obtain the diffraction
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patterns and resolve the Bragg peaks. This, together with the indexing of the peaks,
confirmed the phases found.

Table 3.4.: Characterization of the one-phase regions in the phase diagram. Notation: d1, interlayer spacing, a,
lattice parameter, rest of notation as in Fig. 3.12.

Phase P/O φ (wt %) Diffraction planes Relative positions d1 (nm) a (nm)

H2 > 85/15 18-43
[100] [110]

1 :
√

3 : 2 :
√

7 11.20 – 23.3
[200] [211]

I2 70/30-90/10 8-20
[111] [311]

1 : 1.9 : 3.6 : 4.1 13.2 – 18.2 36.7 – 60.4
[620] [551]

Lα > 97.25/2.5 37-42
[100] [200]

1 : 2 : 3 : 4 14.38
[300] [400]

Reverse hexagonal phase and W/H2 emulsions Samples corresponding to H2

phase had a glassy appearance; they were stiff and optically anisotropic, since
they showed a bright birefringence when observed through cross polarizers. The
H2 phase was found very near the I2 phase, which hampered the determination of
phase boundaries in this region. A large amount of water was solubilized by the H2

phase (43 wt %) and a large variation of the interlayer spacing within this region was
observed (Tab. 3.4) (Fig. 3.13).
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Figure 3.13.: Interlayer spacing, d, following path a and path b, and lattice parameter, a, of path b, in water/P-
121/cyclohexane system at a fixed P/O ratio = 90/10 and 72.5/27.5, respectively, containing different concen-
trations of water. Notations as in Fig. 3.12.

Fig. 3.14-a shows the diffraction pattern of a representative sample (25 wt % water,
P/O = 90/10), in which the four Bragg peaks are clearly seen (indexing R2 = 0.9997).
Fig. 3.14-a also shows the SAXS patterns for the water addition path followed (a) up
to 80 wt % water, in which the presence of H2 in the continuous phase is confirmed,
including in highly concentrated emulsions, since correlation peaks, which indicate
the presence of interactions among aggregates, can be still identified. However, the
number and intensity of the peaks is reduced as water fraction is increased, since the
fraction of liquid crystal is less. It can be observed that the first Bragg peak, the one
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with the highest intensity, moves to lower q values as water concentration is increased
in the H2 phase, indicating water swelling of the aggregates (d increases) (Fig. 3.13).
However, d remains constant (around 23 nm) in the W/H2 emulsions, indicating
phase separation of the excess water instead of solubilization. The intersection
between the two lines was used to determine the phase boundary. The broad peak
around q = 14 nm-1 in the wide-angle X-ray scattering (WAXS) was present in all
samples.

(a) (b)

Figure 3.14.: SAXS patterns of the water/P-121/cyclohexane system at 25 °C following (a) path a (P/O = 90/10).
The numbers above each curve are the wt % of water in samples. At 25 wt %, the pattern corresponds to H2

phase. The indexing of the peaks (Tab. 3.4) was performed and a line passing through the origin was the best fit,
with R2 = 0.9997. (b) path b, where the P/O ratio is fixed at 72.5/27.5. The numbers above each curve are the
weight percent (wt %) of water in the samples. At 10 wt % water, the pattern corresponds to I2 phase, structured
as a face-centered space group, Fd3m. The indexing of the peaks was performed, and a line passing through the
origin was the best fit, with R2 = 0.9995.

Path a (Fig. 3.12), with P/O= 90/10, was taken to study the formation of W/H2

emulsions in this study. From 0 to 15 wt % water, there is a reverse micellar solution
(L2) and a mixed zone in which more than one phase coexist (L2, I2 and H2).
Between 15 wt % and 43 wt % water, the one-phase region H2 is present, and with
further water addition, the gel emulsions could be formed up to 88 wt % of water.
Fig. 3.15 depicts the images from 15 wt % to 88 wt % of water content, following path
a, with P/O= 90/10.

Reverse micellar cubic phase and W/I2 emulsions A region of I2 phase was
found next to the reverse hexagonal H2 phase and the reverse isotropic micellar L2

phase. The maximum water solubilization was 20 wt % at P/O= 80/20. Just after
preparing the samples at high temperature, in order to have the L2 phase and allow
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Figure 3.15.: Photographs of the samples following path a, with P/O= 90/10. Reverse hexagonal phase (H2) is
formed between 15 and 35 wt % water (red square). From 40 to 88 wt %, gel emulsions.

water swelling, the samples were white and turbid. They slowly turned into a stiff
cloud appearance, when maintained at 25 ◦C, and after a few days, the samples in
this region were transparent and with glassy appearance, very stiff and they showed
no birefringence when observed through cross polarizers as a consequence of their
isotropy.

According to the relative positions of the Bragg peaks from a representative sample
(10 wt % water, P/O= 72.5/27.5) (Fig. 3.14-b) and to previous studies with similar
systems [87, 137, 138, 140], the diffraction planes identified (Tab. 3.4) corresponded
to the face-centered space group, Fd3m. This structure is supposed to be formed
by 24 quasi-spherical reverse micelles, 8 of them larger and the other 16 smaller, as
proposed by Luzzati and co-workers [141]. In reverse micelles, the repulsions between
the PEO blocks are weak, since they are in the core of the micelles, so a dense packed
structure (face-centered) is favorable instead of a less dense packed body-centered
structure, like most normal micellar cubic phases [136]. When preparing the liquid
crystals, the transition from turbid to transparent was much slower for I2 phase
than for H2 phase, which was in agreement with other studies that affirm that the
kinetics of structuring and aging of the Fd3m phase is slow, and takes approximately
5 days to achieve fully transparency [142], the time needed for water to incorporate
in the two-sized micelle cores. Fig. 3.14-b shows the SAXS patterns along the water
addition path followed (b), where P/O= 72.5/27.5 and W/I2 emulsions are formed.
It can be observed that in the I2 phase region, the two first peaks are the most
intense and the second peak is clearly identified in the gel emulsions, even at high
water concentrations, which confirmed the presence of a structured continuous phase
up to 90 wt % water.

It is observed that the peaks shift to lower q values when the water concentration
increases, which indicates that the interlayer spacing (d) and the lattice parameter
(a) increased with increasing hydration of the reverse micelles forming the I2 phase
(Tab. 3.4). Values in the same order are found in literature for similar systems [135,
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138]. The most intense reflection [3 1 1] was taken to calculate the interlayer distance
and the lattice parameter. In the two-phase region, the interlayer distance and lattice
parameter flattened at a value of 18.2 nm and 60.4 nm, respectively (Fig. 3.13), as
the excess water remained separated in microdomains, which resulted in the turbid
aspect of the samples. Like in the H2 phase, the intersection between the two lines
was used to determine the phase boundaries, which corresponds to the full hydration
point.

Path b (Fig. 3.12), with P/O= 72.5/27.5, was taken to study the formation of W/I2

emulsions in this study. From 0 to 8 wt % water there is a reverse micellar solution
(L2). Up to 18 wt %, the one-phase region I2 is present, and with further water
addition, the gel emulsions were formed up to 93 wt %, as depicted in Fig. 3.16.

Figure 3.16.: Photographs of the samples following path b, with P/O= 72.5/27.5. Reverse micellar solution: 2.5
and 5 wt %, reverse micellar cubic phase is formed between 9 and 15 wt % water (green squares). From 20 to
90 wt %, gel emulsions.

Lamellar phase, reverse micellar solution phase and multiphase region The
transparency, softness and birefringence characterized the one-dimensional lamellar
structure, which swelled with only 2.5 wt % of cyclohexane. The diffraction patterns
and indexing of a representative sample (40 wt % water, P/O= 97.5/2.5) can be
observed in Fig. 3.17 and peaks and d in Tab. 3.4.

The samples in the reverse micellar region (L2) were transparent, isotropic and they
flowed when the tube was turned upside-down. When the polymer concentration
was high, they were quite stiff, although they behaved as Newtonian fluids, as the
viscosity was constant with frequency. The rest of the diagram is a two-phase or
three-phase region, where in each point there is equilibrium between the one-phase
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Figure 3.17.: (a) SAXS pattern of a sample in the lamellar phase (40 wt % water and P/O= 97.5/2.5). The peaks
corresponds to the following Miller indexes: [100], [(200], [300], [400]. (b) Indexing of the peaks indicated in (a)
with R2 = 0.9998 for the fitted line. The relative peak position is 1:2:3:4, confirming a lamellar phase.

regions, although these zones have not been investigated in detail. The W/H2 and
W/I2 gel emulsions explained in the previous sections were formed in this region.

3.2.4.4. Transition temperature and thermal behavior of the I2 and H2 phases

The temperature at which the liquid crystals melt and the fluidity achieved facilitates
the incorporation of water and the formation of emulsions has to be known in order
to produce emulsions at higher scale. To evaluate the thermal evolution, visual
observation, SAXS and rheology tests were performed within the temperature range
comprised between 10 and 80 ◦C, using two samples in the one-phase region at 25
◦C. For the H2 phase, 20 wt % water and P/O= 90/10 (sample A); for the I2 phase,

12 wt % water and P/O= 72.5/27.5 (sample B).
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Figure 3.18.: DSC with temperature for samples A and B. Arrows indicate the melting of the liquid crystal phases.

Visually, sample A is stiff, transparent and show birefringence at low temperatures.
From 35 ◦C the birefringence disappears, indicating a phase transition to I2 phase,
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since it continues stiff and transparent. From 45-50 ◦C, the sample appears white,
indicating a phase separation, I2+W. At 60 ◦C, samples are no longer stiff, indi-
cating that the liquid crystal has melted into a micellar solution; L2+W. Sample
B has the typical appearance of an I2 phase up to 35-40 ◦C; from this point the
sample is cloud and flow under its own weight, indicating the melting of the cubic
phase to L2+W. DSC measurements were performed to detect the phase transitions
(Fig. 3.18). However, the enthalpy associated with the phase transitions was very
small, much smaller than those for direct liquid crystals, indicating that the inter-
action among reverse aggregates is much smaller than that for direct ones, as also
observed in Rodŕıguez-Abreu et al. [134]. Even though, it could be observed that
the phase transition from a liquid crystal to a melted state took place at higher
temperatures for sample A than for sample B.

(a) (b)

Figure 3.19.: (a) Temperature dependence of sample A (20 wt % water, P/O= 90/10) measured by SAXS after
equilibration for 7 days at room temperature (RT). The results show a transition from the diffractogram of a H2

phase below 40 °C to a characteristic diffractogram of a I2 phase between 40 and 50 °C, to a L2 diffractogram
above 50 °C. (b) Temperature dependence of sample B (12 wt % water, P/O= 72.5/27.5) measured by SAXS after
equilibration for 7 days at RT. The results show a transition from the diffractogram of an I2 phase below 50 °C
to an L2 diffractogram above this temperature.

These visually detected changes were consistent with SAXS results. Fig. 3.19-a show
the diffractograms from 30 to 80 ◦C for sample A. Up to 35 ◦C, the diffraction
peaks indexing adjusts for a reverse hexagonal phase (Fig. 3.20-a) (peaks indexed
inFig. 3.20-a are indicated with an arrow), whereas between 40 and 50 ◦C, an Fd3m
I2 structure is detected at 50 ◦C (Fig. 3.20-b).

The interlayer spacing increases continuously from 20 to 35 ◦C in the H2 phase
(Fig. 3.21); then a sudden increase is observed when the phase transition H2-I2 takes
place and it increases continuously in the I2 region. The pass from H2 to I2 is consis-
tent with the fact that with increasing temperature, the block copolymer becomes
more lipophilic, so a more negative curvature is favored.
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Figure 3.20.: Indexing of the SAXS peaks of sample A (P/O= 90/10 and 20 wt % water). (a) At 30 °C (peaks
indicated with an arrow). A H2 structure is observed. (b) At 50 °C, where an Fd3m structure is observed.

10 20 30 40 50 60 70 80 90
10

15

20

25

30

35

 d (nm)
 a (nm)

L
2
+ W

I
2

 

 

T (ºC)

H
2

Figure 3.21.: Interlayer distance, d, and lattice parameter, a, for P/O= 90/10 and 20 wt % water (sample A) as a
function of temperature, from 20 to 85 °C.

SAXS patterns for sample B at 25 ◦C show the characteristic peaks for a reverse I2

phase sample, and it can be detected up to 50 ◦C (Fig. 3.19-b). This cubic phase
was also identified as an Fd3m structure (Fig. 3.22-a). The interlayer distance and
the lattice parameter in this region increase with temperature (Fig. 3.22-b), possibly
due to the straightening of polymer chains, which are shrunk at lower temperatures.
From 60 ◦C, with the melting of the cubic phase, the interlayer distance remains
almost constant with temperature in the range studied. This point corresponds to
the order-disorder transition, in which the packed ordered micelles become a reverse
micellar solution.

The phase transition from H2 to I2 (sample A) and the melting of I2 (sample B)
observed visually and by SAXS was also observed through rheology tests. A tem-
perature ramp rheological test was performed from 10 to 60 ◦C (local evaporating
in the sample limited the temperature range in rheological experiments), and the
viscoelastic parameters, as well as the complex viscosity were measured. Fig. 3.23
shows a temperature ramp test for samples A (a) and B (b). It can be observed that
at low temperatures, G’ is higher than G”, since the liquid crystals have a solid-like
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Figure 3.22.: (a) Indexing of the SAXS peaks at 20 °C for P/O= 72.5/27.5 and 12 wt % water (sample B). A Fd3m
structure is observed. (b) Distance, d, and lattice parameter, a, for P/O= 72.5/27.5 and 12 wt % water (sample
B) as a function of temperature, from 20 to 80 °C.

For sample A, at low temperatures, G’ > G” but both increase gradually. At 31 ◦C
there is a change of the slope of tan(δ), which corresponds to the transformation
of the anisotropic reverse hexagonal phase H2 into an isotropic reverse cubic phase
I2 beyond that temperature. From this value, G’ increases steeper and G” starts
to drop down. At 42 ◦C, G’ and |µ∗| of this I2 formed reach the highest values,
whereas G” experiments the lower values at the same moment. Then, at 52 ◦C,
another inflection point in tan(δ) indicates the beginning of the melting of the I2

phase, and G’ and |µ∗|, suddenly drop. G” increases up to 55 ◦C, as a consequence
of the loss of the gel-structure, and after the crossover between G’ and G” it also
drops.

When temperature increases, for sample B, G’ is constant until 36 ◦C, where it
starts to decrease as it starts to melt into a reverse micellar phase. This transition is
observed with a clear increase of the slope of tan(δ) at this temperature. A crossover
between G’ and G” takes place at 40 ◦C, which is followed by a steep decrease in
both values, when the sample behaves as a liquid. The complex viscosity follows the
same pattern: it is high and constant at low temperatures, till it reaches the melting
point, and then it suddenly drops.

The optimum temperature for emulsification corresponds to the temperature in
which the viscosity is lower. At lower temperatures, the viscosity is still high and
the mixing would require a higher energy input in order to mix the excess water
with the liquid crystal structure. According to Kunieda et al. [143], the melting
temperature of the one-phase regions increases as water is solubilized in the reverse
micelles until phase separation occurs, and it is maximum in the two-phase region,
so higher temperatures are needed to form the gel emulsions.
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Figure 3.23.: a) Temperature ramp test for sample A (20 wt % water, P/O= 90/10) and b) for sample B (12 wt %
water, P/O= 72.5/27.5). Test conditions: ω= 1 Hz and 0.5 % strain. The diagram shows the complex viscosity,
the elastic and viscous moduli and the tan(δ) as a function of temperature.

3.2.4.5. Rheological properties of the liquid crystals and gel emulsions

Oscillatory linear viscoelastic experiments were performed, since they give us infor-
mation about the liquid crystals and gel emulsions’ structure and behavior under
stress without damaging the internal structure, as small deformations are applied.
The viscoelastic parameters and the yield stress were evaluated as a function of in-
creasing water concentration at 25 ◦C, at two fixed P/O following path a (90/10)
and b (72.5/27.5) shown in Fig. 3.12.

Viscoelastic parameters of the reverse phases and based gel emulsions All
samples have a typical shear-thinning behavior, as observed in the example of
Fig. 3.24-a, since the complex viscosity (|η ∗ |) decreases with increasing frequency,
and no plateau region at low frequencies is observed. |η ∗ | is higher than 105 Pa · s
(at ω = 0.01 rad/s) in the I2 phase and than 104 Pa · s in the H2 phase. The complex
viscosity can be fitted to a power law model, |η∗| ∼ ω−p, where the exponent (p)
indicates a solid-like structure when approaching one, or a liquid behavior when it
is close to 0 [144]. When p= 0, the viscosity is constant with frequency (Newtonian
behavior). Fig. 3.24-b shows the value of this exponent as a function of water con-
centration for the two water addition paths followed in this study. For path a, the
exponent is near 0 up to 10 wt % water, and then increases at values higher than
0.9 and remains nearly constant all along the path. For path b, there is a steeper
increase of the exponent in the disorder-order transition at < 10 wt % water, and
the exponent presents values near 1 in the I2 phase and in W/I2 gel emulsions. In
both cases, the results indicate that in the micellar solutions zone, the sample be-
haves like a liquid, but from the moment that the liquid crystal is formed and with
further addition of water, even at high concentrations, the samples have a solid-like
behavior, which is mainly due to the structured continuous phase, either I2 or H2.
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Figure 3.24.: a) Fitting with the complex viscosity as a funciton of frequency with a power law. Sample at
P/O= 72.5/27.5 and 80 wt % water. b) Exponent of the power law (p) as a function of weight percent following
path a and path b; p � 1 indicates a solidlike substance, whereas p � 0 indicates liquid behavior. The lines are
only guide for the eyes.

Since there is no plateau value, the viscosity is plotted, just for comparison, as a
function of water content at 0.1 rad/s in Fig. 3.25 (open symbols). For path a, the
viscosity is low until the H2 phase is formed, at 18 wt % water, where a sudden
increase in viscosity is observed. From that point, the viscosity decreases with a
constant slope with further water addition up to 80 wt %, from where the viscosity
reduction is more important. For path b, first, a sudden increase in viscosity of
five orders of magnitude can be observed when the disorder-order transition takes
place, from the reverse micellar solution to the reverse cubic phase at 8 wt% water.
The viscosity of the reverse cubic phase is so high, since it consists of a close-
packed structure, involving polymer chain inerpenetration and adhesive interactions
between micelles. The viscosity of the samples in the cubic phase region is nearly
constant, and in the two-phase region it decreases down to 104 Pa · s at 90 wt %
water. The |η∗| of the I2 phase is higher than that of the H2 phase; as a consequence,
gel emulsions formed with the reverse cubic phase in the continuous phase are more
viscous than those formed with the reverse hexagonal phase, at a constant water
concentration.

In emulsions in which there is no liquid crystal in the continuous phase, the behavior
is the opposite: the viscosity and the elastic modulus increase as the disperse phase
concentration increases, from diluted emulsions to highly-concentrated ones [30], as
we will see in the following section. In that case, the viscosity of the emulsions
is mainly determined by the volume fraction of dispersed phase: as it increases,
a tighter and close-packed network is formed, with droplets touching one another.
In our case, the liquid crystal phase is the responsible for the high viscosity of the
emulsions, so when the internal phase fraction is increased, the liquid crystal phase
fraction decreases, and so does the viscosity. This was also observed in other similar
systems with O/I1 emulsions [132].

The rheograms of both I2 and H2 phases and based gel emulsions are characteristic
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Figure 3.25.: Elastic modulus at ω = 100 rad/s (filled symbols) and complex viscosity at ω = 0.1 rad/s
(open symbols) as a function of water weight percent following path a (�,�, P/O= 90/10) and path b (•, ◦,
P/O= 72.5/27.5). Temperature is 25 °C. Other notations as in Fig. 3.12. The lines are only a guide for the eyes.

of gel type substances presenting a non-Newtonian shear-thinning behavior. The
elastic modulus (G’) is higher than the viscous modulus (G”) in all the frequency
range studied (0.01 – 100 rad/s), indicating the elastic nature of the samples. G’
increases gradually until a plateau value is achieved, although it is nearly frequency-
independent in all the samples studied, which evidences the gel-type structure of
the liquid crystals and the emulsions formed. In path a, the frequency crossover
is observed from 12 to 18 wt % (at concentrations below the H2 region) and for
path b, between 7.5 and 12.5 wt %. For higher water concentrations there is no
crossover in the frequency range studied, which indicates, on the one hand, that
the structural relaxation times are very high, characteristic of gels; and, on the
other hand, an increase of the relaxation time with increase of the dispersed phase
concentration. The G” in the H2 phase and W/H2 gel emulsions present a shallow
minimum at frequencies near 1 rad/s (Fig. 3.31-a). In the I2 phase, the G” variation
with frequency was found to be that of a polymeric liquid, with a broad peak at
low frequencies followed by a relaxation process with a bulk relaxation time equal
to τ = 1/ωmax, being ωmax the frequency where the G” peak is found (Fig. 3.26).

G’and G” are higher in the I2 phase (on the order of 5·104 Pa) than in the H2 phase.
The values of G’ are comparable to other studies [134,142] in which an Fd3m space
group in a reverse micellar cubic phase is found. The value of the G∗ for the reverse
phases and gel emulsions is nearly frequency-independent.

As the microstructure of the continuous phase is responsible for the elastic nature of
the samples, contrarily to the two-liquid concentrated emulsions, the Princen & Kiss
equations [112,113], valid for highly concentrated emulsions in which G’ is predicted
to increase with dispersed phase concentration, cannot be applied here. This can be
observed in Fig. 3.25, where G’ (ω= 100 rad/s) is represented as a function of water
weight fraction (filled symbols) for path a and b. Despite the continuous decrease of
G’ along the whole water addition paths, since the volume fraction of liquid crystal
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Figure 3.26.: Frequency sweep test data of the elastic G’ (filled symbols) and viscous G” (open symbols) modules
of the I2 phase at 25 °C at three different water weight fractions, as indicated. P/O is fixed at 72.5/27.5 (path
b).

is reduced, in the I2 one-phase region there is a small increase in the G’ values as the
samples are more hydrated, and the highest G’ value is found in the phase boundary,
as it has also been observed in similar studies [145] with a direct cubic phase.

In the reverse micellar solution region, G’ < G” in all the frequency range, and both
G’ and G” increase with frequency, as well as G∗.

Modeling the viscoelastic parameters The viscoelastic properties of the reverse
liquid crystals and based gel emulsions cannot be described with the well-known
Maxwell equations. Other models are needed to describe the experimental data in
the linear viscoelasticity zone to be able to achieve good theoretical predictions. In
this study, in order to provide a link between rheology and the microstructure of
the reverse hexagonal (H2) and cubic (I2) phases and based reverse gel emulsions
(W/H2 and W/I2), the fitting of the viscoelastic data was evaluated in order to find
a model that could describe them. However, three different theories were needed:
the cooperative flow model from Bohlin [114], the soft glass rheology (SGR) model
for soft materials [115,116], and the slip plane theory for cubic phases [146]. These
models have been used previously in several studies regarding the rheology of cubic
and hexagonal phases and based gel emulsions [122, 133, 147], and for gels formed
with different surfactants [117, 148], so they seemed appropriate to be used in the
present system.

Theory of cooperative flow This theory was presented by Bohlin [114] to explain
the flow character and microstructure of a flowing substance by means of rheological
data. This theory supposes that a flowing substance is divided into several flow units
that are responsible of the macroscopic flow observed, which is only the consequence
of their cooperative rearrangements (active cooperative flow) (Fig. 3.27-a).

These flow units are meant to be recognizable and identified in the microstructure
of the substance, such as atomic or molecular aggregates. In dynamic experiments,
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(a) (b)

Figure 3.27.: (a) Schematic representation of the aggregates or flow units that through cooperative rearrangements
are responsible of the flow observed. (b) Schematic representation of the coordination number (z) for different
liquid crystal structures.

the theory of cooperative flow states that the complex modulus and the frequency
are related by the eq. 3.6:

G∗(ω) =
√
G’(ω)2 +G”(ω)2 = A · ω1/z (3.6)

Where G∗(ω) is the complex modulus, G’(ω) and G”(ω) the elastic and viscous
modulus, respectively, ω the frequency, A represents the interaction strength between
the flow units, and z is the coordination number of cooperative flow units in the
structure, which provides an indication of the substance microstructure. The two
parameters of the theory can be determined from experimental data. The theory is
valid, according to Bohlin [114], in the range of frequencies corresponding to times
between the relaxation time (τ) and the stationary state. In colloidal systems, such
as liquid crystals mesophases, Bohlin [114] affirms that the coordination number
in flow coincides with the coordination number in the colloidal structure, which is
equal to 2 for a lamellar structure, 6 for a close-packed rod hexagonal structure and
12 for a close-packed cubic structure. In fact, for a cubic structure it could vary
between 6 (simple cubic structure), 8 (body-centered structure) or 12 (face-centered
structure) (Fig. 3.27-b)

From the dynamic data obtained in oscillatory experiments the coordination number
(z) can be estimated with reliability at ω ≤ τ−1, that is, at frequencies below the
frequency where the crossover between G’ and G” takes place. However, this theory
has been applied in many systems [149], in which G’ >> G” in all the frequency
range. This theory has been used to determine the interaction among aggregates
and crystalline domains in hexagonal liquid crystals with nonionic surfactants and
block copolymers [133, 145], in reverse hexagonal liquid crystals with block copoly-
mers [133], in CTAB/water mixtures [148] and also in food preparations like jam
or yoghurt [149]. The values for the normal hexagonal phase (H1) vary consider-
ably from ∼3, to 9.5, in different systems [132, 133, 148]. The values for H2 are
reported [133] as ∼6.7. The main cause of this mismatch could be that in all of the
systems studied there was no crossover between G’ and G”, since the samples were
gel-type.
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For path a, the experimental values show a good fitting to eq. 3.6 in all the range
studied, from 5 to 85 wt % water, and parameters A and z could then be estimated.
As it can be observed in Fig. 3.28-a, G∗ is highly dependent on frequency in the
micellar zone (10 wt %), whereas in the H2 phase and W/H2 emulsions it is nearly
frequency independent, reaching the highest values at 20 wt % water. From that
point, G∗ decreases with water fraction. The same model was also used to fit the
experimental data corresponding to the water addition path b, in which W/I2 emul-
sions are formed between 20 and 93 wt % water (Fig. 3.28-b). In this case, the fitting
was excellent for the samples with low water concentration (5 wt %), where the re-
verse micellar phase is present and for the highly concentrated W/I2 gel emulsions,
≥ 80 wt %. However, for the samples in the reverse cubic phase range and in the
more diluted emulsions, a good fitting could not be obtained (path b, 12 and 20 wt %
in Fig. 3.28-b), since the G∗ did not follow a power law function. Therefore, for this
path, the parameters A and z are only reliable when the amount of liquid crystal is
low or inexistent (micellar solution, z ≈ 1, and at 90 wt % water, z ≈ 15, consistent
with the presence of a cubic-like structure).
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Figure 3.28.: Dynamic complex modulus (G∗), as a function of frequency for selected samples in (a) path a (filled
symbols, P/O= 90/10) and (b) path b (open symbols, P/O= 72.5/27.5) with increasing amount of water. The
lines show the fitting of experimental data (points) to eq. 3.6.

By a minute examination of the definition of the complex viscosity (eq. 3.7):

|η∗| = |G
∗|
ω

(3.7)

One can observe that when combining eq. 3.6 and eq. 3.7, and at ω =1 rad/s,
|η∗| = |G∗| = A; so, η∗(ω = 1rad/s) = A. That is, the interaction strength pa-
rameter and the complex viscosity at 1 rad/s of frequency have the same value. The
overlapping can be observed in Fig. 3.29, where the complex viscosity at 1 rad/s and
the parameter A are plotted as a function of water concentration following path a
(filled symbols) and b (open symbols). At low water concentrations the values are
low; they suddenly increase in the one-phase region and, from that point, gradu-
ally decrease as water concentration is increased. The fact that A is equivalent to
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|η∗| at 1 rad/s along the entire water addition path, indicates that the interaction
strength between flow units strongly determines the viscosity of the system. To our
knowledge, this is the first time that this direct association between the complex
viscosity and the interaction strength parameter is performed, and we believe that
it helps a better understanding of the cooperative flow theory. As it happened with
complex viscosity, the interaction strength in the reverse cubic phase emulsions is
higher than in the reverse hexagonal phase in the continuous phase, suggesting that
the interaction force between reverse micelles that conform the reverse cubic phase
is stronger than that of reverse cylinders that conform the hexagonal phase.
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Figure 3.29.: Complex viscosity at ω = 1 rad/s, interaction strength coefficient (A), and coordination number (z)
for path a (P/O= 90/10) and for path b (P/O= 72.5/27.5) as a function of water weight fraction.

The coordination number (z) for path a is also plotted in Fig. 3.29 (filled squares).
The coordination number is close to unity in the reverse micellar solution zone,
since the reverse micelles do not form an entangled network and they behave as
Newtonian fluids. The coordination number increases with concentration in the
non-Newtonian region, until it reaches a constant value around 13 in the H2 phase,
which is higher than those found in literature [132, 133, 148], as seen before. When
water concentration is further increased and the gel emulsions are formed, z remains
almost constant along the whole water addition path, since it is basically determined
by the continuous phase structure, although there is a slight decrease in the higher
concentrated emulsions due to the increased amount of excess water between the
mesophase. It can be observed that when the coordination number is higher, the
dynamic complex modulus, G∗, is more frequency independent, since the slope (1/z)
is smaller. This indicates that when the coordination number between the different
aggregates or domains is high, the substance resembles a gel-type structure with
flow units strongly attached, whereas when the aggregates do not form an entangled
network (low z values), the system is fluid, less viscous and G∗ strongly depends on
frequency.
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Soft glassy rheology (SGR) model This model was introduced by Sollich in
1997 [115, 116] and is applicable to many soft materials, like emulsions and foams.
The model creates an analogy between the rheology of these materials and glassy
dynamics, since they have a disordered structure like a liquid, but the stiffness of
a solid. They are characterized for being composed of different aggregates that are
maintained together due to weak interactions, and they can remain in metastable
states in a disordered configuration for a long period of time (Fig. 3.30-a). Apart
from being soft materials, their elastic (G’) and viscous (G”) modules have weak or
negligible frequency dependence and a nearly constant ratio (G”/G’).

(a) (b)

Figure 3.30.: (a) Schematic representation of the soft materials in a disordered and metastable state and movement
of one element explained by the SGR model. (b) Schematic representation of the SGR, which states that the
elements are trapped in wells and cannot escape only with thermal motion: random agitation or noise temperature
originated in the rearrangement of elements.

The theory states that in these materials, each element is trapped in energy wells or
cages [150], formed due to the interactions with the elements that surround it, like
cross-links or energy bindings (Fig. 3.30-b). In normal glasses, the elements hop from
one well to another when temperature is increased, but in this case, the elements
cannot escape from their well only with thermal motion, since the energy barriers to
overcome are too high. An extra motion is needed, named random agitation or noise
temperature (x), which is caused by the coupling effect within the system that can
excite an element in a metastable state and bring it to another. The energy that is
released from a rearrangement in one point of the system is propagated to another
point and causes the hopping of the elements, as an analogy to the activation energy
needed to initiate a chemical reaction.

The model exhibits some limitations. The most relevant one is that it assumes that x
is a constant parameter in the model. Moreover, the predictions are only physically
relevant in the low frequency range (ω ≤ 1), since fast local stress relaxation processes
are neglected in front of the more drastic ones. However, it has the advantage
that the predictions can be made by only determining one parameter, the noise
temperature (x). This parameter is part of the exponent (∆) of the power law used
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to describe the elastic and viscous modules (eq. 3.8):
G′ ≈ ω∆ ∆ = x− 1

G′′ ≈ ω∆ ∆ = x− 1
(3.8)

The movement between wells depends on the trap depth and on the noise temper-
ature. When x > 1, there is enough agitation to induce the moving or flow of the
elements between the wells, and the system is in constant movement and disordered.
Even though, the interactions are too weak to bring the system to an ordered, sta-
ble, less energy state, so the system cannot achieve a complete structural relaxation.
The system is in continuous state of remodeling and changing its configuration, with
its elements hopping from one metastable state to another. When x → 1(∆ → 0),
random agitation decreases and the elements become trapped in deeper wells; G’
and G” become more frequency independent. When x = 1, the glass transition is
achieved, and the system behaves like an elastic solid. When x > 3, the system
follows the Maxwell model at low frequencies.

The model also expects, as long as the frequency is higher than the crossover fre-
quency, that G” can decrease as ω increases, so in this case, x < 1 and the power-
law exponent would be negative. This is in agreement with some experimental
results [117], which found this behavior of G” in the low frequency range in liquid
crystalline gel systems. In this case, G’ was predicted to be constant.

This model was used to fit the experimental data from the two water addition paths
(a and b) with fixed P/O ratios. In the case of micellar solutions (< 10 wt % for
path a and < 8 wt % for path b), the model fitted well the experimental data, even
with the same x for both G’ and G” (although the fitting error was smaller when
x was different for the two modules). In the case of P/O= 90/10, in the H2 phase
and W/H2 emulsions, the model was good for the elastic modulus (G’), but not
for the viscous modulus (G”) when maintaining x constant (Fig. 3.31-a); and if it
was different, G” was well fitted at low frequencies, with x < 1 (Fig. 3.31-a). We
encountered a similar behavior as in Nair et al. [117] in which G” presents a shallow
minimum, so it cannot be described by a simple power-law model. We propose that
the behavior of G” could be described by two noise temperatures (x1 and x2). Based
on the concept that the SGR model also takes into consideration that an equilibrium
state can also exist for x < 1, when G” increases as the frequency decreases at very
low frequencies, one noise temperature would be smaller than 1 (x1 < 1), in order to
have the negative slope of G’’, whereas there would be a higher random agitation or
noise temperature (x2 > 1) at higher frequencies. Both values would be close to 1,
since they are typical of gel-like substances. Therefore, the second noise temperature,
x2, apart from the existing parameter x (now x1) was introduced in the model, to
obtain eq. 3.9:

G′′ ≈
(
ωx1−1 + ωx2−1

)
(3.9)
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It has to be noted that if x1 = x2, then x1 = x2 = x, and the model returns to
its original form, with only one parameter, and the system can be described by
the power-law behavior. A good fitting of the modified model is obtained in the
whole frequency range for path a, when G” is described by two noise temperatures
(Fig. 3.31-a).
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Figure 3.31.: (a) Fitting of the soft glass rheology (SGR) model for a sample in path a (P/O= 90/10) and 25 wt %
water for G’ and G” as a function of frequency. Dotted line: constant x for both modules (eq. 3.8). The model
does not fit well for G”. Dashed line: different x for G’ and G”. The model fits up to 1 rad/s for G”. Continuous
line: one x for G’, and x1 and x2 for G” (eq. 3.9). The model fits well the experimental data. (b) Elastic
modulus and viscous modulus, as a function of frequency for samples with fixed P/O= 72.5/27.5 at 10 wt %
water, corresponding to I2 phase. The lines show the fitting of experimental data (points) to the “slip planes”
theory (eq. 3.10 and eq. 3.11) (dashed) and modified “slip planes” theory (eq. 3.13 and eq. 3.14) (continuous).
Thick lines for G’ and thin lines for G”.

In path b, apart from the micellar solution, the modified model fitted well the
samples corresponding to the W/I2 emulsions, above 20 wt % of water, but the I2

one-phase region could not be described by this model, as G” and G’ had a more
complex behavior, so another model is needed to describe the rheological behavior
of the I2 phase.

“Slip planes” model for colloidal systems This theory was developed by Jones
and McLeish in 1995 [146] to describe the frequency dependence of the storage
and loss modulus of cubic phases. However, they suggest expanding their theory to
general weak solids. The theory assumes that when stress is applied to a cubic phase
sample, its structure rearranges itself in planes that are aligned parallel to the shear
plane. The shear stress acts tangentially to the planes and, as it increases, it causes
the deformation of the sample by sliding along the planes, causing a displacement
between the different layers. The deformations in the slip plane are very high,
whereas the deformation of other planes is maintained low.

As it is a relaxation process, the theory includes the fact that at low shear stress,
the sample has a solid-like behavior, but from a critical stress value, it relaxes
and behaves as a liquid. The behavior of the sample is only linear when no slips
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exists; above a critical strain, slippage appears and the samples are in a pseudolinear
behavior, and the complex modulus, apart from depending on frequency, depends
also on strain. This theory only involves the flow of the liquid, not the rupture and
forming of new bonds. The components of the complex modulus, in this case are
calculated as follows, eq. 3.10 for G’ and eq. 3.11 for G”:

G’(ω) = GA
ω2τ 2 − ω2ττL

1 + ω2τ 2
(3.10)

G”(ω) = GA
ωτ (1 + ω2ττL)

1 + ω2τ 2
(3.11)

Where ω is the frequency, τL is the local relaxation time, which is calculated as τL =
τ 2
min/τ , where τmin is the inverse of the frequency where G” reaches the minimum

value. G is the bulk stress modulus, and A = η′N/(η + η′N), where η is the bulk
viscosity, η′ the slip plane viscosity and N the number of slipping planes in the
crystal. GA can be estimated as one single parameter, since in this case, as N is
very high, A→ 1.

However, by calculating G’ and G” with eq. 3.10 and eq. 3.11, the calculated values
deviated considerably from the experimental data (Fig. 3.31-b (dashed lines)). So,
according to Rodŕıguez-Abreu et al. [122], based on Maestro et al. [151], instead
of having a unique value of the relaxation time, a log-normal distribution of the
relaxation time τ was used (eq. 3.12).

H (τ) =
1

σ
√

2π
exp

(
(In (τi)− In (τc))

2

−2σ2

)
(3.12)

Where σ is the logarithmic standard deviation, τc = 1/ωc, and ωc is the frequency of
the crossover between G’ and G”. If no crossover is observed in the frequency range
studied, the value of 0.01 rad/s is taken to calculate the log-normal distribution for
the relaxation time. To calculate G’ and G’’, then, the following equations (eq. 3.13
and eq. 3.14) were used:

G’(ω) =
∑
τi

H (τi)GA
ω2
i τ

2
i − ω2

i τiτL
1 + ω2

i τ
2
i

(3.13)

G”(ω) =
∑
τi

H (τi)GA
ωiτi (1 + ω2

i τiτL)

1 + ω2
i τ

2
i

(3.14)

As it can be observed, a unique value of τL was taken, which was obtained by fitting
eq. 3.10 and eq. 3.11 to the experimental data. In this modified slipping model,
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only the parameters GA and σ were determined by fitting 3.13 and 3.14 to the
experimental G’ and G”, such that the average square deviation between calculated
and experimental data was minimum (least square fit) (ω:1,2. . . n) (eq. 3.15):

n∑
i=1

([
G’exp (ωi)

G’calc (ωi)
− 1

]2

+

[
G”exp (ωi)

G”calc (ωi)
− 1

]2
)

= min (3.15)

Fig. 3.31-b shows the fitting of the slip planes model to the experimental data for
G’ and G”. As it can be observed, the modified slip plane theory model (continuous
line) fitted considerably well with the experimental data, especially for the elastic
modulus (thicker line). For the G” the model fitted much better than the other
models seen here, although at ω > 10 rad/s the deviations from the experimental
data were considerable, and a perfect fitting in the range 0.01-10 rad/s was still not
achieved. However, at present, it is the best theory that describes the viscoelastic
parameters special behavior of the cubic phase structures, and has been used in other
similar studies in reverse cubic phases [122,133] and in lamellar liquid phase [147].

Yield stress of I2 and H2 phases and based gel emulsions The yield stress (τ0)
was calculated for samples following the water addition paths (a and b) of Fig. 3.12
in steady-state flow rheological analysis. As shown in Fig. 3.32-b, samples with a
water concentration above the order-disorder transition are non-Newtonian fluids,
as they do not exhibit a linear relationship between shear rate and shear stress.
A certain threshold value must be overcome to initiate flow, which is equal to the
yield stress of the samples, so their behavior can be fitted with a Herschel-Bulkley
model [152], τ = τ0 + kγ̇n where τ is the shear stress and γ̇ is the shear rate, and
the consistency (k) and flow (n) indices, the fitting parameters. As observed in
Fig. 3.32-a, the yield stress values for paths a and b are constant in the one-phase
region, and then gradually decrease with water fraction, as the volume fraction of
the liquid crystal is reduced, so for the most highly concentrated emulsions, the
yield stress has the minimum value. Again, this is the opposite behavior of normal
two-liquid emulsions.

The yield stress values for the I2 phase are much higher than for the H2 phase, as it
also happened with the complex viscosity and the elastic and viscous modulus.

3.2.5. Conclusions

The present study was focused in the phase behavior and rheological analysis of
the water/(EO)5(PO)68(EO)5/C6H12 system. The formation of reverse phases was
observed and confirmed by SAXS analysis, as well as the formation of highly stable
gel emulsions with a structured reverse liquid crystal in the continuous phase (H2
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Figure 3.32.: (a) Yield stress values as a function of water weight fraction following the two paths (P/O= 90/10,
path a, and P/O= 72.5/ 27.5, path b) at 25 °C. (b) Rheogram (shear rate versus shear stress) for samples at
a fixed P/O= 90/10 (path a) and different water concentrations (20, 60, 80 wt %) showing the non-Newtonian
behavior (the relationship between both parameters is nonlinear). Notation as in Fig. 3.12.

and I2 phase), which were formed up to high water fractions (88 and 93 wt %, re-
spectively). This is the first time, to our knowledge, that highly concentrated W/H2

gel emulsions were formed and characterized with SAXS and rheology. It was ob-
served that the stability of these emulsions was indeed very high and at the highest
concentrations, the stability of W/I2 was higher than that of W/H2. This difference
in stability is related to the fact that the elastic behavior, complex viscosity and
yield stress values were lower for W/H2 than for W/I2 gel emulsions.

The thermal analysis of the I2 and H2 phase showed that I2 melted to a reverse mi-
cellar phase with excess water, and that the H2 phase experienced an increase on the
G’ and |η∗| corresponding to a phase transition to a I2 phase with a more negative
curvature, which eventually melted at a higher temperature. The analysis of the
rheological data was performed in order to obtain one model that could describe not
only the experimental results of the liquid crystals but also the ones of the highly
concentrated emulsions. However, three models were needed to fit the rheological
data of the samples and relate it with their microstructure. With the Bohlin the-
ory, which fitted the G∗ to a power-law model, the H2 phase and W/H2 emulsions
could be described. Moreover, it was useful to understand the microstructure of the
samples as indicated with the coordination number, which was characteristic of the
fluid elements structure, and the interaction strength parameter, which was seen to
be strongly related with the viscosity of the system. The soft glass rheology (SGR)
model was then applied, and needed to be modified; another parameter was intro-
duced to explain the behavior of the G”. With two noise temperatures, the model
fitted well the experimental data in the H2 phase and in the gel emulsions with I2

and H2 in the continuous phase. However, to explain the viscoelastic results of the I2

phase, the slip plane theory seemed the most appropriate; although instead of only
one relaxation time, a log-normal distribution of relaxation time was indeed needed
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to fit the experimental data correctly. We expect, in further studies, to obtain a
single model that could describe the rheological data of all the systems.

Additionally, the fact of using block copolymers as emulsifiers opens the possibil-
ity to further studies, regarding the formation of meso/macroporous materials and
nanoparticles, due to the interesting and varied aggregation and rheological proper-
ties that these offer.
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3.3. Effect of the process variables in the
viscoelasticity and rheology of highly
concentrated w/o emulsions

3.3.1. Rheological features and modeling of highly concentrated
emulsions

The intrinsic characteristics of highly concentrated emulsions or high-internal phase
ratio emulsions (HIPRE) can be studied through rheological parameters. In the
previous section we studied the rheology of w/o emulsions with a liquid crystal in
the continuous phase, in all the water addition path, from the pure liquid crystal
to emulsions in which water was around 90 wt %. Most rheological studies of highly
concentrated emulsions are performed in emulsions in which the continuous phase is a
micellar solution, or a microemulsion. Highly concentraed emulsions usually possess
a yield stress which must be exceeded to initiate flow, like structured fluids such as
ketchup or mayonnaise, which do not flow under the relatively low stresses induced
by gravity when we turn the jar upside down. When flow is induced, droplets deform
and slide past one another and during this deformation, droplets store energy; so we
can say that these systems show elasticity. Also, emulsion droplets can distort and
deform and might not be spherical at the concentrations above the close packing
limit of dispersed phase volume fraction.

These emulsions behave more like foams (gas trapped in a liquid) than suspensions
or diluted emulsions. This is why the first rheological theories of highly concentrated
emulsions were studied as if they had the same behavior as foams, by Princen and
Kiss [112, 113, 153, 154]. Princen and Kiss related the yield stress and the shear
modulus with droplet size and interfacial tension. Pons and Solans [94, 109], Pal
[30, 107, 108, 155] and Jager-Lezer [110] have also extensively studied the rheology
of highly concentrated emulsions. One of the main parameters studied is the yield
stress (τ0), which is considered to be the stress at which the emulsion initiates
flow. Although the sample is undergoing creep flow at stresses below this value, for
practical reasons, this creep flow is considered a zero shear rate [156]. The storage
and loss modulus (G’ and G”), representing the elastic or solid-like behavior and
the viscous or liquid-like behavior of the emulsions, respectively, are also studied in
oscillatory tests. These emulsions usually possess a high G’, of more than 1000 Pa,
which is higher than the G”in all the frequency range. In some emulsions, a crossover
between G’ and G” exists at low frequencies. These parameters are dependent on
droplet size [30]. Apart from the Princen and Kiss models, the Maxwell model is
also used to fit these rheological parameters, and not just in emulsions, also in gels
and surfactant systems like liquid crystals or wormlike micellar solutions [157,158].
The viscosity is also studied, and related with droplet size and composition of the
emulsions, and usually modeled with the Cross model [159].

The Large Amplitude Oscillatory Shear (LAOS) behavior has also been studied.
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This test is useful to classify the fluids according to how they behave under strain,
and relate this behavior with their microstructure: according to Hyun et al. [38],
the LAOS behavior is closely related to the microstructure of the systems and very
sensitive to their changes. The fluids are classified into four different types, depicted
in Fig. 3.33: Type I, strain thinning, if G’ and G” decrease with strain; type II, strain
hardening, ifG’ and G” increase with strain; type III, weak strain overshoot, if G’
decreases and G” increases followed by a decrease; type IV, strong strain overshoot,
if both G’ and G” increase with strain and then decrease. Hyun and coworkers
[160] studied poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-
PPO-PEO) solutions; they characterized the soft gel as strain thinning (type I ), and
the hard gel as weak strain overshoot (type III ) using LAOS. In type III systems,
the critical stress (τc) at which G” reaches a maximum (G”max) is considered for
some authors to be a yield stress [110]. This G” peak is affirmed to be the transition
point from the elastic to the viscous region. From a microstructural point of view,
it could mean that between the moment in which the droplets are deformed without
flowing and the moment in which, despite their crowded structure, flow is allowed,
the dissipation energy is maximal [110]. This behavior has been found in various
highly concentrated emulsions.

Figure 3.33.: LAOS behavior: type I, strain thinning; type II, strain hardening; type III, weak strain overshoot;
type IV, strong strain overshoot [38].

Creep and recovery tests are also common in this type of emulsions, in order to
understand the internal structure of the system, and the structural variations intro-
duced by changes in their composition. This tests consist of deforming the system
for a certain time, applying a constant stress in the LVR, and measuring its defor-
mation as a function of time (creep), and then, once the stress is released, measuring
its recovery. The creep compliance at any time t is J (t) = γ (t) /τ , where γ(t) is
the shear deformation. In order to determine the zero shear viscosity (η0), which
indicates the viscosity when the material is at rest, and the steady-state or residual
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shear compliance (J0
e ), which represents the elastic deformation during steady flow,

the creep compliance at the steady state, J(t)ss, can be written as eq. 3.16:

J (t)ss = J0
e + t/η0 (3.16)

The zero shear viscosity can be determined as the inverse of the slope when steady
state behavior is attained (region 3 of Fig. 3.34), and the steady state compliance
can be determined with the extrapolation of the slope. However, Ninomiya et al.
[161], provided an extrapolation method for the determination of the two parameters
which is more useful if the steady state condition is not surely arrived. The method
(eq. 3.17) is based in dividing eq. 3.16 by time (t):

J (t)ss /t = J0
e /t+ 1/η0 (3.17)

When J(t)/t is plotted against 1/t, the initial slope is equal to and the extrapolated
intercept at the ordinate, this time, is equal to 1/η0 . The four-components Burger
model [162], which is relatively simple and gives acceptable results, is used to de-
scribe the creep-recovery behavior of fluids of this kind. This model consists of the
association in series of a Maxwell and a Kelvin-Voigt model and is very useful to
understand the deformation and further recovering of the sample structures. The
creep compliance is expressed by the following equation (eq. 3.18):

J (t) = 1/G0 + 1/G1 [1− exp (−tG1/η1)] + t/η0 (3.18)

G0 is the instantaneous elastic modulus of the Maxwell unit, G1 the elastic modulus
of the Kelvin-Voigt unit, which represents the retarded contributions to elasticity.
As for the dashpots, η0 is the residual viscosity of the Maxwell unit and η1 is the
internal viscosity of the Kelvin-Voigt unit.

Figure 3.34.: Creep-recovery typical test. Notation: t0: initial time; tc: end of creep-test; tf : final time; JSM :
instantaneous recovery corresponding to the Maxwell spring; JKV : recovery due to Kelvin-Voigt element, J∞:
permanent and residual deformation, Jmax: compliance at the maximum deformation of the creep test, at tc; J0

e :
steady-state shear compliance; η0: zero shear viscosity,
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After the first instantaneous recovery corresponding to the Maxwell spring (JSM),
the recovery compliance can be adjusted to the following equation (eq. 3.19) [162]:

J (t)rec = J∞ + JKV exp
(
−BtC

)
(3.19)

Where JKV is the slower exponential recovery due to the Kelvin-Voigt element and
J∞ is the permanent and residual deformation of the Maxwell dashpot. The param-
eters B and C can be obtained from the fitting of the model to the experimental
data. Moreover, the contribution of each element (Jelement−cont) of the model can be
calculated by eq. 3.20:

Jelement−cont =
Jelement
Jmax

· 100 (3.20)

Jmax corresponds to the compliance at the maximum deformation in the creep test.
The final percentage recovery of the system (R) can be calculated by eq. 3.21:

R =

(
Jmax − J∞
Jmax

)
· 100 (3.21)

To sum up, Fig. 3.35 depicts the rheological tests usually performed to highly con-
centrated emulsions, the variables and parameters obtained in each case and the
models that can describe and fit those parameters and behaviors. More about these
models is explained in the results section.

As already mentioned, emulsions are not stable systems, and their properties de-
pend on the preparation method and on the operational conditions. Hence, in this
section, the influence of the process variables, either composition variables (volume
fraction of dispersed phase, surfactant concentration), or preparation variables (stir-
ring rate, flow rate) on the rheological parameters and on the emulsion droplet size
and stability are studied.

3.3.2. Goal of this study

The goal of this study is to confirm the rheological behavior of model highly con-
centrated w/o emulsions, using two systems: system water/Span80/dodecane, which
will be studied in chapter 4 in the scaling-up of emulsions, and the system studied in
the previous section, formed by water/Pluronic L-121/cyclohexane, but in concen-
trations in which the continuous phase is a micellar phase. By means of experimental
design techniques (DoE), the influence of the composition and preparation variables
to the viscoelastic and rheological parameters will be analyzed.

In the first system, only the composition variables will be studied: the surfactant to
oil ratio (S/O) and the disperse phase volume fraction (φ). In the second system,
in additon to the composition variables, the preparation variables will be studied:
the stirring rate (N) and the dispersed phase addition rate (Q).
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Figure 3.35.: Chart showing the rheological tests, the variables obtained from them and the models that we use
to describe them.

3.3.3. Materials and Methods

Preparation of highly concentrated w/o emulsions For the first system, exper-
iments were performed with a nonionic commercially available surfactant (Span80,
sorbitan monooleate) with HLB number of 4.3. Dodecane (> 99.5 %) (Sigma
Aldrich) used as purchased, was the continuous phase, and Milli-Q water was used
throughout the experiments as the dispersed phase. Highly concentrated w/o emul-
sions were obtained by the continuous addition of water into the mixture of sur-
factant and oil at a constant temperature of 25 ◦C in test tubes, as explained in
sec. 2.2.1.1. The final total emulsion mass was kept constant at 4 g. Continuous
agitation with a vortex stirrer (at a constant stirring rate) was needed during the
addition of the dispersed phase.

For the second system, experiments were performed with a nonionic commercially
available amphiphilic block copolymer (Pluronic L-121). Cyclohexane (Aldrich) was
used as the continuous phase, and Milli-Q water as the dispersed phase. The emul-
sions were prepared following the continuous addition method in a stirred batch
reactor, so that the stirring rate and the addition flow rate could be varied, as ex-
plained in sec. 2.2.1.2. Some preliminary experiments were performed beforehand in
test tubes.

Droplet size and backscattering (BS) measurements, as well as rheological experi-
ments were performed just after the emulsions were prepared.

Droplet size and backscattering measurements Droplet size was measured
from about 500 diameter drops, which were measured on four different micropho-
tographs of the same emulsion with an optical microscope (Optika microscopes,
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model B500Ph), equipped with a camera (Moticam 2300, 3.0 MPixel). The initial
BS of the prepared emulsions was measured with a Turbiscan equipment, at ambi-
ent temperature. To calculate the initial BS, an average value was obtained along
the whole height of the emulsion tube. The change of BS with time was taken as an
approach to stability, since it corresponds to a change in droplet diameter (due to
coalescence or Ostwald ripening) or sedimentation (see sec. 2.2.2 and sec. 2.2.3 for a
more detailed explanation).

Rheological characterization Oscillatory and steady-state experiments were per-
formed with a Haake RS300 controlled stress rheometer (Germany) at a controlled
temperature of 25 ± 0.5 ◦C. The tests were performed with a 35 mm serrated-plate
geometry, to avoid the slippage of samples, and 0.5 mm gap.

The rheological behavior of the emulsions under flow was analyzed with two tests:
shear rate steps and oscillatory experiments. The first test was used to obtain the
static yield stress (τ0) of the samples, as well as the steady state viscosity dependence
on shear rate. The yield stress value was obtained as the inflection point in the
representation of the shear rate in front of the shear stress in a log-log scale.

For the oscillatory experiments, first a stress sweep test (from 0 to 1000 Pa) was
applied to the sample in order to determine the linear viscoelastic region (LVR),
the region in which the rheological parameters are independent from the amplitude.
The parameters monitored were the storage or elastic modulus (G’), the viscous or
loss modulus(G”), the complex shear modulus (G∗), the complex viscosity (η∗), and
the phase angle (δ). The comparison of the representations at different dispersed
phase volume fraction and different surfactant concentration were done in order to
determine the influence of these variables on the elasticity of the material. This
test was also useful to study the LAOS behavior of the emulsions, which includes
the dependency of G’ and G” with the shear stress. Frequency sweep measurements
between 0.01-100 Hz were performed at the chosen stress in the LVR, which was
more or less expanded depending on the emulsion. The G’ and G” spectra were
obtained from these experiments, as well as G∗ and η∗.

The rheological behavior at rest was analyzed by means of creep-recovery tests, per-
formed in the LVR. First, the sample was allowed to rest for 5 min on the rheometer
support before the measurement took place, in order to recover its static structure.
Then, an instantaneous stress (τ) was applied to the sample at zero time and main-
tained constant for 10 min. The strain was measured over time until a steady rate
of straining was obtained. After the creep run, the stress was released and the
strain was recorded for another 10 min to determine the sample structure recovery.
From the data, the creep compliance at any time t, J (t) = γ (t) /τ , was determined
(where γ(t) is the shear deformation). The zero shear viscosity (η0), the steady-state
or residual shear compliance (J0

e ), the creep compliance at the steady state (J(t)ss)
are determined, as well as the parameters of the Burger model, which was used to
fit the experimental creep data.
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Experimental design Experimental design analysis has been carried out to study
the influence of the process variables on the prepared emulsions. This type of designs
are interesting, since with a reduced amount of experiments, the most significant
factors that have a significant effect the response variables are detected, as well as
possible interactions between them, since they are varied simultaneously instead of
one at a time.

In the first system, to determine the influence of the composition variables: surfactant-
to-oil ratio (S/O) ratio and φ on the response variables, a central composite-star
design (CCD) was used, which allowed us to detect non-linear behaviors. The num-
ber of experiments needed is like in a full factorial design, 2k, being k the number
of factors, with some center points (usually between 2-6), that provide a measure
of the process stability and inherent variability; and with a group of “star points”
(2k) that allow the estimation of the curvature at a distance from the centre of

δ =
(
2k
)1/4

(being |δ| > 1). Two replicates of each experiment were also performed,
in order to calculate the experimental errors. In our case, the total number of ex-
periments was then 20. The low and high levels (Tab. 3.5) were chosen based on
preliminar experiments. It is always better to try to work at low surfactant concen-
tration, for economical and environmental reasons, and, in our case, it is interesting
to work at high water volume fractions, to study highly concentrated emulsions.

Table 3.5.: Low and high levels for the two experimental factors: S/O and φ.

Factors Low High

S/O (wt/wt) 15/85 (0.176) 35/65 (0.538)

φ(wt %) 80 95

In the second system, two designs of two factors and three levels (32) were per-
formed, one varying the composition variables and keeping constant the preparation
variables, and the other one vice versa. The operational conditions are shown in
Tab. 3.6. Some preliminary experiments were perfomred in test tubes at a constant
S/O of 20/80 and varying only the water content from 80 to 95 wt % to see if the
emulsions could be formed.

Table 3.6.: Two factors and three levels experimental designs.

Exp at N= 400 rpm and Q= 2 mL/min

Factors Low Medium High

S/O (wt/wt) 16/84 20/80 24/76

φ(wt %) 80 85 90

Exp at S/O= 20/80 wt/wt and φ= 87.5 wt %

Factors Low Medium High

N (rpm) 300 400 500

Q (mL/min) 2 3 4

Once the significant factors were determined with the analysis of variance (ANOVA)
test, the analysis was performed excluding the other factors, in order to obtain the
fitted model equations. Further experiments were performed in order to validate the
models obtained.
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3.3.4. Results and discussion

3.3.4.1. Results for the water/Span80/dodecane system

Phase behavior of the system water/Span80/dodecane Span80 is the name of a
commercial nonionic surfactant. Although it represents to be sorbitan monooleate,
according to Abou-Nemeh et al. [163], who analyzed it with gas chromatography
(GC) and gel permeation chromatography (GPC), in reality Span80 is a mixture
of different sorbitan esters (monooleate, dioleate, trioleate, tetraoleate) and other
byproduct materials (oleic acid, sorbitol, sorbitol isosorbide and water). Thus, it is
not a pure surfactant. Small-angle X-ray scattering (SAXS) patterns of the com-
mercial Span80 show a peak at low q values, which indicates the presence of a cer-
tain structure, probably the formation of surfactant monomers aggregates (micelles)
without the presence of water or oil. The broader peak that appears in the wide-
angle X-ray scattering (WAXS) pattern at around 14 nm-1 indicates the disordered
liquid-like behavior of the polymer and the absence of solid crystals (Fig. 3.36).

Figure 3.36.: SAXS and WAXS of commercial Span80.

Span80 forms microstructures in dodecane, particularly, reverse micelles, that are
small in size and presumably nonspherical [163]. These homogeneous micellar solu-
tions are formed up to approximately 25 wt % surfactant. Above that concentration,
the binary system dodecane/Span80 forms binary solutions, which acquire a yellow-
ish color. On the other hand, Span80 is not soluble in water in all the concentration
range. After mixing vigorously, the two phases separate, although not completely:
the water phase (denser) remains white for a long period of time, indicating the
presence of Span80.

The ternary phase diagram was studied at 25 ◦C. Span80 does not form liquid
crystals with dodecane and water in any of the proportions. Apart from the one-
phase reverse micellar solution formed in the binary system Span80/dodecane at low
surfactant concentrations, most of the diagram is a multiphase region, where the
emulsions formed experiment phase separation. Highly concentrated w/o emulsions
can be formed above 74 wt % of water, and they remain stable for a longer period of
time. The stability against phase separation of the emulsions was evaluated at 80,
90 and 95 wt % of dispersed phase. The emulsions were formed by weighing all the
components to the final weight in glass tubes followed by a vigorous mixing with a
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vortex-stirrer at open-air cooling. The advantage of using Span80, in comparison
with the block copolymer P-121, is that there is no need to heat the samples at
high temperature, since no liquid crystals are formed. So, basically, the emulsions
could be formed at room temperature. At 80 wt % water, emulsions could be formed
in all surfactant/oil (S/O) proportions. When the surfactant concentration was
lower, though, the emulsion was obtained very easily, whereas when the surfactant
concentration was high, a longer mixing time was required. For 90 wt % water,
emulsions could be formed up to S/O = 80/20, and for 95 wt %, up to 60/40. The
emulsions formed were white, highly viscous and stiff. However, for the lower S/O
ratios, they flowed more easily.

Oscillatory shear results: viscoelastic parameters The experiments performed
belonging to the CCD and the response variables corresponding to the oscillatory
experiments are shown in Tab. 3.7.

Table 3.7.: Experiments performed in the factorial-star design, at different water and surfactant concentrations.
The response variables observed are the plateau of the storage module (G’p), the complex module (G∗), the yield
stress at G” maximum (τc) and the value of G’’max.

Exp φ (wt %) S/O G’p G∗ τc G”max

1 87.5 0.357 181.6 181.9 26.6 44.3

2 80 0.176 52.2 53.6 2.2 17.3

3 95 0.176 222.1 222.5 55.9 49.6

4 80 0.538 90.2 91.4 12.6 18.9

5 95 0.538 321.2 321.4 85.0 76.0

6 76.9 0.357 64.0 64.6 5.0 20.1

7 98.1 0.357 380.1 380.2 141.7 91.8

8 87.5 0.101 41.9 42.5 4.5 10.9

9 87.5 0.613 192.5 193.3 29.2 39.8

10 87.5 0.357 208.6 209.3 24.2 53.2

11 87.5 0.357 237.1 237.6 26.6 54.8

12 80 0.176 55.9 57.4 2.4 19.1

13 95 0.176 228.0 228.4 50.9 48.8

14 80 0.538 88.7 90.1 11.5 18.6

15 95 0.538 291.0 291.3 87.9 77.2

16 76.9 0.357 68.6 69.4 5.0 19.6

17 98.1 0.357 333.7 333.8 141.7 86.7

18 87.5 0.101 42.5 43.2 4.5 10.6

19 87.5 0.613 170.2 170.7 29.2 36.4

20 87.5 0.357 234.0 234.5 26.6 52.7

The frequency sweep tests performed showed the same characteristic viscoelastic
behavior of highly concentrated emulsions for all the samples studied: a plateau
region of G’, indicating that G’ is independent of frequency and G” values much
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lower thanG’ and with a minimum at intermediate frequencies. There is no crossover
between G’ and G” up to 0.01 Hz of frequency. The plateau region of G’ is related
to the entangled and structured network that the disperse phase forms at so high
volume fractions, typical of gel-type systems, which confers these emulsions a high
stability. These G’ plateau values increase with increasing dispersed phase volume
fraction, as can be observed in Fig. 3.37-a. Contrarily, the values of G” are very
similar, since the test is performed at a low stress (4 Pa), where the values of G” do
not differ from each other, as observed in Fig. 3.39.
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Figure 3.37.: (a) Frequency sweep test for samples at different water weight fraction and S/O= 26/74. G’: filled

symbols, G”: open symbols. φ: 6: 76.9, 1: 80,  : 87.5, #: 98.1 wt %. (b) Variation of G’p at different disperse
phase volume fraction at S/O= 26/74.

An average value of the G’ spectra from frequency sweep measurements can be
obtained and can be considered as a shear modulus (G’p) of the material. Fig. 3.37-
b represents the G’p values of different samples at different water content. Each
point is the mean value of two replicates. It is clearly observed that G’p increases
with water concentration for a constant S/O ratio.

This G’p was used as response value in the experimental design. We have to keep in
mind that lineal viscoelastic analysis gives us information of the internal structure
of the material, since the stresses applied do not deform or modify its inherent
structure. Therefore, the analysis of the composition variables influence on G’p
gives us structural information. As a matter of fact, it can be observed that when
the dispersed phase volume fraction increases, in the range studied from 76.9 to 98.1
wt %, G’p increases linearly (Fig. 3.38-a). This indicates that the more concentrated
the emulsion is, the more elastic it behaves.

On the other hand, the S/O factor does not have a linear effect. Until approximately
S/O= 0.4, the G’p increases with the amount of surfactant used to prepare the
emulsion, but from then on, it appears that the more surfactant, the lower the G’p.
A higher surfactant concentration helps to stabilize the emulsion droplets, since
it stabilizes the water-oil interface, but only until the interface is saturated. An
excess of surfactant is not always desired, as it will be in the micellar-monomer form
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in the continuous phase and, in some cases, it can favor coalescence, keeping the
interface curved and avoiding the Marangoni effect. The fitted empirical model for
this variable is eq. 3.22, with a regression coefficient of R2 = 0.969 (units: φ in wt %
and S/O in wt/wt):

G’p(Pa) = −1221.13 + 1305.5 · S/O + 13.31 · φ–1525.53 · S/O2 (3.22)
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Figure 3.38.: Estimated response surfaces for (a) G’p, (b) G∗, (c) G’’max and (d) τc.

The other three variables had a very similar behavior, as depicted in Fig. 3.38-b (G∗),
-c (G’’max) and -d (τc).The empirical models obtained for each response variables,
are listed below (eq. 3.23, eq. 3.24, eq. 3.25) with regression coefficients of 0.944, 0.968
and 0.986, respectively.

τc(Pa) = 2897.49− 71.54 · φ+ 53.62 · S/O + 0.439 · φ2 (3.23)

G∗(Pa) = −1215.77 + 13.26 · φ+ 1301.89 · S/O − 1520.69 · S/O2 (3.24)

G’max(Pa) = −135.53+1.35 ·φ−82.38 ·S/O+4.94 ·φ ·S/O−425.88 ·S/O2 (3.25)
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LAOS results From the stress sweep measurements, the influence of the dispersed
phase volume fraction and S/O ratio could be detected, and the basic viscoelastic
parameters were recorded at different values of stress, in order to detect the LVR.
Fig. 3.39-a shows the evolution of G’ (filled symbols) and G” (open symbols) with
increasing shear stress, for samples at a constant S/O and different water content.
Without strain, the hihgly concentrated emulsion samples can be seen as a close-
packed array of droplets. When a small strain is applied, within the LVR, the strain
applied does not involve the flowing of the substance, but only the deformation of
droplets. In all the range of disperse phase volume fraction, a plateau region for G’
appears which indicates that the emulsion structure is not affected by shear.
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Figure 3.39.: Oscillatory stress sweep analysis: variation of G’ (filled symbols) G” (open symbols) with stress at

(a) a constant S/O= 26/74 and different disperse phase volume fraction (φ) φ: 6: 76.9, 1: 80,  : 87.5, #: 98.1
wt %. . Notation: LVR: linear viscoelastic zone, which decreases when φ decreases; G’’max: point at which G”

is maximum; (b) at a constant water concentration (80 wt %) and different surfactant concentration (S/O: 6:

15/85, #: 26/74, 1: 35/65).

This is the elastic domain, in which droplets form a tight network and the emulsion
does not flow. The further frequency sweep measurements and creep-recovery tests
were performed in this region. As the droplets deform, the tension between them
increases as there is a resistance to flow, and G” increases till achieve a maximum
value, so these samples followed the weak strain overshoot behavior (type III ), like
the hard gels found in Hyun et al. [38]. From a critical strain , when G” is maximum,
droplets start flowing. As there is a breakup of the structure or yielding point, G”,
which represents the liquid-like behavior, is higher than G’, indicating the viscous
domain. From this point, both parameters decrease as strain is further increased,
since droplets align in the direction of the flow and slide easily. The decrease of G’
is more pronounced than the decrease of G” in this zone.

The LVR decreased at a lower disperse phase concentration, as can be observed
in Fig. 3.39-a. The more concentrated the emulsion was, the more difficult was
to deform and to flow. As the continuous phase was not highly-viscous, the high
viscosity and elasticity of the emulsion was determined by its disperse phase volume
fraction, unlike gel emulsions with a structured mesophase in the continuous phase,
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in which these properties are determined by the high viscous liquid crystal in the
continuous phase, as observed in the previous section [118].

The influence of surfactant is depicted in Fig. 3.39-b. The plateau region of G’
reached higher stresses when the surfactant concentration was higher (increase of
S/O ratio), until a certain amount, from which it was constant, confirming the
previous results. The absolute values of G’ increase at more S/O and dispersed
phase volume fraction. The more elastic emulsions are those with a higher disperse
phase volume fraction and with a relatively high surfactant concentration.

Modeling viscoelastic parameters Both o/w and w/o highly concentrated emul-
sions with a high volume fraction between (0.68 and 0.99) were studied by Pons
et al. [94, 109], and could be characterized with the Maxwell fluid equations, which
indicate a liquid-like viscoelastic fluid, in order to find the relaxation time of the
material. Following their steps, we tried to fit our parameters to the Maxwell fluid
equations for the storage and loos moduli (eq. 3.26 and eq. 3.27):

G’ = G0
(ωθ)2

1 + (ωθ)2 (3.26)

G” = G0
ωθ

1 + (ωθ)2 (3.27)

In these equations, G0 is the dynamic elastic modulus, θ is the relaxation time, in
seconds, and ω is the frequency in rad/s. The relaxation time is defined as θ = η0/G0,
where η0 is the zero shear viscosity. G0 and θ can be found by doing the least square
fit of the two Maxwell fluid equations. In our case, although the fit was good for G’,
the error was too high for G” in most of the cases. The main reason was that, in our
case, as G’ is independent of frequency, and G” is much lower than G’, we are facing
solid-like emulsions with very high relaxation times (higher than 150 s), which are
considered infinite. Noirez et al. [164] suggests adding another parameter, Ge, to
the previous functions, in order to distinguish viscoelastic liquids from viscoelastic
solids (eq. 3.28 and eq. 3.29):

G′ = G0
(ωθ)2

1 + (ωθ)2 +Ge (3.28)

G′′ = G0
ωθ

1 + (ωθ)2 +Ge (3.29)

This parameter Ge is the equilibrium module and is related with the infinite relax-
ation time typical of solid-like viscoelastic materials. As an hypothetical example,
if a sample with a high relaxation time (100 s) and a G0 of 300 Pa would follow the
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Maxwell model (M), G” would decrease nearly linearly with frequency, as observed
in Fig. 3.40. However, if the parameter Ge is included in the model (ME, for ex-
tended Maxwell model), it can be observed that G” would be nearly constant with
frequency. Regarding G’, at so high relaxation times, there is nearly no difference
between the two models in the range of frequency studied.
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Figure 3.40.: Example of frequency sweep when relaxation time is (a) θ= 2 s and (b) θ= 100 s Notation: ”M” for
Maxwell model and ”ME” for Extended Maxwell Model (including Ge).

When applying this extended model to our system, the fit for G’ and G” was much
better, as depicted in Fig. 3.41, although some differences were found for G”at higher
frequencies. For this reason, other models were studied.
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Figure 3.41.: Comparison of the Maxwell model (M) and the Extended Maxwell model (ME) for the modeling of
the viscoelastic parameters, G’ and G”. Sample: S/O= 35/65; 95 wt % water.

It was observed that the viscoelastic parameters of these samples up to ω= 10 Hz
followed a similar pattern of the gel emulsions with a reverse hexagonal phase in
the continuous phase (W/H2), studied in the previous section [118], so the same
Soft Glass Rheology (SGR) model with two transition temperatures for G” was used
with these data (eq. 3.8 and eq. 3.9). Two parameters, A and B, were added for
the calculations (eq. 3.30). The model fitted well the experimental data in all the
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samples, as Fig. 3.42 depicts.
G’ = Aωx−1

G” = B (ωy1−1 + ωy2−1)
(3.30)
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Figure 3.42.: Frequency sweep tests for three different samples modelized with the Soft Glass Rheology (SGR)
model. (a) S/O=26/74, 95 wt % water (b) S/O=9/91, 87.5 wt % water (c) S/O= 35/65, 80 wt % water.

The coefficients for the model and the exponents can be seen in Tab. 3.8. The coef-
ficient A, related to G’, increases with S/O ratio and with dispersed phase volume
fraction. The exponent x is in all the cases approximately 1, which corresponds to
the “glass transition temperature” in which the system behaves like an elastic solid.
Unlike A, the parameter B is higher for a lower disperse phase volume fraction. The
exponents for G” are y1 > 1 and y2 < 1 as expected for this model.

Table 3.8.: Coefficients and exponents of the SGR model: G’ = Aωx−1, G” = B(ωy1−1 + ωy2−1)

S/O φ (wt %) A x B y1 y2

0.176 95 223,3 0.99 2.55 1.58 0.43

0.357 95 259.7 1.00 1.94 1.67 0.28

0.538 95 324.7 0.99 1.25 1.81 -0.16

0.176 80 55.5 1.00 4.53 1.37 0.54

0.538 80 92.3 0.97 5.05 1.43 0.58

0.102 87.5 41.4 1.03 2.67 1.41 0.66

0.357 87.5 161.6 0.99 3.10 1.52 0.38

0.613 87.5 221.4 1.03 6.37 1.42 0.46

0.357 76.9 64.8 1.03 3.30 1.33 0.52

0.357 98.1 349.6 1.02 3.16 1.31 0.37

The experimental data for the storage modulus (G’p) are also interpreted in terms of
the Princen and Kiss (P&K) equations for the storage modulus [112,113], in which
the interfacial tension (γ) and the Sauter mean droplet radius (r32) are included
eq. 3.31.

G =
γ

r32

· cφ1/3 (φ+ d) (3.31)
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The equation parameters, c and d, were empirically found (c= 1.769 and d= -0.712).
According to the P&K equations, the storage modulus increases when the droplet
size decreases, it is proportional to the interfacial tension and it increases when the
disperse phase concentration increase. The P&K equations were originally obtained
in emulsions with quite large Sauter mean diameter (d32 between 17 and 20 μm),
considering negligible the interdroplet film thickness, and with limited experiments.
Many authors have used these equations afterwards with their experiments. If the
emulsion droplets are too little, the P&K equations seem to not be appropriate
due to the Brownian motion of droplets; in other cases, it is the film thickness the
explanation for the non-applicability of the equations. In our experiments, even
though the surfactant concentration is varied, the interfacial tension between the
water/dodecane-Span80 interface is constant, since the surfactant concentration is
far beyond the critical micellar concentration (cmc). This interfacial tension was
measured with the drop weight or volume method (explained in sec. 2.2.4.1) and
a value of 4.5 mN·m-1 was found. Unfortunately, no data of the droplet size was
obtained for the emulsions in which the oscillatory experiments were performed.
However, the relationship between G’p/φ

1/3 and φ is lineal, as the P&K equations
predict (Fig. 3.43-a).
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Figure 3.43.: (a) Relationship between G’p/φ
1/3 and φ at different S/O (wt/wt): 1: 15/85, f: 26/74,  : 35/65,

#: 38/62. The line is only a guide to the eyes, to confirm the linearity between the two parameters. (b) Viscosity
variation with shear rate showing a shear thinning behavior for different highly concentrated emulsion samples

with S/O and φ (wt %) a: 15/85 and 80, f: 15/85 and 95, 1: 35/65 and 80, 6: 35/65 and 95. The lines are
the fitted Cross model.

Steady-state rheological behavior All the emulsions had a shear thinning behav-
ior, that is, the viscosity decreased with shear rate (γ̇), as observed in Fig. 3.43-b.
The steady state viscosities followed a power law dependence on the applied shear,
and a zero shear viscosity could be extrapolated at low shear rates in some cases.
Steady state viscosities increased with the dispersed phase volume fraction and also
with surfactant concentration. The differences were more significant at lower shear
rates, when mechanical forces are lower. The fact of having a shear thinning be-
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havior has many process engineering advantages. For example, when mixing, as the
shear rate increases with the stirring rate (N), (γ̇ = K ·N), where K an empirical
constant, the emulsion becomes less viscous at higher stirring rates, so can be more
easily homogenized. Contrarily, when the emulsion, for example a moisturizer, is in
its jar, the viscosity is higher and so it remains still, which is more adequate for its
further skin application.

The experimental steady state viscosities in the shear rate zone in which they fol-
lowed the power law dependence were fitted to the Ostwald equation (eq. 3.32) in
order to find the consistency index, k, and the flow index, n.

η = k · γ̇n−1 (3.32)

Table 3.9.: Parameters for the Ostwald model for different emulsion samples.

S/O φ (wt %) k n− 1 n R2

0.176 95 45.77 -0.933 0.067 0.999

0.176 80 2.98 -0.809 0.191 0.996

0.538 95 68.11 -0.946 0.054 1.000

0.538 80 11.84 -0.939 0.062 0.999

0.357 87.5 27.78 -0.909 0.091 0.998

0.102 87.5 6.43 -0.841 0.159 0.995

0.357 76.9 12.63 -0.913 0.087 0.998

0.357 98.1 89.78 -0.973 0.027 1.000

0.613 87.5 37.32 -0.952 0.048 0.999

The parameters that best fit the model and the regression coefficients can be found
in Tab. 3.9. It is observed that the consistency index k increases with disperse
phase volume fraction and with surfactant concentration, like viscosity. As its name
indicates, it is an idea of the consistency of the fluid, in other words, viscosity or
resistance to flow of the sample. The two composition variables had the opposite
effect on the flow index n, which was always < 1, confirming the shear-thinning
behavior. The influence on this last parameter at high φ and S/O was not so
significant (Fig. 3.44).

In order to caracterize the whole shear rate dependence in steady state viscosity,
the model that follows the Cross equation (eq. 3.33) is one of the most popular used
nowadays:

η = η∞ +
η0 − η∞

1 +
(
γ̇
γ̇c

)m (3.33)

In this equation, η0 is the zero shear viscosity, which is the viscosity on the Newtonian
plateau region; η∞ is the viscosity at infinite shear rate, which gives us information
about how the sample behaves at high shear; m is the dimensionless Cross rate
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Figure 3.44.: Influence of S/O (a,b) (φ: 6: 80, �: 87.5, 1: 95 wt %) and φ (c,d) (S/O:  : 15/85, ×: 26/74,  :
35/65) to k and n.

constant, which indicates the degree of shear thinning behavior, and γ̇c is the critical
shear that indicates the shear rate at which the shear thinning behavior is more
evident. The lower the critical shear, the less Newtonian plateau there is. The Cross
model is valid for the entire shear curve. The Cross model shows a good fitting to
the experimental data for all the samples, although in order to do a correct fit, the
parameters needed to be rescaled, since η0 has an order of magnitude around 104-
105 Pa·s, γ̇c is approximately 10-4-10-5 s-1, and the rest of the parameters are between
0-1.

The model fitted well the experimental parameters, as observed in Fig. 3.43-b. One
significant parameter is the zero shear rate viscosity, which clearly increased both
with φ and with S/O ratio, as observed in the following figures (Fig. 3.45).

The droplets of highly concentrated emulsions are densely packed. When stress
is applied they first deform and elongate in the direction of flow, up to the critical
point corresponding to the yield stress value. It is said that the system is undergoing
creep flow. From that point, the emulsions flow, as observed in Fig. 3.46-a, where
five different samples at a constant S/O ratio and different disperse phase volume
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Table 3.10.: Parameters for the Cross model for different emulsion samples.

S/O φ γ̇c m η0 η∞ error

(wt/wt) (wt %) s-1 - Pa·s Pa·s -

0.176 95 1.4 · 10−4 0.99 2.8 · 105 0.26 0.25

0.176 80 4.8 · 10−4 0.78 3.6 · 103 0.06 0.65

0.538 95 2.1 · 10−4 1.00 3.3 · 105 2.31 0.77

0.538 80 1.1 · 10−4 0.93 1.5 · 105 1.14 0.70

0.357 87.5 6.5 · 10−5 0.91 2.1 · 105 0.25 0.82

0.102 87.5 3.5 · 10−4 0.86 2.4 · 104 0.08 1.20

0.357 76.9 3.2 · 10−4 0.93 3.2 · 104 0.09 1.38

0.357 98.1 3.6 · 10−4 1.02 3.7 · 105 0.07 1.06

0.613 87.5 1.3 · 10−4 0.96 2.4 · 105 0.46 0.85
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Figure 3.45.: Zero shear rate viscosity (η0) variation with (a) volume fraction of disperse phase (at S/O: f: 15/85,

1: 26/74, �: 35/65) and (b) with S/O (φ: f: 80, 1: 87.5, �: 95 wt %)

fraction are depicted. It is clearly observed that the yield stress increases as the
volume fraction of disperse phase increases (Fig. 3.46-b).

These emulsions are considered to behave following the Herschel-Bulkley model or
general plastic model (eq. 3.34), which combines the power law or Ostwald equation
and the Bingham plastic model:

τ = τ0 + kγ̇n (3.34)

The yield stress was determined as the inflection point as seen in Fig. 3.46-a, and
the consistency and flow indexes were already determined with the dependence of
the steady state viscosity with shear rate (eq. 3.32). The validation of the model
was performed by representing τ versus γ̇. As observed in Fig. 3.47-a, samples with
low surfactant concentration and low disperse phase concentration had a smaller
yield stress and flow index. In Fig. 3.47-b, a sample with very high water volume
fraction is represented. As it can be observed, it has a high yield stress (∼80 Pa)
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Figure 3.46.: (a) Shear rate variation with shear stress in a log-log scale at different water percent (a:76.9,  :

80,  : 87.5, 6: 95, 1: 97.5 wt %). The inflection point is the yield stress. The lines are only guide for the eyes.
(b) Yield stress variation with disperse phase volume fraction at S/O= 26/74.

and there is no data further than 2 s-1, since the emulsion slipped, due to its high
elastic behavior. However, it still followed the Hershel-Bulkley model.
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Figure 3.47.: Rheograms for different highly concentrated emulsion samples, which follow the Hershel-Bulkley
model.

The experimental data for the yield stress (τ0) was also interpreted in terms of the
Princen and Kiss (P&K) equations (eq. 3.35), in order to relate this parameter with
the droplet size and interfacial tension.

τ0 =
γ

r32

φ
1/3 (a+ blog(1− φ)) (3.35)

The equation parameters were empirically found: a= -0.08 and b= -0.114. The data
for the emulsions are plotted in Fig. 3.48 as dimensionless yield stress, τ0/(γ/r32),
versus volume fraction of the dispersed phase (φ). The experimental data (points)
are compared with the P&K equation (dashed line) which, at low volume fraction of
disperse phase underpredicts the results, and at higher volume fraction, overpredicts
them. Following the work by Pal [30], the effective volume fraction was used instead
of the volume fraction, but no improve was obtained. However, the same data could
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be described very well with the P&K equation when the empirical parameters (a and
b) were changed. These parameters were obtained by minimizing the error between
the experimental and calculated dimensionless yield stress for all the experiments
and also, in order to compare, with the experiments performed at a fixed S/O of
26/74 (0.35). The modified P&K equations are presented in Fig. 3.48.
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Figure 3.48.: Comparison of the yield stress data with the P&K equations at S/O= 26/74.

Creep recovery measurements The creep-recovery test for all the emulsions stud-
ied presented the typical test-shape as described in Fig. 3.34, where the compliance
is represented as a function of time. After the 5 min rest, the yield stress was raised
and maintained constant for 10 min. After a first elastic deformation, the compliance
increased with time during the creep-test until the Jmax was achieved, as observed
in Fig. 3.497. When the stress was released, first an instantaneous recovery was ob-
served, and then compliance decreased with time for 10 min. Fig. 3.49 shows that
for a constant S/O, the Jmax achieved at tc and the instantaneous elastic deforma-
tion were higher when the disperse phase weight fraction was minimum. On the
other hand, it can be observed that the slope at steady-state is much higher at low
disperse phase volume fraction, so the zero shear viscosity, which is the inverse of
the slope, was much lower. However, the J0

e was of the same order in this case.

Contrarily, for emulsions of the same amount of water content (Fig. 3.50-a), the zero-
shear viscosity is not so different, as the slope of the creep tests are very similar. The
variables that are distant are the Jmax and J0

e , which increase at lower surfactant
concentration.

However, the difference in zero-shear viscosity is more evident when the water con-
tent is lower (80 wt %), especially when also S/O is low, as Fig. 3.50-b depicts, at
20/80 (0.25) and 80 wt % and at 15/85 (0.176)and 80 wt % (notice the difference in
scale), the viscosity is much lower than from 30/70 (0.42), where from this point, the
viscosity is very similar at different S/O. This is also expressed in Fig. 3.51. In this
figure, it is also observed that no difference between the zero-shear rate viscosity at
95 wt % and at 98 wt % is observed.
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Figure 3.49.: Creep-recovery test for samples at constant S/O and different φ. (a) S/O = 40/60 and φ a: 80, b:
90, c: 95, d: 98 wt %, (b) S/O = 30/70 and φ a: 80, b: 90, c: 95.
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Figure 3.50.: Creep-recovery test for samples at constant φ and different S/O. (a) φ= 95 wt % and a: 15/85, b:
20/80, c: 30/70, d: 40/60, e: 50/50, (b) φ = 80 wt% and a: 15/85, b: 20/80, c: 30/70, d: 40/60.

The η0 and J0
e can be found in Tab. 3.11. The fitting of J(t) in the creep-test based

on the Burger model yielded very small errors, so it was considered that this model
could explain satisfactorily the results. The parameters G0, G1 and η1 for the Burger
model are also presented in Tab. 3.11. The case of 15/85 (0.176) stands out, since all
the parameters are the lowest in this emulsion, which explains its great deformation
for the same time. On the other hand, the emulsions with the highest values are
the ones with 95-98 wt % disperse phase, which explains their gel-type behaviour and
their highest resistance to deformation. In a constant disperse phase, the parameters
increase with increasing surfactant concentration, which involves a reinforcement of
the structure, although the change is not as much as when increasing water content,
so the amount of surfactant does not alter the internal structure as the disperse phase
content, in the range studied. This could be explained from a droplet deformation
point of view. When the water content is increased, the droplets are very close to
each other, so the deformation is impeded by their neighbours, so the elastic modules
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Figure 3.51.: Zero shear viscosity variation with S/O at φ : 1: 80,  : 87.5,  : 90, a: 98.1, 6: 95 wt %.

G0 and G1 increase, and also the viscosity is incremented.

The fitting for the recovery test was done using eq. 3.21 and good results were ob-
tained. The parameters B and C, together with Jmax, and the contribution of each
element to the total deformation of the system (eq. 3.20) were found. When the
disperse phase content is increased, the contribution of JSM is higher, whereas the
permanent deformation contribution, J∞, corresponding to the Maxwell dashpot, is
smaller. This is due to the fact that at higher water content, the emulsions have a
more elastic behavior, they are more gel-type, due to the stronger droplet network,
so the Maxwell spring contribution is more important, and a higher amount of the
compliance is recovered. The recovery due to the Kelvin-Voigt element is nearly
constant in all samples.

Finally, the total percentage recovery of each system is calculated with eq. 3.21.
Again, the higher the amount of water content, and so, the elasticity of the material,
involves a higher recovery, which is not clearly affected by surfactant concentration
(Fig. 3.52).
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Figure 3.52.: Final percentage recovery of each system.

To summarize, elasticity is much more affected by the disperse phase weight fraction
than by the surfactant concentration, in the range studied. The more water there
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Table 3.11.: Parameters of the Burger model for the creep-recovery experiments.

φ S/O η0 J0
e Jmax R JSM JKV J∞ G0 G1 η1·100

(wt %) wt/wt Pa·s Pa Pa % % % % Pa Pa Pa·s

76.9 0.357 2.64 · 104 7.39 · 10−3 4 · 10−2 32.4 17.1 15.3 67.6 211.9 341.6 320.9

80 0.176 1.24 · 103 2.57 · 10−1 9.87 · 10−1 7.6 4.0 3.6 92.4 8.2 7.0 4.6

80 0.250 1.24 · 104 3.65 · 10−2 1.09 · 10−1 26.8 14.6 12.1 73.2 65.4 44.1 111.8

80 0.429 5.72 · 104 1.02 · 10−2 2.60 · 10−2 30.1 18.6 11.4 69.9 223.0 162.1 325.6

80 0.538 6.66 · 104 8.43 · 10−3 2.19 · 10−2 34.9 19.0 16.0 65.1 267.3 168.4 765.

80 0.667 6.27 · 104 8.44 · 10−3 2.27 · 10−2 34.3 19.7 14.5 65.7 205.5 195.5 791.1

87.5 0.102 7.04 · 104 3.81 · 10−2 5.07 · 10−2 50.0 36.8 13.2 50.0 36.9 91.7 93.0

87.5 0.357 3.90 · 104 8.67 · 10−3 3.15 · 10−2 35.5 22.6 12.9 64.5 258.3 173.5 116.1

87.5 0.357 6.20 · 104 1.82 · 10−2 3.28 · 10−2 34.5 19.6 14.9 65.5 164.9 78.5 180.8

87.5 0.613 8.97 · 104 2.94 · 10−3 1.30 · 10−2 52.6 33.2 19.3 47.4 365.0 735.6 598.9

90 0.250 1.09 · 105 3.01 · 10−2 3.83 · 10−2 37.9 27.9 10.0 62.1 102.9 46.8 108.6

90 0.429 1.29 · 105 7.56 · 10−3 1.45 · 10−2 57.1 39.7 17.4 42.9 223.3 307.7 759.9

90 0.429 1.72 · 105 8.76 · 10−3 1.39 · 10−2 53.1 36.1 17.1 46.9 176.2 310.1 698.8

90 0.667 1.30 · 105 9.51 · 10−3 1.64 · 10−2 53.4 31.4 22.0 46.6 222.6 195.5 372.3

95 0.176 4.73 · 105 8.50 · 10−3 1.04 · 10−2 69.5 66.5 3.0 30.5 140.4 734.9 1000.3

95 0.250 6.30 · 105 5.54 · 10−3 6.95 · 10−3 78.6 69.7 8.9 21.4 207.1 1412.4 1614.9

95 0.429 8.58 · 105 5.19 · 10−3 6.25 · 10−3 85.8 68.1 17.7 14.2 230.9 1190.4 1437.7

95 0.538 6.74 · 105 4.43 · 10−3 5.77 · 10−3 74.5 57.6 16.9 25.5 308.2 851.8 1164.2

95 0.667 5.80 · 105 4.00 · 10−3 5.56 · 10−3 73.7 56.8 16.8 26.3 322.2 1121.0 1589.7

95 1 5.29 · 105 3.76 · 10−3 5.32 · 10−3 61.8 56.3 5.4 38.2 338.9 1237.9 1965.1

98.1 0.357 3.46 · 105 4.37 · 10−3 6.96 · 10−3 86.8 81.1 5.7 13.2 378.2 480.7 2005.5

98.1 0.667 5.36 · 105 2.92 · 10−3 4.62 · 10−3 47.6 52.5 -4.9 52.4 450.1 1438.4 1957.5

is in the emulsion, the more resistance to deform and flow of the gel-type system,
and the more percentage of recovery one the stress is removed. Nevertheless, all
the highly concentrated emulsions studied behave in a similar way: they are all
viscoelastic materials, with contributions of both Maxwell and Kelvin-Voigt models.
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3.3.4.2. Results for the water/Pluronic L-121/cyclohexane system

Binary diagram water/Pluronic L-121 The amphiphilic block copolymer Pluronic-
L121 forms a variety of structures in water at different temperatures, as can be ob-
served in Fig. 3.53. The liquid crystals phases are found at a weight fraction between
0.5 and 0.85 and between 5 and 45 ◦C.

Figure 3.53.: Binary phase diagram of the system water/L121 up to 80 °C. Notation as in Fig. 3.12.

Region of emulsion formation in the phase diagram Highly concentrated w/o
emulsions were prepared in the region of the phase diagram in which the continuous
phase is a micellar phase. The region chosen was between a surfactant and oil ratio
of 0.16 to 0.24, and emulsions were prepared between 0.75 and 0.95 volume fraction
of dispersed phase. The zone is the one between the dash-dots lines in Fig. 3.54. The
emulsions were prepared easily without any heating needed at room temperature,
and by adding the water dropwise to the continuous phase with a constant agitation.

Test tube results Some preliminary tests were performed in test tubes, to study
the variation of some rheological properties with the amount of dispersed phase.
The ratio of surfactant to oil was kept constant at 20/80 and the dispersed phase
volume fraction (φ) was varied from 0.8 to 0.95. In the emulsions prepared in sec. 3.2,
as the continuous phase was a liquid crystal, the elastic behavior decreased when φ
increased, because the liquid crystal phase is much more viscous than the continuous
phase. Now, in this case, as the continuous phase is a micellar phase, the elastic
behavior and viscosity increase when the dispersed phase volume fraction increases,
as observed in Fig. 3.55 for the plaeau of the storage modulus (a) and for the complex
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Figure 3.54.: Phase diagram of the system water/L121/cyclohexane showing the region where highly w/o concen-
trated emulsions are formed. Notation as in Fig. 3.12.

viscosity at 0.1 Hz (b) obtained from an oscillatory test. G′ increases from 100 Pa to
nearly 600 Pa, and the viscosity at 1 Hz in the same order, from 200 Pa·s to nearly
900 Pa·s when the water fraction increases from 0.81 o 0.95. This is due to the
increase of the degree of droplet packing.
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Figure 3.55.: (a) Plateau value of the storage modulus and (b) complex viscosity at 0.1 Pa·s for the highly con-
centrated emulsions prepared in test tubes at a constant S/O ratio (20/80).
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Preparation of emulsions in stirred batch reactor Before the experimental de-
signs, we need to be sure to find an experimental range of conditions in which the
emulsions could be formed using the batch reactor, in order to have a range large
enough to see the effect of the process variables studied: the stirring rate (N) and
the dispersed phase addition rate (Q). At first we started with some experiments
at 600 rpm and 3 mL/min, and we obtained the emulsion formation map depicted
in Fig. 3.56-a. As observed, no emulsions could be formed at high S/O and high φ
enough. We concluded that this was because the dispersed phase addition flowrate
was to high to incorporate all the dispersed phase in the emulsion, and we also
observed that the emulsion got stuck on the walls of the reactor, probably due to
a too high stirring rate. This is why we decidied to change the process variables
to 400 rpm and 2 mL/min, and we obtained the map shown in Fig. 3.56-b. In this
case, the emulsions were perfectly formed, and we could also expand the S/O region,
between 16/84 and 24/76, so the points for a 32 design were taken (design with 2
factors and 3 levels). At an intermediate S/O of 20/80 and \phi of 0.875, the prepa-
ration variables were varied in a wide range of stirring rates and dispersed phase
addition rates in order to find a region where we could implement the design. As
observed in Fig. 3.56-c, at higher stirring rates the emulsions could not be formed,
so we took the values of 300, 400 and 500 rpm and stirring rates between 2 and
4 mL/min.
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Figure 3.56.: Maps of emulsion formation. (a) At N = 600 rpm and Q= 3 mL/min, (b) at N = 400 rpm and
Q= 2 mL/min, (c) at S/O= 20/80 and φ= 87.5 wt %. Notation:  : yes, x: no, #: not tested.

Fig. 3.57 shows some representative micrographs of the emulsion droplets taken at
different operational conditions. Only Fig. 3.57-d is not a stable emulsion, the other
ones are stable highly concentrated w/o emulsions, with diameters around 3 μm.

Influence of the composition variables Tab. 3.12 includes the results of the 32

design when varying the composition variables (φ and S/O). The response variables
include droplet size, expressed as the Sauter mean diameter and the mean number
diameter, the standard deviation of the droplet size, the yield stress, the storage
modulus, the maximum value of G” in the LAOS test and the critical stress when
this happens, and the viscosity at a rate of 0.1 s-1. The results were analyzed with the
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(a) (b) (c)

(d) (e) (f)

Figure 3.57.: Micrographs taken with the optical microscope of highly concentrated emulsions prepared at (a)
400 rpm, 2 mL/min, 90 wt % and 20/80, (b) 400 rpm, 2 mL/min, 85 wt % and 16/84, (c) 500 rpm, 4 mL/min,
87.5 wt % and 20/80, (d) 600 rpm, 3 mL/min, 85 wt % and 22/78, (e) 300 rpm, 3 mL/min, 87.5 wt % and 20/80,
(f) 400 rpm, 2 mL/min, 85 wt % and 24/76, with d32 of (a) 3.3, (b) 3.4, (c) 3.4, (d) N/A, (e) 3.3, (f) 2.9 μm.

Statgraphics software to detect the factors that significantly affected the response
variables and to represent the response surfaces that described the variation of the
variables with the composition variables.

The first result is that, in the range studied, droplet size generally decreased when
increasing the dispersed phase volume fraction, as depicted in Fig. 3.58-a. The effect
of the surfactant was not clear, although for the highest concentration, the lowest
diameters were achieved (below 3 μm). For the rheological parameters, it is very
clear that the water volume fraction is the factor that has the major influence on
the properties: higher yield stress, higher storage modulus and higher viscosity. The
S/O also has a positive effect, although smaller. However, both factors appear to be
significant. The response surfaces for these three variables are depicted in Fig. 3.58.
The values are in the same range as the emulsions prepared in the preliminary
experiments in the test tubes.
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Table 3.12.: Experiments and response variables at N = 400 rpm and Q= 2 mL/min.

Exp φ S/O d32 d10 s τ0 G’ G”max η 0.1 s-1 τc
# (wt %) (wt/wt) (μm) (μm) (μm) (Pa) (Pa) (Pa) (Pa·s) (Pa)

1 80 16/84 3.2 2.1 1 11 222 73 256 35

2 80 20/80 4.3 3.0 1.3 6.5 140 35 227 19

3 80 24/76 2.9 2.4 0.8 16.5 244 74.5 297 42

4 85 16/84 3.4 2.3 1.1 13 162 50.4 268 29

5 85 20/80 3.1 2.0 1 18.5 228 78.3 332 46

6 85 24/76 2.9 2.0 0.9 20 262 99.4 429 60

7 90 16/84 2.6 2.0 0.8 45 432 128 600 133

8 90 20/80 3.3 2.3 1.1 47 399 121 1007 133

9 90 24/76 2.7 1.9 0.9 48 460 158.5 1024 183
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Figure 3.58.: Influence of the composition variables to (a) droplet size, (b) yield stress, (c) storage modulus and
(d) viscosity of the emulsions formed at N = 400 rpm and Q= 2 mL/min.

From the response surface methodology we obtain the empirical models consisting of
second order polynomials, in whcih the response variables are expressed as a function
of the composition variables, in this case: eq. 3.36, eq. 3.37, eq. 3.38, eq. 3.39.

d32 = 15.9−0.37 ·φ+48.6 ·S/O+1.3 ·10−3 ·φ2+0.33 ·φ ·S/O−155.9 ·S/O2 R2 = 0.699 (3.36)

τ0 = 3101− 76.37 ·φ+ 40.1 ·S/O+ 0.47 ·φ2− 2.12 ·φ ·S/O+ 371 ·S/O2 R2 = 0.984 (3.37)
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G’ = 2.7 ·104−650.13 ·φ−5085 ·S/O+3.9 ·φ2+3.5 ·φ ·S/O+10236 ·S/O2 R2 = 0.947 (3.38)

η0.1 = 6.5·104−1546·φ−1.74·104·S/O+9.01·φ2+298·φ·S/O−1.23·104·S/O2 R2 = 0.967 (3.39)

Influence of the preparation variables The results obtained when varying the
preparation variables according to the 32 design are shown in Tab. 3.13. We analyzed
the results with Statgraphics plus to obtain the significant factors, interactions and
response variables and Fig. 3.59 shows some of the results obtained. First of all,
for droplet size, the analysis showed no significant factors, although we did see an
interaction between both factors, indicating that both factors are indeed significant.
Fig. 3.59-a depicts the droplet size (d32) as a function of N and Q. At a low addition
flow rate, droplet size decreases when stirring rate increases, which is what should
normally happen in a system of this kind, since the more energy input, the smaller
the droplet size achieved. However, we see that when the addition flow rate is
increased up to 4 mL/min, droplet size increases with the stirring rate. We assume
that this is due to the fact that in this case the addition flow rate is too high and
does not allow the full incorporation of water in the emulsion when the system is
being mixed so fast. This could be the same reason why it is more difficult to form
the emulsions at a high stirring rate (Fig. 3.56-a).

Table 3.13.: Experiments and response variables at S/O= 20/80 rpm and φ= 87.5 wt %.

Exp N Q d32 d10 s τ0 G’ G”max η 0.1 s-1 τc
# (rpm) (mL/min) (μm) (μm) (μm) (Pa) (Pa) (Pa) (Pa·s) (Pa)

1 300 2 3.9 2.3 1.3 11 127 50 186 32

2 300 3 3.3 1.9 1.2 9 137 38 224 21

3 300 4 3.1 1.8 1.1 8 168 42 253 24

4 400 2 4.2 2.4 1.3 27 341 106 485 66

5 400 3 3.7 2.1 1.2 25 252 96 402 102

6 400 4 2.8 2.1 0.8 18 229 69 250 40

7 500 2 2.2 1.5 0.7 55 683 200 1602 230

8 500 3 3.5 1.5 1.1 42 549 176 1246 233

9 500 4 3.4 2.2 1.1 45 372 85 746 97

For the other rheological parameters, both factors were found to be significant. A
higher stirring rate involved higher values of the yield stress, storage modulus, and
viscosity, as observed in Fig. 3.59-b,c,d. The variables achieved higher values at a
low stirring rate. In general, the higher the addition flow rate, the lower the values.
Since the addition flow rate is inversely proportioanal to time, if the emulsion volume
is constant, the faster the water is added to the vessel, the less time it has to be
incorporated and homogenized in the emulsion. This could be the reason why the
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emulsions formed at a higher addition flow rate are less viscous and flow more easily
than the emulsions prepared slowly and with more time, since the droplets have
more time to be packed and form a more compact structure.

The response surfaces are useful in order to predict further experiments and to
observe how the emulsion would behave in conditions that have not been essayed.
An empirical model can be obtained from each response surface. Each response
variable can be expressed as a function of the process variables. The models are only
estimations, but they are easy to apply. The models, with their respective regression
coefficients are expressed as second order polynomials, since with this experimental
design, the curvature can be detected (eq. 3.40, eq. 3.41, eq. 3.42, eq. 3.43). The units
are the same as in Tab. 3.13.
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Figure 3.59.: Influence of the preparation variables to (a) droplet size (interaction plot), (b) yield stress, (c) storage
modulus and (d) viscosity of the emulsions formed at S/O= 20/80 and φ= 87.5 wt %.

d32 = 3.6+9.6 ·10−3 ·N−0.76 ·Q−3.3 ·10−5 ·N2+5 ·10−3 ·N ·Q−0.23 ·Q2 R2 = 0.601 (3.40)

τ0 = 34− 0.16 ·N − 8.6 ·Q+ 5 · 10−4 ·N2 − 1.7 · 10−2 ·N ·Q+ 2.0 ·Q2 R2 = 0.983 (3.41)

G’ = −265− 0.63 ·N + 244 ·Q+ 6.53 · 10−3 ·N2− 0.88 ·N ·Q+ 7.3 ·Q2 R2 = 0.996 (3.42)

η0.1 = 1147− 14.6 ·N + 974 ·Q+ 0.033 ·N2 − 2.3 ·N ·Q− 37.0 ·Q2 R2 = 0.995 (3.43)
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3.3 Effect of the process variables in the viscoelasticity and rheology of highly
concentrated w/o emulsions

3.3.5. Conclusions

The rheology of highly concentrated emulsion is a subject that has been widely
studied and many models to describe the rheological parameters are formulated. In
this section, two model emulsions were prepared, at different composition and using
different methods and operational conditions, and the rheological parameters were
studied. Both systems were w/o emulsions, and with a micellar continuous phase.
However, one system was stabilized with a nonionic surfactant and dodecane was the
organic phase, and the other system was stabilized by a nonionic amphiphilic block
copolymer and cyclohexane was chosen as the continuous phase. Both systems had
similar rheological behavior: shear-thinning, strongly elastic and presented a yield
stress. The composition variables had a strong influence on the rheological proper-
ties, specially the volume fraction of dispersed phase: the higher the water content,
the higher the viscosity, the elastic component and the yield stress. Surfactant
concentration also had a positive effect for these variables in the range studied.

The emulsions of the first system were prepared in test tubes, and we focused only
on the composition variables and on adapting the known rheological models to the
rheological features of the emulsions. For our system, the soft glass rheology model
fits well the viscoelastic parameters, the Cross model the viscosity variation with
shear rate, and the Burger model, the creep-recovery data.

The second system was also prepared using a batch reactor with controlled agitation
and addition flow rate, so the preparation variables could be studied. Beforehand,
the range of operational conditions was determined. The stirring rate could not
be too high (300- 600 rpm) to form highly concentrated emulsions, and the addition
flow rate was tested between 2 and 4 mL/min. The rheological parameters, used as
response variables, allowed us to detect which are the significant factors that have
an influence on the emulsion properties. Regarding the composition variables, the
concentration of dispersed phase was the variable which had a larger effect on the
emulsions properties, in the range studied. Regarding the preparation conditions,
the effect of the stirring rate was higher than the effect of the dispersed phase ad-
dition flow rate. The higher the stirring rate, the higher the viscosity, the elastic
domain and the yield stress. When increasing the flowrate, the effect was the oppo-
site, since less time was given to the disperse phase to be fully incorporated in the
emulsion.

Empirical models were derived from the experimental data in both cases. These
models are useful to predict the behavior of further experiments and to be able to
take better decisions than with only the experimental data.
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4. Influence of the process variables
and scale-up in the preparation of
highly concentrated emulsions

4.1. Overview

This chapter describes, analyzes and evaluates the emulsification process scale-up.
Although the manufacturing of nano-emulsions is described, the chapter is focused
on highly concentrated emulsions, since they are the main interest of this thesis. We
focus on the different scale-up strategies that many authors have followed and on
the scale invariants that can be derived from them.

This section firstly describes the main problems when facing emulsion scale-up.
Then, the different preparation methodologies to form highly concentrated emulsions
are described, and some important features of emulsion preparation are exposed:
droplet breakup and mixing.

In the following sections, the scale-up of a model highly concentrated water-in-oil
(w/o) emulsion is performed. The emulsion is prepared by the continuous addi-
tion method, in which agitation is a key factor. This is why the different scale-up
approaches that have been used so far in mixing applications are exposed.

4.1.1. Scale-up problems in emulsion preparation

The main problems encountered when scaling-up chemical engineering processes are,
according to Block [165] one of the followings:

1. Use of different processing equipment in both scales.

2. Insufficient knowledge of the process.

3. The complexity of the process, which may involve different unit operations
and equipment.

4. Variation in macroscopic and microscopic properties of formulation compo-
nents and products in both scales.

5. Incomplete characterized equipment or scaling based on wrong operation mech-
anism.
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In the scale-up of emulsification processes, all the factors are probable to happen.
The scale-up of emulsion processes is complicated, as they are unstable systems,
non-Newtonian fluids, viscosity changes with the shear rate, and these changes can
vary the Reynolds number. Furthermore, the changes in phase behavior that take
place during the emulsification process have to be well understood. Moreover, as
there are many different types of emulsions (nano-emulsions, highly concentrated,
diluted...), the optimum scale-up criterion has to be found for eack kind [166], since
each system requires different operational conditions.

4.1.2. Preparation methods of highly concentrated emulsions

As already described in sec. 3.1.2, emulsions are very common in our society and
many examples can be found in our everyday life: food-emulsions such as mayon-
naise, cosmetics like hydrating creams or bitumen emulsions in our road. Herein
we focus on highly concentrated emulsions, with a dispersed phase volume fraction
higher than 0.74. When preparing them, the increase of entropy (ΔS) due to disper-
sion cannot compensate the energy needed to expand the interfacial water/oil area
(ΔA) when droplets are formed from the bulk phase. This gives a positive Gibbs free
energy (ΔG = −ΔST + σΔA), which indicates that emulsions do not form spon-
taneously (σ is the interfacial tension and T the temperature). For this reason, an
energy input is needed to form the emulsions. This energy input determines the type
of method used in the preparation of emulsions: it can be either from the outside
of the system (high-energy methods) or from the inside (low-energy methods). The
scale-up in the preparation of highly concentrated emulsions is clearly dependent on
the procedure used to prepare the emulsion.

4.1.2.1. High-energy methods

High-energy methods, also known as dispersion methods [167], involve an energy
input based on a mechanical system, which can be achieved by several means: a
vigorous mixing created by an impeller, like turbines or propellers; colloid mills or
rotor-stator systems, in which the droplet size is reduced by application of a shear
stress; ultrasound generators, like the piezoelectric transducer or the ultrasonic jet;
or high-pressure homogenizers, where the emulsion is forced to pass between a small
hole at high pressure. Other medium-energy methods include a simple pipe flow or
static mixers [75]. These methods are not energy efficient [168], as a large quantity
of energy is dissipated as heat, and they achieve a limited droplet size.

High-energy methods induce a shear stress able to break the drops of the dispersed
phase into smaller droplets, provided that the stress exceeds the Laplace pressure
for spherical droplets (2σ/r) , where r is the droplet radius. The Laplace pressure
or capillary pressure is a measure of the forces acting to keep the drop spherical,
and it determines the shear stress needed to deform or break the drop [95]. As the
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Laplace pressure is inversely proportional to the drop radius, the pressure needed to
break smaller drops is higher than the pressure needed to break bigger ones.

4.1.2.2. Low-energy methods

Low-energy methods, also known as condensation methods [167], take in advantage
the chemical energy of the system to create the emulsion, and take place during
phase transition, due to a spontaneous change of the surfactant curvature in the
water/oil interface. Low-energy methods favor the formation of smaller drops, be-
cause the system goes through minimum interfacial tension points. The formation
of a liquid crystal phase during this process favors the formation of small droplet
sizes and low polydispersity. Moreover, at the phase inversion point, bicontinuous
or lamellar structures are formed, with a characteristic length for each surfactant-oil
combination, which seems to control the drop size distribution [82]. The phase in-
version temperature (PIT) method and the emulsion inversion point (EIP) or phase
inversion composition (PIC) methods are the two most common low-energy meth-
ods, and have been widely studied [79,127,169–171]. The PIT method is only valid
for ethoxylated nonionic surfactants, which acquire lipophilic properties when tem-
perature is raised, due to the polyoxyethylene chains dehydration. Moreover, its
practical use is a matter of opinion, as the temperature has to be extremely con-
trolled, since the cooling or heating rate is crucial in order to produce the proper
emulsion.

4.1.2.3. Membrane emulsification

Membrane emulsification is an alternative method for emulsion production that has
been investigated in the last years. In this process, the dispersed phase is pressed
through the membrane pores, and drops are formed in the permeate side, which
are swept away by another liquid that constitutes the continuous phase, which con-
tains the surfactant. This surfactant stabilizes the drops formed preventing them
from coalescence, and also lowers the emulsification pressure by reducing the in-
terfacial tension between oil and water. Low energy input is needed compared
with conventional mechanical methods [172], and a monodisperse emulsion can be
formed, although a low permeate flux is obtained, which implies the formation of
diluted emulsions. This drawback can be overcome by a recirculation of the emul-
sion formed, with an increase of transmembrane pressure or with a repeated premix
membrane emulsification [172].

4.1.3. Droplet breakup

Understanding the breakup and coalescence of drops in stirred vessels is important
to find efficient ways of making emulsions, since the droplet size of an emulsion is
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governed by the balance between these two phenomena, which occur simultaneously
[173]. In this section, droplet breakup is described, whereas coalescence was already
described in sec. 3.1.2.3, together with the other emulsion destabilizing mechanisms.

Droplet breakup is caused by the interaction between droplets and the continuous
phase, which are both in continuous motion.

Breakup condition The deformation of a droplet in steady two-dimensional flow
in the absence of surfactant has been widely studied. The deformation of a droplet
is governed by the ratio between two forces: the external shear stress or continuous
viscous forces (τ = µcγ̇), and the Laplace pressure, expressed in the dimensionless
Capillary number (Ca) (eq. 4.1):

Ca =
τr

2σ
=
µcγ̇r

2σ
(4.1)

where τ is the shear stress, µc the continuous phase viscosity and γ̇ the shear rate.
For droplet deformation to occur, the viscous shear stress forces of the continuous
phase must overcome the Laplace pressure [174]. Droplet deformation and further
rupturing increases with increasing Ca, and it occurs above a critical capillary num-
ber (Cacr). If Ca < Cacr, the droplets are stable, and if Ca > Cacr, stable droplets
do not exist. The critical capillary number depends on the flow type and on the
viscosity ratio between the dispersed and continuous phase: λ = µd/µc. For each
viscosity ratio, there is a critical capillary number above which droplet breakup will
occur. The value of Cacr gives us the maximum stable droplet size that can be
formed, which is inversely proportional to the viscosity of the continuous phase and
the shear rate, as observed: rmax = 2σCacr/µcγ̇.

In emulsions, as droplets are surrounded by other droplets and surfactant is present,
droplet breakup depends not only on the capillary number, but also on the emulsion
composition: dispersed phase volume fraction (φ), and surfactant concentration
[175].

Mechanisms of droplet breakup A droplet breaks through one of the following
mechanisms [176]:

� Necking of the emulsion droplets, usually when Ca is near Cacr. This happens
when droplets elongate, and larger drops are formed in the two extremes of
the droplet, whereas small satellite droplets are formed in the middle.

� Tipdropping or tipstreaming, when there is liberation of smaller drops from the
edges of bigger drops, caused by a non-uniform distribution of the surfactant.
It can be avoided with the change of the surfactant.

� End-piching, when the droplet is relaxed from a stressed situation, where it was
too stretched, and during the relaxation it is fragmented into smaller droplets.
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� Capillary instabilities in turbulent flow, when the droplet is subjected to a
sudden stress and Ca >> Cacr; the droplet does not have enough time to
adapt to the flow field, so fluctuations cause droplet breakup and disintegrate
into smaller droplets. In this case, the droplet diameter increases as φ increases.
This is the principal droplet breakup mechanism in stirred vessels, as described
below.

Droplet breakup in stirred vessels Droplet breakup depends on the type of flow in
which the droplets are encountered. In a stirred vessel, the moving impeller creates
different flow regions, so droplet breakup will be caused by different mechanisms
in every region. According to Kumar et al. [177] there are three mechanisms that
control the droplet critical size (rmax) in stirred vessels: breakup in the turbulent
flow field, breakup in the boundary layer of the impeller blade (simple shear flow),
and breakup in the hyperbolic flow field in front of the rotating blade (elongation
or acceleration flow). All three mechanisms occur simultaneously, but independent
of each other. The critical diameter near the impeller will be the smallest, since the
shear rate in the tip impeller region is the highest. This small zone outside the edge
of the impeller is where the breakup of droplets predominantly occurs.

Kumar et al. [177] also affirm that rmax first increases with φ, up to a maximum
point, from which it decreases at high φ. This decrease is only due to the increased
apparent viscosity of the emulsion, which is higher for increasing φ and decreasing
the intensity of turbulence.

Droplet breakup in highly concentrated emulsions For concentrated emulsions,
it is considered that instead of µc, an apparent or effective emulsion viscosity (µeff )
should be used to describe the droplet size and breakup, since it reflects the influence
of φ: r ≈ 2σ/(µeff γ̇) [175,176]. As droplets interact with their neighbors, the average
emulsion viscosity increases, and during droplet breakup, droplets experience the
emulsion effective viscosity instead of the continuous phase viscosity.

If the emulsions are highly concentrated, the effective viscosity can become much
larger than the continuous phase viscosity, so the droplets formed can be smaller.
This involves an easier droplet breakup, as the critical capillary number is much
smaller. As a consequence, the critical shear rate for droplet breakup decreases
when φ increases. Fournanty et al. [168] also mention that in highly concentrated
emulsions, breakup phenomena are faster than in diluted emulsions, since the prox-
imity of the droplets may facilitate stress transmission.

Droplet breakup is essential in highly concentrated emulsions, whereas coalescence
has to be avoided. As φ is so high (between 0.74 and 0.99), it is very easy that
droplets interact with their neighbors, and that destabilization occurs through coa-
lescence. Moreover, if the two phases are added at the same time, it is quite probable
that phase inversion occurs, since the phase with the less volume fraction is more
prone to become the dispersed phase (Fig. 4.1).
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Figure 4.1.: When mixed together, the desired emulsion may not be formed. In this case, instead of a highly
concentrated w/o emulsion, a diluted o/w emulsion is formed.

Even if phase inversion does not occur, the traditional method of vigorous agitation
is not the most appropriate for the formation of highly concentrated emulsions, as
the energy intensity (defined as power per unit volume, P/V ) at the beginning of
the emulsion formation is low: the impeller’s power is distributed to a considerable
amount of liquid. As a consequence, the drops formed by this method are too big
and polydisperse, as there is not enough energy intensity to efficiently break the
dispersed phase (Fig. 4.2-a)

(a) (b)

Figure 4.2.: (a) Vigorous agitation method. The energy input in the beginning is too small. (b) Continuous
agitation method. The energy input is more or less constant in the whole process: small volume in the beginning
and large torque in the end.

The continuous addition method, which consists in adding gradually the disperse
phase to the mixture of the continuous phase and surfactant, while maintaining a
constant mild agitation (Fig. 4.2-b), allows that, as the volume of the emulsion in
the beginning is little, all the power given by the impeller is concentrated in a small
volume, which entails a significant mixing intensity and the possibility of breaking
up the disperse phase added in small droplets. As the emulsion is being formed, the
effective viscosity increases, but as the stirring rate (N) is constant, the power of
the impeller, equal to P = NT, where T is the torque, increases, so it compensates
the volume raise and the agitation intensity is still large, so it is possible to form
finely divided droplets. This is the method used in this thesis to prepare highly
concentrated emulsions.
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4.1.4. Mixing and shearing

Mixing is strongly related to the hydrodynamics (study of the liquids in motion) of
the system and power consumption, which are key parameters in the preparation of
emulsions. We will base our scale-up study on the mixing or agitation process, since
an emulsion prepared by the conventional method or by the continuous addition
method can be simplified to a mixing process of two immiscible liquids. For low-
viscosity and Newtonian fluids, homogeneity of the mixture is easily achieved, and
the Reynolds number (Re) and power consumption (P ) are directly acquired. For
more concentrated emulsions, the mixing process can be seen as the mixing of a
non-Newtonian viscoelastic fluid.

As highly concentrated emulsions generally possess a yield stress τ0, the shear stress
applied needs to be over the threshold value in order to flow. Moreover, as these
emulsions have high viscosity and a shear-thinning behavior, an effective homoge-
nization of the liquid is accompanied by an excessive shearing of some part of the
fluid in the region in the vicinities of the impeller, also referred as cavern, where the
fluid is well mixed, whereas the shear rate in the rest of the bulk is minimum, to
the point that the fluid can become stagnant [178]. Some effective impellers, which
cause an axial and radial flow, or sweep the whole volume of the vessel, are needed
in order to achieve an efficient mixing.

As the local shear rate varies with position inside the stirred tank, it is useful to
describe an effective viscosity of the fluid, and an average or apparent shear rate,
γ̇av. It is widely accepted that there is a relationship between the apparent shear
rate and the stirring rate of the impeller, N , as described by Metzner and Otto [179]
as a linear function (eq. 4.2):

γ̇av = KN (4.2)

According to Metzner and Otto [179], the empirical constant, K, is only dependent
on the type of impeller, although other authors affirm that is depends on both
fluid rheology and on impeller geometry. Some values can be found in Bakker et
al. [180]. This expression has been used to scale-up mixing equipment when power
law fluids were employed, and the same expression has been suggested and used by
several authors [95,174,178]. However, it has received some criticism, as the scale-up
resulted in an overprediction of the power number together with an underprediction
of the Reynolds impeller number, and it is said that it only describes what happens
in the vicinity of the impeller. Moreover, some studies affirm that this relationship
is only valid in the laminar flow region, whereas for the transitional or turbulent
flow it is not applicable. In these flow regimes, the apparent shear rate is said to be
not only proportional to N , but it also depends on the flow behavior index (n) of
the fluid.

For a stirred polymerization reactor using a helicoidal impeller, Ryan et al. [181]
proposed that K = (πD)/(H/2), where D is the impeller diameter and H is the
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channel width between the draught tube and reactor walls. In this case, the apparent
or effective viscosity is µeff = k((πND)/(H/2))n−1, where k is the consistency
index. Adler-Nissen [95] also adapts the expression to form an oil-in-water highly
concentrated emulsion (80 %) with a rotor-stator system: K = πD/h, where h is
the distance between rotor and stator, as they support the fact that the shear stress
causes droplet breakup through the rotational velocity or stirring rate. This has
been proved in various studies [95, 168, 182, 183], where it has been observed that
droplet size decreases as the stirring rate increases.

4.1.5. Influence of scale and controlling mechanisms

To perform an efficient scale-up it is necessary to understand whether and how
droplet breakup, coalescence, mixing and shearing are affected by a change in scale.
It is well known that when scaling-up, the relation between the surface area (A)
and the volume (V ) changes. When there is a linear geometric similarity between
scales, a change in linear scale (L), involves a quadratic effect on area (L2) and a
cubic effect on volume (L3). As a consequence, scale-up results in lower surface per
volume (A/V ), as seen on Fig. 4.3. The area is more remarkable than volume at
small scales, so surface effects are more important at small scales; whereas at larger
scales, volume stands out.
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Figure 4.3.: Surface area per volume (A/V ) and volume per surface area (V/A) variation with scale.

Droplet size is controlled by coalescence and droplet breakup. In a stirred vessel, as
droplet breakup is an impeller-based process, and so depends on the shear intensity
of the impeller, it will be favored in the impeller region. On the other hand, droplet
coalescence and flocculation are volume dependent processes, since they take place
in the bulk of the fluid. However, these phenomena are favored in the stagnant
and motionless parts of the fluid, near the walls of the vessels, so they can also be
considered surface dependent processes. The geometry and intensity of the impeller
will have a direct influence on droplet size, since they determine the regions in which
breakup or coalescence take place.
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The study of the controlling mechanism has to be done in each case. According to
Tatterson et al. [184], as scale increases, coalescence and flocculation are more likely
to be the dominant processes, since the ratio A/V is reduced, so there is a larger
bulk region. If this is the case, bigger droplet sizes will be encountered at larger
scales, since coalescence involves the increase on the average droplet size. On the
other hand, Solè et al. [171] encountered smaller droplets in the larger scale when
scaling up nano-emulsions, since there was less surface in contact with the bulk, so
coalescence took place at a smaller rate than in the smaller scale.

In highly concentrated emulsions, probably the critical variable that controls the for-
mation of droplets is the shear rate. As the internal phase volume fraction can be up
to 99 %, it is crucial that there exists a mechanism by which little droplets are formed
and dispersed in the continuous phase. This means that droplet breakup, which in
highly concentrated emulsions is determined by the continuous phase viscosity and
the shear rate, and the creation of new interfacial area, is the predominant process
mechanism. In nano-emulsion formation, in order to form droplets of < 200 nm,
apart from an efficient mixing of the component, it is important for the system to
go through a stage of liquid crystal, so that the droplets formed are the consequence
of the dissolution of the micelles arranged in the ordered lattice [171,185].

Other mechanisms that are important for the process are heat transfer, if the emul-
sions are prepared from a liquid crystal that melts at a high temperature; the stirring
rate, directly related to the shear stress as exposed in eq. 4.2, since an efficient mixing
and a final homogenization of the system is needed, and also the surfactant adsorp-
tion on the interface, in order to form smaller droplets and stabilize the emulsion
formed.

To identify the critical process variables that affect scalability, many studies have
been performed varying some of the process variables that could have an affect on
it. The ones most discussed are the addition flow rate of one of the phases (usually
the dispersed phase in highly concentrated emulsions, and the continuous phase in
nano-emulsions), the stirring rate, the energy intensity (power per unit volume) and,
less studied, the torque per unit volume (T/V ). In the following scale up study, we
focus on the stirring rate and dispersed phase addition flow rate, as preparation
variables, and on the surfactant concentration, as composition variable.
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4.2. Scale invariants in the preparation of reverse
highly concentrated emulsions

This section was published as: May-Masnou, A.; Porras, M.; Maestro, A.; González,
C.; Gutiérrez, J.M. Scale invariants in the preparation of reverse high internal phase
ratio emulsions. Chemical Engineering Science. 2013, 101, 721-30 [186].

4.2.1. Introduction

Scale-up from experimental laboratory equipment to industrial plant size is one of
the crucial issues in the field of industrial process design. The processes working with
low-viscosity Newtonian fluids are, usually, directly scalable. However, the scaling-
up of processes involving high-viscosity non-Newtonian fluids is far more compli-
cated, since fluid properties, like viscosity, and flow conditions can vary drastically
during the process [187]. This is the case of emulsion manufacturing. Moreover,
the final quality and properties of an emulsion are very dependent on the process
variables, so a little change in the stirring rate, in the way of adding the components
or in the vessel size can result in changes in the product quality, apart from a raw
material, time and economical loss. The scale-up analysis of these processes and
the study of the effect of process variables on the emulsion quality are necessary
in order to predict what will happen at industrial scale and to optimize the pro-
cess, saving money and time in unproductive tests. However, not many studies are
available [171,173,188–190], most of them concerning nano-emulsions [171,173,190].

Highly concentrated emulsions have some special features that make the study of
their scaling-up different from nano-emulsions and crucial if their production wants
to be implemented at industrial scale. Due to the extremely high volume fraction of
the dispersed phase (φ > 0.74), it is important to favor droplet breakup and, at the
same time, to avoid droplet coalescence, in order to obtain a minimum polydispersity
and maximum emulsion stability, with the smallest droplet size as possible. The
amount of surfactant plays an important role on the stabilization of the emulsion,
although its preparation method is also determining. One of the main keys of this
work is to study the scale-up of highly concentrated emulsion formation and to
determine which are the variables that have to be kept constant at both scales in
order to obtain emulsions with the same properties i.e. determine the scale invariants.

4.2.1.1. Scale invariants

To perform a successful scale-up, there are many empirical scale-up criteria or simple
rules of thumb based on the experience, which involve the formulation of mathematic
correlations using experimental data. These, along with similarities and dimensional
analysis, constitute the scale-up model of the process, which requires enough data
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available to validate it. Since emulsion formation can be assimilated to an isotherm
mixture of two fluids [178, 183, 189, 191], the scale-up criteria for mixing and agita-
tion are discussed here, including the dimensionless numbers – despite their rarely
successful scale-up [166].

For stirred vessels, the impeller Reynolds number (Rei = ρN2D/µ) determines if the
flow is laminar (Rei < 10), turbulent (Rei > 10000) or transitional. Rei is obtained
when applying dimensional analysis to the scale-up of mixing vessels [192], so it
seems an appropriate criterion, as it includes the most representative variables that
affect the final product, like the stirring rate (N), the impeller diameter (D), the
fluid density (ρ) and fluid viscosity (µ). However, it does not give information of the
degree of mixing or of the intensity of turbulence. To maintain the Rei constant at
both scales, the stirring rate at the large-scale (N2) needs to be equal to the stirring
rate at small-scale multiplied by the square of the inverse geometric ratio of impeller
diameters: N2 = N1(D1/D2)2, considering that the same model material is used in
both scales (implying constant density and viscosity).

This, along with geometric similarity, implies that the stirring rate at the large scale
should be one fourth of the stirring rate at small scale (if D2 = 2D1), which is usually
not enough if a turbulent flow wants to be achieved at industrial scale to ensure an
efficient mixing. In order to keep Rei constant, it is suggested to use a less viscous
model fluid at small scale [192], and then avoid working at high rotational speeds.
The same solution is proposed by Bakker and coworkers [180] in order to maintain
the same flow pattern in both scales for viscous liquid mixing applications. However,
in spite of the efforts made to keep Rei constant, it is not always the best scale-up
criterion. A study [193] found that this criterion did not result in equal mixing
time at both scales in the mixing of viscous liquids using a turbine impeller; and
others [194] state that, in general, the Reynolds number in itself is never a proper
scale-up criterion, and that it invariably increases with scale-up.

Gutiérrez et al. [78] considered that keeping Rei constant in the scale-up of nano-
emulsions would imply too high stirring rates at small scale to reach the Rei used
in practical industrial applications, so they used the tip speed velocity (v = πND)
as scale-up invariant, together with the total addition time. In their study, when
the Reynolds number was constant, there was no correspondence between scales
in the final product, as it was suggested that mixing was not achieved due to a
high turbulence or strong eddies. Due to the extreme viscosity of the system in the
intermediate stages, where a liquid crystal phase was formed, viscous forces were
more important than inertial forces; the fluid was moved along with the stirrer and
it dragged the rest of the fluid with it. The stirrer geometry and the inhomogenities
of the system helped the mixing. Baldyga et al. [195], also affirmed that scaling-up at
constant tip speed in the formation of nano-emulsions resulted in identical droplet
size for the large droplets at both scales, although depending on the duration of
agitation, bigger droplets could be obtained in the larger scale tanks. So, apart
from the tip speed, the addition time should also be considered.
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In fact, equal tip speed or velocity in both scales should assure that all the parts
of the fluid should be moving equally at both scales and with no stagnant areas.
According to Wilkens et al. [187], this is a common criterion associated to indus-
trial stirrers and phenomena sensitive to shear stress, like in emulsions, where it is
interesting to control droplet size. Moreover, this criterion is recommended when
a response variable of an emulsion (for example droplet size or some rheological
parameter) is clearly correlated with tip speed. Equal tip speed implies that the
large-scale stirring rate is equal to the small-scale stirring rate multiplied by the in-
verse geometric ratio of the impeller diameters: N2 = N1(D1/D2), so if the diameter
is doubled, the stirring rate should be reduced by a factor of two. When scaling-up
with this criterion, the Reynolds number is increased, while power/volume (P/V ) is
decreased and torque/volume (T/V ) remains constant with increasing scale. Okufi
et al. [183] studied the scale-up of liquid-liquid dispersions in three different vessels
with geometric similarity, varying tip speed and volume fraction of dispersed phase.
At a constant tip speed between scales, they found no variation in the response
variables, so they affirm that this criterion is valid for scaling-up systems like the
one they studied. The response variable chosen was the surface area of dispersion
(av), which is defined as the interfacial area of dispersed phase (ad) per unit volume
of the whole dispersion (Vt = Vd/φ, where φ is the dispersed phase volume fraction
and Vd the volume it occupies). Taking ad = nπd2

32 and Vd = nπd2
32/6 (n is the

number of droplets, d32 the Sauter mean diameter): av = ad/Vt = 6φ/d32, so av can
be calculated knowing d32 and φ.

Johnson et al. [193] studied three different stirrers to mix viscous fluids with a
turbine, and found that constant tip speed was the best scale invariant for miscible
liquids and small changes in scale. The torque per unit volume is an important
mixing characteristic that also represents mixing intensity in terms of fluid velocities
[196], since it is similar to momentum transfer, which is related to the motion created
by the impeller. Torque (T ) is defined as the ratio between power and rotational
speed (T = P/N). In turbulent conditions and geometric similarity, this criterion
results in the same expression as equal tip speed. In this case, the torsion capacity
of the stirrer is related directly with its size [187].

The Froude number for a stirred tank (Fr = N2D/g) is also a dimensionless param-
eter obtained when doing dimensional analysis in mixing applications [192]. If the
Froude number is constant at both scales, the rotational speed at the large-scale is
equal to the rotational speed at small-scale multiplied by the square of the inverse
geometric ratio of impeller diameters: N2 = N1(D1/D2)1/2, so if the diameter in the
large scale is two times the diameter of the small scale, then the stirring rate will
be 0.7 times the small scale stirring rate. Performing dimensional analysis to the
scale-up of stirred tanks, it appears that the Reynolds number and the Froude num-
ber have to be constant at both scales if dynamic similarity is required. However,
it is physically impossible to maintain ND2 (Rei) and N2D (Fr) constant at the
same time with the same model material, although some authors [180] affirm that
when studying vortex formation, this should be so, by using different viscosity fluids
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at both scales, as Fr takes into account the gravitational forces of the fluid, and
is important when vortex are formed in the emulsion. In the case of high-viscosity
fluids, like highly concentrated emulsions, the inherent high viscosity prevents the
formation of vortex, and the significance of this number almost disappears [189].
Moreover, the use of this criterion leads to overdimensioned systems and, as a con-
sequence, it is not an economical criterion [187].

The power number, also known as Newton number, a dimensionless parameter ex-
pressed as Np = P/ (ρN3D5), where P is the power, represents the ratio of pressure
to inertia forces and is also widely used in mixing applications [191, 197–201]. This
number depends essentially on the impeller geometry, so for geometric similarity
between the two scales, the power number will be the same at both scales in turbu-
lent conditions (large Rei). To maintain the power number constant, the large scale
stirring rate needs to be 0.315 times the small-scale stirring rate if the diameter is
increased by a factor of two. Then, the power requirements in both systems will
also change proportionally to these variables.

The energy intensity, expressed as power per unit volume (P/V ), is the most used
scale-up criterion, as it is easy to understand in mixing applications and the most
practical. Moreover, it correlates well with mass transfer characteristics [187]. This
criterion represents dynamic similarity under negligible viscous forces, i.e. in turbu-
lent regime (Rei > 10000), and when gravitational forces have no effect. It is usually
used in dispersions [183]. The criterion of P/V is equal to maintaining N3D2 = cnt,
which means that the large-scale stirring rate is equal to the small-scale stirring
rate multiplied by the inverse geometric ratio of the impeller diameters at the 2/3
power: N2 = N1(D1/D2)2/3. However, this is only valid in turbulent flow, when
Np remains constant. Although some authors [166] affirm that this criterion is ade-
quate for gas/liquid systems and liquid/liquid dispersions when the power is equally
distributed in all the tank volume, there are many authors [183, 193] that support
that this criterion results in an overdimension of the equipment in industrial scale.
Bourne et al. [202] applied the P/V criterion for reactions in stirred tanks and found
that, in general, this was not a good matching because of the variations of the tra-
jectory of the reaction zone during scale-up, and found no simple scale-up criterion
for micromixing in stirred tank reactors. In the case of emulsion formation with the
continuous addition method, the parameter P/V is difficult to control, as the batch
volume increases with time, and also the power input, due to the change in viscosity
of the emulsion.

The stirring rate (N), also referred as rotational velocity or impeller speed is pro-
posed to be the scale-up criterion for highly concentrated emulsions in a previous
study of our group [189]. The emulsions were prepared at two different scales with
geometric similarity. Considering that the viscosity of the system was high, the scale-
up was first performed maintaining the tip speed constant instead of the Reynolds
number, based on the results from Solè et al. [171]. However, in contrast to the study
with nano-emulsions, the highly concentrated emulsion droplets formed in the large
tank were bigger than the ones formed in the small-scale vessel, so in this case, the
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tip speed did not constitute a convenient scale-up invariant; neither would Reynolds
number, as it would imply even a smaller mixing rate at the big scale. This was
supported by the fact that, by keeping the tip speed constant, the stirring rate was
lower at the higher scale involving an increase in droplet size. However, a correspon-
dence appeared between the two scales in the points in which the stirring rate was
the same. Since in the emulsification process to form highly concentrated emulsions,
a critical aspect is the creation of interfacial area (droplet breakup to form smaller
droplets) rather than the degree of mixing, the stirring rate, directly related to the
shear stress, τ , is important. The shear stress τ is responsible to deform and breakup
the droplets and is related to the shear rate (τ = µeff γ̇) by the effective or average
viscosity of the emulsion. This shear rate is related by many authors [180,203–206]
with the stirring rate using the Metzner-Otto equation (eq. 4.2) [179] as it is a veloc-
ity gradient along the radius of the impeller, where the proportionality constant (K)
depends on the type of the impeller and on the geometry of the system used. For this
reason, the stirring rate, which depends on the shear rate, could seem to determine
the droplet size. However, no further experiments were performed to confirm what
was suggested in this previous study [189].

The stirring rate was found to be a proper scale-up invariant in other studies, for
example for stirred tank reactors where fast reactions take place, although not sup-
ported by all authors [194]. This criterion is also supported by Galindo-Rodŕıguez
et al. [173], for the scaling-up of nano-emulsions. Moreover, it was pointed out that
apart from N and the geometric similarity, the dynamic similarity had to be taken
into account when scaling-up and this was achieved by maintaining constant the
specific power input of the stirrer (P/V ). However, the droplet size in the pilot-
scale was always smaller than in the lab-scale, for a same value of N . The same
conclusion, in the micrometric range was obtained by Baldyga et al. [195]: they saw
a slow drift towards smaller drops when agitation was maintained, as well as smaller
drops and faster breakup when scaling-up at constant power per unit volume (P/V ).
According to these statements, neither N nor P/V , were adequate scale-up invari-
ants, because the same emulsion drop sizes were not obtained when maintaining
them constant.

4.2.1.2. The power law relationship

Most of the criteria exposed in the previous section can be summarized with an
expression in which the stirring rate in the higher scale is given by the one at the
smaller scale multiplied by the ratio between the two impeller diameters elevated at
an exponent (N2 = N1(D1/D2)α). This concept is similar to the scale-up approach
considered by Gorsky [207], based on geometric similarities and using a power law
relationship: X2 = X1(1/R)α. In this equation, X2 is an unknown variable in
the large scale calculated from X1, R is the geometric scaling factor, which is a
geometric relation between scales (for example D2/D1), α is the power law exponent,
determined empirically or theoretically, and the indices 1 and 2 indicate the small (or
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lab) scale and the large (or industrial) scale, respectively. The power law exponent
has a physical meaning, as described in Tab. 4.1 (adapted from Levin [208]), which
summarizes what has been discussed here.

Table 4.1.: Scale-up invariants and physical meaning of the power law exponent (α). Notation: N , stirring rate;
D, impeller diameter; Rei, impeller Reynols number; We, Weber number; T , torque; V , volume; v, tip speed;
P , power input; Fr, Froude number. The subscripts 1 and 2 stand for the small and large scale, respectively.
Adapted from [208].

Invariant Relation N2 α Physical meaning

Rei ND2 N1(D1/D2)2 2 Equal fluid flow regime

We N2D3 N1(D1/D2)3/2 3/2 Equal stress for same size droplets

T/V N2D2 N1(D1/D2) 1
Equal liquid motion (fluid velocity)

v ND N1(D1/D2) 1

P/V N3D2 N1(D1/D2)2/3 2/3 Equal mass transfer rates

Fr N2D N1(D1/D2)1/2 1/2 Equal surface motion

N N N1(D1/D2)0 0 Equal shear rate

In the first column, the common scale invariants used in typical stirred tank reactors
mixing operations are shown. The second column indicates which is the relation that
has to be kept constant at all scales, in terms of N and D, and the equation in the
third column corresponds to the stirring rate in the bigger scale (N2), given the
stirring rate in the smaller scale (N1) and both impeller diameters (D1 and D2).
P/V is shown to be equivalent to the power law scale-up approach with a power law
exponent equal to α = 2/3, as the power requirement is proportional to N3D5, and
the tank volume, due to geometric similarity, is a fixed multiple of impeller diameter,
D3. Moreover, as the amount of power per unit volume is directly related to the
liquid turbulence on the interface, the mass transfer rates will also be dependent
on this parameter. The Froude number is related to vortex formation, which is, at
the same time, related to the liquid surface motion, as can be observed in the table
when α = 1/2. When the scale invariant is N , the power law exponent is 0, whereas
if the scale invariant is the tip speed, the exponent is equal to 1.

4.2.2. Goal of this study

Once having discussed the scale invariants used in mixing applications and emulsion
preparation, the goal of this study is to confirm or to disprove that the stirring rate
is the scale invariant for the scale-up and preparation of reverse highly concentrated
w/o emulsions using water/Span80/dodecane and, in the case it is not, identify the
threshold values of the process variables from which it is valid. At the same time,
identify those factors that have a major influence on the emulsion properties and
propose a general scale-up methodology for the preparation of emulsions of this kind.

171



Chapter 4
Influence of the process variables and scale-up in the preparation of highly

concentrated emulsions

4.2.3. Experimental section

4.2.3.1. Materials

Reverse highly concentrated emulsions consisted in a continuous phase of dodecane
(99.5 %) and Span80® (HLB = 4.3), both from Sigma Aldrich and used as received,
at different surfactant-to-oil ratios (S/O). Milli-Q water was used as dispersed phase
with a constant volume fraction of 0.90.

4.2.3.2. Determination of the phase diagrams

To determine the phase diagram of the system water/Span80/dodecane, the required
amounts of each product were weighed in clean and dry glass tubes. The tubes were
sealed and the mixture was homogenized using a Vortex stirrer and left in a water-
bath at 25 ◦C until equilibration was reached. The determination of the phases was
performed by visual observation under polarized optical microscopy (POM) and
by analyzing the turbidity, texture and viscosity of the samples, as explained in
sec. 2.1.1.

4.2.3.3. Preparation of the emulsions and determination of energy
consumption

Emulsions were prepared in jacketed stirred-tank reactors following a 2-step batch
process. The system (Fig. 4.4) consists of a glass jacketed vessel and a three-level
P-4 pitched blade impeller, to cover all the vessel height and provide a good emul-
sification. A peristaltic pump (ISMATEC MCP) provided a constant addition flow
rate of dispersed phase. A thermostatic bath (HAAKE F6-C25) is used to maintain
the system at a constant temperature (25 ◦C), and a digital laboratory stirrer (IKA
Eurostar power control-visc) is used to control the agitation speed.

Figure 4.4.: Installation to prepare the emulsions (a) photograph and (b) scheme.
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During the first step, consisting of the dispersed phase incorporation, the continuous
phase, formed by the surfactant and the oil, were weighed, mixed, and transferred
into the reactor, which was already at the desired temperature. Values for the
stirring rate (N , rpm) and for the addition flow rate (Q, mL/min) were chosen
(according to the experiments planned) and at time t = 0, the agitation started and
the dispersed phase (water) was added at the controlled and constant flow rate. The
pump was calibrated before each experiment to ensure the precise value of the flow
rate. The second step, corresponding to the homogenization of the emulsion, starts
when the dispersed phase is completely added. The emulsion is stirred then for 5
more minutes at the same stirring rate as in step 1 to ensure a good droplet breakup
and incorporation of all the dispersed phase. With this method, reverse emulsions
were formed easily and remained stable during a long period of time.

The torque (T ) during emulsification was monitored with a IKA Eurostar power
control-visc agitator. The parameters were set using the LabView software. From
the torque and the stirring rate (N), the power (P ) during emulsification was cal-
culated and plotted as a function of time for each experiment. From these plots,
different results could be obtained: the influence of the process variables on power
consumption, and the energy consumption during emulsification (the area below the
curves).

Table 4.2.: Characteristic volume and lengths of the system. V : emulsion volume, D: impeller diameter, B: vessel
diameter, H: emulsion height.

Scale V (mL) D (cm) B (cm) H (cm)

Small 70 4.5 5 4
Medium 560 9 10 8

Two different scales with geometric similarity were used (1:2), in which the volume
of the reactor is increased by 8 folds from small (70 mL) to medium scale (560 mL)
(Tab. 4.2). This ratio was chosen since it is significant enough to detect the influence
of the scale on the emulsion properties and, at the same time, to minimize the
decrease of the surface area-to-volume ratio. A very large difference would involve
a different predominant mechanism in the emulsification process: droplet breakup
on the small scale and coalescence on the large scale [184]. Each vessel has its
own impeller, also fabricated following geometric similarity respect to the impeller
diameter (D).

4.2.3.4. Experimental design

The experiments were designed according to a rotatable central composite design:
23 + star design. This methodology applied in this field allows a reduction of the
number of experiments as well as the detection of possible interactions between
factors. Moreover, the design chosen gives access to both the model curvature and
to the representation of the results in response surfaces. Additionally, as a result of
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the data analysis, the main factors that have an influence on the desired property are
detected and an empirical model can be derived. This model enables the prediction,
through interpolation, of the system behavior and hence, of further experiments. The
model can be validated by comparing the predicted values with the experimental
ones. The statistical analysis of the data is performed with Statgraphics® Plus
(v.4.1).

The preparation and composition variables studied, which are the experimental fac-
tors, are three: the addition flow rate (Q) or total addition time (t), the stirring rate
(N), and the surfactant concentration in terms of the ratio between surfactant and
oil in the continuous phase (S/O). Fig. 4.5 shows the scheme of the process, with
the factors and response variables.

φ = 0.90
T = 25 ºC
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Figure 4.5.: Diagram indicating the process, factors and response variables.

A total of 16 runs are needed in each scale, apart from the replicates: 8 (23) ex-
periments correspond to the factorial design, at the high and low levels, 6 (2·3)
experiments correspond to the star points (at two extreme levels) and 2 experiments
are the center points. The low and high levels, which are the same at both scales,
and the center points, are shown in Tab. 4.3. The addition flow rate is related to the
addition time by t = V/Q. As this emulsification time is constant in both scales, Q
will differ, since the volume in both scales is different.

Table 4.3.: Factors and levels studied.

Factor Low High Center

S/O(wt/wt) 0.177 0.357 0.267
N (rpm) 700 1400 1050
t (min) 8.75 3.5 5

Q1(mL/min) 8 20 14
Q2(mL/min) 64 160 112

Although droplet size measurements were performed just after the emulsion was
prepared, the emulsion stability was also checked in order to ensure that when
the droplet size was determined, the emulsion had the same properties. Moreover,
the stability is also an indication of the quality of the emulsification process and
conditions chosen.
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4.2.3.5. Determination of droplet size and polydispersity

Droplet size is determined from microphotographs taken with an optical micro-
scope (Optika) equipped with a camera, as described in sec. 2.2.3. Droplet size is
calculated from more than 1000 diameter drops, which are measured on different
microphotographs of the same emulsion. The measure of the diameter is performed
with the Motic Images software, previously calibrated with standard images. All
the microphotographs used to measure the droplet size are made at 400x, in order
to facilitate the measure of the drop diameter, which is in the order of 1-10 μm.

Droplet size is expressed as the Sauter mean diameter, also known as the surface-
weighted mean diameter (d32 =

∑
nid

3
i /
∑
n
i
d2
i ), since the parameters describing

the surface area are important in order to know the amount of surfactant on the
interface, for example. The number mean diameter (d10) is also evaluated. Poly-
dispersity of an emulsion can be quantified using several parameters, such as the
standard deviation (s), used in this study, or the coefficient of variation (cv), defined
as the ratio of the standard deviation of the sample and the number mean diameter
(cv = s/d10). When cv < 0.1, emulsions are considered to be monodisperse.

4.2.4. Results and discussion

4.2.4.1. Characterization of the system used

The analysis of the phase diagram showed that the system used does not present
liquid crystal regions in the emulsion formation path. The emulsions prepared had
a micellar continuous phase, which enabled their formation at room temperature
(they were prepared at 25 ◦C). As the volume fraction of dispersed phase (0.90) is
higher than the packing of monodisperse spheres (0.74), the emulsion droplets were
in contact and presented polyhedral shapes.

4.2.4.2. Influence of the process variables in droplet size

The experimental runs, along with the droplet size and polydispersity, are found in
Tab. 4.4 and Tab. 4.5. The influence of the process variables was studied at both
scales. The Pareto charts and the normal probability plots shown in Fig. 4.6 depict
which factors and interactions have a significant effect on the response variables, for
both at small (a,c) and medium (b,d) scales. In the figure, the acronyms for the
factors are the following: A for S/O (surfactant-to-oil ratio), B for Q (addition flow
rate) and C for N (stirring rate). The two order factors are symbolized by AA,
BB and CC (implying A2, B2 and C2), and the interactions between the factors are
symbolized as AB, AC and BC, for the interaction between S/O and Q, S/O and
N , and Q and N , respectively.
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Table 4.4.: Factorial design experiments performed at small scale. Droplet size and standard deviation.

Exp # S/O(wt/wt) Q (mL/min) N (rpm) d32(μm) s (μm)

1 0.267 14 1050 4.98 1.49

2 0.177 8 700 8.44 2.67

3 0.357 8 700 5.58 1.66

4 0.177 20 700 12.94 4.37

5 0.357 20 700 5.83 1.81

6 0.177 8 1400 3.73 1.08

7 0.357 8 1400 3.57 1.03

8 0.177 20 1400 4.15 1.18

9 0.357 20 1400 3.60 0.89

10 0.116 14 1050 7.84 2.44

11 0.418 14 1050 3.97 1.14

12 0.267 3.9 1050 5.51 1.70

13 0.267 24.1 1050 7.71 2.37

14 0.267 14 461 12.98 4.50

15 0.267 14 1639 2.90 0.70

16 0.267 14 1050 4.89 1.40

The significant effects, which are the ones with a p-value smaller than the significance
level (p-value < α), which in this case is 0.05, are those who overcome the vertical
line. The analysis of the results show that the stirring rate (C:N) is the factor that
most influences the droplet size, in the range studied, followed by the surfactant
concentration (A:S/O). The interaction between both factors (AC), surfactant-to-
oil ratio with stirring rate, appears to be significant at the small scale and not that
much at the medium scale; and the stirring rate has a second-order effect, which is
more relevant at the medium scale, as we will discuss later.
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Table 4.5.: Factorial design experiments performed at medium scale. Droplet size and standard deviation.

Exp # S/O(wt/wt) Q (mL/min) N (rpm) d32(μm) s (μm)

1 0.267 112 1050 4.41 1.36

2 0.177 64 700 6.40 2.06

3 0.357 64 700 5.58 2.19

4 0.177 160 700 7.81 2.55

5 0.357 160 700 5.44 1.45

6 0.177 64 1400 3.71 1.01

7 0.357 64 1400 4.60 1.39

8 0.177 160 1400 3.90 1.02

9 0.357 160 1400 4.02 1.20

10 0.114 112 1050 4.52 1.21

11 0.419 112 1050 3.08 0.72

12 0.267 31 1050 3.75 0.89

13 0.267 193 1050 3.96 1.04

14 0.267 112 461 9.57 3.20

15 0.267 112 1639 2.83 0.73

16 0.267 1412 1050 3.46 0.91

17 0.267 112 1050 3.65 1.00

18 0.177 64 700 6.59 2.17

19 0.357 64 700 4.85 1.31

20 0.177 160 700 7.41 2.50

21 0.357 160 700 5.93 1.80

22 0.177 64 1400 3.92 1.14

23 0.357 64 1400 3.51 0.88

24 0.177 160 1400 4.34 1.36

25 0.357 160 1400 3.29 0.93

26 0.114 112 1050 4.55 1.24

27 0.419 112 1050 3.15 0.84

28 0.267 31 1050 3.35 0.89

29 0.267 193 1050 3.68 1.00

30 0.267 112 461 9.12 3.07

31 0.267 112 1639 2.25 0.57

32 0.267 1412 1050 2.80 0.80

Quite similar patterns are obtained in both scales: droplet size decreases with in-
creasing N and S/O, which is in agreement with other authors [171, 173, 189]. As
the higher values of N and S/O involve smaller droplet size, we can say that both
factors have a negative effect on this property. When N increases, there is more
energy to break up the dispersed phase into smaller droplets, and, as discussed in
previous sections, N is related to the shear stress, which is the force responsible for
droplet breakup. On the other hand, when the surfactant concentration increases,
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Figure 4.6.: Standardized Pareto charts (a,b) and normal probability plots (c,d) for d32 at (a,c) small scale and
(b,d) medium scale.

the interfacial area can increase, as there is more surfactant to stabilize it, so droplets
can be smaller.

From the analysis of the results, an empirical model that describes the behavior
of the system and expressed as y = β0 + β1x1 + β2x2 + β11x

2
1 + β22x

2
2 + β12x1x2 is

determined (y is the response variable, xi the factors, and βi the model parameters).
The equations with the significant factors are shown below: eq. 4.3 for small scale
and eq. 4.4 for medium scale.

d32 = 33.48−52.57·S/O−2.89·10−2 ·N+5.67·10−6 ·N2 +3.67·10−2 ·S/O ·N (4.3)

d32 = 17.52− 4.23 · S/O − 1.92 · 10−2 ·N + 7.00·10−6 ·N2 (4.4)

These equations are used to generate the response surfaces, which show how the
system behaves. The response surfaces corresponding to the small scale experiments
are shown in Fig. 4.7 and the ones of the medium scale in Fig. 4.8. In order to see if
there is any difference with the models obtained taking into account all the factors
(Fig. 4.7-a,c) and the ones obtained with only the significant factors (Fig. 4.7-b,d),
both response surfaces are generated. Moreover, as there are three factors, but we
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can only represent two variables in each figure, in one figure, the Q is held constant
at 14 mL/min (although Fig. 4.7-b, as Q appears not to be significant, would be the
same for other values of Q) to see the influence of N and S/O (Fig. 4.7-a,b) and in
the other, to see the effect of Q and S/O, the stirring rate N is constant at 1050 rpm
(Fig. 4.7-c,d). The same for the medium scale in Fig. 4.8.

Q= 14 mL/min
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(a) Variation with S/O and N us-
ing the model with all factors and
Q= 14 mL/min.
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(b) Variation with S/O and N using the
model with the significant factors (N ,
S/O, N2, S/O·N) and Q= 14 mL/min.
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S/O (wt/wt)

Q (mL/min)0.17 0.21 0.25 0.29 0.33 0.37 8
12

16
20

3.7

4.7
5.7

6.7

7.7
8.7

(c) Variation with S/O and Q using the
model with all factors and N = 1050 rpm.
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Figure 4.7.: Estimated response surfaces for d32 at small scale.

As the model predicts, the influence of S/O to droplet size seems to be linear,
whereas the effect of N is quadratic (Fig. 4.7-a,b). Moreover, at small scale the
interaction between S/O and N has a significant effect: the influence of N is higher
when the surfactant concentration is lower. There seems to be no difference between
Fig. 4.7-a and b, because, in this case, the variables observed and their interactions
have a significant effect, which is far more important than the other interactions and
second-order effects.

According to the analysis, and like in the mentioned previous study [189], the addi-
tion flow rate (B:Q) appears to be not significant, as observed in the Pareto charts
(Fig. 4.6-a,b) and in the normal probability plots (Fig. 4.6-c,d). However, by looking
at Fig. 4.7-c and Fig. 4.8-c, where the response surface is generated with the model
obtained with all the possible factors, and the effect of Q is depicted, we can observe
that the influence of Q is quite significant when the surfactant concentration is low:
the higher the addition flow rate, the bigger the droplet size. This is due to the
fact that when the addition rate is high, there is less time to break up the dispersed
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Figure 4.8.: Estimated response surfaces for d32 at medium scale.

phase and bigger droplets are obtained, which coalesce fast when there is not enough
surfactant available. However, when working at high surfactant concentration, this
effect is balanced with the high amount of amphiphile that can stabilize the system.
If the response surface is represented with only the significant factors (Fig. 4.7-d and
Fig. 4.8-d), the effect of Q is not appreciated, since in this case, the value of droplet
size does not depend on Q, but only on S/O and N (since Q does not appear in the
model with only the significant factors). This happens both in small and medium
scale.

In this study, the validation of the model is performed by comparing the calculated
values obtained from the models with the experimental ones. Fig. 4.9 shows the
validation of the models in both scales. The filled symbols are the points obtained
taking into account all the factors and interactions, and the open symbols are gen-
erated taking into account only the significant ones. It can be observed that the
points are near the line d32,exp = d32,calc, which indicates that the model fits well to
the experimental data (d32,exp are the experimental points and d32,calc the calculated
ones with the models).
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Figure 4.9.: Plot of the calculated values versus the experimental results to validate the models: (a) small and (b)
medium scales.

4.2.4.3. Scale-up following droplet size

The effect of the process variables in droplet size is similar on both scales. However,
droplet size is found to be smaller at the medium scale, for the same values of the
process variables, especially when S/O is low, Q high (t low) and N low. This indi-
cates that at the medium scale, for the same values of N , there is more energy for
droplet breakup. When the conditions are the opposite (S/O high and Q low, along
all the range of N), the droplet sizes in both scales are quite similar, indicating that
N could be a good scale invariant when these conditions are met. With the empirical
models, the power law exponents of the scale invariants are found for each experi-
mental condition, by minimizing the mean absolute error (MAE) (eq. 4.5) between
the droplet size calculated with the medium scale model, and the one calculated for
the small scale model, using a theoretical calculated stirring rate N1 (eq. 4.6), which
depends on the power law exponent. In eq. 4.5, n is the number of points used; in
this case n = 26, since values of N from 350 to 1600 rpm are taken, in intervals of
50 rpm.

MAE =
1

n

n∑
i=1

|d32(calc,medium)− d32(calc, small)| (4.5)

N1 = N2(D2/D1)α (4.6)

The representations of the droplet size obtained with both empirical models and
with the equation obtained by minimizing the MAE are shown in Fig. 4.10, as a
function of N , at different experimental conditions (varying S/O and Q (or t)).

When the values of the process variables involve that the droplet sizes in both scales
are similar, the power law exponent obtained in the scale invariant analysis is close
or equal to 0, indicating that N is the proper scale invariant in those conditions,
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Figure 4.10.: Droplet size as a function of N , for different values of S/O and t. The continuous lines represent
the empirical model found (including all factors) at both scales, and the dashed line, the small scale droplet size
calculated at a stirring rate using the optimum power law exponent (N1 = N2(D2/D1)α).

as in Capdevila et al. [189] and confirming the experimental results. However, as
S/O decreases and Q increases, the difference between both scales increases and the
power law exponent reaches values of 0.5, indicating that in these conditions N is
not the proper scale invariant.

Apart from the empirical models, the experimental results for both scales are also
depicted in Fig. 4.10. It can be observed that at the small scale, the droplet diameter
is bigger, especially when the surfactant concentration and the addition time are low
(Fig. 4.10-d,f). When the surfactant concentration and the addition time are high,
and when N > 1500 rpm, there is no difference in droplet size, so α � 0 (Fig. 4.10-
c,g).

Fig. 4.11 shows the change in the power law exponent with S/O and addition time.
Each value is valid for the whole range of N (from 350 to 1600 rpm).

We can see that when the surfactant concentration is low, the power law exponent
is around 0.5, whereas the higher the surfactant concentration, the lower the power
law exponent, which approaches 0, especially when the addition time increases. This
indicates that at a high surfactant concentration and when the dispersed phase has
more time to breakup in smaller droplets, the stirring rate seems to be a proper
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Figure 4.11.: Evolution of the power law exponent with S/O at different total addition times of emulsification.
The five addition-time levels correspond to the factorial, center and star points.

scale invariant. In fact, the emulsions obtained at these conditions are the most
stable ones, and their droplet size is smaller. The threshold values for N as a scale
invariant would be S/O > 0.5 and t > 5 min. On the other hand, when the surfactant
concentration is lower, the emulsions obtained have bigger droplet sizes and are less
stable. In this case, the scale invariant approaches ND0.5, which, according to
Tab. 4.1, indicates that what is relevant is a constant surface motion. To be sure
of performing a proper scale-up, we propose to determine in which conditions the
power law exponent approximates 0, and to establish these conditions along with
addition time and stirring rate as invariants in the scaling-up process. As it has
been said, the power law exponent, 0 in this case, would be valid for a wide range
of N , from 350 up to 1600 rpm.

4.2.4.4. Influence of the process variables and scale-up following
polydispersity

The polydispersity of the emulsion, calculated as the standard deviation of droplet
size, followed the same behavior as droplet size. At both scales, the factors that
most influenced polydispersity are the stirring rate, in quadratic form, and the S/O.
There is also an interaction between both factors. The addition flow rate, as in
droplet size, is not a significant factor, although its influence is important when
the surfactant concentration is low, increasing the polydispersity when Q is high
(Fig. 4.12).

4.2.4.5. Influence of the process variables on power consumption

The influence of the process variables is reflected in the power consumption at both
scales. At small scale, the power appears to be independent of the water flow rate
(Q) at a given N and S/O (Fig. 4.13-a); it increases with agitation speed at a given
Q and S/O (Fig. 4.13-b), and S/O has a minor influence, at a given N and Q
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Figure 4.12.: Response surface for standard deviation (s) at (a) small scale and (b) medium scale as a function of
S/O and Q.

(Fig. 4.13-c). Hence, the stirring rate is the parameter that increases the most the
energy consumption, as it can be expected. Another observation in the small scale
is that the power consumption is constant or nearly constant from the beginning to
the end of the test, and there is no big difference between the two emulsification
steps (addition and homogenization).

Figure 4.13.: Power evolution with time at (a) different Q, (b) different N and (c) different S/O (small scale).

In the medium scale, unlike in the small scale, the power consumption is divided
into two different areas: in step 1, where the addition of dispersed phase takes
place, the power increases with time, and in step 2, where the homogenization of
the emulsion takes place, the power consumption remains constant (Fig. 4.14). The
fluctuations observed are possibly due to errors in the data acquisition or transmis-
sion. As happened in the small scale, the main parameter that has an influence in
the power consumption is the stirring rate (Fig. 4.14-b). However, the influence of Q
is also significant: when working at 193 mL/min, the power consumption increases
significantly in step 1, and then remains constant at 30 W, whereas when working
at 31 mL/min, the power consumption increases at a lower rate and then remains
constant at around 25 W (Fig. 4.14-a). In the case of N , the difference is bigger:
when working at 461 rpm, the power consumption is constant at 5 W, whereas at
1050 rpm, the power increases up to 25 W, and at 1639 rpm, the power reaches 45 W.
The S/O, in the range studied, does not have a significant influence (Fig. 4.14-c).

Fig. 4.15 exemplifies the difference in power consumption in the formation of emul-
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Figure 4.14.: Power evolution with time at (a) different Q, (b) different N and (c) different S/O (medium scale).

sions at both scales. We can see that at small scale, from the first moment to the
end, the power remains constant, whereas in the medium scale, the power consump-
tion increases during step 1, corresponding to the addition time of dispersed phase,
and then remains constant during the homogenization step (step 2).

Figure 4.15.: Power consumption along the emulsification time in emulsions formed with S/O= 0.267, t= 5 min,
at two different N (1050, 1639 rpm) for small scale (dashed line) and medium scale (continuous line).

4.2.5. Conclusions

In the range studied, the surfactant concentration (S/O) and the stirring rate (N)
were found to be the main factors that influenced droplet size, polydispersity and
power consumption. In general, at higher N and S/O, emulsions have a smaller
droplet size with less polydispersity. The power consumption is higher at the medium
scale. Moreover, in this scale, it increases in step 1 and remains constant in step 2,
whereas in the small scale, there is no difference between the two steps.

The empirical models relating the process variables with the emulsion properties were
obtained and used in the scale-up analysis. The scale-up is performed by keeping
the stirring rate and the total addition time of dispersed phase as invariant in both
scales experiments. A higher value of the droplet size is obtained at a smaller scale
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for nearly all the experimental conditions tested, showing that stirring rate is not
the adequate invariant in scaling-up. Other scale-up invariants were required, which
presented the form NDα. A different power law exponent (α) could be determined
when changing the experimental conditions, as an approximation to the scale-up
invariants for this system. Although there is no scale invariant valid for all the
range of the process variables studied, a correlation between this exponent and the
process variables is found. According to the results obtained, when the stirring rate
is high enough, or when S/O and t are high, α � 0; otherwise, the power law
exponent increases.

These results justify that different authors propose different scale-up criteria as
can be seen in Tab. 4.1: the power law exponent changes depending on the system
and on the conditions. Studies for scaling-up specific systems should include the
determination of the power law exponent applicable to this system and, if it is
considered convenient for a safer scale-up, the determination of conditions where
the exponent is approximately constant when the other variables are changing.
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4.3. Scale-up model obtained from the rheological
analysis of highly concentrated emulsions
prepared at three scales

This section was published as: May-Masnou, A.; Ribó-Besoĺı, J. Porras, M.; Mae-
stro, A.; González, C.; Gutiérrez, J.M. Scale-up model obtained from the rhological
analysis of highly concentrated emulsions prepared at three scales. Chemical Engi-
neering Science. 2014, 111, 410-420 [209].

4.3.1. Introduction

Emulsions are prepared and used currently in many applications. They are used as
templates for the synthesis of porous materials [210–215]. A specific, monodisperse
and known pore size is usually desired. It is thus essential to monitor and predict the
emulsion properties such as droplet size and size distribution, as they determine the
pore or particle size and specific surface area of the product. Emulsion preparation
is delicate, since a small variation in the procedure can change the final result. In
this study, we work with highly concentrated water-in-oil (w/o) emulsions – used
as a template for preparing hollow silica spheres – to determine how the process
variables and, more importantly, the preparation scale, influence the final product.
We performed a scale up study using three scales with geometric similarity, and a
scale ratio of 1:2:4. The largest tank we used has a capacity of 6 L.

Emulsions are characterized, once the dispersed phase is set, by their droplet size
and droplet size distribution. In the previous section, corresponding to [186], we
examined the influence of the process variables on these parameters. We concluded
that they were mainly influenced by the stirring rate and the surfactant concentra-
tion. We also studied the scale-up effect, but using only two different scales (1:2).
Droplet size was measured by optical microscopy

Another interesting feature of these emulsions is their rheological behavior. Many
studies deal with the rheological properties of highly concentrated emulsions [30,
110,111,118,132,216,217], also called gel-emulsions [109,169,218], since they possess
distinct flow behavior: they have a high yield stress τ0, are highly elastic (G’ >> G”)
and they have high viscosity µ, which decreases with shear-rate (shear-thinning).
Regarding the large amplitude oscillatory shear (LAOS) behavior, these emulsions
behave as type III fluids, or weak strain overshoot, in which only G” shows strain
overshoot [38, 219], whereas G’ is constant in the linear viscoelastic region (LVR)
and then decays. The critical stress (τc) at which the loss modulus is maximum
(G’’max), in the oscillatory shear test is assimilated to a yield stress by Jager-Lézer
et al. [110], since it confirms the transition from the elastic to the viscous region.
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4.3.2. Goal of this study

In the previous section, we obtained some empirical models that described the emul-
sion droplet size and polydispersity as a function of the process variables at two
different scales. The goal of this study is to derive empirical models and perform
the scale-up study with the rheological parameters of the emulsions (viscosity, yield
stress, viscoelastic parameters. . . ), which are acquired using a rheometer, at three
different scales with geometric similarity. The experimental design pursues the scale-
up criteria for systems of this kind, particularly the scale-up invariant related to the
stirring rate and the preparation scale.

4.3.3. Experimental section

4.3.3.1. Materials

Dodecane (99.5 %), which constitutes the emulsion continuous phase, and Span80®,
which is the surfactant (HLB = 4.3), were both purchased from Sigma-Aldrich.
Deionized Milli-Q water constitutes the dispersed phase, which is 90 % of the emul-
sion weight (88 % vol/vol).

4.3.3.2. Preparation of highly concentrated emulsions

Emulsions were prepared in three geometrically similar glass jacketed vessels (Fig. 4.16-
a), agitated with a three-level P-4 pitched blade impeller (Fig. 4.16-b). The instal-
lation is the same as the one described in the previous section.

(a)

4.5 cm
9 cm

18 cm

(b)

Figure 4.16.: (a) Liquid height and vessel diameter of the three scales. (b) Impellers used at the three scales.

The w/o emulsions were prepared following a two-step batch method: addition of
dispersed phase and droplet breakup, followed by emulsion homogenization. The
continuous phase is prepared beforehand by weighing, mixing and introducing into
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the vessel, which is already at the desired temperature, a certain amount of surfac-
tant and oil. The impeller is placed slightly above the continuous phase in order to
start the emulsification as soon as the dispersed phase is transferred to the vessel.
While the dispersed phase is being added, the stirrer produces enough shear stress
to break up the droplets and form the emulsion. Once all the dispersed phase has
been added, the emulsion is stirred at the same rate for a further 5 minutes in order
to homogenize the emulsion and ensure the incorporation of all the dispersed phase.

The dispersed phase is added through a peristaltic pump (ISMATEC Reglo used in
small scale and ISMATEC MCP used in both medium and large scales) to regulate
the flow rate. A thermostatic bath (HAAKE F6-C35 used in both small and large
scale; HUBER Ministat 230, in medium scale) regulates the temperature of the
refrigeration fluid (mixture of Milli-Q water and ethylene glycol) at 25 ◦C. The digital
laboratory stirrer IKA Eurostar power control-visc sets the stirring rate.

The characteristic dimensions of the three scales are shown in Tab. 4.6. The linear
geometric relation between the three scales is 1:2:4 for both the vessel diameter (B)
and emulsion height in the vessel (H). However, for the impeller diameter (D),
the impeller blades of the larger scale had to be shortened to prevent the friction
of the metallic blades on the vessel glass walls, caused by the increased vibration
of the system when working at high stirring rates. Although we do not believe
that this change significantly alters the results or conclusions, this change should be
taken into consideration in the assessment of possible errors and deviations, since
variations in the impeller design or diameter can cause significant differences in
power consumption or flow patterns [220,221].

Table 4.6.: Characteristic dimensions of the three preparation scales. Notation: B: vessel diameter, H: vessel
height: D: impeller diameter, V : emulsion volume, s: small scale.

.

Scale B (cm) H (cm) D (cm) D/B H/B B/Bs H/Hs D/Ds V (mL)

Small 5 4 4.5 0.9 0.8 1 1 1 78

Medium 10 8 9 0.9 0.8 2 2 2 628

Large 20 16 16 0.8 0.8 4 4 3.6 5026

The stirring rate N (rpm) and the addition flow rate Q (mL/min) are fixed according
to the experimentation plan. The torque T supplied by the agitator was measured
along all the process duration. The data were collected in LabWorldSoft (IKA)
software.

4.3.3.3. Characterization of the emulsions

Rheological parameters The rheological tests were performed in a HAAKE Mars
III Rheometer (Thermo Fisher Scientifics) and data were collected in HAAKE Rhe-
oWin Job Manager and were visualized and saved in HAAKE RheoWin Data Man-
ager. A 35 mm serrated plate-plate geometry to avoid slippage of the emulsion and
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with a gap of 0.5 mm was used. All the tests were performed at 25 ◦C (regulated
by HAAKE C25-F6 thermostatic bath). Modern rheometers can work in two test
modes, controlled stress (CS), in which a controlled stress input τ is provided and
the resulting shear rate γ̇ is measured or, on the other hand, controlled shear rate
(CR), where the rheometer provides a controlled shear rate input and the conse-
quent shear stress is determined. The suitability of each mode depends on the test,
as shown in Tab. 4.7, which shows the four tests, along with other parameters of the
test (explained also in sec. 2.2.5), and the response variables used.

The behavior under flow was analyzed with stress and shear rate steps and oscil-
latory experiments, to obtain the yield stress (τ0) (test #1), and the steady state
viscosity (µ) dependence on shear rate (γ̇ ) (#2), the dependency of the viscoelastic
parameters (loss (G’) and storage (G”) modules with frequency (0.01< ω < 100 Hz)
in the LVR (#3), and the LAOS behavior, determined by the dependency of G’ and
G” with oscillatory stress (#4).

Table 4.7.: Rheological tests for the characterization of the emulsions.

Test # Type Mode Variable Range of Steps/step Response

ind. variable duration variable

1 Steady shear CS γ̇ τ : 0.01 - 100 Pa 50/10 s τ0

2 Flow curve CR µ γ̇: 0.001 - 100 s-1 30/60 s µ

3 Frequency CS G’, G” ω: 100 - 0.01 Hz 30 G’

sweep (atτ : 1 Pa)

4 Oscillatory CS G’, G” τ : 0.1 - 1000 Pa 200 G”max,τc

shear (at ω: 1 Hz)

The choice of the response variables is based on the rheological behavior of these
emulsions. They behave like non-Newtonian plastic fluids, so they undergo creep
flow up to a certain value of stress, the yield stress τ0, from which the emulsions flow.
With the steady shear test this value is obtained from the shear rate versus shear
stress log-log plot as the inflection point in which a large increase in shear rate is
observed when varying the shear stress, as also described in other studies [108,110].
Specifically, the yield stress is taken from the intersection point of these two segments
(Fig. 4.21). This steep change in the shear rate value represents the transition from
the elastic linear regime to the viscous regime, but could also indicate fracturing
of the emulsion structure. Regarding the viscosity, as the emulsions exhibit shear
thinning, the viscosity at a shear rate of 1 s-1 is taken for comparison between samples
and scales. In the LAOS test, G’’max and τc are taken, since they also represent the
transition from the elastic to the viscous domain. Finally, as these emulsions are
highly elastic, the storage modulus (G’) does not vary significantly with frequency
in the LVR, so an average value can be obtained, which is used to compare the
solid-like behavior of the different emulsions prepared.
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Droplet size and stability As in the previous section, droplet size and size dis-
tribution were determined by optical microscopy (Optika). Samples were prepared
by placing a small drop of the emulsion on a glass slide. Droplets were counted on
different micrographs (camera Moticam 2300) using Motic Images Plus 2.0 software,
as indicated in sec. 2.2.3. The stability of the emulsions was determined by studying
the variation of the backscattering (BS) light (173°) using a Turbiscan Classic MA
20000, as indicated in sec. 2.2.2. Moreover, by analyzing the variation of the BS
profiles over time, an idea of the destabilization mechanisms is provided. To nor-
malize the BS values and compare them independently from their initial values, the
relative BS after 30 minutes and 24 hours was calculated as: BSrel = BSt/BSt0 .

4.3.3.4. Design of experiments at low and medium scales

In order to study the effect of the process variables on the emulsion rheological
properties, the same experimental designs used in the previous section were studied.
They consist of central composite designs (CCD) formed by factorial, center and
star experiments (Fig. 4.17, blue points). These types of experimental designs are
performed at the small and medium scale. The factors varied are the same as in
the previous study: the stirring rate (N) and the dispersed phase addition flow rate
(Q), as preparation variables, and the surfactant-to-oil ratio (S/O), as composition
variable. As the final volume of emulsion changes from one scale to another, instead
of the addition flow rate (Q), the total addition time (t = V/Q) is taken as vari-
able. The dispersed phase concentration is kept constant at 90 wt %. As there are
three factors and two levels, there are in total 16 experiments per scale (23 factorial
experiments, 2 center points, 6 star points). At the medium scale, two replicates
of the experiments were performed. The levels of the factors (low and high) were
chosen to be the same in both scales (Tab. 4.3) because, as observed in previous
studies [186, 189], it was believed that the scale invariants of these systems were
the composition (the surfactant concentration expressed as S/O), the total addition
time t (since it is related to variations of concentration with time in the system)
and the stirring rate N . So we would directly know if these were, indeed, the scale
invariants, since the same emulsion would be obtained at the different scales.

The procedure to obtain the empirical models is described in the previous section.
Basically, a statistical analysis with Statgraphics Plus software is performed, in
which the significance of the factors is given with a 95 % confidence interval. With
the Pareto chart the significant factors are visualized, which are the ones that appear
in the empirical models derived, from which the response surfaces are created. These
surfaces are useful to see the variation of the studied parameters with the factors
and detect the interactions between factors.

Once the models are obtained, a validation process is carried out performing new
experiments within the experimental range. Simple experimental designs (Fig. 4.17-
green lines), in which only one factor is changed while the others remain constant,
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are developed so as to extend the number of experiments and to contrast the model
predictions with the experimental results.

These experiments are performed in three blocks:

(1) Varying the stirring rate N from 350 to 1485 rpm, while keeping the S/O=
0.267± 0.020 and the addition time t at 5 min;

(2) Varying the time t between 2.93 and 18.24 min, with N = 700 rpm and S/O=
0.267± 0.020; and

(3) Varying the S/O from 0.121 to 0.440 at a fixed N of 700 rpm and time t of 5 min.

The three simple designs can be observed as green lines in Fig. 4.17-a for small scale
and Fig. 4.17-b for medium scale. Only in the conditions of block (1) were experi-
ments from the CCD performed. In blocks (2) and (3) the validation experiments
were compared directly with the model, since no CCD experiments were performed
in those conditions, as observed in the corresponding plots.

Figure 4.17.: Graphical representation of the CCD (blue points) and validation experiments (green thick lines) at
(a) small and (b) medium scales.

The empirical models obtained from the CCD experiments were used to obtain a
first approximation of the scale invariants, which was then completed by adding the
validation experiments. Next, some experiments at the large scale were carried out
and were used, together with all the other experiments, to obtain a general power
law exponent, as we will see in further sections.

4.3.3.5. Experiments at large scale

To obtain a reliable scale-up invariant, experiments at the large scale were also
performed. If the scale-up model obtained with the small and medium scale is
validated using the large scale vessel, it would mean that the model can be applied
to many different scales, other than the ones used in this study to obtain the model.
Due to the high amount of product needed for the large scale (even if it is 90 wt %
water, nearly 500 mL of dodecane are needed for every experiment) the minimum
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number of experiments was done. The experiments performed at large scale are
shown in Tab. 4.8. Basically, the stirring rate N was varied from 263 to 788 rpm at
a fixed S/O= 0.267 and t= 5.6 min (exp 1-4), and then two more stirring rates at
S/O= 0.42 and two different times t were tested.

In the large scale installation, experiments at very high stirring rates could not
be performed, because the stirrer could not rotate the impeller due to the high
amount of highly-viscous emulsion formed. The maximum torque provided for the
stirrer was 90 Ncm, so when the torque required to stir the emulsion was higher,
the stirring rate was reduced automatically. In fact, in experiment #4, at 788 rpm,
after 3.75 min, the torque reached its maximum value and immediately after, the
N decreased sharply, while the torque remained at 80 Ncm during the rest of the
experiment. This experiment is not taken into account for the scale-up model but
is useful to show here.

Table 4.8.: Experiments performed at large scale.*Only up to t=3.75min, then N decreased due to the lack of
power input to keep the stirring for the large amount of solid-like emulsion formed.

Exp # S/O (wt/wt) Q (mL/min) t (min) N (rpm)

1 0.267 895 5.6 263
2 0.267 895 5.6 394
3 0.267 895 5.6 525
4 0.267 895 5.6 788*
5 0.42 895 5.6 200
6 0.42 248 20.3 400

4.3.4. Results and discussion

4.3.4.1. Empirical models obtained from the CCD: influence of the process
variables on the rheological features of emulsions and model
validation

In the previous section, we obtained the empirical models at small and medium
scale for the droplet size and polydispersity. Here, following the same procedure,
we derive the empirical models for the rheological parameters (Tab. 4.9). The ones
chosen are the yield stress τ0, the storage modulus G’ (taken as an average value of
the plateau value between 0.01 and 10 Hz in the oscillatory test), the viscosity µ at
1 s-1, the critical stress τc, and the value reached by the loss modulus at the critical
stress point G’’max.

The empirical models include the significant factors that have an influence on each
emulsion feature, which are the ones whose p-value is less than 0.05, indicating that
they are significantly different from zero at the 95 % confidence level (Fig. 4.18 shows
an example for G’’max at both scales). From the models, the response surfaces are
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Table 4.9.: Empirical models for the rheological parameters at small (a) and medium (b)
scale. Notation and units: τ0 (Pa): yield stress, G’ (Pa): storage modulus, G’’max (Pa):
maximum loss modulus, τc (Pa): critical stress, µ (1 s-1) (Pa·s): viscosity at a shear rate
of 1 s-1, S/O (wt/wt): surfactant-to-oil ratio, Q (mL/min): dispersed phase addition
flow rate, N (rpm): stirring rate.

(a)

Empirical models at small scale

τ0(Pa) = −15.92 + 86.59·S/O–0.75·Q+ 0.042·N

G’(Pa) = −293.28 + 1117.7 · S/O + 0.357 ·N
G’’max(Pa) = −54.46 + 188.20 · S/O–0.901 ·Q+ 0.103 ·N

τc(Pa) = −45.51 + 151.1 · S/O + 0.063 ·N
µ(1s−1)(Pa · s) = 16.79 + 99.77 · S/O–2.45 ·Q+ 0.012 ·N + 0.0018 ·Q ·N

(b)

Empirical models at medium scale

τ0(Pa) = −28.96 + 45.66 · S/O–0.118 ·N–3.3·10−5 ·N2

G’(Pa) = −546.75 + 2327.03 · S/O–0.851 ·Q+ 1.208 ·N–1.59 · S/O ·N–9.53 · 10−5 ·N2

G’’max(Pa) = −82.36 + 137.98 · S/O–0.1143 ·Q+ 0.2953 ·N–2.8 · 10−5 ·N2

τc(Pa) = −59.80 + 94.92 · S/O + 0.194 ·N–5.6 · 10−5 ·N2

µ(1s−1)(Pa·s) = −49.43 + 95.19 · S/O + 0.143 ·N–4.74 · 10−5 ·N2

obtained (e.g. Fig. 4.19 and Fig. 4.20), and the effect of the factors on the rheological
properties is clearly seen. Moreover, the values at small and medium scale can be
compared. As the experiments were performed in the same range of N , S/O, and
t, the values for the rheological parameters at small scale are usually lower than
the values obtained in the same conditions at medium scale, in accordance with the
experimental droplet size, which was bigger at medium scale than at small scale,
as seen in the previous section. For example, if we compare the response surfaces
for the yield stress at both scales (Fig. 4.20), for a fixed S/O= 0.17, we can see
that at 700 rpm, for the medium scale the yield stress is higher than 50 Pa, but a
stirring rate higher than 1000 rpm at small scale is needed to obtain the same value.
This indicates that these factors are not the proper scale invariants of the process,
and that a scale invariant which leads to a higher stirring rate at the small scale is
needed, in order to obtain the same final product in all the preparation scales.

Effect of stirring rate According to the statistical analysis, the factor with the
greatest influence on the rheological parameters in the range studied is the stirring
rate. In all the Pareto charts, this is the first factor to appear. The influence of
this factor appears to be linear in the experiments at small scale, whereas it has a
quadratic effect on the experiments at medium scale. Its effect is positive for all
the rheological parameters: the higher the stirring rate, the higher the values of the
parameters (e.g. Fig. 4.19 and Fig. 4.20). The effect of the stirring rate N on the
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Figure 4.18.: Pareto chart for G’’max showing the significant effects for (a) small scale and (b) medium scale.
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Figure 4.19.: Response surface for G’’max as a function of S/O and N at (a) small and (b) medium scale.

emulsion rheological behavior is due to the increase of the energy input, which leads
to an increased droplet breakup, which involves the formation of smaller emulsion
drops. This stored energy is translated into a more elastic behavior of the emulsion.
This is reflected on the increase of the yield stress τ0 , as observed in Fig. 4.20 and
also in Fig. 4.21, where the shear rate variation with shear stress is represented for
samples at different N , showing the increase of the yield stress when N increases.
The critical yield stress τc, the viscosity and the storage modulus also increase with
N . For example, G’ rises considerably from 200 Pa to 1000 Pa when the stirring rate
is increased from 350 rpm to 1600 rpm at the medium scale (at fixed S/O= 0.267
and t= 5 min (Fig. 4.23-a).

Effect of surfactant-to-oil ratio The second factor that has an influence is the
surfactant concentration, in terms of surfactant-to-oil ratio S/O. This term appears
in every empirical model and has a positive effect. An increase of the surfactant
concentration S/O in the emulsion produces a stronger solid-like behavior. As ex-
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Figure 4.20.: Response surface for τ0 as a function of S/O and N at (a) small and (b) medium scale.

Figure 4.21.: Steady shear test at equal S/O= 0.267 and t= 5 min at small scale. The stirring rate N varies from
350 rpm to 1400 rpm.

plained in the previous section, the more surfactant, the more interfacial area can
be stabilized and the longer the time that the smaller droplets can remain stable
without experiencing coalescence, which involves a more compact droplet network
and increased elastic behavior. As observed in Fig. 4.20, the yield stress τ0 increases
approximately 10 Pa when S/O is raised from 0.17 to 0.37, at both scales.

Effect of addition time The dispersed phase addition flow rate Q, or addition
time t, has less influence on the emulsion properties than the stirring rate N and
the surfactant-to-oil ratio S/O. However, this factor has a slight influence on the
rheological parameters, especially at short times. Although the difference in the
rheological parameters at the lowest and highest level of the time range tested is
small, focusing on the yield stress τ0 and on the critical yield stress τc, their values
are lower at high addition flow rate Q (low addition time t) (e.g. Fig. 4.22-b). This
is because a decrease in the addition time decreases the elastic behavior of the
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emulsion, since there is less time to break up the droplets and. Hence, they occupy
larger domains and have less elastic energy stored. When the energy input (stirring
rate N) is constant, if the addition flow rate is less (addition time t high), the ratio
between energy used to disperse the water and the amount of water is higher, so
the droplets of the dispersed phase are finer because more energy can be used to
break up the large droplets added. Therefore, increasing the addition flow rate Q or
reducing the addition time t implies a slightly decrease of the solid-like behavior of
the emulsion. For example, at small scale, below Q= 10 mL/min, the properties of
the emulsion do not differ significantly with the variation of the addition flow rate,
but at higher Q, the properties slightly change, albeit less so than with the stirring
rate or concentration of surfactant.

Validation of the models The validation of the models and the verification of the
parameters influence on the emulsion properties is carried out at both scales (small
and medium) following simple designs, varying one variable and maintaining the
other two constant (blocks 1, 2 and 3), and performing from 5 to 7 experiments in
each case.
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Figure 4.22.: Model validations. Variation of response variables with factors at small scale.

The results are similar for both scales, and some examples (small scale: Fig. 4.22,
medium scale: Fig. 4.23) are depicted for discussion. For τ0 and τc, the experimental
values are somewhat lower than the model predictions, although they do follow the
same pattern: increase with N and S/O and decrease with Q. They seem to fit the
model at low-medium stirring rates, when varying this variable (Fig. 4.22-a). The
storage (Fig. 4.23-a) and the loss modulus are the response variables that best fit
the model predictions, for all the three variables studied. When varying N , S/O or
Q, the experimental values are found randomly following the same behavior as the
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model in the range studied. The dispersion is higher for the G’’max values, but, in
general, the values are of the same order. In general, the viscosity follows the same
behavior as the model predictions, although the values are also lower than expected
(Fig. 4.23-b).
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Figure 4.23.: Model validations. Variation of response variables with factors at medium scale.

A possible explanation of the discrepancy between the model predicted values and
the experimental data is the fact that the validation experiments were performed in
some regions where no experimental points were done previously. CCD experiments
were performed in the validation simple design only when the stirring rate is varied
Fig. 4.17. When varying S/O and Q, although the values are in the range studied,
there are no experiments in that region. This may explain why the validation of
the model when varying the stirring rate is better than when varying the other two
variables, since the empirical model was obtained, in this latter case, from experi-
ments in other regions. Nevertheless, the behavior of the rheological parameters and
the variation with the factors is the same, although the values are lower than the
predictions.

4.3.4.2. Scale invariants at three scales

Linear scale-up models from the empirical models at small and medium scale
As discussed in the previous section, the scale-up invariants are the composition

of the emulsion (the dispersed phase concentration and the S/O ratio), the addition
time of dispersed phase (t) and, regarding the agitation rate and preparation scale,
the parameter NDα, where N is the stirring rate and D the impeller diameter, so
the power law exponent, α, has to be derived from the data. The first approximation
to obtain this parameter is using the empirical models that describe the behavior of
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the emulsions as a function of the process variables, obtained from the experimental
design with the CCD experiments at small and medium scale. Due to the appar-
ent linearity of the results when plotting the models of the two scales together, the
method used is based on applying a linear regression between the rheological pa-
rameters and NDα, where α is optimized finding the highest correlation coefficient
for all the points. The form of the regression is eq. 4.7:

Parameter = a+ bNDα (4.7)

Where NDα is defined as NDα(cmα/s) = πN(min−1)/60D(cmα), to be consistent
with the units usually given to the tip speed (v = ND, in cm/s), and a and b
are the model coefficients. Due to equipment limitation, the results at high NDα

(when N > 1050 rpm) are very disperse and do not fit conveniently with any linear
regression, so these experiments are not included in the range in which the following
scale-up model is applied. The power law exponent is determined in all the pos-
sible combinations of S/O and addition time t. However, for the sake of clarity,
the conditions chosen to present in this study are the same conditions chosen for
the validation experiments, so that a further comparison can be easier and clearer.
As said previously, the model validation experiments were carried out fixing two
different surfactant concentrations (S/O= 0.27± 0.02 and S/O= 0.43± 0.02) and
two different addition times (t= 5.08 min and t= 18.24 min) at each scale. We will
refere to the conditions as #1 (S/O= 0.27 and t= 5.08 min), #2 (S/O= 0.43 and
t= 5.08 min), and #3 (S/O= 0.43 and t= 18.24 min) from now on.

The values from each model were obtained fixing a significant number of levels of N
(included in the experimental range) and then α was optimized by maximizing the
correlation coefficient of all them to the linear equation presented previously. The
results are shown in Tab. 4.10. Each rheological parameter has a different power law
exponent. However, as the behavior of the emulsions is defined by all the parameters,
a general power law exponent α defined from the five rheological parameters is found
by maximizing the sum of the correlation coefficients. In Tab. 4.10, first the exponent
for each of the five rheological parameters chosen is shown, and in the last column,
the exponent obtained from all the rheological parameters together. These values
are in the range from 0.55 to 0.71, so they agree with our previous study, in which
we obtained the scale invariant from the droplet size models, and found that it
approached 0.5 for small stirring rates N . In that previous study, it was observed
that α approached zero when N was very high, but in this section we have focused
on values below N = 1050 rpm, due to the experimental equipment limitation.

Table 4.10.: Power law exponent α from general models at small and medium scale.

Conditions G’ G”max τc τ0 µ (1 s-1) Rheo. parameters

1 0.81 0.90 1.06 0.73 -0.07 0.71

2 1.05 0.72 0.60 0.52 0.04 0.55

3 1.57 0.80 0.35 0.35 -0.01 0.57
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Linear scale-up models at fixed conditions using the validation experimental
values at small, medium and large scales The experiments performed for the
model validation were also used to determine the power law exponent α. This was
done using the same method as in the previous part, where we obtained it from
the empirical models derived from the CCD experiments. In this case, though, the
regression was done with experiments on the three scales: small, medium and large.
Tab. 4.11 shows the power law exponents obtained. The power law exponent is found
between 0.32 and 0.75 and when calculating it from all the variables together, the
values are between 0.49 and 0.62, with an average value of 0.55± 0.07.

Table 4.11.: Power law exponent α for each rheological parameter and for the combination of all them.

Conditions G’ G”max τc τ0 µ (1 s-1) Rheo. parameters

1 0.67 0.63 0.51 0.43 0.34 0.53

2 0.62 0.59 0.44 0.51 0.32 0.49

3 0.75 0.61 0.56 0.57 0.62 0.62

Comparing the values obtained from the empirical models at each scale (Tab. 4.10)
with those obtained from the validation experimental points (Tab. 4.11), only in a
few occasions both are similar. Despite this fact, when the power law exponent
α is calculated maximizing the sum of the five rheological parameters correlation
coefficients, the values are really close: 0.61± 0.09 and 0.55± 0.07. Moreover, both
power law exponent α (from models and experiments) possess the same behavior
when the conditions change. Remaining constant the addition time t (conditions
#1 and #2), the exponent α decreases in most of the rheological values when S/O
decreases – and also in the general exponent. On the other hand, at constant
surfactant amount S/O (conditions #2 and #3), the power law exponent α slightly
increases its value when the addition time t is raised.

In the CCD, the experiments are performed at different factor levels, so there are
not many experiments at the same conditions of S/O and t: taking into account the
experiments at small and medium scale, there are three experiments at conditions
#1, only one experiment at conditions #2, and none at conditions #3. Hence, there
are probably a low number of experiments at the same experimental conditions to
obtain a reliable power law exponent as described here. Also, we must not forget that
it is obtained from the empirical models. Hence, performing more experiments is
necessary to ensure the validity of the scale-up invariants. This is why the validation
experiments, as they are performed only varying one variable at a time, can be used
to obtain the power law exponents at some fixed conditions with probably more
reliability than the power law exponents obtained from the empirical models of the
CCD experiments.

Specific and global models from all the validation experiments Once these
models are obtained and the similarity among power law exponents at different con-
ditions is corroborated, it seems possible to obtain a scale-up model which includes
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all of the validation experiments and define the value of any rheological parameter
as a function of the three scale invariants: surfactant concentration S/O, addition
time t (min) and NDα (as a factor which includes the stirring rate N , impeller di-
ameter D -scale- and the power law exponent α). The exponent α will be optimized
in order to obtain the maximum correlation coefficient (the procedure is the same
as explained previously).

Tab. 4.12 shows the specific α for each rheological parameter and a global α which
is found from the maximization of the sum of correlation coefficients for each rheo-
logical parameter. A value of 0.63 is obtained in this case.

Table 4.12.: Power law exponent α for each rheological parameter and for the combination of all them.

G’ G”max τc τ0 µ (1 s-1) Rheo. parameters

0.73 0.77 0.66 0.49 0.45 0.63

The experimental results are plotted with the scale-up models and, as expected, the
model with the specific power law exponent for each variable fits more properly the
experimental results, yet the difference with the global model is not that signifi-
cant. This difference is more remarkable at conditions #1 (S/O= 0.267± 0.020 and
t= 5.08 min) due to larger number of experiments available, than at the other two
conditions, where both models (specific and general) include perfectly (in almost
all the parameters) the experimental values. The global models, for example for G’
and τc (Fig. 4.24) clearly fit with the experimental points of the three scales and are
clearly inside the 95 % confidence interval. Moreover, the random distribution of the
experimental results under and above the model prediction shows the significance of
the regression, since no specific behaviors are followed by any scale.
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Figure 4.24.: Representation of the experimental points together with the scale-up model for (a) G’ and (b) τc.
(S/O= 0.267, t= 5 min)

The next step is the confirmation that the scale-up model obtained from the vali-
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dation experiments is valid and includes the values from which the models at each
scale were calculated. In order to illustrate the possible differences, a response sur-
face graph has been depicted, where the addition time has been fixed and the other
two factors (NDα and S/O) vary along the experimental range. NDα includes the
scale -as D, impeller diameter-, so it allows us to depict both scales (small and
medium) at the same graph. Fig. 4.25-a shows an example at t= 5.08 min for the
storage modulus. The random distribution of points of different scales and the prox-
imity of the points to the model confirms its validity. This behavior is followed by
the storage modulus G’ and the loss modulus G’’max; for the rest of the rheological
parameters, the experimental values remain mainly above the surface. The valid-
ity of the models at each scale (where G’ and G’’max fit the models properly) is
intrinsically related with these results.

(a) (b)

Figure 4.25.: Response surface for the scale-up model at α= 0.63 for G’ as a function of NDα and S/O and (a)
the validation experiments points at small, medium and large scale (t= 5.08 min) or (b) the CCD points at small
and medium scale (t= 8.84 min).

Next we investigate if the model obtained from the validation experiments can ex-
plain the behavior of the CCD experiments. Fig. 4.25-b shows the graphical rep-
resentation of all the CCD experimental values (both scales) at t= 8.84 min with
the global model obtained from the validation experiments (α= 0.63). The random
distribution under and above the response surface indicates the validity of the global
model.

General models from all the experiments performed in the system: CCD and
validation experiments at three scales Confirmed the similarity between the
CCD experiments and validation experiments, we then correlate all experiments
at the three scales (CCD and validation) with a unique quadratic model for each
rheological parameter, as a function of the three scale invariants: surfactant concen-
tration S/O, addition time t and NDα (stirring rate N and scale), following the same
procedure as before –maximization of the sum of the correlation coefficients-, thus,
broadening the application range of the model. The power law exponent found for
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this general model is α= 0.65, and is close to that obtained with only the validation
experimental values (α= 0.63), which confirms the similarity of behavior between
all the emulsions prepared. A random distribution of values of different scales along
the experimental range is shown in G’ (Fig. 4.26) and G’’max models, while for the
other parameters, due to the difference of the value -not of the behavior- in some
fixed conditions, the experimental values of a scale remain only under or above the
model prediction.

Figure 4.26.: Scale-up general model (α= 0.65) and all the experimental values (CCD and validation)
(t= 5.08 min).

Therefore, the validation experiments fit the global model derived from them, and
the difference between them and the general model from all the experiments is not
significant. The divergence observed in the small and medium scale validation is
minimized and confirms, as discussed in the previous section, the validity of the
models. The difference in the impeller diameter at large scale does not seem to
bring unexpected results, in terms of the emulsion properties.

Fig. 4.26 depicts the response surface obtained with the general model (α= 0.65) and
all the experiments at t= 5.08 min for G’, and Fig. 4.27, the general model (α= 0.65)
at (a) t= 18.24 min and S/O= 0.43± 0.02 and (b) t= 5.08 min and S/O= 0.43± 0.02
for τc and G’’max, respectively. The experimental values follow a random distribution
around the model prediction.

If we take the value of α= 0.65 and apply it to the emulsion change in BS after
30 min (Fig. 4.28-a) and 24 hours (Fig. 4.28-b) of preparation, we can observe that,
despite the dispersion in the values at 24 hours, there is not an appreciable difference
between the stability comparing the three scales. The values agree with the model
at ND0.65, so the emulsions formed are similar at all three scales and have the same
stability. Also, the emulsions prepared at a higher stirring rate are more stable, as
observed in the previous section [186].
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(a) Scale-up general model for τc (α= 0.65)
and the validation experimental points
(t= 18.24 min and S/O= 0.43± 0.02).
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(b) Scale-up general model for G’’max
(α= 0.65) and the validation ex-
perimental points (t= 5.08 min and
S/O= 0.43± 0.02).

Figure 4.27.: Representation of the experimental points together with the scale-up general model for (a) τc and
(b) G”max.
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(a) Relative backscattering (BSrel)
30 min after the emulsion preparation at
S/O= 0.43 and t= 18.24 min.
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(b) Relative backscattering (BSrel) 24
hours after the emulsion preparation at
S/O= 0.267 and t= 5.08 min.

Figure 4.28.: Relative backscattering (BSrel) variation with ND0.65.

4.3.4.3. Physical meaning of the power law exponent

The power law exponent for this system is α= 0.65, which can be approximated
to α= 2/3. According to Tab. 4.1, where the physical meaning of the power law
exponents is described, the scale invariant of this process is the power per unit
volume P/V : emulsions with equal P/V value should have the same properties.
The expression for this parameter (eq. 4.8) is obtained from the definition of the
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4.3 Scale-up model obtained from the rheological analysis of highly concentrated
emulsions prepared at three scales

power number (Np = P/(ρN3D5)), where ρ is the fluid density, and the volume of
the vessel (V = π(B2/4)H).

P/V = NpρN
3D5/((π/4)B2H) (4.8)

The value of the exponent α= 2/3 is not intuitive but is derived from the equation
when considering geometric similarity between vessels and their shape (B1/B2 =
H1/H2 = D1/D2): the resulting equation is N3D2 = cnt. To predict the equivalent
stirring rate N2 at medium scale from the N1 at small scale we use eq. 4.9:

N2 = N1(D1/D2)2/3 = N1(4.5/9)2/3 = 0.63N1 (4.9)

Using this relation, for a stirring rate at small scale equal to 1000 rpm, the stirring
rate at medium scale would be 630 rpm and at large scale 397 rpm. At large scale,
the blades of the impeller had to be shortened (D3 = 16 cm), from what they should
measure for keeping geometric similarity (18 cm). This change could introduce some
errors to the models and conclusions derived from them, especially when extrapolat-
ing these findings to other emulsification systems. Nevertheless, the model derived
from this system and the scale-up criterion encountered yield fair good predictions
for the experimental data at the three different scales used in this work.

This scale-up criterion is well-known and has been analyzed in previous studies.
Okufi et al. [183] studied P/V as a scale invariant at liquid – liquid dispersions, but
they concluded that the equal tip speed was a better scale-up criterion. Bourne and
Yu [202] assumed P/V as a scale invariant in their study of macromixing at stirred
tanks and several authors (Wilkens et al. [187], Chen et al. [222]) recommend P/V
to perform the scale-up of mixing processes. However, it is the first time, as far
as we know, that it is deduced indirectly, without needing to measure neither the
power nor the changing volume of the emulsion.
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Figure 4.29.: Evolution of P/V at S/O= 0.267, N = 700 rpm and t= 5.08 min at medium scale over time.

In this study emulsions are formed by continuously adding the dispersed phase to
the continuous phase, so the emulsion volume V increases over time until all the
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dispersed phase is added. On the other hand, torque T profiles obtained during the
process show that this value increases while the dispersed phase is being added, since
the more fluid volume, and the more viscous it is, the more energy input the stirrer
has to provide to maintain the fixed stirring rate. P/V is not constant over time,
since the increase in volume is much more important than the increase in torque
(Fig. 4.29). Hence, the interpretation of the power law exponent physical meaning
is not obvious, since P/V cannot be calculated from the beginning neither it cannot
be fixed as a scale invariant before experimentation.

4.3.5. Conclusions

In the first part of this study, highly concentrated w/o emulsions were prepared
following central composite designs at two different scales. We identified the fac-
tors that significantly affect the rheological parameters of the emulsions. We then
constructed empirical models, from which we represented the response surfaces to
visualize the variation of each rheological parameter with the process variables. In
addition, we validated the models by performing additional experiments following
simple designs. Although most of the rheological parameters followed the same
behavior as the model predictions, since the models were obtained from a limited
number of experiments, they showed limited ability in predicting output parameters,
even within the range of factors studied.

Our main goal was to identify the process conditions that have to be kept constant
at several scales to obtain highly concentrated emulsions with similar properties
We conclude, first, that a methodology of scaling up can be deduced, based on
maximizing the regression coefficient of different experimental data sets to obtain
the missing parameters.

Secondly, in vessels of different size with geometric similarity, once the dispersed
phase volume fraction, the surfactant concentration and the addition time of dis-
persed phase are fixed, the unknown variable is the stirring rate at each scale. The
stirring rate has the greatest influence on the emulsion features, and it also depends
on the production scale. For the preparation of highly concentrated w/o emulsions,
the scale invariant related to the stirring rate and scale has the form NDα. An av-
erage value of α close to 2/3 was found, when characterizing the emulsions by their
rheological parameters. This result implies that the scale invariant for systems of
this kind is equal to maintaining the power input per unit volume (P/V ) constant,
which is a common scale-up criterion in mixing processes.
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5. Meso- and meso/macroporous
materials

5.1. Introduction

Porous inorganic materials with tailorable, hierarchical and uniform pore structures,
in the meso- and macro-range, are emerging and constituting themselves as an im-
portant class of solid materials in a wide variety of applications: as supports for
catalysts [223], as membranes for water purification [224] or as systems for biomed-
ical applications, such as drug delivery [225]. The most important characteristics
are their high specific surface area (around 1000 m2/g), their narrow mesopore size
distribution, the presence of large and interconnected macropores that allow for dif-
fusion, and their satisfactory pore volume. For each specific application, different
pore sizes and volumes are required. Hence, the research in this type of materials
is important, in order to design different kinds of porous materials that can satisfy
each use.

5.1.1. Mesoporous materials

Mesoporous materials are those materials with a pore size between 2-50 nm, ac-
cording to the IUPAC nomenclature. The main characteristic is their high surface
area and their high pore volume, which provides excellent sites where adsorption
can occur, so potential applications as catalysts supports are expected. Moreover,
because of the large pore sizes, the diffusion of molecules which are unable to diffuse
in the small micropores of conventional zeolites is possible in these supports. Other
potential applications include gas sorption or supports for electronic or magnetic
devices.

The first mesoporous materials had a high polydispersity in pore size and they pre-
sented no ordered structured. These materials were prepared from layered systems
by pillaring [226, 227]. However, in 1992, scientists at Mobil Corporation [130] pre-
pared ordered mesoporous materials from a“template”of surfactant molecules. They
called this new family of mesoporous materials M41S. These materials, apart from
the high degree of pore ordering, had a well-defined pore size and shape and had a
high thermal and hydrolytic stability.
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In the first set of materials, the silicate and aluminosilicate materials were packed
in a hexagonal structure, analogue to a hexagonal liquid crystal phase, and were
called MCM-41. MCM-38, with a cubic packing of the pores were also synthesized.
The mechanism of formation of these materials was initially not clear. The fact
that the resulting material had a well-ordered hexagonal structure (in the case of
MCM-41) suggested that the material was formed directly from a hexagonal liquid
crystal phase, and that the liquid crystal would have acted as template for the final
structure. However, N-NMR experiments [228] showed that individual micellar rods
were in solution, and after adding the silica source they assembled into the hexagonal
mesophase.

This was also explained by Monnier et al. [229]. They added to the discussion that
the rapidity of the precipitation of the solid mesophase indicated that there was
a strong interaction between the two species. Monnier et al. [229] also presented a
model to describe the mesophase formation process, which is based on three phenom-
ena: multidentate binding of silica oligomers, preferred polymerization of silicates
at the surfactant-silicate interface, and charge density matching across the interface.
The preferred polymerization in the interface is favourable due to the high concen-
tration of silica species near the interface and because their negative charges are
partially screened by the surfactant, and as polymerization proceeds, the coopera-
tive binding between surfactant and silica is enhanced. This process leads to the
precipitation of the mesophase.

Monnier et al. [229] affirm that as this mesophase has a very similar structure to the
liquid crystals, it indicates that the interactions responsible are of similar nature.
The packing restrictions are an accepted cause of the formation of liquid crystals:
hexagonal phases are formed only if the end groups are so large that the effective
average head-group area of the surfactant assembly or area per molecule or the sur-
factant monomer (a0) is too large to make packing into lamellar phase possible. For
smaller end groups, usually a lamellar phase is formed. For example, when tempera-
ture increases, a0 is decreased since the repulsion between end groups is diminished,
so a transition from hexagonal to lamellar is observed for many surfactants.

Huo et al. [230] also suggest that the critical surfactant packing parameter deter-
mines the mesoporous material structure: they also propose that when the a0 is low,
lamellar structures are obtained, and as it increases, hexagonal and cubic structures
are formed. Some authors suggest that the preformed micelles are not even nec-
essary for the formation of the mesoporous material, and that they can be formed
by self-assembling of surfactant monomers when the inorganic precursor is added,
caused by charge interactions and solubility.

The first studies were only performed with ionic surfactants (cationic and anionic),
since it was supposed that the surfactant (S) and the metal oxide (I) required oppo-
site charges to interact or, if they had the same charge, an intercalated counterion
was placed in-between (an halide (X) or a metallic ion (M)). However, it was later
seen that other type of interactions could exist, such as hydrogen bonding, and that
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these interactions could also vary with the pH (Tab. 5.1). This is how, from the first
discovery, many other mesoporous materials have been synthesized using different
kinds of surfactants and reaction conditions.

The first mesoporous materials made with nonionic amphiphilic bloc copolymers
were reported in 1998 [231,232] and were called SBA-X, where SBA stands for Santa
Barbara amorphous and X is a number that depends on the structure acquired by
the packing of the pores. The most famous one is SBA-15, which is prepared us-
ing the amphiphilic block copolymer Pluronic P123 and in which the pores have a
hexagonal packing. Nowadays, mesoporous materials with different pore ordering
and sizes are synthesized, including lamellar, hexagonal and cubic networks, and
bimodal and hierarchical pore sizes. Mesoporous silica materials using cationic or
nonionic fluorinated surfacants or mixtures of hydrogenated and fluorinated surfac-
tants are also prepared [213,233–241], also using triblock siloxane copolymers (such
as (EO)12=(DMS)13=(EO)12) [242] and other types of amphiphilic block copolymers
and hydrogenated surfactants, with or without the addition of additives, as we will
see in further sections [128,243–247].

Table 5.1.: Self-assembly reaction of different surfactant and inorganic species. Notation: S: surfactant, I: inorganic
source, X: halide and M: metallic ion.

Pathway Species Examples pH
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S+I-

Lamellar, MCM-41, MCM-48, 

silicates M41S
Basic conditions

Lamellar and hexagonal 

tungsten(VI) oxide
pH 4-8

Cubic Ia3d and hexagonal 

antimony(V) oxide
Neutral pH

S-I+ Hexagonal and lamellar Fe, Pb, 

Mg, Al, Mn, Co, Ni, Zn-oxides
pH 1-5

M
ed

ia
te

d 
pa

th
w

ay
s

S+X-I+

where X-: Cl-, Br-

Cubic Pm3n and hexagonal 

silica from TEOS or SiCl4

Strong acidic conditions 

(HCl, HBr): pH 0-2

Zinc phosphate pH < 3

S-M+I-

where M+: Na+, K+ Lamellar zinc oxide from ZnO
Basic conditions: 

pH 10-14

Regarding the mechanism of formation of mesoporous materials, nowadays it is gen-
erally accepted that there are two main mechanisms: the cooperative self-assembly
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mechanism or cooperative templating mechanism (CTM), which produces the mate-
rials from a surfactant or amphiphilic block copolymer direct micellar solution [248],
and the liquid crystal templating mechanism (LCT), where the materials are pre-
pared from a liquid crystal phase, and so their structure is an“image”of the template
used (Fig. 5.1). Both mechanisms require the presence of a structured molecular sys-
tem, using surfactant or amphiphilic block copolymers, and are based on the sol-gel
technology, first described by Ebelmen in 1846 [249]. This mechanism involves the
formation of a colloidal system (sol) from monomers, that acts as a precursor for
a solid material, either discrete particles or a solid network (gel), and is based on
the hydrolyzation and further condensation of an inorganic precursor by means of
inorganic polymerization. The micellar solution or the liquid crystal are involved
in the structuration of the material, and act as building blocks for the pores and
particle shape and size:

� Cooperative templating or self-assembly mechanism (CTM)

The cooperative self-assembly mechanism or cooperative templating mechanism
(CTM) is one of the methods mostly used for the formation of mesoporous ma-
terials since its discovery in the nineties [130], due to its simplicity and effectiveness.
Although the mechanism is still subject to considerable debate, the most acceptable
mechanism is that the presence of a micellar phase is necessary for the preparation of
mesoporous materials, since the silicate source polymerizes around the micelles ac-
cording to the sol-gel mechanism, since the pre-formed silica oligomers interact with
the surfactant micelles, and the curvature shift induces a change from a micellar
solution to an ordered (hexagonal, cubic or lamellar) packing forming a surfactant-
silica hybrid mesophase. At first, only ionic surfactants were used, but nonionic
surfactants and block copolymers [231], being more economical and non-toxic, were
soon in the same level and even most used as their compatriots. The most common
range of surfactant composition is between 10-30 wt %, although this will depend
on the phase behavior of each surfactant. Moreover, it has been observed that the
presence of a cloud point temperature around 40-60 ◦C and the presence of liquid
crystals (hexagonal, cubic or lamellar) at higher surfactant concentrations favors the
formation of ordered mesoporous materials [250].

The first step is the polymerization of the inorganic precursor around the micelles,
or intramicellar polymerization, which is possible thanks to the interactions between
the polar heads of the surfactants and the precursor. The interactions can be hy-
drogen bonds, if the surfactant is nonionic, or through stronger electrostatic forces,
if we are dealing with a ionic surfactant. The second stage is the intermicellar con-
densation, in which the micelles self-assembly into a close-packed structure, usually
hexagonally packed, which is termed as a hybrid mesophase. In order to complete
the process and to ensure a fully condensation of the inorganic matrix, a hydrother-
mal treatment at temperatures around 100 ◦C is needed. Finally, in order to obtain
the final material, the surfactant is removed, since it will leave the mesopores behind.
A calcination step is necessary if the material is ionic, since the interaction forces
between surfactant and silica are stronger. However, the utilization of a nonionic
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surfactant to form the micelles allows removing the surfactant with a simple extrac-
tion. Usually, a Soxhlet extraction with ethanol is used. Other studies propose the
removal of the surfactant using hot hydrogen peroxide [251].

The structure of the mesomaterial is influenced by many factors: inorganic source,
type of surfactant, presence of ions, and pH and temperature, which affect the con-
densation rate. It seems that a slow reaction rate (at lower temperature), favors the
formation of a well-ordered structure [252]. In Holmberg et al. [252] other types of
materials formed by surfactant-templating methods are described, including nano-
materials and nanoparticles [253].

Figure 5.1.: Cooperative self-assembling or templating mechanism (CTM) and liquid crystal templating mechanism
(LCT).

� Liquid crystal templating mechanism (LCT)

This mechanism consists in using directly the liquid crystal as template for the or-
dered mesoporous material. Scientists of Mobil Corporation in 1992 [130] thought
at first that this was the mechanism followed in their material preparation, although
posterior analysis concluded that the material was formed following the CTM mech-
anism. The LCT mechanism was first used to prepare silica mesoporous by Attard
et al. in 1995 [254] from hydrogenated nonionic surfactants.

In this case, the surfactant concentration is usually higher, around 50 wt %, since
liquid crystals, which are organized and packed structures, are needed. The inorganic
precursor is added to the liquid crystal with continuous agitation and polymerizes
around the cylindrical surfactant aggregates and the mesophase hybrid is directly
formed. The subsequent phases are the same as in the CTM. This mechanism has
the possibility of synthesizing materials with different pore ordering, yet it depends
on the structure of the template (cubic, hexagonal or lamellar).
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5.1.2. Meso/macroporous materials

Meso/macroporous materials are materials with pores in two size range: in the
mesopore range, described in the previous section, and in the macropore range,
i.e. bigger than 50 nm. The main advantage of these materials is that the mesoporous
structure gives a high specific area to the material, and the macroporous increases the
mass transfer diffusion through them and allow the incorporation of bigger molecules
inside them.

Materials with a macroporous structure have been synthesized using multiple tem-
plates, such as polystyrene (PS), poly(methyl methacrylate) (PMMA) latex spheres
[255], solid lipid nanoparticles (SLN) [256] and emulsions [127, 128, 210, 215, 243,
257–260]. In the emulsion templating method, the disperse phase emulsion droplets
become the template for the macropores, which is removed without disturbing the
structure, as an analogy with the CTM. If meso-macroporous materials are de-
sired, the CTM and the emulsion templating mechanisms are combined, so that
the mesostructure is formed by the templating micellar solution in the continuous
phase, and the macrostructure from the droplets of the dispersed phase. The sur-
factant, in this case, has a double role: template for the mesopores and emulsion
stabilizer. The emulsion templating mechanism has been used to produce macro-
porous materials with uniform and controlled pore size in the range 50 nm – 10µm
[212, 215, 258, 261, 262]. Both inorganic (SiO2, TiO2, ZrO2, Au, Ni) and organic
(hydrophilic polymers (poly(acrylamide)) and hydrophobic polymers (ST/DVB)
[214, 263]) porous materials can be formed. Other type of materials formed by
this method and their applications are described in the review by Zhang et al. [211].

Both CTM and emulsion templating have been used by Sen et al. [257,264] to pro-
duce meso/macroporous silica materials. However, the mesopores (4 nm) were in a
wormhole structure. Blin et al. [210] used both mechanisms to form meso/macro-
porous silica materials from fluorinated emulsions and, in this case, the mesopores
on the macropores walls had a well-ordered hexagonal structure. The same group in-
vestigated then the formation of porous silica materials with the C16(EO)10/decane/
water system [265]. Up to 7 wt % decane, the pore size of the hexagonal structure
was expanded; at higher concentrations, no mesopore structure was obtained, but
hollow silica spheres were recovered. While investigating the formation of meso-
porous and meso/macroporous materials with different fluorinated surfactants and
fluorocarbons, Du et al. [213] observed two different mechanisms of the mesopore
expansion in the hexagonal structure: depending on the surfactant used, the pore
size expansion occurred via the swelling of the surfactant-silica hybrid mesophase,
or through the swelling of micelles.

Santamaŕıa et al. [260] successfully synthesized meso/macroporous silica structures
from an oil-in-water (o/w) emulsion using decane as dispersed phase and a block
copolymer as stabilizer. The mesopores formed an hexagonal structure on the macro-
pore walls. The adsorption and release properties of the material were tested with
ibuprofene. In another study, Santamaŕıa et al. [243] succeeded in the formation of
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micro-meso- and macroporous silica structures using the LCT method for the meso-
pores and the emulsion templating method (using highly concentrated emulsions)
for the macropores. The same group [266] studied the availability of producing
meso/macroporous at a larger scale and suggested several modifications: the recov-
ery of the surfactant used, the use of ion exchange resins as catalyst (instead of HCl)
and the use of the more economic sodium silicate as silica source insted of the most
common tetraethyl orthosilicate (TEOS).

Apart from having inorganic meso/macroporous or macroporous materials, organic
materials are also synthesized, mainly through the polymerization of monomers in
the continuous phase of highly concentrated emulsions, such as styrene. These ma-
terials are commonly called polyHIPE (polymerized high internal phase emulsions)
or polymer foams. The organic foam can be the final product [214, 267–272] or it
can be even used as a template for a further synthesis of inorganic macroporous ma-
terials [273,274]. To synthesize these materials from highly concentrated emulsions,
two methods are basically used:

� The two step method, in which first an organic macroporous sponge is formed
from the highly concentrated emulsion by means of a polymerization with
the continuos phase and then, the macroporous material is embedded in an
inorganic precursor and surfactant solution which forms the mesostructure.
Since the mesostructure is formed a posteriori, the morphology of both porous
types can be controlled independently.

� In the one step method, the polymerization of the continuous phase takes place
while the highly concentrated emulsion is being formed. Firstly, the surfactant
and precursor are mixed, and the polymerization occurs. Then, the dispersed
phase is added gently to the continuous phase to form the emulsion. After
some time, the surfactant and the dispresed phase are removed.

5.1.3. Factors affecting the properties of porous materials

The properties of the meso and meso/macroporous materials (pore size, surface area,
wall thickness, pore packing...) are a result of the different mechanisms of formation
of the porous materials, which are in turn strongly influenced by the electrostatic
and steric interactions between the organic surfactant, the inorganic precursor and
the solvent molecules. These interactions are influenced by the experimental factors,
such as temperature, pH, surfactant concentration, molar ratio between the surfac-
tant and the inorganic precursor, and the addition of additives, which influence the
kinetics of hydrolysation. There are multiple of works describing the influence of
these parameters on the material properties; the most representative will be ex-
plained below.
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5.1.3.1. Surfactant

The hydrophobicity, the charge, the chain length, the cmc, the surfactant packing
parameter, the HLB number, the phase behavior, the cloud point temperature...
All these factors are related and specific for each type of surfactant. The choice
of the appropriate surfactant for the formation of porous materials is crucial and
clearly determines the material properties.

In fluorosurfactants or fluorinated surfactants, the hydrogen atoms are substituted
by fluor atoms. The chain is more voluminous, bulky and more rigid. They are also
more hydrophobic than the comparable hydrocarbon surfactants, which involves
that they are more effective at lowering the surface tension of water, and that the
interfacial tension and the cmc are also very low. One of their main advantages
is their good and high chemical and thermal stability. In fact, it was due to this
latter property that they were initially used as organized structures for the template
of mesoporous materials, since the hydrothermal treatmet could be performed at
higher temperatures (220 ◦C).

Apparently, in the first studies, the fluorinated surfactants were just added as ad-
ditives to block copolymer solutions (Pluronic P123 and Pluronic F127), since it
was thought that their high hydrophobicity and rigidity prevented them to form
mesoporous structures. However, it was demonstrated that fluorosurfactants could
indeed be used to form structured mesoporous materials, which in fact had a higher
structuring degree than their hydrogenated analogues. For this effect, a nonionic
fluorosurfactant was used, C8F17C2H4(OCH2CH2)9OH and an hexagonally struc-
tured mesoporous material was synthesized. For a more hydrophobic surfactant,
C7F17C2H4(OCH2CH2)7OH, the addition of perfluorodecalin (PFD), an organic phase,
was needed to synthesize mesoporous materials with an ordered structure, as only
a vermiform structure was obtained without it [213]. Stébé and Blin et al. stud-
ied many different systems using mixed fluorinated and hydrogenated surfactants to
form mesoporous silica and meso/macroporous materials adding fluorocarbons like
perfluorodecalin [210, 233, 234, 239, 275–281]. Cationic fluorosurfactants were used
by Rankin et al. [238] in order to obtain materials with a small pore size, since
the surfactant chain was shorter than the analogues hydrogenated surfactants with
the same hydrophobicity. In this thesis we use mixtures of fluorosurfactants and
hydrogenated surfactants to prepare bimodal mesoporous materials (sec. 5.2).

The dimensionless effective surfactant critical packing parameter (CPP ) determines
the mesoporous material structure [282–284]. As described in sec. 3.1.3.1, this pa-
rameter is the ratio between the effective volume of a surfactant monomer (v0) to its
head group area (a0) and chain length (lc), and determines the type of micelles and
liquid crystals formed, yet it determines the packing of the surfactant monomers.
Hence, it is clear that this parameter is directly related to the type of pore ordering
(lamellar, hexagonal, cubic), as already stated by Huo et al. [230,285].

Flodström et al. [286] studied the influence of the chain length of Pluronic block
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copolymers, (EO)x-(PO)y-(EO)x, which is directly related to the CPP , in the for-
mation of mesoporous silica via the CTM method. They concluded that the EO-
block has a great effect on the wall thickness of the material, being wider when the
EO-units were higher, whereas the PO-block determines the pore diameter and their
ordering. Longer PO-blocks resulted in bigger pore diameters and highly ordered
domains.

The position of the cloud point curve has an effect on the structuration of meso-
porous materials. Blin et al. [233, 250] obtained an ordered structured mesoporous
material with a fluorinated surfactant when the temperature at which the inorganic
precursor, tetramethyl orthosilicate (TMOS) was added was far from the cloud point
temperature (difference between temperatures > 30 ◦C). To increase the cloud point
temperature a salt like NaI at low cencentrations (around 0.1 to 3 mol/L) or an hy-
drogenated surfactant can be added to the mixture.

The choice of the amphiphilic substance that forms the organized structures, micelles
or liquid crystals, will also determine the interactions with the inorganic precursor.
Ionic and nonionic surfactants interact in a different way with the inorganic pre-
cursor, and these interactions are responsible for the formation and stability of the
hybrid mesophase. Ionic surfactants (S) interact with the metal oxide or inorganic
precursor (I) by means of electrostatic or Coloumbic forces, since the species are
charged. The interactions can be direct; if the charge of both substances involved
is the opposite (S+I- or S-I+) or indirect, if the charges are the same and then a
counter ion (a halide, X-, or an alkaline cation, M+) is placed between the two
species (S+X-I+ or S-M+I-). Nonionic surfactants interact with the inorganic pre-
cursor, such as hydrophilic silicate, through hydrogen bonds, which are weaker than
electrostatic forces, but strong enough to form a stable structure. These interactions
can take place at neutral pH (S0HI0) or in acidic pH. In this latter case, the inor-
ganic precursor can become positively charged with the protons and interact with
the surfactant, which is associated with the counter ion by means of both, hydrogen
bonding and electrostatic interactions (S0H+X-I+). In Tab. 5.1 some examples of
materials formed at different pH are depicted.

5.1.3.2. Inorganic precursor

For silica porous materials, the most common inorganic sources are TEOS and
TMOS. They produce highly ordered mesoporous silica materials and are easy to
use. However, they have some disadvantages: they are quite expensive, as already
reported by some authors [287,288], and produce ethanol or methanol, respectively,
as a side product. A more economic alternative is sodium silicate, which has been
used in many studies to form mesoporous silica, alone [266, 288–291] or mixed in
different proportions with TEOS [292]. The synthesis conditions have to be opti-
mized in every case, but the materials prepared are highly ordered and have the
same or even better properties than the materials obtained with TEOS or TMOS.
The studies from Fulvio et al. [290, 291] found that the materials produced using
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silicate had thicker walls than those prepared from TEOS, which is interesting for
hydrothermal stability and material resistance, although the samples prepared from
TEOS had a larger pore volume. Wang et al. [293] prepared ordered SBA-15 with
sodium silicate derived from coal gangue, proposing this material as a silica source.

The effect of the amount of silica precursor used to prepare the material has been
analyzed in many studies, such as Michaux et al. [280] and Santamaŕıa et al. [266].
They both agree that an optimum amount is needed to prepare a highly ordered
structured material. When the amount of silica precursor is under or above a certain
amount, the pore packing becomes less ordered, and the surface area of the mate-
rial decreases. For high amounts of the precursor, only a part of it interacts with
the micelles to form the mesoporous structure and the excess precipitates forming
amorphous silica particles. For low amounts of silica precursor, there is not enough
inorganic precursor to surround the surfactant micelles and the intermicellar con-
densation is not complete, leading to a less ordered material.

5.1.3.3. Additives

Many of the properties of the porous materials, like pore size, wall thickness, pore
volume and surface area are determined by the size of the micelles. The size of the
micelles, which depend on the surfactant used, can vary with temperature [294] and
with the incorporation of swelling agents that penetrate or solubilize in the micelles
core. The most common swelling agent is 1,3,5-trimethylbenzene (TMB), resulting in
an increase of the material pore size. If an excess of TMB is added, a phase transition
is encountered and the hexagonally packed array of pores becomes a mesocellular
foam (MCF), consisting of large cells (around 10-50 nm) interconnected by windows
of around 10 nm. Ammonium fluoride (NH4F) is also used as swelling agent with
satisfactory results, [295–297], used alone or with a cosolvent such as an alkene
(heptane, octane...) or an alcohol for a higher increase of the pore size [251, 298].
Blin and Su [247] studied the expansion of the pores using decane and TMB, and
found that the maximum pore expansion was when the two additives were added at
the same time into the micellar solution.

Apart from changing the pore size of the materials, the morphology of the materials
can be tuned by the addition of salts to the reaction system. The main effect is that
they allow the synthesis at a lower temperature since they reduce the cmc of the
surfactant (it becomes less soluble because less water molecules are available) [299].
Yu et al. [300] studied the effect of many salts on silica porous materials. Some
other studies focus on the salting in or salting out effect on the phase behavior
of the surfactants (reduction of the cmc, changes on the cloud point temperature,
formation of liquid crystals...), which have direct effects on the properties of the
mesoporous materials prepared [250,301,302].
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5.1.3.4. Reaction conditions: reaction time, pH and duration and
temperature of the hydrothermal treatment

Reaction time and temperature The formation of a silica structure from the
interaction between the inorganic precursor and the surfactant micelles requires
a certain amount of time. Some works have focused on studying in detail the
steps of the process through NMR and TEM [303], SAXS and XRD [239, 304],
SAXS and SANS [305], and X-band electron paramagnetic resonance (EPR) spec-
troscopy, in combination with electron spin-echo envelope modulation (ESEEM)
experiments [306]. The formation mechanism has also been modeled using Monte
Carlo simulations [307]. These studies separate the process into various steps, and
show that the formation of the hexagonal structure is formed during the first two
hours after adding the silica precursor to the mixture. Fulvio et al. [290, 291] pre-
pared some materials at different reaction times and reached the conclusion that the
resulting material properties were the same whether the reaction time was 2 h or
24 h, which is a very interesting result.

Figure 5.2.: Change of particle diameter and morphology in terms of synthesis temperature under different stirring
rate. From Lee et al. [50] with permission.

The reaction temperature is the temperature at which the mixture of the reactants is
stirred before the hydrothermal treatment. This temperature affects the surfactant
hydrophobicity and area per molecule, also the cmc, the packing parameter and size
of the surfactant micelles and so, the final pore size and shape of the mesoporous
materials. This reaction temperature can vary between low temperature (5-10 ◦C)
to the cloud point temperature of the surfactant, but not further, because a one-
phase micellar solution is necessary to form the mesoporous materials. Kipkemboi
et al. [308, 309] prepared mesoporous materials using different types of amphiphilic
block copolymers that had different cloud point temperatures (from 15 to > 100 ◦C),
so the synthesis temperature was varied between 2 and 85 ◦C, depending on the
surfactant. They concluded that the materials have a more ordered structure when
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the difference between the synthesis temperature and the cloud point temperature
is higher. When the reaction temperature approaches the cloud point temperature,
the material formed is disordered.

Within the temperature range in which the material has an ordered structure, a
change in temperature might increase or decrease pore size or shape. Commonly,
the synthesis temperature to prepare SBA-15 from Pluronic P123 is 40 ◦C [231,290]
although other authors [251,298,310] lowered the reaction temperature to 20 ◦C or
35 ◦C, by increasing the reaction time. With the addition of additives, such as salt
or alkenes, the synthesis temperature can also be lowered [295,311].

Lee et al. [50] studied the mesoporous SBA-15 morphology by changing the stirring
and the reaction temperature from 25 to 65 ◦C, and found a wide variety of shapes
and sizes, as depicted in Fig. 5.2. Benamor et al. [312] also studied the synthesis of
SBA-15 and analyzed by DLS the micelles diameters before and after TEOS addition
at different reaction temperatures (28, 40 and 55 ◦C), with or without stirring. At
higher temperature, the hydrodynamic diameter was much bigger, resulting on a
higher pore size. The morphology of the mesoporous silica changed accordingly
depending on the reaction temperature and amount of stirring. From fiber- or rod-
like aggregates at 55 ◦C, to gyroid- and sphere-like particles at 28 ◦C, in agreement
with the previous study by Lee et al. [50]. This different morphology can be explained
by the shape of the previous formed micelles, which depends on the surfactant
hydrophobicity and its packing parameter. The reaction temperature also has an
affect on the mesoporous walls microporosity: the higher the reaction temperature
during the first 10 minutes after adding TEOS, the denser the silica walls and the
lower the microporosity [313].

pH The pH of the synthesis has an effect on the type of interactions between the
surfactant and the silica precursor and on the hydrolysis and condensation rates.
Most of the studies in which mesoporous silica is prepared are carried out in acidic
media, at pH< 2 using different acids (HCl, H2SO4, HNO3,...). At this pH, highly
ordered silica mesoporous materials are formed, with the highest surface area and
smallest pore size. At pH between 2 and 6 it was thought at first that no ordered
materials could be obtained, but some studies show the contrary [280]. At basic pH,
the desorganization of the pores begins and a less ordered structure and amorphous
mesoporous silica is produced. As the isoelectric point (IEP) is 2, the charge of the
silicate species will be different when varying the pH and, as a consequence, also the
interactions between the silicate species and the surfactant micelles. At an acidic
pH, the interaction occurs through hydrogen bonding, whereas at a basic pH, the
interactions via sodium ions are favoured. In general, at pH values between 2 and
7 the abscence of strong electrostatic or hydrogen bonding interactions leads to the
formation of less ordered silica [231].

The rate of the hydrolysis and condensation reactions also change [280, 314]: at
pH< 2 the two reactions occur at a similar rate, at pH = 2, the condensation rate
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is lower, and at basic pH, the rate of polycondensation is faster. The differences in
these reactions may explain the different properties of the mesoporous materials.

Hydrothermal treatment The duration and temperature of the hydrothermal
treatment has been also widely studied, with the goal of finding the optimum op-
eration conditions that involve the most economical pathway: low temperature and
short times. In general, though, a lower temperature involves a higher duration of
the treatment, whereas a short treatment is possible at higher temperatures: this is
because a minimum time is required to form the ordered structure, and this time is
lower at high temperatures. However, there exists an optimum value, since at low
temperatures the silica phase is not formed, and at higher temperature the material
can collapse or non-desired reactions can take place. For example, when forming
hexagonal mesoporous silica from a fluorinated surfactant, Michaux et al. [280] ob-
served that 24 h were needed at 80 ◦C, but only 3 h were required at 140 ◦C. When
a longer treatment at 140 ◦C was performed, non-structured silica was recovered.
When working with hydrogenated surfactants, the temperature cannot increase up
to such a high temperature, because the surfactant is not so thermally resistant and
it degrades before forming the ordered structure.

Flodström et al. [286], in their study of the influence of EO- and PO-chain length
of block copolymers used in the synthesis of mesoporous silica, affirm that the more
hydrophilic block copolymers (with long EO-chains or short PO-chains) require a
higher synthesis temperature than the less hydrophilic ones to produce highly or-
dered material. We could conclude that each type of surfactant requires an optimum
temperature to prepare a highly ordered porous material. The hydrothermal time
and temperature also influence the structural properties of the material: higher times
and temperatures lead to an increase of the pore size and a reduction of the wall
thickness, surface area and microporosity of the walls [231,291,315], so by changing
this two parameters, the properties of the material can be tuned.

Removal of the template The removal of the template is the final step in the
mesoporous material synthesis. If ionic surfactants are used, as the interactions be-
tween the surfactant and the silica source are stronger, the removal of the surfactant
is only achieved by calcination at high temperatures (around 550 ◦C) to remove the
organic matter. If nonionic surfactants are used the interactions are weaker and a
simple solvent extraction (e.g. ethanol Soxhlet extraction) is enough to remove the
surfactant, which is preferred over calcination, since calcination may result in the
collapse of the silica material [316, 317] and shrinkage of the pores [318]. Johans-
son et al. [251, 298] used hot hydrogen peroxide to remove the surfactant template,
consisting of a nonionic block coplymer, and concluded that this treatment could
completely remove it. In this treatment, the material was soaked in hydrogen per-
oxide for 24 h at 100 ◦C and then filtered, washed with distilled water and dried
overnight at 80 ◦C. No difference in mass loss in thermal gravimetric analysis (TGA)
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was observed between the samples where the template was removed by the tradi-
tional calcination (560 ◦C for 5 h) and the samples treated with H2O2, and the FTIR
spectra showed no peaks from the surfactant template, proving its complete removal,
although it did show a higher amount of silanol groups.

5.2. Design of bimodal mesoporous silica with two
ordered mesopore networks

This section was published as: May, A.; Stébé, M.J.; Gutiérrez, J.M.; Blin, J.L. Co-
existence of two kinds of fluorinated hydrogenated micelles as building blocks for the
design of bimodal mesoporous silica with two ordered mesopore networks. Langmuir.
2011, 27 (23), 14000-04 [278].

5.2.1. Introduction

Porous materials have found wide applications in many fields of chemistry such
as catalysis, adsorption, electronics and environmental technology because of their
high surface area coupled with many other physical and chemical properties [272,
319–322]. Recently, there has been a rapid growth in emerging research areas such
as nanotechnology, photonics and bioengineering, which require porous structures
with well-defined structural, interfacial, compositional and morphological properties.
However, these applications often require materials with porosity at multiple length
scales. For example, it was reported that a hierarchical combination of pores reduces
transport limitations in catalysis, resulting in higher activities and better controlled
over selectivity [323]. The development of hierarchical porous materials has therefore
attracted much interest over the past few years and in the literature many papers are
focused on the synthesis of meso-macro, micro-macro or micro-mesoporous materials
[210, 255, 257, 316, 324–327]. However, only few of them deal with bimodal systems
having two types of mesopores [328–333]. In addition, the recovered materials either
adopt disordered bimodal mesopore arrangements or ordered mono-modal mesopore
with small size template molecular systems embedded in larger entities.

One strategy to prepare these bimodal mesoporous materials consists in using mix-
tures of templates [234, 277, 331, 332, 334, 335]. For example Chen et al. employed
mixtures of micellar solutions of nonionic surfactants, including Pluronic, Brij and
Tetronic types, as templates for synthesizing porous silica materials having mixed
pore sized [334]. Depending on the surfactant mixture, ordered uniform pore size
arrangements, partially ordered complex bimodal structures or totally disordered
non-mesoporous structures were obtained. Among the surfactant mixtures, the ones
of fluorinated and hydrogenated surfactants are useful in specific practical appli-
cations, so these mixtures in aqueous systems have been widely investigated by
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different techniques such as light scattering, NMR and small angle neutron scat-
tering (SANS) [336–339]. In these systems, either mixed micelles containing both
surfactants in a well-defined proportion, or two kinds of micelles enriched in one of
the two components can be formed. In fact, fluorinated surfactants have chemical
and physical properties that are different from hydrogenated ones. Due to the dif-
ference in polarities between the fluorocarbon and hydrocarbon chains, nonideal net
repulsive interactions can occur. Therefore, these surfactant mixtures appear to be
excellent candidates to design bimodal mesostructures.

Xing et al. have adopted this methodology to synthesize bimodal mesoporous silica
by the cooperative assembly of hydrolyzed tetraethoxysilane (TEOS) with a mix-
ture of ionic fluorinated and hydrogenated surfactants [332]. Although the authors
succeeded in tailoring the bimodal pore size by adding lipophilic or fluorophilic oils,
disordered wormholelike pores are formed. Antionetti et al. have also reported the
synthesis, from mixed micellar solutions of nonmiscible fluorinated and hydrogenated
surfactants, of mesoporous silica monoliths with bimodal pore size distribution via
the nanocasting process [331]. Nevertheless, so far no bimodal mesoporous materials
with two ordered mesoporous networks have been yet synthesized.

5.2.2. Goal of this study

The main interest nowadays is to obtain well-ordered structured materials with novel
properties and controlled pore sizes, and to develop new materials with different sur-
factant systems, which can contribute with novel characteristics. The goal of this
study is to synthesize bimodal mesoporous materials with two ordered intercon-
nected mesoporous networks. In this study this kind of mesostructures are formed
following the strategy based on the use of a mixture of polyoxyethylene fluoroalkyl
ether (fluorinated surfactant) and triblock copolymer (hydrogenated surfactant) as
building blocks to design the bimodal silica mesoporous through the cooperative self
assembly mechanism (CTM).

5.2.3. Materials and methods

The used fluorinated surfactant, which was provided by DuPont, is composed by
a fluorocarbonated chain of eight carbons associated to an ethylic group. The hy-
drophilic part is composed by nine oxyethylene groups. The average chemical struc-
ture is then C8F17C2H4(OC2H4)9OH, it is labeled as RF

8(EO)9 and has a molecular
weight of 870 g/mol. The hydrophilic chain moiety exhibited a Gaussian chain length
distribution and the hydrophobic part is composed of a well-defined mixture of flu-
orinated tails. It has a density of 1.39 kg/m3 and molar volume of 626 cm3/mol. As
RF

8(EO)9 is a commercial surfactant, it was observed in the realization of phase
diagrams that a precipitate which brought some anisotropy appeared in some of the
samples, making it difficult to evaluate the phase behavior. This could be possibly
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due to the existence of surfactant chain lengths longer than the pure surfactant.
For this reason, the surfactant required a subsequent purification. First, a micellar
solution at 25 wt % of surfactant was prepared and centrifuged for two hours in or-
der to generate the anisotropic precipitate. The supernatant was then transferred
to another flask and lyophilized with liquid nitrogen in vacuum. After 6 hours, the
surfactant was recovered from the flask. Between 90-95 % of the surfactant was re-
covered, so 5-10 % of the commercial surfactant was precipitated or lost in between
the different purification stages, as a result of the transferring operations.

The selected triblock copolymer is the Pluronic P123 (EO)20(PO)70(EO)20, which
was purchased from Sigma Aldrich. P123 is an amphiphilic nonionic block copolymer
with a molecular weight of 5750 g/mol. This polymer is considered to be hydrophilic
(HLB between 7 and 12), so it is highly water soluble (cloud point between 85 – 91
◦C at 10 wt %) and forms direct liquid crystals at high concentrations. The specific

gravity is 1.01 and the surface tension (0.1 % aqueous and 25 ◦C) is 34 dynes/cm. It
has been widely studied and used in the preparation of mesoporous materials, form-
ing the known SBA-15 [232] and in this study it is used to form bimodal mesoporous
materials.

5.2.3.1. Mesoporous material preparation

In a typical synthesis, 0.9 g of RF
8(EO)9 and 0.1 g of P123 are dissolved in a hy-

drochloric acid solution (pH = 0.3) to form a micellar solution containing 10 wt % of
surfactant. The weight fraction of P123 in the surfactant mixtures was varied from 0
to 0.2. Then 0.32 g of tetramethoxysilane (TMOS), used as the silica source, is added
dropwise into the micellar solution at 20 ◦C and let under gentle stirring (150 rpm)
for 1 hour. The obtained samples are sealed in Teflon autoclaves and heated at 80
◦C for 1 day. The final products are recovered after ethanol extraction with a

Soxhlet apparatus during 48 hours. Under these synthesis conditions, a hexagonal
pore ordering can be obtained from the self-assembly mechanism by using the fluo-
rinated surfactant [235,280]. To free the pores either the calcination method, which
can damage the materials, or the solvent extraction, can be employed. Nonionic
surfactants appear to be excellent candidates for the second approach. Indeed, due
the weaker interactions between the entities, the removal of these surfactants can
easily be achieved by solvent extraction. In addition, the efficiency of the fluori-
nated surfactant removal has also been followed by infrared (Fig. 5.3). No evidence
of carbon-fluorine bonds (CF) absorption is observed on the FTIR spectrum. The
quantity of RF

8(EO)9, that remains after extraction is expected to be negligible.

5.2.3.2. Characterization

Small-angle X-ray scattering (SAXS) SAXS measurements were carried out us-
ing SAXSess mc2 (Anton Paar) apparatus, as indicated in sec. 2.3.4. It is attached
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Figure 5.3.: Mid infrared spectrum of the mesoporous material recovered after hydrothermal treatment at 80 °C
during 1 day. To collect the spectrum the sample was prepared by mixing mesoporous silica with potassium
bromide (silica mass fraction of 0.10 in KBr), without any pressure.

to a ID 3003 laboratory X-ray generator (General Electric), equipped with a sealed
X-ray tube (PANalytical, λCu (Kα) = 0.1542 nm, P = 2 kW). A multilayer mirror and
a block collimator provide a monochromatic primary beam. A translucent beam
stop allows the measurement of an attenuated primary beam at q = 0. Samples are
introduced into a powder cell and placed inside an evacuated chamber. Acquisition
times are typically in the range of 1 to 5 minutes. Scattering of X-ray beam is
recorded by a CCD detector (Princeton Instruments, 2084 x 2084 pixels array with
24 x 24 μm2 pixel size) in the q range 0.04 to 5 nm-1. The detector is placed at
309 mm from the sample holder.

Transmission electron microscopy (TEM) Samples for TEM analysis were pre-
pared by crushing some material in ethanol. Afterwards a drop of this slurry was
dispersed on a holey carbon coated copper grid. A Philips CM20 microscope, oper-
ated at an accelerating voltage of 200 kV, was used to record the images. Detailed
information is found in sec. 2.3.7.

Nitrogen adsorption-desorpiton Nitrogen adsorption and desorption isotherms
were determined on a Micromeritics TRISTAR 3000 sorptometer at –196 ◦C, as
explained in sec. 2.3.5. The pore diameter and the pore size distribution were deter-
mined by the BJH (Barrett, Joyner, Halenda) [40] method applied to the adsorption
branch of the isotherm.

Dynamic Light Scattering (DLS) DLS experiments were performed with a
Malvern 300HSA Zetasizer instrument as indicated in sec. 2.3.3.
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5.2.4. Results and discussion

When mesoporous materials are prepared through the CTM mechanism, the surfac-
tant has to form micelles in water; it is well known that both RF

8(EO)9 and P123
answer this criterion. In addition, the investigation of the RF

8(EO)9/P123/water
phase diagram reveals that in the water rich part of the diagram, at least up to
a total surfactant concentration equal to 15 wt %, a micellar solution is obtained
whatever the ratio between RF

8(EO)9 and P123 (Fig. 5.4). However, as our goal
is to synthesize a material with a bimodal pore size distribution, the mixture of
surfactants should lead to the formation of a micellar solution containing micelles
of two different diameters. In order to check if the RF

8(EO)9-P123 mixtures fit this
latter condition, we have performed some DLS experiments.
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Figure 5.4.: Phase diagram of the system RF
8(EO)9/P123/water in the water-rich zone at 20 °C. The materials

were prepared in the micellar phase region. Notation: L1, direct micellar phase; I1, direct cubic phase; H1, direct
hexagonal phase.

For a surfactant concentration located at around 1 wt %, the hydrodynamic diam-
eters of the RF

8(EO)9 and P123 pure micelles are found to be equal to 7.6 and
18.8 nm, respectively (Fig. 5.5). Incorporating P123 into the RF

8(EO)9 solution,
two kinds of micelles are formed up to a 0.3 weight fraction of P123, as depicted
in Fig. 5.6. The first peak is located at around 8.0 nm, value close to the size of
the RF

8(EO)9 micelles, and the second one is located at around 27.0 nm. A further
addition of the block copolymer leads to only one type of micelles, which diameter is
at around 18-19 nm, value close to the size of the P123 micelles. Hence, to prepare
the mesoporous materials, the proportion of P123 in the surfactant mixture was
kept lower than 0.3.

The SAXS pattern of the mesoporous materials prepared from a RF
8(EO)9 micellar

solution at 10 wt % exhibits three reflections at q ratios 1 :
√

3 : 2, consistent with
a hexagonal symmetry (Fig. 5.7-a).

A type IV isotherm is obtained by nitrogen adsorption-desorption analysis with a H1
type hysteresis loop (see sec. 2.3.5). The pore size distribution is quite narrow and
centered at 3.6 nm. It should be noted that under the synthesis conditions reported
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Figure 5.5.: Hydrodynamic diameter of the RF
8(EO)9 (a) and P123 (b) micelles.
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Figure 5.6.: Evolution of the hydrodynamic diameters of the micelles as a function of the P123 content in the
surfactant mixture.

here, no material is recovered when the synthesis is carried out from a pure micellar
solution of P123. As shown in Fig. 5.7, when P123 is added to RF

8(EO)9, in addition
to the reflection lines at 5.3 and 3.1 nm, another peak located at 11.2 nm is detected
(Fig. 5.7-b). Reaching a weight fraction of 0.1 of block copolymer in the mixture, two
supplementary lines at 6.4 and 5.6 nm also appear on the SAXS pattern (Fig. 5.7-c).
The relative position of the new peaks is in agreement with a hexagonal mesopore
ordering. Thus, the SAXS analysis evidences the presence of two hexagonal channel
arrangements.

The coexistence of the two structures is further confirmed by the transmission elec-
tron microscopy (TEM) images of the sample. Indeed, as depicted in Fig. 5.8, the
hexagonal stacking of the two types of channels is evidenced by the TEM analysis.
The micrographs show regions of small mesopores and regions of large mesopores.
This confirms the results obtained by DLS analysis that two kinds of micelles co-exist
in this system. Moreover, looking carefully at Fig. 5.8, the two mesopore networks
are connected.

Fig. 5.9 shows the nitrogen adsorption–desorption isotherms of the samples prepared

225



Chapter 5 Meso- and meso/macroporous materials

1 2 3

5.6 nm
6.4 nm

11.2 nm

11.2 nm

5.3 nm
5.6 nm

6.4 nm

11.2 nm

11.2 nm

3.1 nm

5.3 nm

2.6 nm
3.1 nm

5.3 nm

�����
��
��

��

��

	�


�

��

1 2 3

5.3 nm

3.1 nm

0.5 1.0 1.5 2.0 2.5 3.0

3.1 nm

5.3 nm

5.6 nm
6.4 nm

 

 

11.2 nm

�����
��
��

��
�
�
��
�
��
�
��
��
�

Figure 5.7.: SAXS patterns of samples synthesized from the surfactants mixture with a: 0, b: 0.05, c: 0.10, d:
0.15 and e: 0.20 weight fraction of P123.

with a 0.05 (Fig. 5.9-a) and 0.10 (Fig. 5.9-c) weight fraction of P123 in the surfac-
tant mixture. All compounds exhibit a type IV isotherm of mesoporous materials
according to the IUPAC classification [41]. Two distinct capillary condensation steps
are clearly seen at P/P 0 values of about 0.50 and 0.75, respectively. The desorp-
tion branch also displays two distinct steps. This suggests the presence of two pore
systems with different diameters are present arranged in a three-dimensional pore
structure [328]. BJH model analysis of these materials provides two narrow peaks
centered at 3.6 nm and 9.4 nm in the pore size. With the increase of the P123 con-
tent in the surfactant mixture the component at 9.4 nm increases while the one at
3.6 nm decreases (Fig. 5.9-b,d). However, no significant variation of both mesopore
sizes is detected. This phenomenon suggests that the size of each type of micelles
remains slightly unchanged, which is in agreement with the results obtained by DLS
analysis.

The increase of P123 proportion in the surfactant mixture over 0.1 induces the
progressive disappearance of the smaller mesopores. As a matter of fact, on the
SAXS pattern, the reflections at 5.3 and 3.1 nm; associated to the smaller meso-
pores are not detected anymore (Fig. 5.7-d,e). Moreover, the secondary reflections,
characteristic of the bigger mesopores arrangement become less resolved, meaning
that its disorganization has begun. This phenomenon can also be noticed from the
nitrogen adsorption-desorption analysis (Fig. 5.10). Indeed, the inflection point at
P/P 0 = 0.5 disappears as well as the component of the pore size distribution related
to the smaller pore diameters. At the same time, the second distribution becomes
broader (Fig. 5.10-d).

The investigation of the RF
8(EO)9/P123/water diagram evidences that in the con-

sidered surfactant range of concentrations, the system is micellar (L1). DLS mea-
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(a) (b)

Figure 5.8.: Representative TEM micrographs of the sample prepared with a 0.10 weight fraction of P123 in the
surfactants mixture. Scale bar is 100 nm.

surements indicate that this micellar phase is composed of two types of micelles, the
size of the first one at around 8.0 nm corresponds unambiguously to the RF

8(EO)9

micelles. Since under the synthesis conditions considered in this work, a micellar
solution of P123 does not lead to the formation of any mesoporous material, we can
conclude that the second type of micelles consists of RF

8(EO)9 micelles that have
accommodated a weak fraction of P123 molecules. It should be noted that to ob-
tain ordered mesoporous materials from a pure P123 micellar solution, the synthesis
conditions have to be modified [310].

The proportion between the two kinds of micelles depends on the ratio between the
two surfactants. For a P123 weight fraction lower than 0.15, when the silica source
is added to the surfactant solution having a total concentration equal to 10 wt %,
hydrogen-bonding interactions between the oxygen atoms of the oxyethylene groups
of the two micelles types and hydrogen atoms of the hydrolyzed TMOS are formed.
These interactions lead to the formation of two organic-inorganic mesophases. Dur-
ing the material preparation, the silica source polymerizes both around the two kinds
of micelles. Finally, the hydrothermal treatment at 80 ◦C completes the assembly
and the polymerization of the silica source.

After surfactant removal, bimodal mesoporous materials having two ordered meso-
pore networks are obtained. The first one arises from the fluorinated micelles and
the mesopore size is around 3.6 nm. The second, which is responsible of the pore
size distribution centered at 9.4 nm, comes from the fluorinated micelles that have
accommodated the P123 molecules. The scheme proposed in Fig. 5.11 illustrates the
formation of these bimodal ordered mesoporous materials. If the triblock copolymer
loading is increased over 0.15, more and more P123 molecules are accommodated by
the fluorinated micelles and the number of the pure RF

8(EO)9 micelles decreases.

The SAXS and nitrogen adsorption-desorption analysis reveal that the smaller meso-
pore structure disappears. Only the larger one is maintained. The system evolves
towards the formation of mono-sized mixed micelles. This tendency is supported by
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Figure 5.9.: Nitrogen adsorption-desorption isotherm (a,c) and pore size distribution (b,d) of the mesoporous
materials prepared with a,b: 0.05 and c,d: 0.10 weight fraction of P123 in the surfactant mixture.

the DLS experiments, which evidence the formation of one type of micelles having
a hydrodynamic diameter close to the one of the pure P123 micelles when the P123
fraction in the surfactant mixture reaches 0.3 (Fig. 5.6). P123 molecules govern the
micelles and the mesopore ordering is progressively lost as observed when the pure
P123 micellar solution is used to prepare the materials under the synthesis conditions
reported here.

In this study, we were not focused on particle size or shape, only on the silica
porous structure. However, Fig. 5.12 shows some representative SEM images of the
particles prepared at a 0.10 weight fraction of P123 mixed with RF

8(EO)9 (R = 0.5
and 5 wt % total surfactant concentration). The morphology of the particles can
be observed. The particles are solid objects, with curve sides and regular faces,
like cones or cylinders. The mechanism of formation of these particle shapes is still
under study. However, the regular shapes are a plausible consequence of the high
ordered mesoporous structure that these particles possess.

5.2.5. Conclusions

Bimodal mesoporous silica with two hexagonal ordered mesopore networks have
been synthesized through the self assembly mechanism from a micellar solution of
fluorinated and triblock copolymer surfactants, which contains two types of micelles.
DLS measurements indicate that the proportion between the two kinds of micelles
depends on the ratio between the two surfactants. It should also be noted that
both the fluorinated and the P123 surfactants, when used separately only lead to
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Figure 5.10.: Nitrogen adsorption-desorption isotherm (a,c) and pore size distribution (b,d) of the mesoporous
materials prepared with a,b: 0.15 and c,d: 0.20 weight fraction of P123 in the surfactant mixture.

the formation of mono-modal mesoporous materials. Thus, the results reported
here clearly show that the bimodality is due to the template. As long as the two
networks are present, no significant variation of both mesopore sizes is detected with
the variation of the P123 content in the surfactant mixture.
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Figure 5.11.: Scheme illustrating the formation of the bimodal mesoporous materials having two ordered mesopores
networks.

(a) (b)

(c) (d)

Figure 5.12.: Representative SEM images of the mesoporous silica prepared at a 0.10 weight fraction of P123
mixed with RF

8(EO)9, R = 0.5 and 5 wt % total surfactant concentration
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5.3. Tailored Jeffamine molecular tools for ordering
mesoporous silica

This section was published as: May, A.; Pasc, A.; Stébé, M.J.; Gutiérrez, J.M.;
Porras, M.; Blin, J.L. Tailored Jeffamine molecular tools for ordering mesoporous
silica. Langmuir. 2012, 28 (25), 9816-24 [340].

5.3.1. Introduction

Since their discovery in the early nineties, ordered mesoporous materials have at-
tracted much research attention due to a number of remarkable properties such as
the adjustable pore size, the high surface area, pore volume and the ease of surface
modification [130, 341]. These characteristics afford their use for several potential
applications in many fields such as adsorbents, catalysts, host matrixes for electronic
and photonic devices, drug delivery and sensors [275,342–346]. The synthesis of these
compounds combines the sol-gel chemistry and the use of assemblies of amphiphilic
molecules, mainly surfactants, as framework templates. Depending on the surfactant
concentration, two mechanisms can lead to the formation of the ordered material.
The first one is the self-assembly mechanism (CTM): in this case the building blocks
are the micelles, so the CTM occurs at low surfactant concentrations [232,347–350].

The second approach to the preparation of ordered mesostructures utilizes a liquid
crystal phase and it is labeled as the direct liquid crystal templating (LCT) path-
way [254, 351–354]. The inorganic precursors grow around the liquid crystal. After
the polymerization and the condensation, the template can be removed, leaving
a mesoporous material, whose structure, pore size and symmetry are determined
by the liquid crystal scaffold. In addition, the high surfactant concentration tem-
plating method often leads to monolithic materials rather than powders, which are
associated with mesostructured silica prepared from a micellar solution. Numerous
surfactant based systems have been investigated as structure directing agents, in
particular the nonionic ones [301,347].

As a matter of fact, a large number of nonionic surfactants widely used in industries
and featured with low cost, low toxicity and bio-degradation can be utilized as tem-
plates for the design of mesoporous materials. For example, using polyoxyethylene
alkyl ethers [Cm(EO)n], a series of compounds labeled SBA (Santa Barbara amor-
phous) [231, 232, 285], MSU (Michigan State University) [355, 356] have been pre-
pared. Several groups have also demonstrated the ability of fluorinated surfactants
to be used for the mesostructured silica preparation [235,237,238,276,354,357]. For
instance, we have synthesized mesoporous materials by using nonionic fluorinated
surfactants [RF

m(EO)n] [235, 276, 354], which are the fluorinated analogues of the
hydrogenated polyoxyethylene alkyl ethers [Cm(EO)n].

Regarding the synthesis of mesoporous molecular sieves, the main advantage of
fluorinated surfactants compared to the hydrogenated ones is their high thermal

231



Chapter 5 Meso- and meso/macroporous materials

stability. Indeed, this property enables making the hydrothermal treatment at higher
temperatures, leading to a better condensation of silica and resulting in a material
with improved hydrothermal stability [279]. The examples reported above deal with
low molecular weight surfactants and, except the block copolymers ones, the use of
amphiphilic polymers of larger molecular weight is scarcer [231, 286, 308, 312, 358–
360]. Among the block copolymer-templated materials, SBA-15 is the most widely
studied one. SBA-15 was discovered in 1998 by Stucky et al. and it is prepared under
strong acidic conditions by using micelles of Pluronic P123 [(EO)20(PO)70(EO)20]
[231] as template.

More recently silica mesostructues have been synthesized using diamine polypropy-
lene amphiphiles that belong to the Jeffamine family. Indeed Park et al. have
reported the preparation of a new group of large pore mesoporous silicas, denoted
MSU-J [361, 362]. The materials are obtained through hydrogen-bonding pathways
from sodium silicate (27 % SiO2, 14 % NaOH) or tetraethyl orthosilicate (TEOS) as
the silica source and amine-terminated Jeffamine as the structure-directing agent.
Depending on the synthesis conditions, the pore size and the specific surface area
varied respectively from 4.9 to 14.3 nm and from 108 to 1127 m2/g. MSU-J repre-
sent the largest pore sizes observed to date for a fully three dimensional mesoporous
framework assembled from a single micellar porogen. However, no mesopore order-
ing is noted for MSU-J, the materials exhibit a wormhole-like framework - only one
intense peak was resolved in the X-ray diffraction patterns. In their last study [362],
the importance of having an appropriate balance between the hydrophilic head and
the hydrophobic tail of the surfactant is emphasized. Mesoporous silicas with onion-
like morphology were also synthesized with the same family of amphiphile by Sayari
et al. [289].

5.3.2. Goal of this study

The goal of this study is the formation of mesoporous materials using a new type
of surfactannts, the so-called Jeffamines, which are amphiphilic block copolymers
with amine groups at the endings. Until now no hexagonal mesopore ordering has
been obtained with the Jeffamine family. The preparation of mesoporous materi-
als through the assembly of H2N-(PO)3(EO)12.5(PO)3-NH2 (Jeffamine ED900) and
tetramethoxysilane (TMOS) has been essayed, but no templated materials could be
recovered: we obtained only the precipitated silica. However, the Jeffamine ED900
was modified with fatty acids in order to decrease the high hydrophilicity of ED900
and then, the ability of the modified Jeffamine to be used for the preparation of
ordered mesoporous materials is investigated. As the properties of the molecular
sieves depend on the phase behavior of the structure directing agent in the synthesis
solvent, in a first part of this study, the phase diagram of the modified Jeffamine in
water is determined.
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5.3.3. Materials and methods

The diamine used in this study, H2N-(PO)3(EO)12.5(PO)3-NH2 (trade name Jef-
famine ED900 (XTJ-501)), was provided by Huntsman Corporation and used as
received. It is based on a polyether (PO)x-(EO)y-(PO)z backbone containing pri-
mary amino groups attached at both ends and it is presented as a transparent viscous
liquid at ambient temperature. Aside from the diamine used more extensively, pre-
liminary tests included other Jeffamines: the M1000, M2005 and M2070 belonging
to the monoamine series (M series), the D2000, a diamine (D series), and ED600,
which, like ED900, is a diamine with a predominately PEG backbone (ED series).
The M2005 and D2000 polyetheramines are predominately propylene glycol (PPG)
based, so they are the ones more hydrophobic, whereas the others (M1000, M2070,
ED600 and ED900) have more hydrophilic characteristics. The two hydrophobic
ones do not form a one-phase micellar solution, even at low concentrations.

Myristic acid and tetramethoxysilane (TMOS), used as silica source, were purchased
from Sigma-Aldrich. Deionized water was obtained using a Milli-Q water purification
system.

5.3.3.1. Modification of ED900

A mixture of Jeffamine ED900 (2 g, 2.1 mmol) and myristic acid (1.015 g, 4.4 mmol)
was heated under microwaves (50 W) for 8 minutes. The reaction mixture was then
cooled to room temperature and the product, named ED900Myr, was used without
further purification. The reaction yield was 100 %. Surfactant concentrations pre-
sented here take into account the water content of the batch, 1.3 % (w/w), formed
during the reaction. 1H-NMR (CD3OD): 0.89 (t, 6H, CH3-CH2, J = 6.5 Hz); 1.11
(m, 18H, CH3-CH); 1.25 (m, 40H, CH2-alkyl chain); 1.59 (m, 4H, CH2 in β of CO
group); 2.17 (t, 4H, CH2 in α of CO group, J = 7.7 Hz); 3.63 (m, 62H, CH2O); 13C-
NMR (CD3OD): 14.64 (CH3-CH2); 17.83 and 17.86 (CH3-CH); 23.86, 27.21, 27.57,
30.41, 30.6, 30.75, 30.78, 30.87 and 30.91 (CH2- alkyl chain); 33.19 (CH2 in β of CO
group); 37.29 and 37.33 (CH2 in α of CO group); 48.72 and 48.94 (CH3-CH); 71.68,
76.21, 76.47, 76.55 and 76.84 (CH2-O); 175.71 and 176.21 (CONH). FTIR: 3292 cm-1

(νNH), 1644 cm-1 (νCO), 1538 (δNH). Elemental analysis: C74H148N2O20.5, th.
%C: 63.79, %H: 10.63, %N: 2.01, exp. %C: 62.64, %H: 10.33, %N: 2.01. Infrared
(IR) spectra were recorded on a Perkin–Elmer FTIR ‘‘spectrum one’’ in ATR mode.
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AM 400 in-
strument. Chemical shifts are reported in ppm relative to tetramethylsilane (TMS)
as internal standard.

5.3.3.2. Phase diagram determination

The phase diagrams have been established by preparing samples over the whole range
of surfactant/water compositions. The required amounts of the components were
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weighed in small glass tubes. The homogenization of the samples was achieved by
mixing with a vortex stirrer, combined with heat and ultrasounds, whenever neces-
sary. The samples were placed in a thermostatic bath and, depending on the system,
they were allowed to stand from a few hours to several days at the temperature of
interest in order to reach equilibrium. The different phases were identified by vi-
sual inspection with a polarizing light microscope (Olympus BX 50). The boundary
lines of the liquid crystal domains were evidenced by small angle X–ray scattering
(SAXS) experiments. Micellar solutions (0.5 to 5 wt %) were used to determine the
size of particles by dynamic light scattering (DLS) with a Malvern 300HSA Zetasizer
instrument, as indicated in sec. 2.3.3. The measurements were repeated three times.
Surface tension measurements were performed following the Wilhelmy plate method
with a Krüss K100 tensiometer, explained in detail in sec. 2.1.3.

5.3.3.3. Mesoporous material preparation

Surfactant micellar solutions were prepared (from 3 to 20 wt %). The solution was
kept at pH 7. Tetramethoxysilane (TMOS), used as the silica source, was added
dropwise to the surfactant solution at room temperature under stirring. The surfac-
tant/silica precursor molar ratio (R) was varied from 0.05 to 1. Then, the mixture
was transferred into sealed Teflon autoclaves for the hydrothermal treatment, which
was essayed at different temperatures (from room temperature to 100 ◦C) and du-
rations (from 24 to 140 hours). After the hydrothermal treatment, the material was
transferred into cellulose extraction cartridges and left for 48 hours under Soxhlet
ethanol extraction to remove the template. Finally, the material was left to air-dry.

5.3.3.4. Characterization of mesoporous materials

Small-angle X-ray (SAXS) measurements SAXS was carried out using SAXSess
mc2 (Anton Paar) apparatus. It is attached to a ID 3003 laboratory X-Ray gener-
ator (General Electric), equipped with a sealed X-ray tube operating at 40 kV and
50 mA (PANalytical, λCu (Kα) = 0.1542 nm). A multilayer mirror and a block colli-
mator provide a monochromatic primary beam. A translucent beam stop allows the
measurement of an attenuated primary beam at q= 0, as explained in sec. 2.3.4.

Mesoporous materials are introduced into a powder cell whereas liquid crystals and
micellar solutions are placed, respectively, in a paste cell and in a capillary having
a diameter of 1 mm. Samples are placed inside an evacuated chamber. Acquisition
times are typically in the range of 1 to 5 minutes. Scattering of X-ray beam is
recorded by a CCD detector (Princeton Instruments, 2084 x 2084 pixels array with
24 x 24 μm2 pixel size) in the q range 0.09 to 5 nm-1. The detector is placed at
309 mm from the sample holder. Scattering data, obtained with a slit collimation,
contain instrumental smearing. Therefore, the beam profile has been determined
and used for the desmearing of the scattering data. All data were corrected for the
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background scattering from the empty cells. For the micellar solutions, the data
were corrected from the water filled capillary scattering.

Transmission electron microscopy (TEM) Samples for transmission electron mi-
croscopy (TEM) analysis were prepared by dispersing some material in ethanol.
Afterwards a drop of this dispersion was placed on a holey carbon coated copper
grid. A Philips CM20 microscope, operated at an accelerating voltage of 200 kV,
was used to record the images, as explained in sec. 2.3.7.

Scanning electron microscopy (SEM) SEM was carried out with a HITACHI
S-2500 at 15 keV, as detailed in sec. 2.3.7.

Nitrogen adsorption-desorption Nitrogen adsorption and desorption isotherms
were determined on a Micromeritics TRISTAR 3000 sorptometer at –196 ◦C, as
explained in sec. 2.3.5. The pore diameter and the pore size distribution were deter-
mined by the BJH (Barrett, Joyner, Halenda) [40] method applied to the adsorption
branch of the isotherm.

5.3.4. Results and discussion

Firstly, the behavior of the ED900 in water was examined. The aqueous solutions
of Jeffamine ED900 appeared transparent and isotropic from 0 to 100 wt %. Ten-
siometry measurements showed that ED900 decreased gradually the surface tension,
achieving minimal values around 35 mN/m. No inflection point was observed, indi-
cating the complete solubilization of this substance and no formation of aggregates.
Thus, no micelles are formed and, as a consequence, according to the accepted CTM
mechanism, no templated material can be obtained after the addition of the silica
precursor. Moreover, no anisotropy was observed by polarizing light microscopy at
any concentration. Dynamic light scattering experiments proved that the Jeffamine
ED900 does not form micelles in water. This Jeffamine has complete water solubil-
ity, basically due to the long ethylene oxide backbone, entrapped between two short
propylene oxide moieties. Therefore, the structural modification of the molecule
was performed in order to obtain the micelle formation in water and, consequently,
enable the synthesis of mesoporous materials through the CTM mechanism.

5.3.4.1. Modification of the Jeffamine ED900

The synthesis of the gemini surfactant described in the present study is simple and
rapid, and the starting materials, myristic acid and Jeffamine ED900, are cost-
effective. The grafting of the myristic acid onto the polyetheramine ED900 was
performed quantitatively under solvent free conditions using microwave irradiation.
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Figure 5.13.: ESI-MS spectra of ED900 (top, relative intensity vs M+H+) and ED900Myr (down, M+Na+)

As the starting Jeffamine, the gemini surfactant is polydispersed with respect to
both the ethylene oxide and the propylene oxide moieties. ESI-MS was used to
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verify molar mass information of the sample, provided by Hunstman (Fig. 5.13). The
average values of x + z = 6 and y = 12.5 were calculated from the relative abundances
of the individual molecular ions. From these values, the number-average molar mass
of ED900 was calculated to be 972 and of ED900Myr to be 1392. The polydispersity
index (mass-average molar mass divided by the number-average molar mass) was
determined to be 1.03.

5.3.4.2. The myristoyl-end capped Jeffamine/water system

The phase diagram of the system ED900Myr/water was studied between 10 and
70 ◦C along all the surfactant concentration range and it is presented in Fig. 5.14.
The diagram presents an expanded micellar domain, for temperatures below the
cloud point curve. The cloud point temperature for this system is found at 50 ◦C
for 2 wt % of amphiphile. Above this point, two micellar phases coexist. The size of
micelles was also measured by DLS experiments. The results indicate that micelles
have a diameter of about 7.0 nm.

L1 H1

Lββββ
H1+Lββββ

L1+L1
’

L2

0 20 40 60 80 100
0

20

40

60

 

 

ED900Myr (wt.%)

Figure 5.14.: Phase diagram of the system ED900Myr/water. Notation: L1: direct micellar phase, H1: hexagonal
phase, Lβ: gel-phase, L2: reverse micellar phase, L1’: second direct micellar phase present above the cloud point
curve.

Moreover, as measured by tensiometry, the addition of modified ED900 decreases
the surface tension of water up to 31 mN/m at a very low concentration (1 mol/L).
The structure of the micelles was investigated by SAXS. The experiments were per-
formed at 20 ◦C on micellar solutions with different surfactant concentrations. The
experimental curves are displayed in Fig. 5.15-a. The scattering intensities are nor-
malized to the same incident primary beamline and with respect to the surfactant
concentration. All the curves exhibit a maximum at 1 nm-1 and are overlapped from
this value. At low q values (q < 0.3 nm-1) the intensities increase with increasing con-
centration due to the interparticle effect [363]. Therefore, only the curve scattering
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obtained at 5 wt % was evaluated with the Generalized Indirect Fourier Transform
(GIFT) analysis [364,365] (Fig. 5.15-b).
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Figure 5.15.: (a) Experimental SAXS spectra (normalized with regard to the concentration) of ED900Myr micelles
at 5, 10 and 20 wt % with log-log representation. All measurements were performed at 20 °C; (b) Experimental and
calculated (GIFT) SAXS spectra of ED900Myr at a concentration of 5 wt % with semi-logarithmic representation;
(c) Corresponding pair-distance distribution function of 5 wt % ED900Myr obtained with GIFT analysis;

Fig. 5.15-c gives the corresponding pair-distance distribution function (PDDF) P (r).
The curve exhibits pronounced maximum and minimum on the left side, which is
regarded as the typical feature of a core-shell type particle [364–366], and which
provides quantitative information about the internal structure of the micelles. The
inflection point between the maximum and the minimum gives the radius of the
hydrophobic core. Moreover, the PDDF function which represents a histogram of
the distances inside particle provides the maximum dimension of the particle as
well as its shape. A symmetric maximum on the right side indicates the presence
of spherical aggregates, whereas a long tail at high r values features for elongated
cylindrical particle. Taking into account these considerations, one can conclude that
ED900Myr micelles are slightly elongated, with a maximum size of 9 nm, which is in
agreement with the hydrodynamic particle diameter measured by DLS. The radius
of the hydrophobic core is about 2 nm and matches well with the one obtained
from the deconvolution of the P (r) function into the radial electron density ∆ρ(r)
(Fig. 5.16-a).

More precisely, the radius of the core formed by the myristoyl chains is about 1 nm,
which corresponds to the lowest value of ∆ρ(r), in agreement with the theoret-
ical electronic density value estimated (ρAlk≈ 276 e/nm3). The thickness of the
propylene oxide (PO) shell is also about 1 nm and ∆ρ(r) progressively increases to
the water value. The values of the calculated theoretical electronic densities show
the same profile as the modelized one since ρPO≈ 332 e/nm3, ρEO≈ 371 e/nm3 and
ρwater≈ 334 e/nm3 (Fig. 5.16-b). If one considers both extended myristoyl chains
of about 2 nm and 3 PO units (≈ 1 nm), this suggests that the alkyl chains are
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Figure 5.16.: (a) Excess electron density ∆ρ(r) as a function of the radial distance (r) of 5 wt.% ED900Myr
obtained with DECON program; (e) Schematic representation of the theoretically estimated electronic density in
the core-shell micelle.

disordered, whereas the PO units are rather extended.

When the weight percent of ED900Myr is increased from 47 to 70 wt %, a character-
istic optically anisotropic hexagonal phase is detected. The hexagonal symmetry is
confirmed by SAXS measurements. From geometrical considerations, the distance
d associated to the first peak is related to the hydrophobic radius RH (alkyl chains
+ PO units) by eq. 5.1 [367]:

VB
VS + αVW

=
π
√

3R2
H

2d2
100

(5.1)

where α stands for the number of water molecules per surfactant molecule, VB is
the hydrophobic molar volume (935 cm3/mol). VB is calculated from the molar
volumes of the two myristoyl chains and of the six PO units. VS is the surfactant
molar volume (1392 cm3/mol) and VW is the water molar volume (18 cm3/mol).
The cross-sectional area S can then be deduced from eq. 5.2 [367]:

S =
2VB
RHNA

(5.2)

An increase in the d-spacing from 5 to 6 nm and thus, in the cell parameter is noted
with increasing water content from 35 to 50 wt % (Fig. 5.17). This is due to the
hydration of the head group and to a possible water film surrounding the surfac-
tant. The hydrophobic radius is constant with α, and equal to 1.94 nm± 0.05 nm.
The surface occupied by the surfactant molecule in the interface is found to be
1.45 nm2 ± 0.02 nm2 along the entire hexagonal phase. From these values, one can
see that, as observed in the case of micelles, in H1 the two alkyl chains are assembled
into the core of the cylinders and that the PO units form a corona around the core
forcing the amphiphilic molecules to fold in half, over on themselves (Fig. 5.16-b).

The value of the hydrophobic radius corresponds exactly to the one found for the
micelles. If the surfactant concentration is increased beyond 75 wt %, a gel phase
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Figure 5.17.: Structural parameters of the hexagonal phase: Variation of the repetition distance (d100, #) and

hydrophobic radius (RH , p) with α at 20 °C.

(Lβ) appears. Its structure is well described in literature and corresponds to a
stacking of bilayers, whose alkyl chains are solid. In fact, in the low q-range of the
diffraction patterns, up to five reflections are observed, with a relation between them
of 1:2:3:4:5 (Fig. 5.18-a). One can note that the first reflection is less intense than
the second one. This is probably due to the weak intensity of the form factor at
the q value corresponding to the second reflection. Taking into account geometrical
considerations, one can calculate the area per molecule S with the following relation
(5.3) [367]:

S =
2(VS + αVW )

NAd100

(5.3)

where d100 is the first order repetition distance of the Lβ. Considering that the
layer spacing comprises molecules folded in half over on themselves, including corre-
sponding water content, the value of the area per molecule for the sample containing
85 wt % of ED900Myr is S = 0.49 nm2.

In the WAXS region, two diffraction lines at 0.38 nm and 0.41 nm are observed
and feature for an orthorhombic perpendicular packing (O ) of the hydrocarbon
chains [368] (Fig. 5.18-b). According to previously indexing results [369], these peaks
correspond to the in-plane d110 and d020 and give the following lattice parameters:
a = 0.51 nm, b = 0.74 nm and c = 0.255 nm. Moreover, another doublet appears in the
middle q-range, at 0.78 nm and 0.74 nm, which could correspond to an in-plane super
structure of the orthorhombic cell. From the wide-angle diffraction lines in the Lβ
phase, an area per chain of 0.185 nm2 can also be calculated with the eq. 5.4 [369,370]:

Ac =
d110 · d020√

1− (d110/2d020)
2

(5.4)
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Figure 5.18.: (a) Diffraction patterns of a Lβ phase at 85 wt % of ED900Myr and 10 °C and (b) in-plane lateral
organization of hydrophobic chains.

The values of the area per molecule (S) and area per chain(Ac) are in good agreement
with an extended molecule. This phase melts at 25 ◦C, leading directly to an inverse
micellar phase (L2).
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Figure 5.19.: (a) Adsorption isotherms and (b) pore size distribution of mesoporous materials formed from a 5 wt %

ED900Myr solution with a ED900Myr/TMOS molar ratio (R) equal to p: 0.1; #: 0.2; a: 0.4; >: 0.6 and ♦: 1.
Materials are prepared at 100 °C during 24 hours

5.3.4.3. Silica mesoporous materials

Micellar solutions of ED900Myr were then used as template to prepare the silica ma-
terials through the self-assembly mechanism. Syntheses have been carried out under
neutral conditions. The TMOS has been added at 20 ◦C. First, the hydrothermal
treatment was performed during 24 hours at 100 ◦C. Indeed, it is reported that under
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these conditions, a hexagonal pore ordering can be obtained from the self-assembly
mechanism by using different kinds of surfactants [280, 350, 360, 371]. The effect
of the variation of both the amphiphile concentration and the ED900Myr/TMOS
molar ratio (R) on the mesopore ordering are investigated. As regards the sam-
ples synthesized with a 5 wt % of modified Jeffamine, the SAXS patterns of the
materials prepared with a molar ratio higher than 0.2 exhibit only a single broad
reflection (Fig. 5.20-b(b-e)), which indicates the formation of a disordered structure.
If a higher quantity of the inorganic precursor (R lower than 0.2) is introduced, no
line is observed on the SAXS pattern (Fig. 5.20-b(a)), indicating that the recovered
compounds exhibit a complete randomly oriented pore structure.
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(a) R = a: 0.2, b: 0.4, c: 0.6 and d:
1.0; with 3 wt % of ED900Myr.
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(b) R = a: 0.1, b: 0.2, c: 0.4, d:
0.6 and e: 1.0; with 5 wt % of
ED900Myr.

Figure 5.20.: SAXS patterns of the materials synthesized with (a) 3 wt % and (b) 5 wt % of ED900Myr. Materials
are prepared at 100 °C during 24 hours.

The nitrogen adsorption-desorption isotherms and the pore size distributions for the
materials are represented in Fig. 5.19. All materials exhibit a type IV isotherm,
characteristic of mesoporous materials according to the IUPAC classification [41].
A H2 type hysteresis loop, in which the desorption branch is steep, but adsorption
branch is more or less sloping, is observed. The H2 type hysteresis loop is often
encountered for disordered materials with a wormhole structure. The pore size
distributions are quite large and centered at 14 nm at R ≥ 0.2; they are narrower
for the higher ratios. A similar behavior is noted for the silica prepared with 3 wt %
(Fig. 5.20-a) or 10 wt % (Fig. 5.21-a) of ED900Myr.

By contrast, when a 20 wt % of ED900Myr is employed to prepare the silica mate-
rials, the situation is quite different. Indeed, whatever the value of R, no reflection
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Figure 5.21.: SAXS patterns of the materials synthesized with (a) 10 wt % and (b) 20 wt % of ED900Myr. Materials
are prepared at 100 °C during 24 hours.

line is detected on the SAXS pattern (Fig. 5.21-b). Depending on the synthesis con-
ditions, the specific surface area varies from 286 to 686 m2/g (Tab. 5.2). The SAXS
results show that the best patterns were obtained at lower ED900Myr concentrations
(3, 5 and then 10 wt %) for 1 ≥ R ≥ 0.2. However, these patterns only show one
single reflection centered at d= 5.1 nm without any higher other Bragg reflections
resolved, indicating a wormlike structure of the pores.

The channel array can also be affected by the conditions of the hydrothermal treat-
ment, therefore fixing the ED900Myr concentration and the ED900My/TMOS mo-
lar ratio to 5 wt % and 0.6, respectively, we have varied both the temperature and
the duration of the hydrothermal treatment. The temperatures chosen were: room
temperature, 50, 60, 70, 80, 90 and 100 ◦C. For the lowest temperatures, the hy-
drothermal treatment time was extended to 44 hours for 50 and 60 ◦C and 140
hours in the case of room temperature, since usually lower temperatures used in the
hydrothermal treatment require longer time to structure the material. The SAXS
patterns (Fig. 5.22-a) clearly show an improvement of the hexagonal structure when
the temperature is lowered. In fact, the best results are obtained when performing
the hydrothermal treatment at 50 ◦C for 44 hours (Fig. 5.22-a) and at room tempera-
ture for 140 hours (Fig. 5.22-a). Under these conditions three reflection lines located
at 5.2, 3.0 and 2.5 nm can be detected on the SAXS pattern. Their relative positions
are 1, 3 and 2, which can be attributed to the (100), (110) and (200) reflections of
the hexagonal structure. According to Bragg’s law, the unit cell dimension or lattice
parameter (a) can be calculated and found equal to 6.0 nm.
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Table 5.2.: Specific surface area (SBET ), total pore volume (Vp) and pore diameter (2rp) as a function of the
ED900Myr wt % and of the ED900Myr/TMOS molar ratio (R). Materials are prepared at 100 °C during 24
hours.

ED900Myr (wt %) R SBET (m2/g) Vp(cm3/g) 2rp(nm)

3 0.2 686 1.86 12.3

5

0.2 469 1.31 18.6
0.4 456 1.25 14.3
0.6 415 1.09 14.4
1 584 1.39 14.3

10

0.05 349 1.07 18.8
0.2 481 1.53 12.3
0.3 372 1.15 16.5
0.4 451 1.25 16.7
0.6 319 0.92 14.3

20
0.2 300 0.50 5.5
0.4 286 0.54 5.5
1 341 0.72 10.4

The mesopore ordering is further confirmed by the transmission electron microscopy
(TEM) images (Fig. 5.23). Indeed, either the hexagonal stacking (Fig. 5.23-a) or
the honeycomb-like arrangement (Fig. 5.23-b) of the channels is evidenced by the
TEM analysis. From nitrogen adsorption-desorption measurements, we can observe
that these recovered samples exhibit a type IV isotherm (Fig. 5.25-a). The specific
surface area and pore volume values are respectively 1300 m2/g and 0.95 cm3/g. The
pore diameter distribution determined by using the BJH method is quite narrow and
centered at ca. 3.2 nm (Fig. 5.24). The wall thickness, deduced by subtracting the
pore size from the dimension of the unit cell, is equal to 2.8 nm.

Table 5.3.: Specific surface area (SBET ), total pore volume (Vp) and pore diameter (2rp) of the mesoporous
materials formed from a 5 wt % ED900Myr solution with R = 0.6 at different hydrothermal treatment conditions.

Temperature (°C) Duration (hours) SBET (m2/g) Vp(cm3/g) 2rp(nm)

RT 140 1300 0.95 3.2
50 24 939 0.98 3.8
50 44 829 0.85 3.9
60 44 746 0.87 3.9
80 24 752 1.15 7.7
90 24 464 0.91 9.4
100 24 415 1.09 14.4

The SEM images of the sample prepared at room temperature (RT) show that the
material is formed by cylindrical particles, of uniform size around 300 nm length and
100 nm section (Fig. 5.27). If the hydrothermal treatment is performed at a higher
temperature, the formation of well-ordered mesoporous molecular sieves is not fa-
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(a) Hydrothermal treatment, a:
140 h at RT; b: 44 h at 50 °C; c:
24 h at 50 °C; d: 44 h at 60 °C;
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Figure 5.22.: SAXS patterns of mesoporous materials synthesized with 5 wt % ED900Myr at different conditions,
(a) changing temperature at R = 0.6, (b) changing R at 50 °C during 44 hours.

vored. Indeed, only one peak is observed on the SAXS pattern (Fig. 5.22-e-i), mean-
ing that the materials adopt a wormhole-like structure. In addition, from Fig. 5.25-a,
the relative pressure for which capillary condensation takes place is shifted toward
higher values when the temperature increases (from 0.4 at RT up to 0.8 at 100 ◦C).
Since the P/P 0 position of the inflection point is related to the pore diameter (2rp)
according to Kelvin’s equation, it can be inferred that an enlargement of the mean
pore diameter occurs. This is confirmed by the pore size distribution, whose maxi-
mum is shifted toward higher values when the hydrothermal temperature increased
from room temperature to 100 ◦C (Fig. 5.24 and Fig. 5.25-b).

At 50 ◦C, the pore size distribution is centered at 3.8 nm, whereas at 100 ◦C it is
centered at 14.4 nm. This expansion of the pore size can be interpreted as the re-
sult of a variation of the aggregation number of micelles (L1 phase). Indeed, it is
well established that, for nonionic surfactants, an increase in temperature will in-
volve an increase in the aggregation number [372, 373]. Thus, bigger micelles will
be formed with increasing heating temperature and, consequently, materials with
higher pore diameters will be recovered. The pore volume remains approximately
constant around 1 cm3/g at all the temperatures considered, whereas the specific sur-
face progressively decreases from 1300 to 400 m2/g when the temperature increases
(Tab. 5.3).

From all the gathered results, it can be deduced that the optimal temperatures to
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(a) (b)

Figure 5.23.: Representative TEM micrographs of samples prepared at room temperature during 140 hours (a)
and at 50 °C during 44 hours (b).
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Figure 5.24.: Variation of the mesopore size distribution as a function of the hydrothermal treatment conditions.
Mesoporous materials are synthesized from a 5 wt % ED900Myr solution with R = 0.6 at room temperature for

140 hours (=), 50 °C for 24 hours (3), 80 °C for 24 hours (a) and 100 °C for 24 hours (p).

prepare the mesoporous materials are from RT to below 70 ◦C. The lower the tem-
perature, the better the mesopore ordering. We can assume that the disorganization
of the mesopore network with the increase of the temperature is due to a too thin sil-
ica wall to preserve the organization after the surfactant removal by the formation of
bridges between two adjacent pores as it has been shown for SBA-15 materials [360].
This phenomenon has also been noted in our previous work dealing with the influ-
ence of the different synthesis parameters on the properties of mesostructured silica
prepared from a nonionic fluorinated surfactant based system [280]. Moreover, ac-
cording to Holmberg et al. [252] at lower temperature, as the condensation rate
is slower, a well-ordered structure is favored. At high temperature, the loss of the
hexagonal structure can be due to an accelerated condensation of silanol groups that
form an excess cross-linked framework.
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Figure 5.25.: Variation of the nitrogen adsorption desorption isotherms (a) and the pore diameter (b) as a function
of the hydrothermal treatment conditions. Mesoporous materials are synthesized from a 5 wt.% ED900Myr

solution with R = 0.6 at room temperature for 140 hours (?), 50 °C for 24 hours (3), 70 °C for 24 hours (a),

80 °C for 24 hours (#) and 100 °C for 24 hours (p).
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Figure 5.26.: Nitrogen adsorption-desorption isotherms (a) and the pore size distribution (b) of the mesoporous

materials synthesized with 5 wt % ED900Myr during 44 hours at 50 °C (R =p: 0.1; 3 0.4,a: 0.6 and O: 1).

After observing that a well-ordered hexagonal mesoporous material was obtained
when performing the hydrothermal treatment at a lower temperature, the molar ratio
between the TMOS and ED900Myr (R) was varied for a hydrothermal treatment
performed at 50 ◦C during 44 hours, in order to study the influence of this parameter
on the mesopore ordering. In the range from 0.4 to 1, three reflection lines located at
5.1, 2.9 and 2.6 nm can be detected on the SAXS pattern (Fig. 5.28). The repetition
distance corresponding to the (100) reflection is constant (5.1 nm) and thus, the
cell parameter a0 (5.9 nm) does not depend on the quantity of TMOS used for the
synthesis. The SAXS patterns of the material prepared with a molar ratio of 0.1
exhibits only a single broad reflection (Fig. 5.22-b), which indicates the formation
of a disordered structure. In that case, we can assume that only a part of the silica
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interacts with the surfactant to form the channel arrangement and that another part
precipitates to form an amorphous silica phase. Thus, the ordered pore network is
diluted in a non-structured silica phase and the SAXS patterns exhibit weaker and
larger diffraction peaks.

(a) (b)

Figure 5.27.: Representative SEM images of the mesoporous materials prepared at room temperature during 140
hours.
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Figure 5.28.: SAXS pattern of the mesoporous materials synthesized with 5 wt % ED900Myr during 44 hours at
50 °C.

For instance, Schulz-Ekloff et al. [374] attributed the poor hexagonal long range
order of their particles obtained at surfactant/silica ratio higher than 0.66 to the
polymerization of the silica source into solid amorphous silica due to the excess of
surfactant. In the present study, similar arguments can be taken into account to
explain the transition from a well ordered mesopore ordering to a randomly oriented
pore structure when the value of R is diminished. The pore size varies between
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Table 5.4.: Specific surface area (SBET ), total pore volume (Vp) and pore diameter (2rp) of the mesoporous ma-
terials formed from a 5 wt % ED900Myr solution during 44 hours at 50 °C as a function of the ED900Myr/TMOS
molar ratio (R).

R SBET (m2/g) Vp(cm3/g) 2rp(nm)

0.1 1053 1.43 3.5
0.4 1199 1.34 3.6
0.6 829 0.85 3.9
1 1001 1.00 3.6

3.5 and 3.9 nm, depending on the operating conditions (Fig. 5.26-b). However, no
significant differences are observed in the pore size distributions when varying the
surfactant to TMOS ratio (from 0.1 to 1). The major difference is encountered
when working at the lowest R (0.1), since the pore size distribution is wider and the
adsorption-desorption isotherm is different. In this case the isotherm profile increases
gradually with increasing relative pressures (Fig. 5.26-a), although the mean pore
size remains unchanged (Fig. 5.26-b). The others isotherms follow the same profile,
type IV, with a capillary condensation around P/P 0 = 0.5 (Fig. 5.26-a), from which
the isotherm becomes flat. The specific surface area is higher than 800 m2/g, as
shown in Tab. 5.4.

5.3.5. Conclusions

Jeffamine surfactants were already used as structure-directing porogens, but to date,
only wormhole structures were obtained. Herein, the first example of organized
mesoporous silica from myristic-end capped Jeffamine (ED900) is reported. For a
complete characterization of the newly reported surfactant (ED900Myr), the binary
phase diagram was determined. The characterization of the micelles and the liquid
crystals phases by SAXS show that the molecules are folded in half in order to
locate the two myristoyl chains inside the core. In the hexagonal liquid crystal
phase, the value of the hydrophobic radius is the same than the hydrophobic core
of the micelles.

No variation of the cross sectional area with the number of water molecules per
surfactant molecule is noted. Micellar solutions of ED900Myr were used as template
to prepare the mesoporous materials through the self-assembly mechanism. The
influence of the synthesis conditions on the properties of the mesopore ordering
has been investigated. Well ordered mesoporous materials are recovered when the
ED900My concentration is low (< 10 wt %). SAXS analysis also evidences that the
hexagonal pore ordering is favored when the hydrothermal treatment is performed
at low temperature. In addition, an increase in the pore diameter is noted with the
raise in the hydrothermal treatment temperature.

After the publication of this section, the phase behavior of the “cataniomeric” sur-
factants prepared by simple acid-base reactions between the Jeffamine ED900 and
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stoichiometric quantities of different faty acids (lauric, myristic, stearic and oleic
acid) were studied by Emo et al. [375]. These novel surfactants could be used fur-
ther as future surfactant templates for the formation of mesoporous materials.
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5.4. Solubilization of decane into gemini surfactant
with a modified Jeffamine backbone: design of
hierarchical porous silica

This section was published as: May-Masnou, A.; Pasc, A.; Stébé, M.J.; Gutiérrez,
J.M.; Porras, M.; Blin, J.L. Solubilization of decane into Gemini surfactant with a
modified Jeffamine backbone: design of hierarchical porous silica. Microporous and
Mesoporous Materials. 2013, 169, 235-41 [376].

5.4.1. Introduction

Porous inorganic materials with tailorable, hierarchical and uniform pore struc-
tures, in the meso- and macro-range, are emerging and constituting themselves
as an important class of solid materials in a wide variety of applications such as
ion-exchange resins [272], catalyst supports [377], sensors [378] and tissue engineer-
ing [271]. Thanks to the textural mesopores associated with intrinsic interconnected
pore systems of macrostructures, these materials should efficiently transport guest
species to framework binding sites.

The macropore network can be created by different ways. A general procedure re-
quires the use of latex spheres as templating agents [244, 245, 379]. Colloidal latex
spheres, all having the same diameter, first aggregate in a regular lattice, then the
inorganic precursors and surfactant (or copolymer) micellar solution are allowed
to infiltrate the spaces between the spheres, and then condensation and crystal-
lization take place. The removal of the surfactant and colloidal latex spheres, by
either high temperature calcination or solvent extraction, leads to the formation
of three-dimensional ordered meso/macroporous materials (3DOM) [379]. Sen and
co-workers [244,245] synthesized a series of hierarchically ordered porous silica com-
posites with ordering on three different scales of pore size by using latex spheres
and triblock copolymers (Pluronic F127 and P123) as template in the presence of
cosurfactant (n-alcohol) in an acidic medium. The silica materials consist of three-
dimensional ordered macropores (200-800 nm) with interconnecting, uniform-sized
(70-130 nm) windows, and the walls of these macropores consist of mesostructured
pores (3-8 nm), as well as a significant microporosity (< 2 nm), presenting a mi-
cro/meso/macroporous structure with a three-dimensional interconnectivity.

In a paper dealing with solid lipid nanoparticles (SLN) templating of alveolar macro-
porous silica beads [256, 380], it was demonstrated that SLN, prepared from the
solvent injection technique, can also be used to generate the macropore network.
Finally, materials with a macroporous structure can be formed through the emulsion
templating process [24,210,212,213,215,233,258,265,267,381,382]. This pathway has
been used to produce macroporous titania, silica and zirconia with pore sizes from
50 nm to several micrometres [215]. Because the emulsion drops are deformable,
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macroscopic samples are able to accommodate stresses that arise during gelation
and shrinkage. Samples prepared using rigid spheres, by contrast, tend to break
into small pieces that are seldom larger than a few hundred micrometres. In ad-
dition, emulsification conditions can be adjusted to produce droplets with different
mean sizes which are typically in the micrometre range. Moreover, this can be done
to a large extent independently of the self-assembling block copolymer species used
to direct the structure of the mesopores. This allows a control of macro- and meso-
pore dimensions, so the final pore structures can be tailored to different diffusion
and reaction conditions [257].

Introduction of mesoporosity in a macroporous structure has been reported by a
surfactant emulsion-mediated synthesis. Sen et al. [257, 264] have used this ap-
proach to achieve the room temperature synthesis of a meso/macroporous silica
material. The formation of macrocellular foams is explained based on a natural
phenomenon of oil-in-water emulsion known as ‘‘creaming’’ which is the migration
of the dispersed phase of an emulsion, under the influence of buoyancy. This synthe-
sis was carried out using cetyltrimethylammonium bromide (CTAB) as surfactant
and trimethylbenzene (TMB) as oil. Cooper and co-workers reported the synthe-
sis of porous emulsion-templated polymer/silica composite beads by sedimentation
polymerization of a high internal phase emulsion (HIPE) [381]. High surface area
silica beads with an average diameter of 1.3 mm, high pore volume of 5.7 cm3/g and
interconnected macropore structure were obtained by calcination of the composite
structures. The HIPE structure was retained in the silica beads and the material
had high surface area (422 m2/g). Indeed, this semicontinuous synthetic procedure
could be scaled up to allow the synthesis of significant quantities of beaded materials
with a narrow particle size distribution.

Carn and co-workers [383] prepared hierarchical inorganic porous monoliths with a
double template, i.e. direct emulsion at the macroscale and micellar solution at the
mesoscale. The monolithic materials had typical polymerized high internal phase
emulsion (polyHIPE)-type interconnected macroporous network with polydisperse
cell and window sizes within the micrometre range. These materials show intercon-
nected macroporosity with disordered structures. The mesopores size varies from
1.2 to 4.0 nm.

5.4.2. Goal of this study

In the previous section, the preparation of ordered mesoporous materials from a
novel nonionic gemini surfactant, myristoyl-end capped Jeffamine, synthesized from
a polyoxyalkyleneamine (ED900) is reported [340]. In this section, the effect of
decane solubilization in this new system in relation with the design of hierarchical
porous silica through the emulsion templating pathway is investigated. The phase
behavior of the surfactant system used is studied, as well as the influence of the
process variables, like temperature, duration of the hydrothermal treatment or ratio
between surfactant and silica source, on the properties of the porous materials.
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5.4.3. Materials and methods

The diamine H2N-(OC3H7)3(OC2H4)12.5(OC3H7)3-NH2(trade name Jeffamine ED900
(XTJ-501)) was supplied by Huntsman Corporation. It is based on a polyether
(PO)x-(EO)y-(PO)z backbone containing primary amino groups attached at both
ends and it is presented as a transparent viscous liquid at ambient temperature.
Myristic acid, decane and tetramethoxysilane (TMOS), used as silica source, were
purchased from Sigma-Aldrich. Deionized water was obtained using a Milli-Q wa-
ter purification system. Jeffamine ED900 was modified according to the procedure
previously reported in the previous section [340].

5.4.3.1. ED900Myr/decane/water phase diagram determination

The phase diagram has been established by preparing samples over the whole range
of surfactant/water compositions. The required amounts of surfactant, decane and
water were introduced into well-closed glass vials to avoid evaporation. The mixture
was homogenized using a vortex stirrer and samples were placed in a thermostatic
bath at 20 ◦C until the equilibrium was reached. The different phases were identified
by visual inspection with a polarizing light microscope (Olympus BX 50). The
boundary lines of the liquid crystal domains were evidenced by Small Angle X–ray
Scattering (SAXS) experiments, as detailed in sec. 2.1.1.

5.4.3.2. Porous material preparation

The materials were prepared from a 5 wt % micellar solution at neutral pH. Decane,
which was incorporated under stirring, varied from 1 to 85 wt %. The other steps
are the same than those used for the preparation of the materials in the absence of
decane [340].

5.4.3.3. Characterization of porous materials

Small-angle X-ray scattering (SAXS) SAXS measurements were carried out us-
ing SAXSess mc2 (Anton Paar) apparatus. It is attached to a ID 3003 laboratory
X-ray generator (General Electric), equipped with a sealed X-ray tube (PANalyti-
cal, λCu (Kα) = 0.1542 nm) operating at 40 kV and 50 mA, as explained in sec. 2.3.4.
A multilayer mirror and a block collimator provide a monochromatic primary beam.
A translucent beam stop allows the measurement of an attenuated primary beam at
q= 0. Porous materials are introduced into a powder cell whereas liquid crystals are
placed in a paste cell. Samples are placed inside an evacuated chamber. Acquisition
times are typically in the range of 1–5 min. Scattering of X-ray beam is recorded
by a CCD detector (Princeton Instruments, 2084 x 2084 pixels array with 24 x 24 m2

pixel size) in the q range 0.09–5 nm-1. The detector is placed at 309 mm from the
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sample holder. Scattering data, obtained with a slit collimation, contain instru-
mental smearing. Therefore, the beam profile has been determined and used for
the desmearing of the scattering data. All data were corrected for the background
scattering from the empty cells.

Transmission and scanning electron microscopy (TEM and SEM) Samples for
transmission electron microscopy (TEM) analysis were prepared by dispersing some
material in ethanol. Afterwards a drop of this dispersion was placed on a holey
carbon coated copper grid. A Philips CM20 microscope, operated at an accelerating
voltage of 200 kV, was used to record the images. SEM was carried out with a HI-
TACHI S-2500 at 15 keV. More information about this analysis is found in sec. 2.3.7.

Nitrogen adsorption and desorption The nitrogen adsorption and desorption
isotherms were determined on a Micromeritics TRISTAR 3000 sorptometer at 196
◦C, as explained in sec. 2.3.5. The pore diameter and the pore size distribution

were determined by the BJH (Barrett, Joyner, Halenda) [40] method applied to the
adsorption branch of the isotherm.

5.4.4. Results and discussion

5.4.4.1. The myristoyl-end capped Jeffamine (ED900Myr)/decane/water
ternary system

Fig. 5.29 shows the phase diagram of the ED900Myr/decane/water system at 20 ◦C.
At this temperature, below 13 wt % of ED900Myr less than 1 wt % of decane can be
incorporated in the micelles. If the decane loading is increased the solution becomes
turbid, and a Winsor I system is obtained. The lower phase is composed of the
swollen micelles, whereas the oil excess constitutes the upper phase. Increasing the
surfactant concentration between 13 and 45 wt %, the micelles can accommodate up
to 8 wt % of decane. Between 35 and 42 wt % of ED900Myr in water, a micellar
cubic phase is formed between 3 and 15 wt % of oil. The existence range of the cubic
structure is limited.
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Figure 5.29.: ED900Myr/C10H22/water ternary system: composition phase diagram (wt %) at 20 °C.
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When the weight percent of surfactant is increased from 47 to 72 wt %, an optically
anisotropic phase is detected. The fan-shape texture observed by optical microscopy
with polarized light is characteristic of the defects of the direct hexagonal H1 phase.
The hexagonal symmetry is confirmed by SAXS measurements. The surfactant
range composition belonging to H1 is progressively reduced as the decane loading
is increased. Indeed, as it can be seen in Fig. 5.29, the C10H22 incorporation in the
hexagonal phase is strongly dependent on the ED900Myr/water ratio (noted R): the
amount of decane accommodated in H1 varies from 3 to 20 wt % when R is changed
from 1 to 2.31. If the surfactant concentration is further increased (> 75 wt %) the
gel phase (Lβ) appears.

On the other hand, in the oil-rich corner of the phase diagram, oil-in-water emulsions
and highly concentrated emulsions (decane content higher than 74 wt %) are formed.
It should be noted that the stability of these emulsions is enough to prepare the
porous silica materials.

Based on geometrical considerations [367], the structural parameters of the hexago-
nal liquid crystal phases have been determined. Indeed, the hexagonal structure is
characterized by three Bragg reflections whose positions are in the ratio 1 :

√
3 : 2

and the value of d100, given by the first reflection is related to the radius of the
hydrophobic core (RH) (alkyl chains + PO units) by eq. 5.5:

VB + βVO
VS + αVW + βVO

=
π
√

3R2
H

2d2
100

(5.5)

where α and β are the numbers of water and oil molecules, respectively, per sur-
factant molecule. VB is the molar volume of the hydrophobic part of surfactant,
which is calculated from the molar volumes of the two myristoyl chains and of
the six PO units (VB = 935 cm3/mol). VS, VW and VO correspond to the molar
volumes of the surfactant (VS = 1392 cm3/mol), water (VW = 18 cm3/mol) and oil
(VO = 194 cm3/mol). The cross sectional area (S) per surfactant molecule can then
be deduced from eq. 5.6:

S =
2 (VB + βVO)

NARH

(5.6)

where NA is the Avogadro constant.

Fig. 5.30 depicts the variation of the structural parameters, together with the value of
the d100 reflection, with β, for different ED900Myr/water ratios (R). For a given R,
as shown in Fig. 5.30-a, an increase in the d-spacing and, thus, in the cell parameter
is noted with increasing the oil content. Incorporation of decane also leads to an
increase in RH (Fig. 5.30-b), but in the mean time the value of the cross sectional
area decreases (Fig. 5.30-c). For example for R= 2.31, RH varies from 2.0 to 3.5 nm
meanwhile S drops from 1.53 to 1.33 nm2 when β is changed from 0 to 2.39.

According to previous work [276, 338, 384], when oil is added, it either penetrates
into the amphiphilic film (penetration effect) or forms a core (swelling effect). Both
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Figure 5.30.: ED900Myr/C10H22/water system: Hexagonal liquid crystal. (a): value of the d100 reflection (d), (b):
hydrophobic radius (RH) and (c): cross-sectional area, as a function of β (number of oil molecules per surfactant

molecule) for various ED900Myr/water ratios. [#: R = 1; c: R = 1.47; @: R = 1.85 and �: R = 2.31]. Lines
in (a) are only a guide to the eye.

effects can also simultaneously occur. In a paper dealing with the effect of oil
on the structure of liquid crystals in polyoxyethylene dodecylether–water systems,
Kunieda et al. [385,386] reported that saturated hydrocarbons such as decane favor
a swelling of the hexagonal structure core cylinders, whereas aromatic hydrocarbons
such as m-xylene tend to penetrate the surfactant palisade layer. In addition, the
solubilization of aromatics and aliphatic solubilizates in block copolymer micelles has
been investigated in detail by Nagaraján et al. [387–389]. The authors have shown
that both kinds of compounds are incorporated in the hydrophobic micellar core and
that large solublization capacities and high selectivity for aromatics over aliphatics
are obtained in block copolymer micelles compared with conventional low-molecular-
weight surfactant micelles. The molecular structure of ED900Myr is similar to the
one of the block copolymers, so taking into account all of these considerations and
the increase of RH with β for a given ED900Myr/water ratio, we can assume that in
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the H1 phase of the E900Myr/decane/water system, decane is entrapped in the core
of the rods, so swelling would be the predominant effect, whereas the penetration of
decane molecules between the hydrophobic chains is limited.

Actually, Fig. 5.30-c indicates that upon the addition of decane the cross sectional
area decreases as a function of β. A similar behavior has been noted by Lindman
et al. [390] for the solubilization of p-xylene in the direct liquid crystal phases in
poloxamer block copolymer based systems. In spite this variation, the authors con-
clude that xylene is located in the core of the oil-in-water microdomains and that
no xylene is expected to partition at the polar/apolar interface. In our study the
decrease of S indicates that the formation of an oil core occurs while the order
of the polypropylene chains, which are folded in the ED900Myr/water binary sys-
tem [340], is increased. As a consequence, in the hexagonal phase the amphiphilic
molecules stretch and stiffen as decane is solubilized, involving a further increase of
the hydrophobic radius.

5.4.4.2. Silica porous materials

Once the phase diagram was investigated and the liquid crystal structural parameters
were evaluated, this new surfactant-based system was used for the preparation of
silica porous materials. First the hydrothermal treatment was performed at 50 ◦C
during 44 h. Under these conditions the materials synthesized without oil exhibit a
hexagonal pore ordering, as described in the previous section [340]. Upon addition
of decane the hexagonal structure is kept as far the concentration of oil remains
lower than 10 wt % (Fig. 5.31-a(b-c)). The position of the first peak varies from 5.1
to 5.4 nm when the oil loading is increased from 0 to 5 wt %. When the decane
amount reaches 10 wt %, the first peak is strongly shifted toward lower q values,
the d-spacing is changed from 5.4 to 6.5 nm (Fig. 5.31-a(d)). However, the peaks
become broader, their intensity decreases and the 110 and 200 reflections are not
well resolved. Hence, the disorganization of the channel array has begun.

According to the IUPAC classification [41] a type IV isotherm with a H1 hysteresis
loop is obtained for the samples prepared with a concentration of decane lower than
10 wt % (Fig. 5.32-a). A hysteresis loop similar to H2 type, in which the desorption
branch is steep but adsorption branch is more or less sloping, corresponds to samples
prepared with 10 wt % of decane. This change of hysteresis loop is in agreement with
the disorganization of the materials evidenced by SAXS. In fact, the H2 type hys-
teresis loop is often encountered for disordered materials with a wormhole structure.
The maximum of the pore size distribution is shifted from 3.9 to 4.4 nm when the
amount of oil is varied from 0 to 10 wt % (Fig. 5.32-b), indicating that in this range
of concentration decane acts as an expander. The maximum of the pore size distri-
bution of the material prepared with a decane loading equal to 10 wt % shows a low
dV/dD value (Fig. 5.32-b), reflecting the disorganization of the mesopore network.

The results reported above indicate that decane can be used as oil to slightly swell the
ordered mesopore of the materials prepared from the new ED900Myr based system.
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Figure 5.31.: Porous materials SAXS patterns, (a) Varying decane concentration at 50 °C and 44 hours, a: 0, b:
1, c: 5 and d: 10 wt % of decane.(b) Varying decane concentration at 80 °C and 24 hours, a: 0, b: 3, c: 5, d: 10,
e: 20, f: 30, g: 50, h: 70 and i: 85 wt % of decane.

However, in the first part of this chapter, we have evidenced that for 5 wt % of
the myristoyl-end capped Jeffamine only a very small quantity (< 1 wt %) of decane
can be incorporated into the micelles (L1) of ED900Myr in water, thus we cannot
consider a swelling effect of the micelle core to explain the pore size expansion upon
the addition of decane. Nevertheless, when TMOS is added to the surfactant, water
and oil mixture, a hexagonal hybrid mesophase, whose features are analogous to the
H1 liquid crystal is formed through the CTM mechanism and it should be reminded
that decane can swell the rod of the hexagonal liquid crystal phase. So concerning
the swelling mechanism of mesoporous materials we propose that decane can be
incorporated in this surfactant-silica hybrid hexagonal mesophase involving by this
way the slight pore size expansion.

A small uptake in the mesopore size was also observed for SBA-15 when alkanes
were used as expanders. It is reported for SBA-15, prepared from P123 surfactant,
that the pore size increases when the chain length of the alkane decreases, in a
series from decane to pentane [295, 391]. One way to modify the value of the pore
diameter consists in changing the conditions of the hydrothermal treatment [246,
315, 350, 392, 393]. The latter has been performed during 24 h at 80 ◦C and in that
case the decane loading was increased up to 85 wt % to study the characteristics of
the materials in the whole range of decane concentrations, from diluted to highly
concentrated emulsions.

The SAXS pattern of the material prepared in the absence of oil exhibits a broad
reflexion at 5.1 nm (Fig. 5.31-b(a)), indicating the arrangement of the channels into
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Figure 5.32.: Nitrogen adsorption-desorption isotherms (a) and pore size distribution (b) of materials prepared

with p: 0, 3: 1, a :5 and #: 10 wt % of decane. The hydrothermal treatment has been performed at 50 °C
during 44 hours

a wormhole-like structure. Until 3 wt % of oil no change is observed (Fig. 5.31-b(b)),
but between 3 and 5 wt %, there is a large step in the d-spacing, which increases
from 5.4 to 6.3 nm (Fig. 5.31-b(c)) and becomes less sharp. From 5 to 10 wt %,
the peak moves from 6.3 to 7.4 nm and a second reflection peak, less resolved, is
observed (Fig. 5.31-b(d)). Beyond this concentration the position of the broad peak
remains almost constant at 7.6 nm (Fig. 5.31-b(e–i)). The detection of the Bragg
reflections indicates that the mesopores are still present and that a transition from a
wormhole-like to a more ordered structure occurs even if the hexagonal arrangement
is not reached. A type IV isotherm with a H1 hystheresis loop is obtained for the
samples prepared with a decane concentration lower than 5 wt % (Fig. 5.33).

The mesopore diameter is more or less constant around 7.0 nm (Fig. 5.34-a), which is
similar to the value obtained for the materials prepared without oil. So, in this range
of concentration, no swelling effect of decane occurs. Upon the further addition of
decane a change of the shape of the isotherms is observed (Fig. 5.33). At high relative
pressures (beyond P/P 0 = 0.9), the adsorbed volume of nitrogen increases signifi-
cantly instead of remaining constant due to saturation and the isotherm becomes a
combination between type IV and type II.

Contrarily to what one can expect regarding the evolution of the d-spacing, the value
of the relative pressure at which the capillary condensation occurs decreases with
the decane concentration. Since the P/P 0 position of the inflection point is related
to the pore diameter according to Kelvin’s equation, this observation suggests that
the pore diameter decreases when oil is added. This unexpected behavior is further
confirmed by the evolution of the mean pore diameter (Fig. 5.34-a), which falls to
5.9 nm when the decane concentration reaches 5 wt %; after that it slowly decreases
from 5.9 to 4.4 nm when the amount of decane varies from 5 to 85 wt %. We can
also observe from Fig. 5.33 that the mesopore size distribution becomes narrower.
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Figure 5.33.: Evolution of the nitrogen adsorption-desorption isotherm and the corresponding BJH pore size
distribution curve (insert) with the concentration of decane a: 0, b: 3, c: 5, d: 10, e: 40 and f: 80 wt % of decane.
The hydrothermal treatment has been performed at 80 °C during 24 hours.

This means that upon the addition of decane, an enhancement in the homogeneity
of the mesopores occurs.

Whatever the loading, the specific surface area is rather high. However, its value
slowly decreases with the incorporation of oil (Fig. 5.34-b). In these conditions
decane does not act as a swelling agent. Since such a behavior is not observed when
the hydrothermal treatment is performed at lower temperature, one can assume that
the combination of both the addition of decane and the increase of temperature
involves a reorganization of the ED900Myr molecules in the micellar phase, which
leads to the formation of surfactant aggregates with a smaller hydrophobic core,
probably due to a change of the conformation of myristoyl chains and/or of the
PO units. As a matter of fact, the behavior of nonionic surfactant can be strongly
modified by the presence of additives or by the temperature. The hydrolyzed TMOS
interacts with these aggregates giving rise to the mesopore network.
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Figure 5.34.: Porous materials: Evolution of (a) the d-spacing (d, p), pore diameter (dp, #), the wall thickness
(wt,  ) and of (b) the specific surface area with the decane concentration (wt %). The hydrothermal treatment
has been performed at 80 °C during 24 hours. Lines are only a guide to the eye.

The modification of micelles in the presence of decane has been reported by Bao et
al. to explain the synthesis of submicrometer-sized SBA-15 materials with highly
ordered short-pore channels in the presence of large amounts of decane [394]. Decane
can confine the formation of silica-doped micelles, resulting in a decrease of particle
size and a change of the channel orientation. The authors have also reported that the
addition of fluoride is needed to get a mesopore ordering. In the absence of NH4F,
disordered mesoporous silica are obtained even with large amounts of decane. Here,
no fluoride has been added that can explain why no hexagonal mesopore ordering
is obtained even if an improvement of the organization is detected. In addition,
the value of the d-spacing, corresponding to the sum of the pore diameter and the
thickness of the pore wall, remains almost constant between 5 and 85 wt % of decane
(Fig. 5.34-a).

It can thus be inferred that the wall thickness increases upon the addition of decane.
Fig. 5.35 shows several representative SEM and TEM images of the synthesized
porous silica. While at low decane concentration the morphology of the particles can
be described as agglomerates of cylinders (Fig. 5.35(a,b)), it appears that at high oil
content (60-80 wt %) the ED900Myr/decane/water system provides a macroporous
network (Fig. 5.35(c–e)). The presence of the macropores is also detected on the
TEM images (Fig. 5.35(f–i)). The macropores are not well-ordered and the pore size
is typically in the range of few hundred nanometers.

Actually, when more and more decane is added oil-in-water emulsions are formed
and the oil droplets template the formation of the macropore network. In such
a mechanism, the silica source interacts with the surfactant surrounding the oil
droplets creating casts of the morphological macropores. Performing the hydrother-
mal treatment at 100 ◦C during 24 h and comparing the properties of the materials
with the ones of the sample synthesized without oil, we observe that the presence of
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Figure 5.35.: SEM micrograph of samples prepared with the concentration of decane a: 0; b: 7; c: 60; d and e:
80 wt % of decane, and TEM images of the materials prepared with 80 wt % of decane (f-i). The hydrothermal
treatment has been performed at 80 °C during 24 hours.

decane also involves a decrease of the mesopore diameter and a narrowing of the pore
size distribution. In that case when 5 wt % of decane are added the pore diameter
decreases from 14.4 to 7.7 nm.

5.4.5. Conclusions

The effect of the solubilization of decane into a novel nonionic gemini surfactant,
myristoyl-end capped Jeffamine, synthesized from a polyoxyalkyleneamine (ED900),
is investigated. First, the domains of the various phases are delimited and the
structural parameters of the hexagonal liquid crystal phase are determined. Below
13 wt % of ED900Myr in water, only a low quantity of oil can be incorporated in
micelles (less than 1 wt %). Then the solubilization of decane in the micelles is
increased and up to 8 wt % of the alkane can be incorporated into the micellar
phase. Results also evidenced that in H1 the cross sectional area decreases with the
addition of decane. At the same time, the value of the hydrophobic radius (RH), is
raised.

In addition, we have shown that at high content of oil, concentrated oil-in-water
emulsions can be formulated. Mesoporous materials and meso-macroporous materi-
als were then prepared from the ED900Myr/decane/water system. If the hydrother-
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mal treatment is performed at 50 ◦C during 44 h, decane acts as an expander. How-
ever the uptake of the pore diameter is rather low. Increasing the hydrothermal
temperature to 80 ◦C during 24 h, no swelling effect of decane is observed anymore.
Contrarily to what one could expect upon the addition of decane, the mean pore
diameter decreases. In the same time the wall thickness is increased and a narrower
pore size distribution is observed, meaning that more homogeneous mesopores are
obtained. Under these conditions, the SAXS analysis reveals that a transition from
an ordered structure to a wormhole-like structure occurs. The SEM and TEM exper-
iments show that at high decane concentration the obtained oil-in-water emulsions
can template the formation of hierarchical porous materials.

5.5. Formation of silica mesoporous spheres from
highly concentrated w/o emulsions

5.5.1. Introduction

In the previous sections we have talked about the synthesis of porous materials from
micellar solutions and emulsions, including highly concentrated emulsions, which
had the aqueous phase as the continuous phase. Thus, in the first place, direct
micelles were formed, in which the hydrophobic tails of the surfactant hide inside the
cores of the micelles, and in the case of emulsions, they consisted of o/w emulsions:
the oil formed the droplets dispersed in the aqueous continuous phase, and the
surfactant used to stabilize these emulsions was a water-soluble surfactant, with a
high HLB number. However, the emulsions that we studied in chapters 3 and 4
were highly concentrated w/o emulsions, in which the dispersed phase was water and
the continuous phase consisted of an oil and a surfactant with a low HLB number.
These emulsions are much more economical to prepare at large scale, because the
volume fraction of water is higher than 0.74.

For this reason, the possibility of preparing silica materials from these highly concen-
trated inverse emulsions was investigated, in order to expand the possible potential
applications of these emulsions, taking advantage of the experience in the sol-gel
process. At a first glance, it may seem quite clear that, from a highly concentrated
emulsion, various types of materials can be obtained, as depicted in Fig. 5.36: if
the dispersed phase is removed, like in the previous section, the emulsion droplets
are removed and a macroporous materials is formed, but if the continuous phase is
removed, then the solidified droplets are converted into spheres or capsules. There
is also the possibility of forming a composite material, if the two phases are left in
the final material but consist of two different compounds.

Which it the best option when considering, on the one hand, highly concentrated
w/o emulsions, and on the other hand, silica materials? Macroporous polymers or
polyHIPE prepared from highly concentrated w/o emulsions have been obtained in
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Figure 5.36.: Schematic representation of the type of materials that can be formed from highly concentrated
emulsions. Adapted from Zhang et al. [211].

several studies, mostly using styrene as the monomer to polymerize [270,378,395]. In
this case, as in the preparation of the meso/macroporous silica materials from highly
concentrated o/w emulsions, the continuous phase was polymerized and remained,
while the dispersed phase was removed, leading to the macropores. However, in the
preparation of silica materials from w/o emulsions, the phase that is removed needs
to be the continuous phase, since the hydrolysis of the silica precursor requires water,
and thus, takes place in the interfacial water-oil region and may continue inside the
aqueous droplets, leading to silica spheres or capsules.

The silica precursor needs to be solubilized in the organic continuous phase, and then
it needs to diffuse to the interfacial region, where it starts to hydrolyze. Sodium
silicate is not recommended, because it is too soluble in water. TEOS, on the other
hand, is completely miscible in organic solvents and not water-soluble, so it can
be incorporated in the continuous phase of the emulsion, from which it will slowly
diffuse to the water-oil interface, to form silica capsules or mesoporous spheres, if a
water-soluble surfactant is present in the aqueous droplets, as depicted in Fig. 5.37.
This is the general accepted mechanism for the formation of this type of capsules or
spheres.

Li et al. [396] prepared hollow silica microspheres in w/o emulsions using kerosene
and Span80 as the continuous phase, and pre-hydrolyzing the TEOS in ethanol and
nitric acid before adding it to the emulsion. Fornasieri et al. [397] prepared meso-
porous silica capsules by adding a hydrophilic surfactant, CTAB, to the dispersed
phase, which was used as template for the mesopores; and using a viscous silicone
oil as the continuous phase, to avoid the flocculation and coalescence of the droplets
by impeding their motion. A silicone-soluble surfactant was used to stabilize the
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Figure 5.37.: Schematic representation of the formation of silica capsules or mesoporous spheres in inverse emul-
sions. 1) TEOS is added to the continuous oil phase, 2) TEOS diffuses to the aqueous droplets without surfactant,
or 3) with surfactant inside. From the aqueous droplets without surfactant, 4) silica capsules are formed. If sur-
factant micelles are present, 5) mesoporous spheres are formed.

w/o emulsion. A similar procedure was followed by Schiller et al. [398], who used a
glycol-modified silane as silica precursor, since it was more soluble in water contrarily
to TEOS, and could penetrate more in the aqueous droplets. Chen et al. [399] pre-
pared hollow porous silica microspheres with the same technique, but using Tween20
instead of CTAB as surfactant used as template for the mesopores, and octanol as
the oil phase, with Span80 and hydroxypropyl cellulose (HPC) as stabilizers. Cao
et al. [400] also prepared mesoporous silica microcapsules using w/o miniemulsions,
using CTAB in the aqueous phase and either block copolymers or Span80 in the
oil phase (cyclohexane or hexadecane). Horikoshi et al. [401] prepared hollow sil-
ica nanospheres in surfactant-free w/o emulsions using different oils as continuous
phase. Jin et al. [402] prepared silica nanoparticles from w/o microemulsions, and
they investigated the possibility of tuning the particle size by changing the organic
solvent. All these studies prepare silica capsules or spheres, either solid or meso-
porous, from w/o emulsions. However, the emulsions used are, generally, diluted.
As far as we know, there is no reported synthesis using highly concentrated w/o
emulsions to prepare these type of particles.

5.5.2. Goal of this study

The goal of this study is to find the best emulsion formulation for the preparation
of silica materials from highly concentrated w/o emulsions. To prepare the silica
materials from these emulsions following the sol-gel method, the pH of the medium
needs to be acidic or basic, in order to increase the hydrolysis and condensation
of TEOS. In addition, the type of organic solvent used determines the size of the
silica particles. For this reason, two specific objectives are proposed to accomplish
the goal of this study: to determine the influence of organic phase and pH of the
dispersed phase on the emulsion properties, and to prepare silica materials from the
emulsions.
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5.5.3. Experimental section

5.5.3.1. Materials

Span80 from Aldrich and HLB = 4.3 is used in all the emulsion preparations as
emulsion stabilizer. Four different oil phases are used: decane, dodecane, hexadecane
and cyclohexane (Aldrich). The aqueous phase is Milli-Q water. As pH modifiers
we used HCl 0.1 M and NH4OH 28 %. Tetraorthosilicate (TEOS) (Aldrich) is used
as the silica source for the silica materials.

5.5.3.2. Preparation of emulsions

All the w/o emulsions are φ= 90 wt % water, and have a surfactant-to-oil ratio
S/O= 0.267. The emulsions are formed following the continuous addition method
at 25 ◦C. First, the continuous phase, formed by the organic solvent and surfactant,
is added to the vessel and homogenized. Then, the dispersed phase, at the desired
pH, is added with an addition flow rate of Q= 14 mL/min while the system is be-
ing agitated at a stirring rate of N = 600 rpm. Next, the emulsion is homogenized
during 5 more minutes at the same stirring rate. The final volume of the emulsion
is VT = 70 mL.

Table 5.5.: Molar volume and dielectric constant of organic solvents used.

Organic Molar volume Molar mass Dielectric Density

phase (mL/mol) (g/mol) consant (g/mL)

Cyclohexane 108 84.16 2.02 0.778

Hexadecane 293 226.44 2.05 0.770

Dodecane 227 142.28 2.00 0.730

Decane 195 179.33 1.99 0.749

Four different alkanes with different chain length and molar volumes are used as or-
ganic phase. Tab. 5.5 shows some physical properties of the organic solvents used: cy-
clohexane, hexadecane, dodecane and decane. To determine the influence of organic
solvent and pH on the emulsion properties, experiments varying both conditions
were carried out (Tab. 5.6). Two replicates were performed at each experimental
conditions.

Highly concentrated emulsions with CTAB on the aqueous phase were also prepared,
but even if the concentration of CTAB was low (at the cmc), the emulsions could
not be formed. Highly concentrated emulsions are characterized by being highly
viscous and by not flowing when turned upside down. However, when using CTAB,
the emulsions were quickly destabilized and turned into a liquid fluid due to phase
inversion of the system. For this reason, in this study, only the influence of organic
solvent and pH will be studied in the formation of highly concentrated w/o emulsions,
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Table 5.6.: Experiments performed to prepare emulsions with different oil phases and pH.

#Exp #Exp Oil pH pH modifier

N10 N26 Cyclohexane 6.7 -

N11 N29 Hexadecane 6.7 -

N12 N27 Dodecane 6.7 -

N13 N28 Decane 6.7 -

N14 N24 Cyclohexane 10.7 NH4OH

N15 N23 Hexadecane 10.7 NH4OH

N16 N22 Dodecane 10.7 NH4OH

N17 N30 Decane 10.7 NH4OH

N18 N32 Cyclohexane 1.4 HCl

N19 N33 Hexadecane 1.4 HCl

N20 N31 Dodecane 1.4 HCl

N21 N25 Decane 1.4 HCl

and the aqueous phase will consist of Milli-Q water at a certain pH, modified either
with HCl or with NH4OH 28 %

5.5.3.3. Preparation of porous materials

When the emulsions are prepared, and after having analyzed the droplet diameter,
the temperature is increased to 40 ◦C. Then, TEOS is added drop by drop while
the emulsion is stirred. The system is left under agitation, covered, and at 40
◦C overnight. The material is dried at 110 ◦C for one hour and then calcined for

5 hours at 550 ◦C. The white powder obtained is analyzed through SEM, TEM
and nitrogen adsorption-desorption. Tab. 5.7 shows the experiments performed to
prepare the silica materials.

Table 5.7.: Experiments performed to prepare materials from reverse emulsions.*The ratios are molar ratios.

#Exp Oil pH S/O* S/TEOS*

N1 Dodecane 2 0.09 0.2

N2/N5 Dodecane 11 0.09 0.2

N3 Dodecane 11 0.06 0.2

N4 Dodecane 11 0.12 0.2

N6 Cyclohexane 11 0.06 0.2

N7 Cyclohexane 11 0.07 0.2

N8 Cyclohexane 2 0.06 0.2

N9 Cyclohexane 2 0.07 0.2
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5.5.3.4. Characterization of the emulsions and porous materials

The droplet size and polydispersity of the emulsions is determined through opti-
cal microscopy, as explained in sec. 2.2.3. The stability of emulsions is determined
with a Turbiscan insrument, as detailed in sec. 2.2.2. The backscattering (BS) is
determined every 2 minutes during the first 30 minutes and after 24 hours

The porous materials are characterized by TEM, as explained in sec. 2.3.7. Samples
are prepared by diluting a small spatule of the material with hexane and homog-
enizing the solution under ultrasounds. Then, a drop of the solution is placed on
a carbon-coated copper grid. The materials are also charecterized by SEM, as de-
tailed in sec. 2.3.7. The samples are prepared by sticking some of the material in
graphite. Nitrogen adsorption-desorption of the samples is conducted to determine
the pore size and surface area with a TriStar 300 Analyzer, in the range from 0 to 1
of relative pressures. Samples were degassed for a minimum of 12 hours at 360 ◦C.
The analysis is explained in detail in sec. 2.3.5.

5.5.4. Results and discussion

5.5.4.1. Influence of organic solvent and pH on the droplet size and
rheological features of highly concentrated emulsions

Highly concentrated emulsions were prepared using four different oils, of different
chain length: decane, dodecane, hexadecane and cyclohexane, and at three pH: 1.4
(acid), 6.7 (neutral) and 10.7 (basic). The droplet size, as Sauter mean diameter
(d32) and number mean diameter (d10), along with the standard deviation (s) and
coefficient of variation (cv) of the emulsions are shown in Tab. 5.8. Droplet size
is in the micron-range, from 2 to 10 μm. Droplets are smaller, in general, at an
acid pH. Fig. 5.38 includes two images taken with the optical microscope of the
emulsions prepared with dodecane at basic pH (Fig. 5.38-a), with bigger droplet size
and higher polydispersity, and with hexadecane at neutral pH (Fig. 5.38-b), with a
smaller droplet size and polydispersity.

Two representative droplet size distributions are depicted in Fig. 5.39, both prepared
at pH = 1.4, Fig. 5.39-a with cyclohexane and Fig. 5.39-b with hexadecane as oil
phase. The droplet size distributions appear to be monomodal and with a low
polydispersity, especially the one with cyclohexane.

In general, according to Fig. 5.40, for every organic solvent, droplet size (measured as
the Sauter mean diameter) and polydispersity (measured as the standard deviation)
increase with the pH. The emulsions with the smallest droplet size are prepared
at acid pH. We can also observe that at this pH, the emulsions with the smallest
diameter are prepared with cyclohexane, whereas at basic pH, the smallest diameters
are achieved with decane and dodecane. Polydispersity is much lower at acid pH
than at basic pH. And again, cyclohexane, which forms emulsions with a small
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Table 5.8.: Droplet size and polydispersity of the emulsions prepared. The values are the average of the two
replicates.

#Exp #Exp Oil pH d32 (μm) d10 (μm) s (μm) cv

N10 N26 Cyclohexane 6.7 4.13 3.15 1.23 0.39

N11 N29 Hexadecane 6.7 3.65 2.74 1.34 0.49

N12 N27 Dodecane 6.7 4.75 3.22 1.34 0.41

N13 N28 Decane 6.7 10.21 4.82 3.33 0.69

N14 N24 Cyclohexane 10.7 9.53 4.08 3.22 0.78

N15 N23 Hexadecane 10.7 7.32 3.06 2.39 0.79

N16 N22 Dodecane 10.7 5.65 2.97 1.82 0.65

N17 N30 Decane 10.7 10.15 3.04 2.03 0.70

N18 N32 Cyclohexane 1.4 2.57 1.99 0.78 0.39

N19 N33 Hexadecane 1.4 4.23 1.86 1.18 0.65

N20 N31 Dodecane 1.4 3.60 2.54 1.11 0.44

N21 N25 Decane 1.4 5.51 2.04 1.56 0.73

(a) (b)

Figure 5.38.: Micrographs of emulsion droplets. (a) Dodecane as oil phase, pH 10.7, (b) Hexadecane as oil phase,
pH 6.7.

diameter and high monodispersity at acid pH, does not seem to work so well at
basic pH. The pH effect on emulsion droplet size and stability is usually attributed
to ionization of the surfactants polar groups, which induce sufficient electrostatic
repulsive interactions to break down the interfacial film cohesion. The droplet size
variation with the oil phase (different alkyl chain) can be due to the change in the
molecular area [403], which also varies with the pH.

Jin et al. [402] affirm that the organic solvents with a smaller molar volume, which
is proportional to the chain length, such as cyclohexane, form smaller water droplets
in w/o microemulsions. This is because the smaller solvent molecules can orientate
themselves more easily along the surfactant tail or penetrate much deeper toward
the surfactant head on a water droplet, thus increasing the surfactant curvature and
rigidity, increasing the area occupied per surfactant molecule (area per molecule,
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Figure 5.39.: Droplet size distribution. (a) Cyclohexane as oil phase, pH 1.4, (b) Hexadecane as oil phase, pH 1.4
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Figure 5.40.: (a) Sauter mean diameter (d32, μm) and (b) standard deviation (s, μm) of emulsions as a function
of pH and oil phase. Notation: C10-decane, C12-dodecane, C16-hexadecane, CH-cyclohexane.

a0) (Fig. 5.41) and reducing the size of the droplets, because the diameter of the
droplet is inversely proportional to the area occupied per surfactant molecule [402].
On the other hand, a larger organic molecule, such as hexadecane, cannot penetrate
so easily into the surfactant layer, resulting in a smaller area per molecule, thus in
larger droplets. If this phenomenon is valid also for highly concentrated as it is for
microemulsions, cyclohexane should form the smaller droplets. In our case, we see
that this is valid at acid pH and neutral pH. However, in basic pH cyclohexane did
not form stable emulsions, and the resulting droplet size is much larger, probably
due to droplet coalescence. There is a need to further investigate the role of the
molecular dimensions and structure of the organic solvent on the intermolecular
forces between the organic phase and surfacant in systems of this kind.

Regarding stability, macroscopically detected visually, and microscopically measured
as the change in backscattering, we could observe that the emulsions prepared at
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Figure 5.41.: Model for organic solvent effect on droplet size in w/o emulsions. Adapted from Jin et al. [402]

basic pH were destabilized during the first 24 hours, as depicted in Fig. 5.42-a for
hexadecane. Some of them were even rapidly destabilized and separated into two
phases just after being prepared. The stabiliziation mechanisms consisted basically
on droplet coalescence and sedimentation. Fig. 5.42-b shows the relative BS profiles
with time, for the emulsions prepared with hexadecane. The BS of the emulsions
prepared at acidic pH is practically constant, involving a constant droplet size with
time; the relative BS of the emulsions prepared at neutral pH decreases, meaning
that the droplet size increases through coalescence. When the pH is basic, the BS
profile appears to be increasing, but this is due to the fact that the average value
of all the emulsion height is taken, and as seen in Fig. 5.42-a, as breaking of the
emulsion takes place, the BS takes different values in all the emulsion height. In
general, for all the oils used, the most stable emulsions are the ones at acidic pH.
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Figure 5.42.: (a) Backscattering profile with time and emulsion height. Emulsion: hexadecane at basic pH (N23),
(b) Relative BS variation with time for emulsions with hexadecane as oil phase at the three pH.

Tab. 5.9-a shows the rheological parameters for the experiments performed. The
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rheological properties of the emulsions are a proof of the emulsion formation. For
example, Fig. 5.43-a shows the variation of the shear rate with the stress for the
emulsions formed with cyclohexane at different pH. At pH 1.4 and 6.7, the emulsion
presents a yield stress, which is the value in which the emulsion starts showing a
significant flow (between the two vertical lines), which in this case takes place around
100 Pa. However, at pH 10.7, the emulsion does not present a yield stress, but starts
flowing from the very first moment. This is a clear indication that the emulsion is
not formed, or that it was quickly destabilized. Fig. 5.43-b shows the yield stress
value as a function of pH and oil phase. Cyclohexane has the highest values, at
acidic and neutral pH, followed by hexadecane at these two pH. Emulsions prepared
with decane and dodecane present similar yield stress values in all the pH range,
while no stable emulsion could be formed with cyclohexane and hexadecane at basic
pH.

The fact that cyclohexane has the highest values of the yield stress, meaning that
it is the organic phase that creates the emulsion with the most solid-like behavior
could be explained by this deep interpenetration of the organic molecules inbetween
the surfactant molecules, which form a compact and interrelated network, impeding
the movement of individual droplets and extending the deformation of droplets until
the moment they flow. The other three organic solvents have a yield stress between
3 and more than 10 times lower, owing to the fact that the droplet network is more
loose and the flow of the droplets is easier.

Table 5.9.: Rheological parameters of the emulsions prepared. The values are the average of the two
replicates.*Viscosity (µ) at 1 s-1.

#Exp #Exp Organic pH τ0 G”max τc G’ µ∗

solvent (Pa) (Pa) (Pa) (Pa) (Pa·s)

N10 N26 Cyclohexane 6.7 72.3 265.2 241.4 869.5 172.3

N11 N29 Hexadecane 6.7 23.8 116 57.8 410.5 48.35

N12 N27 Dodecane 6.7 8.1 38.6 17.4 132.8 16.5

N13 N28 Decane 6.7 9.2 43.525 20.2 161 21.2

N14 N24 Cyclohexane 10.7 0.0 0.595 0.0 0.327 0.022

N15 N23 Hexadecane 10.7 0.0 0.45 0.0 4.07 0.055

N16 N22 Dodecane 10.7 11.6 35.88 19.6 136 17.37

N17 N30 Decane 10.7 13.5 39.935 24.7 148 21.15

N18 N32 Cyclohexane 1.4 112.5 272.8 226.8 962 197.95

N19 N33 Hexadecane 1.4 24.7 114.695 61.2 418.5 50.4

N20 N31 Dodecane 1.4 7.0 54.15 26.4 194.5 23.8

N21 N25 Decane 1.4 6.2 35.99 16.9 121 16.15

The same that happened with the yield stress happened with the viscoelastic pa-
rameters, like the storage modulus (G’). Fig. 5.44-a depicts the variation of G’ with
frequency in an oscillatory test for the emulsions formed with cyclohexane. If the
emulsion is formed, G’ has a high value and this value is independent of frequency
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Figure 5.43.: (a) Flow curves for emulsions with cyclohexane as oil phase, (b) Yield stress for the three oils and
pH. Notation: C10-decane, C12-dodecane, C16-hexadecane, CH-cyclohexane.

(CH, pH 1.4 and 6.7), since highly concentrated or gel-emulsions are characterized by
a strong elastic behavior. If the emulsion is not formed, the G’ value increases with
frequency (CH, pH 10.7). The value of the storage modulus was highly dependent on
the type of oil, and increased in the order decane≈dodecane<hexadecane<cyclohexane
(Fig. 5.44-b). The low values of decane and dodecane and the high values of clyclo-
hexane can be explained by their molar volumes, which affect the penetration of the
molecules in the surfactant at the interface and droplet size. However, hexadecane
presents unusually high values.
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Figure 5.44.: (a) Variation of G’ with frequency in an oscillatory test for emulsions with cyclohexane as oil phase,
(b) G’ for the three oils and pH. Notation: C10-decane, C12-dodecane, C16-hexadecane, CH-cyclohexane.

The emulsions formed presented a clear shear-thinning behavior, with the viscosity
decreasing with frequency in all the frequency range. The values of zero shear vis-
cosity or infinite viscosity were not found. Fig. 5.45-a depicts the viscosity variation
with frequency for the emulsions prepared with hexadecane as organic phase. We
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see that at basic and acid pH the viscosity is very high, whereas at basic pH, as a
stable emulsion could not be formed in this case, the viscosity was much less. Also
it did have the same behavior. To compare different viscosity values, the value at a
shear rate of 1 s-1 was taken, and can be observed in Fig. 5.45-b. For the emulsions
with decane and dodecane as organic phase, the viscosity values were similar in all
the pH range, but lower than the other two emulsions, when these were formed.

In general, the higher the yield stress, the higher the storage modulus and the
viscosity of the emulsions. These three parameters generally go together and indicate
a more elastic or solid-like behavior when they are high, as in highly concentrated
emulsions. Also, the critical stress and the value of G’’max follow this same behavior.
We can conclude that the best formulation for a stable emulsion and with a strong
elastic-behavior and droplet size is using cyclohexane as organic phase and using a
dispersed phase at acidic pH.
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Figure 5.45.: (a) Viscosity variation with frequency for emulsions with hexadecane as oil phase, (b) Viscosity for
the three oils and pH. Notation: C10-decane, C12-dodecane, C16-hexadecane, CH-cyclohexane.

5.5.4.2. Prepation of materials from inverse emulsions

Although the optimum conditions for preparing the emulsions were when using cy-
clohexane at pH 1.4, when we prepared silica materials from these emulsions, fol-
lowing the described procedure, or no material could be recovered, or the material
was not properly formed. Fig. 5.46 depicts the results from the nitrogen adsorption-
desorption analysis of the materials that could be recoverd. All of them formed
with docecane as organic phase, one at acid pH and two at basic pH. By observing
the isotherms (Fig. 5.46-a), we can see that all three materials present mesoporosity,
indicated by the capillary condensation found at relative pressures around 0.6 for
N1 (acid pH), and around 0.8 for N4 and N5 (basic pH). This also indicates that
the sample formed at acid pH has a smaller pore size, and this is confirmed in the
pore size distributions depicted in Fig. 5.46-b (from the adsorption branch of the
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isotherm). The pore size distributions are centered in 5 nm for N1, in 10.9 nm for
N4 and 17.3 nm for N5.

0.0 0.2 0.4 0.6 0.8 1.0
0

200

400

600

3

Relative pressure (P/P0)

 N1
 N4
 N5

(a)

0 20 40 60 80
0.0

0.5

1.0

1.5

2.0
 N1
 N4
 N5

 

Pore size (nm)

(b)

Figure 5.46.: (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of the silica materials
prepared.

According to this data, the materials formed are mesoporous. However, no surfac-
tant is present in the dispersed phase to form the mesopores. As the formation
mechanism of mesopores is still under discussion, these results illustrate a case in
which the mesopores are formed, apparently, with no surfactant micelles in the aque-
ous phase. We propose that TEOS starts polymerizing around the hydrophilic head
of the surfactant, at the interface, and this indicates the growing path for further
TEOS polymerization inside the aqueous droplets.

In Tab. 5.10 the surface area, particle size and pore size are shown. The surface
area is larger for those materials formed at basic pH, which are the ones with a
smaller particle size and a larger pore size. The particle size is in the order of 300-
500 nm. The silica spheres are quite large, compared to silica nanoparticles prepared
through the microemulsion method, in which particles do not reach 100 nm, but they
are much smaller than the actual emulsion droplets size, which are between 3-4 μm.
TEOS diffuses from the organic phase to the dispersed aqueous phase and starts
hydrolyzing at the interface and continues polymerizing inside the water droplet.
However, there might be an excess of water, and a lack of TEOS to be able to
polymerize the whole droplet.

This could be an explanation of the smaller droplet size. We have to think that
in these highly concentrated emulsions, 90 wt % of the emulsion volume is water.
Taking into account the TEOS added, which was chosen to have a surfactant to
TEOS molar ratio of 0.2, the water to TEOS ratio is around 50 times more the
theoretical value of 4 (hydrolysis reaction). This is the reason why not all the
water volume can become silica particles, at least with this amount of TEOS. In
the experiments found in literature, the dispersed phase only represented a small
volume of the total emulsion (the emulsions were highly diluted), so with the TEOS
added the whole water volume could be polymerized. If this wanted to be the case
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(a) (b)

(c) (d)

(e) (f)

Figure 5.47.: TEM micrographs from material samples (a-b) N1, (c-d) N4, (e-f) N5.

here, much more TEOS would have been needed, leading to the destabilization of
the emulsions, which could not support the addition of so much TEOS (from 2 to 3
times the total volume of the emulsion).

Fig. 5.47 and Fig. 5.48 depict some representative images of the silica particles pre-
pared from highly concentrated emulsions. The mesopores are evidenced in the
TEM images (Fig. 5.47). Particle size is very polydispersed: this fact indicates a
probable coalescence or droplet percolation of the emulsions. As the materials are
being formed during 12 hours, after TEOS is added, it is probable that during this
time the emulsion starts destabilizing and that droplets merge together. With the
SEM images (Fig. 5.48) we see clearly that the materials formed are silica spheres,
and that they are highly polydisperse.
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(a) (b)

(c) (d)

Figure 5.48.: SEM micrographs from material samples (a-b) N1, (c) N4, (d) N5.

Table 5.10.: Materials characteristics.

# Exp BET surface area (m2/g) Particle size (nm) Pore size (nm)

N1 174.13 526.24 5.0

N4 392.24 234.24 10.9

N5 378.04 284.45 17.3

5.5.5. Conclusions

In this study we prepared highly concentrated w/o emulsions with different organic
phases and different dispersed phase pH. The size of the emulsion droplets and the
rheologcial parameters are dependent on the type of organic solvent and pH used.
The organic solvent with the lowest molar volume tested, cyclohexane, could prepare
the emulsions with the smaller droplet size and the more elastic behavior at pH 2.
However, at basic pH, no stable emulsions could be formed. The same happened
when using hexadecane. Decane and dodecane produced similar emulsions in all the
range of pH.

We prepared silica mesoporous spheres in the range 300-500 nm from highly concen-
trated w/o emulsions. The spheres formed are polydispersed but highly mesoporous.
TEOS diffuses from the organic phase to the aqueous dispersed phase, where it poly-
merizes and form the mesoporous structure. As there are no surfactant micelles in
the aqueous phase, the hydrophilic head of the surfactant at the interface may guide
the formation of the mesopores inside the droplets. The mesoporous silica spheres
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are smaller than the droplet size, possibly due to a lack of TEOS to polymerize all
the aqueous phase present in the emulsion.

278



6. Design of nanoparticles for the
control of internal hemorrhage

6.1. Silica as a procoagulant agent

Controlling blood loss is a major focus in treating trauma patients. In civilian
hospitals, 25-30 % of deaths occur as a result of hemorrhage [404], not to speak of
battlefield deaths caused by uncontrolled blood loss [405–407]. Current treatment
calls for surgical intervention and resuscitation to stop the loss of blood and limit
damage [408]. However, little can be done currently to stem bleeding prior to arrival
to the hospital. The main concern is that patients exhibiting severe blood loss will
become coagulopathic and die before surgery can correct the bleeding.

The current on-site treatments to halt hemorrhage consist of bandadges or gauzes
where the active material is impregnated to. Currently, the Department of Defense
of the US recommends QuikClot Combat Gauze, based on the aluminosilicate clay
kaolin, for use as a first response procoagulant for external injuries [409]. However,
recent data suggest that the adhesion and lysis of endothelial and blood cells to clays
such as kaolin is greater than desired for prolonged exposure [410]. In this chapter,
a potential successor to kaolin for hemorrhage control, more biocompatible and that
could be used intravenously is proposed: the use of functionalized nanoparticles. The
main advantages of nanoparticles over other strategies include the high versatility
of materials from which they can be formed, the high surface area and capacity,
especially if they are small and porous, the ease of functionalization, the fact that
they can be easily administered intravenously and that they can be engineered to
specifically interact with the coagulation system [411]. There are indeed some safety
concerns and still many unwanted effects, but most of them can be manipulated by
changing the nanoparticles properties, like charge, size or morphology [412].

There are different strategies to address this problematic. First of all, biodegradable
nanoparticles can be used, like coacervates or polymeric nanocapsules, where the
active agent, like thrombin, can be trapped during the assembly of the nanoparti-
cle, encapsulated by an in situ polymerization or conjugated on the surface. Many
studies are based on the synthesis of this “synthethic platelets”, for example Lavik et
al. synthesized poly(lactic-co-glycolic acid)-poly-L-lysine (PLGA-PLL) nanoparti-
cles modified with PEG and RGD (Arg-Gly-Asp) functionalities to enhance the
aggregation of platelets on the injury site [413, 414], Doshi et al. worked with
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polystyrene (PS) spheres [415] and Wang et al. with chitosan-graft-polylactide
(PLA-CS) particles [416].

Another option is to use inorganic nanoparticles, such as titania, gold, silver, hy-
droxyapatite or silica. In this case, the inorganic material is used as scaffold for
a further surface functionalization, if the particles are non-porous, or can also en-
capsulate or adsorb the active materials in their inside or pores, if nanocapsules or
mesoporous nanoparticles are used.

In this thesis we will focus mainly on silica nanoparticles (SNP). One of the reasons
to choose silica is that silica is already a procoagulant agent, as described in the
sixties by Margolis [417]. Further studies confirmed this theory and proposed that
the procoagulant feature is due to the negative charged surface of silica at blood pH
(silica has an isoelectric point (IEP) of 2) [52, 55]. Other inorganic materials have
been tested by Stucky et al. [52,55], and the ones with a higher IEP, like zinc oxide,
lead to a slower clotting time, which could be explained by their positive charge at
blood pH.

And, which is the relation between having a negative or a positive charge at blood
pH and blood clotting? Blood cloting is, like any other process in the human body, a
very complex process. It involves many different proteins and enzymes (coagulation
factors). To simplify and understand the process of coagulation, it is modeled in a
coagulation or clotting cascade (Fig. 6.1), because the activation of a factor involves
the activation of the following factor, and so on. The factors activate subsequently,
following a cascade path.

The model states that the coagulation process can be initiated in two different ways:
the tissue factor (or extrinsic) pathway, and the contact (or intrinsic) pathway, both
of which lead to the common pathway and to the final clot. While this division into
two pathways is just a model, it is very helpful to understand what happens in vivo,
especially to design medical treatments related with coagulation.

In our body, blood remains liquid, despite the presence of an excess of coagulation
factors and platelets. This is because there are a number of adaptive measures that
suppress the coagulation machinery: in the first place, coagulation proteins circulate
within the vessels in inactive forms; secondly, the endothelium, which is the internal
layer of cells of the blood vessels, does not have thrombogenic tissue factor (TF) or
collagen, which would activate platelets and start the coagulation cascade; finally,
the flow in the blood is fast enough to drag away any proteins that could activate
accidentally, which are then disposed in the liver. However, when there is an injury
in the blood vessel walls, the coagulation begins.

If coagulation is initiated through the contact pathway, factor XII (FXII or Hageman
factor) is activated to FXIIa. The serine protease activity of FXIIa cleaves and
activates prekallikrein (PK) and FXI to kallikrain (K) and FXIa. Kallikrein activates
the neighbouring molecules of FXII to FXIIa. FXIa then diffuses into the blood,
where it activates FIX to FIXa in the presence of calcium ions (Ca2+). Then, FIXa
forms a complex with FVIIIa and calcium, which, once bind on the membrane
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6.1 Silica as a procoagulant agent

Figure 6.1.: Coagulation cascade. [418]

phospholipids of platelets, activates FX to FXa. The appearance of FXa indicates
the end of the contact pathway and the beginning of the common pathway.

In the tissue factor (TF) pathway, the process requires compounds which are ex-
trinsic to the blood itself. In this case, it is the protein called tissue factor, which is
encountered in the subendothelium, and is exposed to blood when there is an injury
of the blood vessel. FVII, which circulates in the blood stream, binds to TF, and
the complex activates FVII to FVIIa. In the presence of calcium and membrane
phospholipids, the complex activates FX to FXa, leading to the initiation of the
common pathway.

In the common pathway, FXa activates FV and forms a complex FXa-FVa, which, in
the presence of calcium, converts prothrombin (FII) to thrombin (FIIa), the master
regulator of the coagulation cascade. Thrombin cleaves activation peptides from
fibrinogin to form soluble fibrin monomers, which polimerize and form a loose clot.
At the same time, thrombin also activates FXIII to FXIIIa, which catalyses the
formation of crosslinks between the fibrin monomers, forming a more structured
and compact clot. Thrombin also activates platelets, which help sealing the clot,
and FV and FVIII, leading to a backactivation pathway which amplifies the clotting
cascade. The main ideas of the process are that the activation of one factor is needed
for the activation of the following one, but not only this: apart from the clotting
factors and proteins, calcium and membrane phospholipds are necessary to activate
the factors.
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(a)

��������

(b)

Figure 6.2.: (a) Thromboelastograph of blood without any clotting agent (Blood w/o Agent), with silica (SiO2)
and with zinc oxide (ZnO). (b) Clotting time (R, min) as a function of isoelectric point (IEP) of different oxides.
The red arrow indicated blood pH (7.4). [52]

Which is the role of silica in the process? The contact pathway of the coagulation
cascade is initiated when FXII is activated, and this factor is activated when it
becomes in contact with a negatively charged surface, like silica at blood pH [55,
419]. Silica accelerates clotting by activating FXII, whereas other inorganic materials
with a positive charge at blood pH, like zinc oxide, lead to a slower clotting time
due to the impossibility of activating FXII and starting the contact pathway [52,
55]. Fig. 6.2-a shows a thromboelastograph, obtained through thromboelastography
(TEG) (technique for determining clotting activity, described in sec. 2.4.5.1), which
depicts three clotting tests in blood: without any clotting agent (w/o agent), with
silica (SiO2) or with zinc oxide (ZnO). Silica clots faster (splitting point earlier)
than blood without any agent and with zinc oxide, and forms a stronger clot (wider
amplitude) than blood using zinc oxide. Fig. 6.2-b depicts the clotting time (R,
min) of several clotting tests where different oxides have been added to blood, as
a function of the IEP of the oxide. There is indeed a correlation between clotting
time and IEP: those materials with a low IEP have more clotting activity than those
with a higher IEP, which can even be considered anticoagulant, such as zinc oxide
or hydroxyapatite (HA) [52,55].

Already in the sixties, Margolis [417] observed this phenomenon on silica. He also
studied the clotting activity as a function of particle size, and found that there
was an optimum size between 10 and 100 nm, and more specifically around 40 nm
(Fig. 6.3.a), where clotting activity was maximized. When particle size is decreased
the specific surface area is increased, which is an advantage. However, if it is further
decreased, the surface available for protein attachment decreases because protein
cannot unfold on the particle surface if they are too small. Unless the particles are
aggregated, as it can be observed in Fig. 6.3-b. In conclusion, there is an optimum
size with which it is preferable to work if the maximum clotting activity is desired.
In the present work, based on Margolis studies, we used particles between 20 and
200 nm.
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(a) (b)

Figure 6.3.: (a) Clotting activity as a function of silica particle size. (b) Protein attachment on differnt silica
particle size. Adapted from [417].

One of the most widely used techniques to synthesize SNP is the relatively sim-
ple Stöber method [47]. In particular, the Stöber method works very well for the
preparation of large (hundreds of nanometers or several microns in diameter) silica
particles. However, its application in the preparation of small size (5-50 nm) sil-
ica particles is still under investigation, since unreliable and contradictory results
have been observed [420, 421]. Apart from the Stöber method, which is based on
the sol-gel process, silica particles have been synthesized in size ranging from 5 nm
to several microns in diameter with other synthesis techniques. These include col-
loidal and surfactant template techniques, water-in-oil microemulsion, stirred bead
milling, synthesis via ‘fumed’ silica nanoparticles, flame spray pyrolysis, reverse mi-
celle combined with sol–gel processing, continuous microwave hydrothermal synthe-
sis and self-assembly in basic solutions of organic and inorganic cations [422]. It
is important to notice that within these techniques, some of them such as spray-
drying, water-in-oil microemulsion or reverse micelle technique produce mesoporous
SNP (MSNP), because there is a structure directing agent that acts as template for
the mesopores. When the sol-gel process is used to synthesize silica without any
template, non-porous particles are obtained.

6.2. Preparation of silica nanoparticles through the
Stöber process

6.2.1. Introduction: the sol-gel process and the Stöber method

The Stöber process, based on the sol-gel chemistry, for the synthesis of silica nanopar-
ticles from the hydrolysis and condensation of silicon alkoxides in basic medium,
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has been used since its discovery, in 1968, as it is a simple and effective way of
producing silica nanospheres with reactants and material that are found in every
laboratory [47]. Particles sizes obtained in suspension by Stöber et al. ranged from
less than 50 nm to 2 μm in diameter. Before Stöber et al. studies, SNP were already
produced but without achieving success in monodispersity. Since the year 2000, the
number of articles published in peer-reviewed journals including the word “Stöber”
has increased remarkably (Fig. 6.4-a). The terminology for referring to this kind of
particles is usually the term“silica nanoparticles”, although the original term used by
Stöber was “silica spheres”. The term “colloidal silica” refers to the silica suspension
of these silica nanoparticles or spheres in a liquid, and is also frequently employed.
For this reason, the number of publications encountered with one of these three
terms between 1968 and 2013 are shown in Fig. 6.4-b. It is clearly observed that the
term “silica nanoparticles” is by far the one mostly employed nowadays: nearly 1400
articles per year including this term are currently published.

(a) (b)

Figure 6.4.: (a) Results found for “Stöber” since 1980 at the ISI Web of Knowledge as of September 4, 2013. (b)
Results found for “silica spheres”, “colloidal silica” and “silica nanoparticles” at the ISI Web of Knowledge from
1968 until September 4, 2013. (Inset from 1968 to 1997).

The increased interest on silica particles is mainly due to their multiple and varied
applications, in industries (electronic devices, insulators, thin films, catalysts, pig-
ments, and emulsifiers) and in pharmaceutical and biomedical uses (enzyme encap-
sulation, drug delivery and cell markers) [423–430]. These applications are possible
thanks to the unique properties of the silica nanoparticles: low cytotoxicity and high
biocompatibility [410, 431–433], ease of surface functionalization and scale-up, low
cost of the synthesis process, and the wide range of particle sizes that can be syn-
thesized, with a narrow particle size distribution and with a nearly perfect spherical
shape.

The Stöber method, using ammonia as catalyst, works very well for the fabrication of
large (100 nm-2 μm) silica particles, obtaining monodisperse and spherical particles.
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Figure 6.5.: Particle size range of some representative studies on silica nanoparticles synthesized with the Stöber
process, using ammonia as catalyst in different synthesis conditions. References: [47, 422,434–443].

However, due to the increasing interest and potential applications of these particles,
most of the recent studies tend to synthesize smaller nanoparticles (around 10-50 nm)
using this process, as shown in Fig. 6.5, where the particle size range obtained in some
representative studies is depicted. However, usually wider particle size distributions
are obtained, and some contradictory results are observed, regarding the influence
of the experimental conditions (reactants concentration, temperature, agitation) to
the particle size and growth rate, so the process is still under investigation [420,421,
434]. Some recent studies have succeeded in synthesizing monodisperse small silica
nanoparticles using other types of catalysts, such as basic amino acids (e.g. lysine
and arginine) [429,444–446] or primary amines [447].

The Stöber method for the synthesis of silica nanoparticles is based on the sol-gel
process. A sol is a colloidal suspension of solid particles in a liquid. A colloid, as
seen in previous sections, is a suspension in which the dispersed phase is so small
(∼1-1000 nm) that gravitational forces are negligible and interactions are dominated
by short-range forces, such as van der Waals attraction and surface charges. In the
sol-gel process, the precursors (starting compounds) for the preparation of a the
colloidal particle suspension consist of a metal or metalloid element surrounded by
various ligands (appendages not including another metal or metalloid atom). In
the Stöber process, the metal is silicon and there can be different ligands. The
most common precursors are the tetra-alkoxysilanes, especially the tetraethoxysi-
lane or tetraethyl orthosilicate (TEOS, Si(OC2H5)4) and the tetramethoxysilane or
tetramethyl orthosilicate, (TMOS, Si(OCH3)4). Apart from these two compounds,
other precursors can be used to produce SNP by similar processes, like the ba-
sic sodium silicate, silicon tetraacetate, or λ-aminopropyltriethoxysilanes (APTES).
Silicon alkoxides like TEOS or TMOS are popular precursors because they react
easily with water in a hydrolysis reaction, where a hydroxyl ion is attached to the
silicon atom, as in eq. 6.1.

Si(OR)4 +H2O → HO − Si(OR)3 +ROH (6.1)
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or if all the ligands are substituted by hydroxyls (eq. 6.2):

Si(OR)4 + 4H2O → Si(OH)4 + 4ROH (6.2)

Two partially hydrolyzed molecules can link together in a condensation reaction.
By definition, condensation liberates a small molecule, such as water (eq. 6.3), or
alcohol (eq. 6.4):

(OR)3Si−OH +HO − Si(OR)3 → (OR)3Si−O − Si(OR)3 +H2O (6.3)

(OR)3Si−OR +HO − Si(OR)3 → (OR)3Si−O − Si(OR)3 +ROH (6.4)

This type of reaction can continue to build larger and larger silicon-containing
molecules by the process of polymerization [448].

If a monomer can make more than two bonds, then there is no limit on the size of
the molecule that can be formed. If one molecule or particle reaches macroscopic
dimensions so that it extends throughout the solution, the substance is said to be a
gel. Thus a gel is a substance that contains a continuous solid skeleton or network
enclosing a continuous liquid phase. The continuity of the solid structure gives
elasticity to the gel. Gels can also be formed from particulate sols, when attractive
dispersion forces cause them to stick together in such a way as to form a network
(Fig. 6.6-II). But under adequate conditions, polymerization can finish quickly and a
gel is not formed, but rather particles, which have to be separated from the reaction
medium (Fig. 6.6-I).

Figure 6.6.: (I) Formation of colloidal silica particles from a sol. (II) Formation of a gel or solid network from a
sol.

The condensation rate depends strongly upon the water content of the system. Be-
cause water is produced as a by-product of the condensation reaction, an H2O:Si
ratio (R1) value of 2 is theoretically sufficient for complete hydrolysis and conden-
sation to yield anhydrous silica as shown by the net reaction (eq. 6.5):

nSi(OR)4 + 2nH2O → nSiO2 + 4nROH (6.5)
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However, according to Brinker [448], even in excess water (R1 > 2), the reaction does
not go to completion. Instead, a spectrum of intermediate species ([SiOx(OH)y(OR)z]n
where 2x + y + z = 4) are generated.

In the Stöber process, because water and alkoxysilanes like TEOS are immiscible,
a mutual solvent such as an alcohol (ethanol, butanol...) is normally used as a
homogenizing agent. The three reactants are mixed together and homogenized by
magnetic stirring or under ultrasonic vibration. Using ultrasounds leads to an im-
portant reduction of the reaction time, from the typical 24 hours usually used in the
Stöber method, to 20-30 minutes. Apart from these three reagents, ammonia is used
as the catalyst of the reaction, causing the formation of spherical particles. Stöber
et al. observed that in the absence of ammonia, the silica flocculated in irregularly
shaped particles. Regarding the type of alcohol to use, Stöber et al. found out that
both small particles size and monodispersity were achieved with short-chain alcohols
such as methanol or ethanol.

Since the discovery of the Stöber process, there have been multiple investigations and
modifications to improve the process. For example, Jafarzadeh and Rahman [442]
studied how the order of reactants addition and the final nanoparticle drying tech-
niques affect the particle size and size distribution. Their results using Transmis-
sion Electronic Microscopy (TEM) images revealed that a narrow size and shape
distribution in the morphology of the particles with roughly low aggregation and
agglomeration was achieved by mixing first ethanol and TEOS, then adding water
and finally the ammonia. Another example is the process used by Rao et al. [434],
in which TEOS is added after mixing under ultrasounds ethanol and water for ten
minutes, followed by the addition of the ammonia solution after 20 minutes. Apart
from varying the order of addition of the reagents or the time that they are being
mixed, other modifications to the Stöber method have been performed. For exam-
ple, Kim et al. [449] studied the effect of addition of mono-valent electrolytes in the
reaction medium. To modify the process, mono-valent electrolytes of NaOH, NaCl,
KCl, CsCl and CsCl were added to the mixture initially loaded in the reactor. The
electrolye concentration in the reactor was varied between 10-6 and 10-3 mol/L. Their
studies showed that under fixed reaction conditions, the particle size was clearly re-
duced by the addition of a small amount of electrolytes. However, a further increase
in the electrolyte addition caused a significant increase in the particle size. Among
the electrolytes used, ions with a higher electronegativity had a stronger effect on
particle size. For example, Na+ had a bigger effect on reducing the particle size than
K+ and Cs+, while Cl- and I- reduced the particle size to a higher extent than OH-.
Despite Cl- is more electronegative than I-, they found that the maximum particle
size reduction (from 34.3 nm to 17.5 nm) was achieved with NaI at 2.0·10-5 mol/L.

6.2.2. Goal of this study

The goal of this study is to find the necessary conditions to obtain monodisperse SNP
with a defined size range. In order to do that, experimental design tools are used to
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obtain a model that establishes the necessary experimental conditions as a function
of the particle size. The effects of TEOS, water and ammonia concentrations, and
reaction temperature on particle size and size distribution of silica nanoparticles will
be studied and quantified.

6.2.3. Materials and methods

6.2.3.1. Reagents

The chemicals used in this study are ethanol (96 %) purchased from Panreac, tetraethyl
orthosilicate (TEOS, 98 %), ammonium hydroxide solution (NH4OH, 28 %) and (3-
aminopropyl) triethoxysilane (APTES, 98 %) from Sigma-Aldrich. These were used
without any further purification. High-purity Milli-Q water was produced using a
water purification system.

6.2.3.2. Synthesis of silica nanoparticles

Silica nanoparticles were synthesized through the well-known Stöber process [47], in
which TEOS is first dissolved in ethanol in a round-bottom flask under magnetic
stirring, then water is added, followed by the ammonium solution. The flasks are
kept in a water or oil bath in order to keep the temperature of the system constant
(Fig. 6.7). The solid nanoparticles were recovered by centrifugation. The bigger
particles were centrifuged at 4000 rpm for 15 minutes and then washed with ethanol
(this process was repeated twice), whereas the smaller particles were centrifuged at
higher velocities (13 000-14 000 rpm) and for longer times (1 h 15’-2 h). In both cases,
the precipitate obtained was dried overnight in open air, then calcined at 550 ◦C
during 5 hours and kept in sealed plastic tubes. Before centrifugation, the pH of the
system was measured with a pH-meter Schott Prolab3000 under magnetic agitation.

For this study, four process variables or factors (k= 4) are chosen to be modified in
order to see how they affect the size and size distribution of the particles. These
factors are: the concentration of TEOS in the reaction system, the molar ratio
between water and TEOS (R1), the molar ratio between ammonia and TEOS (R2)
and the reaction temperature (T). The low and high levels of the factors, chosen
according to the data obtained in preliminary experiments, are shown in Tab. 6.1.
The reaction time was kept constant at 21 hours.

A factorial experimental design is carried out, so the number of experiments to do
is 2k = 24 = 16. In order to have a better response and calculate the experimental
error (which will tell us if the variability observed on the results is due to the factors
or due to experimental error), experiments with the central value of each factor will
be done (center points, n). Then, the total number of experiments involved in this
experimental design is 2k + n = 24 + 4 = 20. The experiments were done randomly
to avoid bias.
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Table 6.1.: Low and high levels of the four factors for the experimental design

Variable Low level High level

R1 (mol H2O/mol TEOS) 18 22
R2 (mol NH4OH/mol TEOS) 0.2 0.6

[TEOS] (M) 0.11 0.30
Temperature (°C) 25 65

Figure 6.7.: Detail of experimental design samples in baths to keep the reaction temperature constant.

6.2.3.3. Characterization of the silica nanoparticles

Particle size and polydispersity Two techniques were used to determine par-
ticle size, as already described in sec. 2.4.2: dynamic light scattering (DLS) and
transmission electron microscopy (TEM). The particle size of different samples was
measured using DLS technique at different reaction times ranging from 50 to 7500
minutes (125 hours). On the other hand, TEM was used only for measuring particle
size and polydispersity once we were sure that the particles had reached their final
size (after 22 hours).

DLS was performed using a 3D LS Spectrometer (LS Instruments), which incorpo-
rates the 3D cross correlation technology, for eliminating contributions of multiple
scattering. Due to the different opacity of the samples, the procedure for their
preparation varied. The almost transparent samples were analyzed without diluting
them, but the most opaque samples were diluted in 1 mL of absolute ethanol, and the
mixture was sonicated for 30 seconds. Three measures of each sample were taken.
The measuring time was 100 s, but when the samples contained small particles in a
low concentration, the measuring time was reduced to 50 s. This was done because
in such dilute samples the high intensity peaks could damage the receptors of the
equipment. Reducing the measuring time, size measures could be taken without
observing these large peaks. DLS measurements were carried out at 25 ◦C .

For the TEM analysis, two instruments were used, depending on the particle size:
Hitachi MT800 was used to see bigger particles whereas JEOL JEM2100 was used
for the smaller ones. In both microscopes the acceleration voltage was 200 kV. To
prepare the samples for observation, the particles were separated from the reaction
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medium and calcined. Then, a small amount was diluted in 300 μL of hexane,
sonicated for about 45 seconds and two drops were deposited on a carbon coated
copper grid. For the smaller particles, which could not be separated from the reaction
medium with the available centrifuge, a drop of the solution was deposited directly
over the grid. When the solvent evaporated, the dispersed particles were left on the
supporting carbon film. Once having acquired the desired images, the mean particle
size of a sample was calculated by measuring the diameter of a great amount of
particles using the Motic software. Histograms were plotted, and the size distribution
of the particles was observed and fitted to Gaussian curves.

Some representative samples were also analyzed by scanning electron microscopy
(SEM), as explained in sec. 2.4.2.

6.2.4. Results and discussion

6.2.4.1. DLS and TEM diameter correlation

Particle size was observed using both DLS and TEM techniques. DLS is a cheaper,
faster and simpler method for measuring particle size than TEM. However, DLS
does not give information neither about the particle morphology, nor about their
polydispersity in our particular system. For this reason, TEM micrographs were
also used to calculate the particle size and observe their morphology. Particles were
spherical, presented a smooth surface, as seen in Fig. 6.6-I, and were visually similar
in size (monodisperse). Particle size distribution was monomodal and polydispersity
was indeed low, as we will discuss in a further section (sec. 6.3.4.3). Because of the
different measuring principles of these techniques, different diameter values were
obtained for a same sample. Whereas DLS measures the hydrodynamic radius of
the particles, which includes a thin stagnant solvent layer surrounding each particle
and gives information about the nanoparticles behavior in liquids, TEM gives an
estimation of the projected area diameter, so it only gives information about the
particle inorganic core. Therefore, diameter values obtained with TEM, which have
one dimension, are always lower than those obtained with DLS, and the difference
between these two diameters is bigger when the polydispersity is higher, and when
the particles are surrounded by surfactants or flexible polymers that can interact
with the solvent. TEM sample preparation can also shrink the particles when they
are organic, although this is not our case.

A correlation function between these two diameters is obtained (Fig. 6.8), which
enables the conversion from one to the other. Our observatons are consistent with
the literature related to nanoparticles diameter, where different methods of size-
determination can produce different data [450].
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0 50 100 150 200 250 300 350
0

50

100

150

200

250

300

350
 

 

D
DLS

 = 1.17·D
TEM

 + 8.98

R2 = 0.989

TEM diameter (nm)

Figure 6.8.: Correlation between DLS diameter and TEM diameter. Dashed line is y = x. Solid line is the
correlation function (DDLS = 1.17DTEM + 8.98).

6.2.4.2. Influence of the process variables on SNP size

The experiments performed, following the complete factorial design are shown in
Tab. 6.2. The DLS diameter is shown on the last column as response variable. The
standard deviation of three replicates is shown as an estimation of the error of the
measurement. Although the experiments were carried out randomly, they are shown
in order in the following table, to facilitate the interpretation of the results.

These results were analyzed using StatGraphics Plus Software in order to detect the
significant factors with the ANOVA test (factors with a p-value > 0.05) and then to
obtain a mathematical model that can be used to describe the size obtained based
on the values of the four factors varied (R1, R2, TEOS concentration and reaction
temperature). In Fig. 6.9 the significant factors that affect the particles size are
shown in a Pareto chart.

Standardized effects
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Figure 6.9.: Pareto chart showing the significant effects of the factors and their interactions.

It can be observed that, in the range studied, the particles are influenced by many
of the factors and interactions between them. The most significant factor that
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Table 6.2.: Experiments and response variable of the experimental design.

Exp. # R1 R2 [TEOS] (M) T (ºC) Diameter (nm)

1 18 0.2 0.11 25 19.9 ± 0.9
2 18 0.2 0.11 65 23.6 ± 0.1
3 18 0.2 0.30 25 70.5 ± 1.5
4 18 0.2 0.30 65 20.1 ± 1.0
5 18 0.6 0.11 25 26.1 ± 0.3
6 18 0.6 0.11 65 23.3 ± 0.3
7 18 0.6 0.30 25 238.8 ± 3.1
8 18 0.6 0.30 65 71.8 ± 0.1
9 22 0.2 0.11 25 64.9 ± 1.5
10 22 0.2 0.11 65 22.8 ± 0.7
11 22 0.2 0.30 25 50.6 ± 0.5
12 22 0.2 0.30 65 44.1 ± 1.2
13 22 0.6 0.11 25 32.0 ± 0.4
14 22 0.6 0.11 65 14.4 ± 0.5
15 22 0.6 0.30 25 299.9 ± 1.9
16 22 0.6 0.30 65 76.2 ± 0.9
17 20 0.4 0.21 45 33.9 ± 1.1
18 20 0.4 0.21 45 38.3 ± 0.2
19 20 0.4 0.21 45 48.1 ± 0.5
20 20 0.4 0.21 45 42.5 ± 0.3

influences the particle size is the concentration of TEOS in the reaction medium.
Moreover the temperature and the molar ratio between ammonia and TEOS (R2)
are also significant, as well as all the interactions between these three factors of both
second and third order. However, the molar ratio between water and TEOS (R1)
and all the interactions including this factor are not significant in the range studied
(R1 between 18 and 22). The response surface obtained from this analysis, taking
into account the significant factors, is described with the following equation (eq. 6.6):

Diameter (nm) = 138.62–524.78·R2−741.68·[TEOS]−1.70·T+4359.19·R2·[TEOS]+...

(6.6)

...+ 6.87·R2·T + 10.25·[TEOS]·T − 57.69·R2·[TEOS]·T

This model has an associated regression coefficient (R2) of 0.907. The results ob-
tained, regarding the qualitative effect of the factors, are in accordance with the
general trends observed in the results obtained by several authors, although some of
them obtained contradictoy results about the effect of temperature and R1 value on
the reaction medium [434,436,439–441]. Generally, in these previous studies it was
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found that when the quantity of water, ammonia and TEOS in the reaction medium
increased, bigger particles were obtained (positive effect). Contrary to the effect of
temperature which produces smaller particles when it increases (negative effect).

According to Rahman et al. [441] the concentration of TEOS has a positive effect
because with higher quantity of TEOS in the reaction medium a greater number
of nuclei are formed. During the induction period these nuclei begin to aggregate
resulting in prymary particles. After this period any new nuclei or prymary particles
formed will dissolve and re-precipitate on the growing of secondary particles through
Ostwald ripening mechanism. In other words, higher concentration of TEOS produce
a greater nuclei formation which after the induction period contribute only to the
growth of secondary particles. Moreover, according to Lindberg et al. [436], the
hydrolysis reaction (eq. 6.1) is expected to be first order with respect to both OH-

and TEOS concentration. Then an increase in the TEOS concentration will involve
a higher condensation reaction rate with the subconsequent particle size increase.

The effect of the molar relation between water and TEOS (R1) seems to be differ-
ent depending on the concentration of water in the reaction system [47, 434, 440].
Different water content affects both the hydrolysis reaction rate and the nuclei sta-
bility. In the experiments of this work, the concentration of water varied from ∼2
to ∼6.5 M which correspond to the concentration range in which both Stöber et al.
and Rahman et al. found that an increase of water in the reaction system cause
an increase of particles size [47, 441]. Most authors agree that the molar relation
between ammonia and TEOS has a positive effect on particles size because the more
ammonia, the more hydroxyl groups which attack alkoxy groups increasing the rate
of hydrolysis and also the rate of condensation, resulting in faster kinetics and bigger
particles [47,439,441,448,449].

Finally, the negative effect of temperature is thought to be caused by the decrease
of the hydrolysis and condensation rates at lower temperature (eq. 6.1 and eq. 6.5).
However, the rate of hydrolysis increases less than that of condensation, so the
primary particles will be large and thus the final particles will be small [436]. More-
over, some authors [439,441] affirm that higher temperatures increase the nucleation
rate and consequently the particle size is reduced to the higher number of particles
formed.

It can be seen in Tab. 6.2 that most particle sizes vary between 10 and 75 nm, ap-
proximately. However, the diameters obtained corresponding to experiments number
7 and 15 are uncommonly high (238.8 and 299.9 nm, respectively). Although the
values are logical with the levels of the factors associated, both experiments were
repeated to detect if this uncommon growth was observed once again. These repli-
cates were also done because it was thought that these high diameter values could
mean that the response surface had a significant curvature, which was checked and
will be discussed later. The results obtained are shown in Tab. 6.3.

It can be observed that the particle sizes are quite similar to the ones obtained in the
previous experiments, indicating that the particles experience a notable growth when

293



Chapter 6 Design of nanoparticles for the control of internal hemorrhage

Table 6.3.: Replicates of experiments number 7 and 15.

Exp. # R1 R2 [TEOS] (M) T (ºC) Diameter (nm)

rep-7 18 0.6 0.30 25 255.2 ± 3.3
rep-15 22 0.6 0.30 25 271.7 ± 2.1

the reaction conditions are near this region (higher TEOS concentration, high R2 ,
and low temperatures). Using the average value of the experiments corresponding
to entries 7 and 15 and their replicates, a second mathematical model could be
obtained, which is very similar to the first one. In fact, the significant factors are
the same than before, and even the significance of the result (Fig. 6.10).
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Figure 6.10.: Pareto chart showing the significant effects of factors and their interactions (model with replicates).

It can be seen that both Pareto charts obtained are almost identical. Only the
effects of some non-significant second and third order interactions have changed.
The mathematical equation for this model is:

Diameter (nm) = 137.29−517, 78·R2−728.96·[TEOS]−1.68·T+4295.58·R2·[TEOS]+...

(6.7)

...+ 6.77·R2·T + 10.06·[TEOS]·T − 56.72·R2·[TEOS]·T

With an associated R2=0.922. Both models are very similar and their predictions
are almost the same. They differ in less than ∼3 nm for the predictions involving the
conditions that produce the bigger particles (R2 = 0.6, [TEOS] = 0.30 M and T = 25
◦C) and in less than ∼1 nm for all the remaining conditions.

The effects of the factors and their second order interactions can be better appre-
ciated with the use of response surfaces (Fig. 6.11). Those involving R1 have been
omitted owing to the non-significant effect of the molar relation between water and
TEOS in the studied conditions. In all three response surfaces shown, the R1 is
equal to 20 (the centre value), and one other factor is kept constant at the center
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value. The other ones vary on the range studied. Experimental results have been
also plotted in order to appreciate the regions where the model has a better or worse
predicted response.
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Figure 6.11.: Response surface for particle size (diameter, nm) varying (a) R2 and [TEOS] at R1 = 20 and T = 45 ºC,
(b) R2 and temperature at R1 = 20.0 and [TEOS] = 0.21 M, and (c) [TEOS] and temperature at R1 = 20 and
R2 = 0.4.

The interactions of the factors are cleary depicted in these three response surfaces.
In Fig. 6.11-a, the effect of TEOS concentration is much higher when the ammonia
concentration is high (higher R2). In Fig. 6.11-b and -c we can deduce that the
influence of the ammonia and TEOS are more important when working at room
temperature. When working at 65 ◦C, these factors have a much smaller effect.

Some validation experiments were carried out (Tab. 6.4). In the first three experi-
ments, a desired particle size was aimed (50 or 75 nm) and the factors were chosen
to fulfill this requirement (on val-2 we fixed the temperature to 25 ◦C). In the other
ones, the R2 was varied from 0.5 to 1.6 keeping the other factors constant.

The analysis of the results showed that the particles obtained were smaller than
the predicted values. In some experiments, the obtained diameter is only about one
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Table 6.4.: Validation experiments.

Exp. # R1 R2 [TEOS] (M) T (ºC) Dexp (nm) Dcalc(nm)

val-1 20.2 0.39 0.18 47.5 17.3 ± 0.2 50 ± 6.4
val-2 20.6 0.37 0.14 25.0 32.3 ± 0.3 50 ± 6.4
val-3 19.9 0.42 0.21 41.8 38.34 ±3.1 75 ± 6.4
val-4 20.0 0.50 0.21 45.0 44.2 ± 0.7 77.5 ± 6.4
val-5 20.0 0.60 0.21 45.0 49.29 ± 1.1 92.1 ± 6.4
val-6 20.0 0.90 0.21 45.0 71.8 ± 0.7 135.9 ± 6.4
val-7 20.0 1.40 0.21 45.0 162.8 ±1.5 208.8 ± 6.4
val-8 20.0 1.60 0.21 45.0 170.3 ± 1.5 237.9 ± 6.4

third of that expected. However, when increasing R2 from 0.5 to 1.6, the diameter
increased as the model predicts, but only from 44.2 to 170.3 nm instead of going from
77.5 to 237.9 nm (Fig. 6.12). Apparently the model does not have a good response,
which make us think that curvature exists.
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Figure 6.12.: Experimental (Dexp) and calculated (Dcal) diameter for vayring R2 from 0.5 to 1.6 (R1 = 20,
[TEOS] = 0.21, Temperature = 45 °C).

By representing the observed diameters versus the calculated diameters (Fig. 6.13) it
can be observed that, for the samples involved in the experimental design, the exper-
imental diameters are both higher and lower the calculated diameters, depending on
the experiment. However, in all the validation experiments, the nanoparticles came
out to be much smaller than the value expected, according to the model obtained.

Apart from the fact that the Stöber method reproducibility for particles smaller than
50 nm is low [420,421], these results may be caused due to the existence of curvature
in the response surface for the diameter. This curvature cannot be described with
the experimental design used, since three levels for each factor would be needed
and, consequently, the number of experiments required to complete the experimental
design would be extremely high (34 = 81 experiments). Nevertheless, we can test if
curvature exists or not using the center points.
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Figure 6.13.: Correlation between the observed and calculated diameter for both experimental design and validation
samples.

Usually large significant interactions indicate that there is curvature. Moreover, if
the average of the factorial points, (ȳf ), and the average of the center points, (ȳc),
are close, then there is no curvature. The eq. 6.8, which represents the confidence
interval of the difference of the two average values, is used to check if the model
presents curvature. If zero is included in the confidence interval, then there is no
evidence of curvature, since it would mean that the two average values are equal. If
zero is not included in the confidence interval, then there is probalby curvature.

ȳf − ȳc ± tα/2,nc−1sc

√
1

nf
− 1

nc
(6.8)

In eq. 6.8, tα/2,nc−1 is the statistical parameter t-Student for a significance level of
α= 0.05 and nc-1 degrees of freedom, where nc is the number of centre points (nc = 4),
sc is the standard deviation of the central points and nf the number of the factorial
experiments (nf = 16). The result, in this case, is 27.52± 11.47. Because zero is not
in the confidence interval, there is indeed curvature in the model, so the factors may
have a quadratic effect, which would then lead to a different model equation and
to a better prediction of the experimental results. Davies et al. [422], who worked
in the same range of reaction conditions but under ultrasonic agitation, also found
that the response surface had curvature. This involves that the factors do not have a
linear effect, as shown here, but a quadratic effect. The general effect of the factors
would remain the same, but the model would be more accurate.

6.2.5. Conclusions

Non-porous silica nanoparticles (SNP) have been synthesized ranging from ∼15 to
∼300 nm via the Stöber process, varying the concentration of tetraethyl ortosilicate
(TEOS), used as silica source, water and ammonia in the reaction medium, as well as
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temperature. In the range studied, the concentration of TEOS in the reaction system
was found to be the most significant variable affecting the nanoparticle size. The
molar ratios between ammonia and TEOS, and temperature were found to be also
significant, as well as second and third interactions involving the previous variables.
However, the molar ratio between water and TEOS, and any higher order interaction
involving this variable, were not significant in the reaction’s range studied. This is
because, as the formation of small size particles were desired, the water addition was
kept very low.

The developed empirical model overestimates particle size. Its curvature, which
could not be quantified with the experimental design used, but could be detected,
might be the main cause to this phenomenon, together with the low reproducibility
of the studied system, as explained in the literature, specially for the production
of smaller particles (< 50 nm). To conclude, the size optimization of this system
is not trivial, and its study is difficult due to its low reproducibility. The next
section will continue studying this system, to explore the growth kinetics of the
silica nanoparticles.

6.3. Growth kinetics of colloidal silica nanoparticles
prepared via the Stöber process: a novel
approach through turbidity analysis

6.3.1. Introduction

In the synthesis of SNP using the Stöber process, studied in the previous section, we
have focused on the synthesis of small monodisperse and spherical particles, and in
the effect of the process variables on the nanoparticle size. However, the mechanism
of formation and growth of the nanoparticles is a subject that is still under inves-
tigation. There are, basically, two currents: those who affirm that nucleation takes
place only in the beginning of the process, followed by a particle growth that proceeds
with the addition of the hydrolyzed monomers on the surface of the oligomers and
particles formed without further nucleation [451–453]. This theory, called monomer
addition model, follows the LaMer and Dinegar model [454], represented in Fig. 6.14,
which suggests that there is an initial induction period in which nuclei are formed
when the concentration of silica has exceeded a critical concentration, c0. Then,
the particles continue growing until the concentration of free silica in the reaction
medium decays to a saturation concentration.

The other current supports the controlled aggregation model, which states that
nucleation takes place during all the process, and that particle growth occurs mainly
by aggregation of these unstable nuclei and/or subparticles formed, as described by
Bogush and Zukoski [435,437,455–457] and shown in Fig. 6.15. The model assumes

298



6.3 Growth kinetics of colloidal silica nanoparticles prepared via the Stöber
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Figure 6.14.: Model of LaMer and Dinegar [454].

that the rate of particle growth by monomer addition is much smaller than the rate
of growth by aggregation. In this case, the rate of aggregation between large/large
particles would be smaller than the rate for small/small particles, so in the end
particles with a narrow size distribution would be obtained.

Figure 6.15.: Bogush and Zukoski aggregative growth model [435,455].

Iler [458] has considered two alternatives to explain the polymerization and growth
of the particles into a gel: monomers or other small primary particles aggregate,
or individual particles increase in size and decrease in number. According to Iler,
polymerization occurs in three stages:

1. Polymerization of monomer to form particles.

2. Growth of particles.

3. Linking of the particles into chains, then networks that extend through the
liquid medium are formed, thickening it to a gel.

Nuclear Magnetic Resonance (NMR) results largely support Iler’s view that conden-
sation takes place in a way in which the number of Si-O-Si bonds is maximized and
the number of terminal hydroxyl groups through internal condensation is minimized.
For this reason, rings are quickly formed to which monomers add, creating three-
dimensional particles. These particles condense to the most compact state, leaving
OH groups on the outside. According to Iler, the three-dimensional particles serve
as nuclei. Further growth occurs by an Ostwald ripening mechanism whereby par-
ticles grow in size and decrease in number as highly soluble small particles dissolve
and precipitate on larger, less soluble nuclei. Growth stops when the difference in
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solubility between the smallest and largest particles becomes only a few ppm (parts
per million).

According to Brinker [448], above pH 7, polymerization occurs by nucleophilic mech-
anism (eq. 6.9 and eq. 6.10):

≡ Si−O −H +OH− →≡ Si−O− +H2O (6.9)

≡ Si−O− +H −O − Si→≡ Si−O − Si ≡ +OH− (6.10)

Where the second reaction (eq. 6.10) is slower than the first one (eq. 6.9). Because
all the condensed species are more likely to be ionized and therefore mutually repul-
sive, growth occurs primarily by the addition of monomers to more highly condensed
particles rather than by particle aggregation. Particles of 1-2 nm are formed in a
few minutes above pH 7. Above ca pH 12, where most of the silanols are depro-
tonated, the primary building blocks are composed primarily of cyclic trimers and
tetramers. Due to the greater solubility of silica and the greater size-dependence of
solubility above pH 7, growth of the primary particles continues by Ostwald ripen-
ing. According to Iler, particles grow rapidly to a size that depends mainly on the
temperature.

Most of the works study the formation mechanism by determining the variation
in concentration of the reactants and products. For example, Chen et al. [457],
which support the aggregation model, concluded that the hydrolysis and conden-
sation reactions were of first order with TEOS and Si(OH)4, respectively, and that
intermediate products were formed, such as silicic acid and subparticles, because
the amount of formed particles was less than the amount of TEOS consumed during
particle growth.

6.3.2. Goal of this study

The main focus of interest is the final particle size, and how the different experimen-
tal conditions (reactants concentration, temperature, agitation, order of reactants
addition. . . ) influence it. The goals of this study are, first, to find a relation between
growth kinetics and particle size. Questions like “Do bigger particles grow slower
and small particles quicker? Or is it the opposite?”and“If we leave enough time, will
the same particle size be achieved at different conditions?” will be answered. The
second goal is to contribute in the study of the formation mechanism of this kind of
particles. To answer these questions, we followed the evolution of the reaction by a
non-intrusive well-known technique, such as turbidimetry, and for the determination
of size, dynamic light scattering (DLS) and transmission electron microscopy (TEM)
were used, this last technique also giving us information about the particle shape.
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6.3.3. Experimental section

6.3.3.1. Materials

The chemicals used in this study are ethanol (96 %) purchased from Panreac, and
tetraethyl orthosilicate (TEOS, 98 %) and ammonium hydroxide solution (NH4OH,
28 %), from Sigma-Aldrich. These reagents were used without any further purifica-
tion. High-purity Milli-Q water was obtained using a water purification system.

6.3.3.2. Synthesis of silica nanoparticles

Silica nanoparticles were synthesized through the well-known Stöber process [47].
The desired range of particle size was between 20 and 300 nm, so the experimental
conditions were set to fulfill this requirement. In each experiment the procedure was
the same: 4 mL of TEOS were first dissolved in 50 mL of ethanol under magnetic
stirring in a round-bottom flask. After 2 minutes, the required amount of water
for every experiment was added, followed by the required amount of ammonium
solution, which was added dropwise. All the experiments were carried out inside the
fume hood and after adding all the reagents each flask was covered with parafilm
(Fig. 6.16).

Figure 6.16.: Experimental set-up at room temperature. Notice the difference in turbidity of both samples.

Three series of experiments were performed, as shown in Tab. 6.5. In all of them,
the molar ratio between ethanol and TEOS was constant and equal to R3 = 47.8
and they were performed at room temperature. In the first series (A-series), the
experiments were at a constant molar ratio between water and TEOS (R1) of 12.9,
and the molar ratio between ammonia and TEOS (R2) was varied from 0.2 to 1.4.
In the second series (B-series), R1 = 20, and R2 varied from 0.2 to 0.6. Finally, the
third series (C-series) consisted of only one combination of R1 and R2 (R1 = 14.1,
and R2 = 0.46). For each experiment, though, several replicates were performed,
in which particle size was analyzed at different reaction times, ranging from 50
minutes to 125 hours, in order to have a broad spectrum of particle diameters over
time. In some experiments, the analysis of particle size before 50 minutes was also
performed, although before 15 minutes no nanoparticles could be detected with the
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available light scattering instrument. Another series of experiments (D-series) was
performed at 45 ◦C to have some experiments at another temperature and validate
the hypothesis found with the experiments at room temperature. In this case, the
conditions were: R1 = 20, [TEOS] = 0.2 M, and temperature at 45 ◦C. The R2 was
also varied from 0.4 to 1.6.

Table 6.5.: Experimental conditions of the A-, B- , C- and D-series performed. Note: For all the experiments: 4
mL TEOS, 50 mL EtOH, R3=[solv.]/[TEOS] = 47.8.

Exp. # R1=[H20] R2=[NH3] TEOS (M) T (°C) D (nm)

/[TEOS] /[TEOS] (average)

A-1 12.9 0.2 0.32 RT 43.4 ± 0.9

A-2 12.9 0.4 0.32 RT 121.4 ± 0.8

A-3 12.9 0.65 0.31 RT 201.5 ± 1.2

A-4 12.9 0.9 0.31 RT 234.1 ± 1.4

A-5 12.9 1.4 0.31 RT 314.1 ± 1.8

B-1 20.0 0.2 0.30 RT 49.94 ± 0.6

B-2 20.0 0.3 0.30 RT 109.08 ± 1.0

B-3 20.0 0.4 0.30 RT 199.62 ± 1.4

B-4 20.0 0.6 0.30 RT 313.6 ± 1.6

C-1 14.1 0.45 0.31 RT 151.4 ± 1.3

D-1 20.0 0.4 0.2 45 40.8 ± 1.3

D-2 20.0 0.5 0.2 45 44.2 ± 0.7

D-3 20.0 0.6 0.2 45 49.29 ± 1.1

D-4 20.0 0.9 0.2 45 71.8 ± 0.7

D-5 20.0 1.4 0.2 45 162.8 ± 1.5

D-6 20.0 1.6 0.2 45 170.3 ± 1.5

6.3.3.3. Characterization of the silica nanoparticles

Particle size and polydispersity Two techniques were used to determine particle
size: dynamic light scattering (DLS) and transmission electron microscopy (TEM).
The particle size of different samples was measured using DLS technique at different
reaction times ranging from 50 to 7500 minutes (125 hours) using a Malvern ZEN
3600 Zetasizer Nano ZS instrument, and a 3D LS Spectrometer (LS Instruments).
On the other hand, TEM was used only for measuring particle size and polydispersity
once we were sure that the particles had reached their final size (after 22 hours) with
a Hitachi MT800 or a JEOL JEM2100, depending on the particle size-range. The
details of the instruments and sample preparation is described in sec. 2.4.2.
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Turbidity Analysis of the transmitted light or transmission through the samples
was performed in order to quantify the increase of opacity observed in the different
experiments as the reaction take place, as indicated in sec. 2.4.3. The change of
transmission is due to the scattering effect of the particles suspended in the reaction
media, which is directly related to the kinetics of the reaction. Hence, an increase of
particle size and concentration can be detected by analyzing the changes in trans-
mitted light, and this will give us information about the kinetics and formation
mechanism of this process.

Samples were analyzed with a Turbiscan Classic instrument (Formulaction). Tur-
biscan technology is based on the transmission and backscattering (BS) of a light
source through the sample along all its height. A mobile reading head, composed of
near infrared (NIR) diode and two detectors (transmission and BS), scans a glass
cell containing the sample. The photons are scattered many times by the objects in
suspension (droplets, solid particles, gas bubbles. . . ), emerge from the sample and
are detected by different devices. Photons which are detected by the device located
opposite to where the light source is emitted indicate the transmission of the sample.
Photons which have been backscattered are detected in a device located at 173° and
indicate the BS of the sample. Transmission and BS can give information about
concentration and size of the suspended matter. If the incident light is scattered
by a reduced number of particles, the transmission measured is high (most of the
source of light passes through the sample). An increase of the concentration of the
particles in the reaction medium is observed by a decrease of the transmission with
time.

In this work, different samples of a same experiment were taken at different reaction
times to study the evolution of transmission with time. A quantity of 2 mL was taken
each time and put in a clean Turbiscan cell. The transmission value was taken as
an average value of the whole sample height.

6.3.4. Results and discussion

6.3.4.1. Kinetic study with DLS technique

The following plot (Fig. 6.17-a) depicts the particle size (diameter, nm) evolution
with reaction time, for the A-series experiments, with R2 varying from 0.2 to 1.4.

From this figure, several conclusions can be extracted. The first one is that the
higher the ammonia amount (the higher R2), while maintaining the other variables
constants, the bigger the particle size. When R2 = 0.2, the particle size is around
50 nm, whereas when it increases up to 1.4, the particle size is around 320 nm.
Fig. 6.17-b depicts the good correlation between these two parameters. It can also
be observed that with short reaction times, less than 1000 minutes, the particles
have already achieved their final size, and it does not grow any bigger. It is quite
clear that most of the particles growth occurs in the first 500 minutes (∼8 hours).
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(a) (b)

Figure 6.17.: (a) Particle diameter (DLS) as a function of reaction time. Symbols are experimental values and the
lines correspond to the fitted model (D = (Dmaxkt)/(1 + kt)). (b) Correlation between R2 and final particle size
(t> 450 min) with R1 = 12.9, [TEOS] = 0.31 M and T = RT.

These two observations involve the third one: the bigger particles grow at a faster
rate than the smaller ones.

The experimental data have been adjusted with the following mathematical equation
(eq. 6.11), which describes the variation of the particle diameter with the reaction
time:

D(nm) = (Dmaxkt)/(1 + kt) (6.11)

In the equation, Dmax (nm) is the maximum diameter achieved by the particles,
k (min-1) is the kinetic constant, which is related to the particles growth at short
reaction times, and t is the reaction time in minutes. Notice that when t � ∞, D
� Dmax because kt>> 1, and when t � 0, D � 0. A good correlation between
the values of k and Dmax was found (Fig. 6.18) indicating that, for these reaction
conditions, a relation could exist between the size achieved by the particles and their
growth rate: the higher the kinetic constant, the bigger the final particle size, as
mentioned previously.

It is important to notice that, especially at short reaction times, there is a consid-
erable variability between the values of the diameter observed. This variation could
be mainly attributed to the fact that the measures came from different replicates.
Despite having produced the experiments with the same methodology and reagent
quantities, variability on the results is not uncommon, and we must also consider
the limited precision of the volumetric equipment used. Also, although it is true
that preparing the samples at room temperature could introduce some experimental
error because it is not a controlled variable, we assume that the little differences in
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Figure 6.18.: Correlation between Dmax and k for the reaction kinetics with DLS technique.

the room temperature should not be significant enough. Another factor that can
explain these observed variability between samples is that, as emphasized by some
authors, like Rao et al. [434], the Stöber process has a low reproducibility when
synthesizing small nanoparticles. This fact is also supported by the contradictory
results obtained by different authors in several studies with similar conditions.

It is quite difficult to draw information about the reaction kinetics at very short
reaction times with the previous data. For this reason, in two experiments the
particle size analysis was performed at shorter reaction times. The experiments
were done with the same conditions as the A-series, and the values of R2 were
0.4 and 0.65, respectively. These values were chosen because they were enough
to involve a significant reaction rate and there is enough difference between both
particle sizes produced. Measures were taken every five minutes during the first 35
reaction minutes. As can be seen in Fig. 6.19, no results could be obtained before the
first fifteen minutes. This can be probably explained because the concentration of
particles in the reaction medium was not enough for a good detection of the scattered
light. Moreover, this low concentration of particles leads to a laser intensity of 100 %,
which can be potentially harmful for the scattered light detectors. After these first
fifteen minutes, looking the data carefully, a plateau for the particle size can be
observed in both samples. After that, the particles continuously grow for more
than, at least, the next three following hours.

The kinetic model previously obtained (eq. 6.11) is plotted in Fig. 6.19 for each R2

value (equations in figure caption). In the case of R2 = 0.4 it can be seen that the
predicted diameter highly corresponds with the measured experimental diameter.
However, at R2 = 0.65, the model, represented by the dashed line, differs a lot
from the experimental values. This can be explained because this particular sample
experienced an unusual growth, leading to a bigger particle size. While the previous
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Figure 6.19.: Particle diameter variation with time at short reaction times. Points are experimental values and
lines the fitted models (D = (Dmaxkt)/(1 + kt)). Dotted line : D = 228.7 · 0.0955 · t/(1 + 0.0955 · t); Dashed
line: D = 194.9 · 0.0846 · t/(1 + 0.0846 · t); Continuous line: D = 118.1 · 0.0330 · t/(1 + 0.0330 · t). The regression
coefficients are shown in the figure.

samples at R2 = 0.65 grew until a size of about 200 nm, this sample grew until
about 230 nm. Nevertheless, changing the value of Dmax and k, the experimental
points can be well adjusted (dotted line). Obtaining this unusual growth is also in
accordance with the low reproducibility of the Stöber method.

6.3.4.2. Kinetic study with Turbiscan

The reaction medium becomes more translucent and whiter with time (Fig. 6.20). By
visually observing the reaction medium, this change from transparent to translucent
or white takes place at a different rate, which depends on the value of R2, i.e. in the
ammonia concentration. In order to study the hypothesis that the final particle size
depended directly on the growth kinetics, and that the growth kinetics depended
on the reaction conditions, the transmitted light was measured with a Turbiscan
instrument at different reaction times for every experiment.

Figure 6.20.: Different opacity of the reaction medium changes with time, a: transparent, b: translucent, c: white.
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The results of the transmission for samples of the A-series with different values of
R2 are shown in Fig. 6.21. In most samples, an initial period was observed where
the transmission is almost constant, followed by a decay and a plateau at longer
times. The initial induction period seems to be longer for low ammonia/TEOS
molar relations. As observed in the figure, when R2 is higher, the decay of the
transmission with time is much steeper.

Figure 6.21.: Transmission decay with time at different R2 values with R1 = 12.9, [TEOS] = 0.31 M and T = RT.

Transmission values were normalized to the value at t= 0, so that all the the decay
functions start at the unity. Without taking into account the first measured values
and the values at longer times, corresponding to the plateau achieved, a decreasing
exponential function (eq. 6.12) can be adjusted to the transmission decay of each
sample.

Transmission = Aexp(−Ktt) (6.12)

In the equation, A (-) is the pre-exponential parameter, Kt (min-1) is the transmis-
sion kinetic parameter, and t is time in minutes. A correlation between particle size
and the value of Kt is found (Fig. 6.22). The value of the parameter A changes for
each sample.

In Fig. 6.22, different series of experiments with various reaction conditions showed
in the legend are represented in a log-log plot. In each series, R2 was changed.
This correlation shows us that when different diameters are obtained with the same
reaction conditions, different rates of transmission decay (which are related to Kt

value) are also obtained. Moreover, it seems that despite having different conditions
of some or all the factors involved in the samples preparation, if their combination
makes Kt to have the same value, the same size will be obtained. In other words,
with these data it seems that the combination of the values of the factors affects the
kinetic constant rather than each value has a direct effect on the particle size. This is
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Figure 6.22.: Correlation between Kt and particle size for different reaction conditions. The D-series are at 45 °C.

also in accordance with the fact that a correlation between the kinetic constant k and
final size Dmax was also obtained with the data of reaction kinetics measured with
DLS technique (Fig. 6.17-b). The relation between the kinetic constant and particle
size is different for each analysis technique because different methods were used to
determine the reaction kinetics. Therefore, although these two correlations cannot
be directly compared, they both seem to indicate that there is a direct relation
between the particles final size and their growth rate. This is an interesting result
because with this information it would be possible to find, for example, the reaction
conditions necessary to obtain a desired particle size maximizing the concentration
of TEOS in the medium, which would be useful because with the same reaction
volume more particles would be obtained.

6.3.4.3. Analysis of particle shape

With the TEM analysis of the particles, we found the particle size distribution to
be monomodal for most of the samples (Fig. 6.23). To build the histograms, bin size
was selected to be 2 for samples with a mean diameter smaller than 50 nm, 5 for
samples with a mean diameter between 50 and 100 nm and 10 for particles greater
than 100 nm, in order to have a well established distribution. The bars indicate the
experimental results whereas the continuous line represents the normal distribution
that adjusts the observed experimental distribution.

The bigger particles had a more spherical morphology than the smaller ones, as can
be appreciated in the following TEM images (Fig. 6.24). Counting all non-spherical
particles observed with TEM, a relation between the percentage of non-spherical
particles in the sample and the average sample particle size (measured with DLS
technique) can be obtained (Fig. 6.25). Therefore, for the synthesized particles with
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Figure 6.23.: Particle size distribution and normal distribution adjustment for four different samples: (a)
33.9± 1.1 nm, (b) 38.4± 3.1 nm, (c) 70.5± 1.5 nm, (d) 271.7± 2.1 nm,

a diameter higher than ∼75 nm, particles are almost spherical since the percentage
of non-spherical particles is lower than 5 %. However, it seems that smaller particles
have more varied forms, they tend to be spheres, but some have sharp edges or a
bean-like forms.

According to the aggregative model of Bogush and Zukoski [435], already described,
both smaller and bigger particles obtained could have grown by aggregation of
smaller subparticles. While the bigger particles could have been formed by the
aggregation of primary particles much smaller than their final size, the size of the
smaller particles could be much closer to that of the primary particles that have
formed them. Then, in the case of bigger particles, the primary particle aggregates
could have been homogenized by a later monomer addition to reach a final spheri-
cal form. However, in the case of smaller particles, this further monomer addition
homogenization might have not occurred, obtaining bean-like particles.

In other words, the small particles without spherical form, corresponding to step 3
in Fig. 6.15, could not have achieved a spherical morphology because of the lack of
a subsequent growth yielding to spherical particles. Another possible explanation of
this phenomenon is found in Wang et al. [443], where a modified monomer addition
model is presented to describe the growth mechanism of the silica nanoparticles
taking into account the hydrolyzed species found in the system: the fully hydrolyzed
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Figure 6.24.: TEM micrograhs showing different particle shape. The bigger ones (d) are much more spherical than
the smaller ones (a). TEM diameters: (a) 24.7± 3.4 nm, (b) 25.1± 3.1 nm, (c) 56.8± 7.4 nm, (d) 250.7± 33.0 nm.

Si(OH)4, which is three-dimensional open, fractal and with four equal functional
groups. There is also Si(OH)3(OR) and Si(OH)(OR)3, which are unsymmetrical,
and finally Si(OH)2(OR)2, which is only open in one dimension. They propose that
the primary nuclei or particle core would be Si(OH)4, since it would lead to uniform
spherical particles, but when the concentration of this species decreases, the other
ones start to react with the oligomers to form the particles, which at the same time,
can aggregate with other oligomers. The cause of the irregular shapes and rough
surfaces obtained in some of our samples could be the high participation of the
non-uniform species Si(OH)3(OR) and Si(OH)2(OR)2, which according to Green
et al. [459, 460], who analyzed the intermediates of the reactions with NMR and
SAXS, emerge when there is a lack of NH3 and H2O, and is in agreement with our
experiments.

We could explain the formation mechanism of these particles with a combination of
the existing models, in a similar way to Wang et al. [443]. First of all, the initial
plateau observed in the particle size analysis could be explained by a LaMer and
Dinegar growth model [454], because according to this model, this initial plateau
would correspond to the nuclei formation period. However, the irregular shapes of
the particles obtained leads us to think that aggregation of the hydrolyzed species on
the particles formed is possible, and that aggregation takes place while the reaction
proceeds. The modified monomer addition model seems in agreement with our
results.
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Figure 6.25.: Percentage of non-spherical particles at different particle size.

6.3.5. Conclusions

In this study, we have analyzed the evolution of particle size with the reaction time,
and we have reached the conclusion that it is directly related to the kinetics of
the reaction. The faster the reaction rate, the bigger the particles formed. This
is also confirmed by the evolution of turbidity with time. The faster the changes
in turbidity take place, the bigger the particles formed. Another interesting result
is that to predict a certain particle size, we do not have to choose one particular
ammonia or TEOS concentration, but it is the combination of the different factors
that determine the final results, in this case, the final particle size. The factors that
we can vary are the concentration of the reagents (ammonia, TEOS, water, ethanol),
and the temperature. This supports the results from the previous section, in which
we saw that interactions existed between the different factors.

With these results, and also by analyzing the particle size and shape using TEM,
we have observed that not all the particles formed are perfectly spherical. As also
observed in other studies, some irregular particles are formed. Particularly, they
appear to be more numerous when the particle size is smaller, which, in our case, is
when the ammonia concentration is lower. By comparing this to the literature, we
identified the growth mechanism to follow a modified monomer addition model.
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6.4. Masking of targeted procoagulant silica
nanoparticles for the control of internal
hemorrhage

6.4.1. Inorganic nanoparticles, aminofunctionalization and
clotting

The use of inorganic materials for the enhancement of blood clotting has been very
successful over the last few years. Zeolites were used as an active ingredient in the
first version of QuikClot. However, although very efficient in halting bleeding, the
severe burns that it caused involved the search for an alternative material. Further
research led to the improvement of the material by hydrating the zeolites and then
changing the procoagulant surface to kaolin clay, which is the QuikClot current
active ingredient [409]. Silica mesocellular foams (MCF) have also been studied for
this purpose [49] and they have the advantage of having higher internal surface area,
apart from higher carrier capacity, since they are accessible to blood clotting factors
or enzymes. Moreover, silica has been shown to have a much lower cytotoxicity than
kaolin when used as hemostatic agent [410], although there is still a concern over
the cytotoxicity of these materials [461,462].

The materials studied until now are addressed to treat external hemorrhages as
topical medications and thus do not take into account some issues that must be
considered when it comes to internal injuries, like particle size, targetability, lo-
calization, stability and ease of administration. The main treatments in this area
include platelet transfusion, clotting factors and platelet substitutes. Although being
efficient, thrombosis restricts their wide-spread application. Alternative treatments
could involve the use of organic or inorganic nanoparticles. Biodegradable synthetic
platelets consisting in PLGA-PLL block copolymer with conjugated polyethylene
glycol (PEG) terminated with RGD functionalities were synthesized by Lavik and
coworkers [413]. These particles bind to activated platelets and cause their aggre-
gation, thus increasing blood clotting. Regarding inorganic nanoparticles, titania
nanotubes were tested by Roy et al. [463] for the control of hemorrhage and to
strengthen the blood clot. However, the size was 10 μm, maybe too large for this
application knowing that capillaries measure from 5 to 10 μm and that smaller par-
ticle sizes have much better properties that are relevant for internal purposes, like
faster mass transport, effective adhesion to substrates and good suspension in so-
lutions [464]. Anticoagulant systems based on nanoparticles are also being stud-
ied, such as heparin-coated mesoporous silica nanoparticles [463] or shear-activated
PLGA aggregates of nanoparticles coated with tissue plasminogen activator [465].
We think that both pro- and anticoagulant nanoparticles are a promising technology,
and that they will be used in a near future to control internal hemorrhage, both for
blood thinning or clotting.

In this study, we focus on the synthesis of silica nanoparticles (SNP) of a size range
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from 10 to 150 nm. Silica, known to be a procoagulant agent [52, 55], acts as a
scaffold upon which the even more procoagulant agents will attach. The particles
are designed to be injected into the bloodstream and to only target and deliver at
the bleeding sites. Thus, a functionalization designed to protect the nanoparticles
from initiating clotting when in contact with blood, in healthy vessels and inducing
a heart attack or stroke, is necessary.

Nanoparticles designed for drug delivery are often coated with polyethylene gly-
col (PEG) to prevent unwanted activation. PEGylated nanoparticles increase the
half-life of silica in the blood stream, limit cellular uptake, and limit protein ad-
sorption to the active, yet hidden surface [466]. Hence, polyethyleneglycol (PEG) is
the polymer used for the covalent modification of the inorganic nanoparticles as a
protective agent. The PEGylation of the SNP increases slightly the diameter, but
helps increasing the circulation time and, more interesting, the clotting time. The
masking of the procoagulant silica surface is optimized by studying the amount of (3-
aminopropyl) triethoxysilane (APTES) needed to amino-functionalize the particles,
either by grafting or by co-condensation, and also by studying the PEG molecular
weight needed to achieve similar clotting times than when no procoagulant agent is
present. The wound site would be targeted by using a peptide as a linker between the
amino-functionalized nanoparticle and the PEG. This peptide would have a specific
sequence that would be recognized by an enzyme present in high concentrations only
at the wound site (activated factor X (FXa)), as shown in the scheme in Fig. 6.26.
Some tests concerning clotting activity are shown in this study to confirm that the
proposed masking and deprotection strategy can be one day a medical treatment
worldwide used.

Figure 6.26.: Silica nanoparticle functionalization scheme. (I) Nanoparticle with peptide linker that cleaves at
wound site; (II) PEG masking layer protects the nanoparticle from clotting in healthy vessels; (III) At injury
site, the peptide is cleaved, PEG layer is released and the nanoparticle activates to accelerate clotting.

Functionalization with organic tethers is one of the most effective methods of dras-
tically modifying the surface properties of silica without destroying the form of
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the solid. In this study, the amino-functionalization of the SNP is carried out as
the first step of further modifications. The amino-functionalized silica particles
can be synthesized via two methods: co-condensation or grafting. Co-condensation
method is based on the simultaneous modification of silica nanoparticles while they
are being synthesized, via preparation of colloidal nanosilica using alkoxysilane and
amino-organo functional alkoxysilane as modifier (Fig. 6.27). Grafting is based on
subsequent functionalization of the particles already formed (Fig. 6.28).

Figure 6.27.: Co-condensation method (direct synthesis) for the organic functionalization of silica surfaces with
terminal organosilanes of the type (R’O)3Si-R (R = functional group). Adapted from Hoffmann et al. [467].

The amino-organo functional alkoxysilane mostly used for the amino-functionalization
of silica particles is the (3-aminopropyl) triethoxysilane (APTES). Various authors
affirm that superficial amino groups on the particle surface are not free, but rather
bound, either to each other or to other polar groups, e.g. silanols, by means of
hydrogen bonds. Moreover, it has been established that in contact with aqueous
electrolytic solutions, the surface of APTES-modified silica materials exists in a
zwitterions-like form, and herewith surface silanols are generated by hydroxylation
of that surface [468].

Figure 6.28.: Grafting (post-synthetic functionalization) for the organic functionalization of silica surfaces with
terminal organosilanes of the type (R’O)3Si-R (R = functional group). Adapted from Hoffmann et al. [467].

According to Vandenberg et al. [469] investigations of deposited APTES morphol-
ogy, APTES reacts with free hydroxyl groups by SN2 exchange of the silane ethoxy
groups for the silanol oxygen, with loss of ethanol. Although this reaction is self-
catalyzed by the amine groups of APTES and, therefore, external basic catalysis is
unneeded, their results showed that the reaction proceeded more quickly with base
catalysis. The mechanism of surface modification with APTES proposed by Vanden-
berg et al. [469], without differentiating between the techniques used, is that the base
replaces one ethoxy group from APTES, and a pentacoordinate silane intermediate
is formed when a surface hydroxyl group displaces the base. Surface multilayers
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are created when ethoxy groups from two APTES molecules are displaced, and a
siloxane bond is formed between them. This can occur between two surface-bound
APTES (horitzontal polymerization) or when an APTES in solution reacts with a
surface attached APTES (vertical polymerization or multilayers).

In this study, amino-functionalization of SNP will be carried out with both methods:
the co-condensation method, adding the APTES just after the TEOS in the reaction
system, and the grafting method, by adding the APTES to the redispersed SNP in
ethanol.With both co-condensation and grafting techniques the possibility of self-
condensation is not excluded, because hydrolysis, coupling and nucleation can occur
during the diffusion of silane in the solution.

In the condensation method, also called one-pot synthesis, the reaction of amino-
functionalization using APTES can be expressed by the following equation (eq. 6.13),
where x can be 1, 2 or 3:

≡ Si(OH)x+H2NC3H6−Si(OC2H5)3 →≡ Si(OH)x−1−O−Si(OC2H5)3−x−H6C3H2N+xC2H5OH (6.13)

The resulting silica nanopartilces will have organic ammonia anchored covalently
to the silica surface. Usually, the content of organic functionalities in the modified
silica does not exceed 40 mol % and the proportion of the organic compound on the
surface is lower than that expected for its concentration [467]. However, we have
to take into account that an increasing concentration of the organosilane involves
homocondensation reactions, caused by the different hydrolysis and condensation
rates. Another methodological disadvantage of the co-condensation method, is that
calcination of the prepared material is not suitable, because it would destroy the
organic compound.

After the first studies of Mann [470], Macquarrie [471] and Stein [472] on organo-
functionalization of mesoporous silica through co-condensation, there has been a
lot of works on the organic functionalization via the co-condensation method of
silica surfaces, either porous or non-porous, and not only for amino-groups [473–
482], but for a vast number or organic groups like thiol-, alkyl, cyano/isocyano,
vinyl/allyl, organophosphine, alkoxy or aromatic groups [467]. These compounds
have interesting catalytic or adsorption properties or can be used, as is the purpose
in this study, as starting compounds for the synthesis of new organically modified
silica surfaces.

The addition of APTES to the reaction system can be made at the same time that
TEOS is added to the reaction system [473] or after TEOS has been reacting for
some hours [483].

Grafting, also called post-synthetic functionalization, is the subsequent modifica-
tion of the surface of a purely inorganic silica material with organic groups. The
organosilanes, like APTES, react with the free silanol groups on the surface. If the
grafting method is used, the functionalization should be carried out in a solution
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in which the colloids are stably dispersed. This situation may make the grafting
of organosilanes complicated, because monodisperse silica colloids are generally dis-
persed in aqueous solutions and the grafting is based on the reaction between the
surface silanols and the reactive bonds on the organosilane; the organosilane can
react with the solvent and condense with other monomers before being grafted onto
the silica particles [484]. The first and surprisingly successfully grafting studies, by
Mal et al [485], anchored coumarin on the surface of the silica mesoporous materials
MCM-41, and after that, many studies regarding the modification of silica porous
and non-porous phases have been performed.

6.4.2. Goal of this study

The goal of this study is to evaluate the use of silica as a scaffold for haemostatic
agents. Silica nanoparticles are synthesized and characterized. The ability of func-
tionalizatin is evaluated through the amino-modification of the particles, as a first
step for further functionalization with a PEG addition. We want to evalute which
method is the most convenient to amino-functionalize, either co-condensation or
grafting, and then find the optimum amino-concentration and PEG loading nec-
essary to completely protect the nanoparticles from clotting when in contact with
plasma. The relation between clotting properties and zeta potential is also evalu-
ated.

6.4.3. Experimental section

6.4.3.1. Materials

Ethanol (99 %), tetraethyl orthosilicate (TEOS), ammonia NH4OH (28 %), (3-aminopropyl)
triethoxysilane (APTES) were supplied by Sigma Aldrich. SPDP-dPEGx-NHS ester
(x = 8,16) were purchased from Quanta Biodesign. Polyethyleneglycol succinimidyl
ester (NHS-PEGx-OCH3) with three different molecular weights (x = 2 kD, 5 kD,
20 kD) were supplied by Nanocs. Deionized water was obtained using a Milli-Q
water purification system. Frozen pooled normal plasma (PNP) and FXII-deficient
plasma were purchased from George King Biomedical (Overland Park, KS) and
handled according to package inserts. The phospholipid (PL) solution was prepared
from L-α-phosphatidycholine (PC) and L-α-phosphatidylserine (PS) purchased in
Avanti Polar Lipids, following the method described in Morrissey Lab Protocol [68].
Peptide CF-IE-GK (CG-14) with the sequence FAM-x-CGGIEGRGGSGGKG-NH2
and molecular weight 1662 was purchased from Lifetein.

6.4.3.2. Synthesis of the silica nanoparticles

Silica nanoparticles (SNP) above 15 nm and under 200 nm in mean diameter were
selective-size synthesized in the laboratory following a modified Stöber method [47],
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which is based on the hydrolysis and condensation of TEOS in ethanol, in the pres-
ence of ammonia as catalyst. In a typical synthesis, TEOS and ammonia were
added dropwise and consecutively into 57 mL of ethanol while stirring at 300 rpm at
room temperature. The stirring was continued for 24 h. The material was recovered
by centrifugation (14 000 rpm, 30 min), washed with ethanol to remove ammonia
and unreacted TEOS (3 times). After redispersing the material in ethanol by son-
ication (FS20 Fisher Scientific), the products were dried overnight at 60 ◦C and
once homogenized, calcined at 550 ◦C during 4 h. The different nanoparticle sizes
were selectively obtained by varying the amounts of TEOS (0.5-4 mL) and ammonia
(0.5-4 mL). Three replicates of each reaction conditions were performed. Although
Bogush et al. [420] affirm that the particle size is not function of the degree of agi-
tation, neither of the vessel shape or volume, we carried out the experiments under
the same stirring rate and in the same round-bottom flasks, in order to only vary the
composition variables. Commercial Sigma Aldrich Ludox silica nanoparticles below
10 nm were also examined.

6.4.3.3. Synthesis of APTES-SNP

APTES was used to form an amine-reactive group on the silica surface. Two meth-
ods were used: grafting and co-condensation. In the grafting method, the above
synthesized particles were dispersed by sonication in ethanol and then APTES was
added under vigorous stirring. The stirring was continued for 24 h. It is important
to seal the reaction media to avoid evaporation losses. The functionalized materials
were recovered after two centrifugation steps (14 000 rpm, 30 min), washing with
ethanol, redispersing by sonication in ethanol and finally drying overnight at 60 ◦C.
The co-condensation method is a one-step method where both TEOS and APTES
participate in the hydrolysis and condensation during the synthesis of SNP. In this
method, the APTES was added dropwise after the TEOS and before the ammonia,
and the synthesis proceeded as before.

6.4.3.4. Synthesis of PEGylated SNP

Three different molecular weight of NHS-PEGx-OCH3 (PEG) were used to PEGylate
the SNP: 2 kD, 5 kD, 20 kD. 25 μL of a 80 mg/mL solution PEG in dimethyl sulfox-
ide DMSO were added to 250 μL of a 50 mg/mL APTES-SNP dispersion in 1 mM
NaOH. The mixture was sonicated and incubated 15 min at RT. After centrifugation
(3500 rpm, 5 min) and washing with deionized water to remove the unreacted PEG,
the particles were brought to 250 μL and sonicated before analyzing their clotting
properties.
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6.4.3.5. Synthesis of SNP with peptide

The peptide C-IE-FK was attached to an OPSS-PEG-NHS linker, which was co-
valently bonded to the amino-functionalized silica particles. A 0.75 mM solution in
water was prepared and 50 μL of the peptide solution were added to 500 μL of par-
ticles solution (50 mg/mL particles). After incubating 10 min at RT, the particles
were wased after spinning down 10 minuttes at 6000 rpm (two times) and washing
with deionized water.

6.4.3.6. Characterization of the particles

Zeta potential and particle size determination Zeta potential and particle size
were measured by laser diffractometry using a Zetasizer Nano ZS instrument (ZEN
3600, Malvern Instruments) at 20 ◦C with an incident wavelength of 633 nm and
173° backscattering angle, as explained in sec. 2.4.4. Zeta potential was measured
at 1 mg/mL in ionized simulated body fluid (i-SBF), which has concentrations of
dissociated ions equal to those of blood plasma, and prepared according to Oyane
et al. [59], as explained in sec. 2.4.4. Disposable cells were cleaned with ethanol
and water prior to sample loading. Particle size was measured just after the 24
hours stirring, in the synthesis medium, and after the calcination step, redispersed
in ethanol at 1 mg/mL.

Morphology and structure The morphology, structure and also particle size were
observed via transmission electron microscopy (TEM). TEM micrographs were ob-
tained on a FEI Tecnai G2 Sphera electron microscope with an accelerating voltage
of 200 kV.

Determination of the clotting activity A Hemoscope Thrombelastograph (TEG)
was used to determine and compare the clotting properties of the synthesized parti-
cles. As already described in sec. 2.4.5.1, the TEG measures several parameters that
are relevant to coagulation, such as initial time for clot formation (R, min), rate of
clot formation (angle, deg), time until clot reaches 20 mm (K, min) and clot strength
or maximum amplitude (MA, mm). To carry out the analysis, two methods were
used. In the first one, 20 μL of 0.2 M CaCl2 was added to the TEG cup, followed
by 340 μL of plasma and immediately by 10 μL of the clotting agent. In the second
method, first 340 μL of plasma and the 10 μL of the clotting agent were added and
incubated for 3 minutes, to allow the activation of the contact pathway, and finally
the 20 μL of 0.2 M CaCl2 were added. Both tests were carried out at 37 ◦C. The
clotting agents were dispersed in a 1 mM phospholipid (PL)/HBS solution, at pH
7.4. Concentration- and size-dependent analyses were studied.

318



6.4 Masking of targeted procoagulant silica nanoparticles for the control of internal
hemorrhage

6.4.4. Results and discussion

6.4.4.1. SNP synthesis

Different SNP particle sizes were synthesized to be able to find a relationship between
the particle size and the clotting activity of the particles. Fig. 6.29-a shows some
representative TEM images of the SNP synthesized with desired mean diameter
dimensions in the range of sub-100 nm. Zeta potential tests showed that SNP have
a negative charge in simulated body fluid (i-SBF), which helps activate the intrinsic
pathway by activating FXII [417]. Bigger particle sizes had a slightly more negative
zeta potential, although all values were in the range -15 to -25 mV.
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Figure 6.29.: (a) TEM micrograph of SNP of ∼55 nm size. (b) Particle size (nm) increases with the pH of the
reaction system.

Different particle sizes were obtained depending on the reaction conditions. As
observed in Fig. 6.29-b, in the range studied, a pH increase under otherwise constant
experimental conditions involved a larger particle size, as seen in the previous section:
when the pH increased from 10.79 to 11.84, the particle size increased from 11 nm
to 135 nm. This is also observed in the early Stöber studies [47] and others [420,439,
486, 487]. When ammonia is increased, the faster the hydrolysis and condensation
reactions of TEOS, and the shorter the nucleation period. These results in fewer
number of nuclei but larger final particle size [486].

When measured by DLS, though, the samples with the least concentration of ammo-
nia (less than 2 %) showed two distinct sizes. This bimodal size distribution indicates
the presence of aggregated or flocculated silica. According to Ibrahim et al. [486],
this might be due to the fact that the rate of primary particles aggregation to form
bigger size particles is slower than the rate of generation of primary particles, so in
the end there is a polydispersed system, as observed in sec. 6.3. A decrease of the
TEOS concentration, which represents an increase on the water/TEOS molar ratio
between 0.4 and 20 at a constant pH of 11.4, increased particle size from 42 nm to
around 60 nm, as shown in Fig. 6.30-a. However, higher water/TEOS molar ratios,
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Figure 6.30.: (a) Particle size increases with the H2O/TEOS molar ratio, only when the TEOS concentration is
high enough. (b) Process yield as a function of pH.

corresponding to TEOS concentrations between 0.07 and 0.02 mol/L, had no sig-
nificant influence on the particle size (Fig. 6.30-a). This is in accordance with the
experimental design performed in sec. 6.2, in which the molar ratio between water
and TEOS was high (around 20), thus, in the range in which the particle size is
constant and not dependent on this ratio.

Fig. 6.30-b depicts the yield of the experiment as a function of pH. The yield (%)
was calculated by comparing the weight of the material after calcination (Wc) with
the theoretical weight of the material based on 100 % conversion of the TEOS to
silica (Wt): Y ield = (Wc/Wt) · 100. A very little amount of material (yield lower
than 50 %) is obtained in the lower range of pH studied, when the amount of am-
monia is lower than 4 %. This is possibly due to the fact that the smaller amount of
ammonia likely decreases the reaction rate by inhibiting the catalysis of the TEOS
in the hydrolysis reaction, so maybe after 24 hours the reaction was not completed.
Another possible reason is that the small particles would need more time to pre-
cipitate during centrifugation, so not all the formed particles are collected on the
precipitate, but are discarded together with the supernatant.

In the clotting tests, we measured the effect of the silica particle size and concen-
tration on coagulation, to detect threshold values and optimal range. Beforehand,
we wanted to know if there was some particle aggregation when the concentration
varied, so we measured the particle size at different concentrations. Results shown
in Fig. 6.31-a confirmed that the particles were stable over a wide concentration
range. It can be observed that the particle size increases slightly from 97 to 108 nm
when the concentration is increased from around 0.1 to 50 mg/mL. However, this
increase is not significant and is not an indication of aggregation. Moreover, in the
concentration range that the clotting tests are performed (usually between 0.1 and
2 mg/mL), the size is constant.

The clotting time of the particles was then tested using TEG. The first tests were
performed using water as the dispersion medium. Size-dependent clotting exper-
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Figure 6.31.: (a) Particle size is stable with changes in concentration. (b) Clotting time (min) as a function of
particle size (nm).

iments compared the various in-house synthesized and Ludox silica particles at a
fixed concentration of 0.68 mg/mL, defined in other experiments to be in the range
of high activity. As observed in Fig. 6.31-b, the clotting time in the particle size
range studied was no significantly different; a slight optimum at particle size around
50 nm, where the clotting time measured was about 4 minutes (compared to 12-16
minutes found in plasma without silica). Only when the particle size was smaller
than 10 nm, the clotting time was significantly higher. In this case, though, the
particles were not synthesized in the lab, but were commercially available Ludox
dispersions.

The dependence of clotting time with silica particle size was studied many years ago
by Margolis [417]. In his studies, he suggests that an optimum particle size in the
range 20-100 nm exists, because a higher particle size involves a loss of specific surface
area, but a smaller particle size involves that the active points where the proteins can
attach are too close to each other, in a way that they prevent the unfolding of these
proteins. Lundqvist et al. [488] studied the dependence between protein adsorption
onto SNP and affirmed that the curvature of the surface influences the degree of
conformational change in the secondary structure of the proteins: particles of 15 nm
caused a ∼6-fold higher change than particles of 6 nm, with much more curvature.
As the coagulation cascade is, basically, protein driven (factors, enzymes...) it is
reasonable to think that the small size particles clot at higher times because the
coagulation factors are impaired to activate.

This is why we centered our study in the optimum size-range. The concentration-
dependent studies were performed using a phospholipid solution as dispersion medium.
The phospholipids participate in the coagulation process, especially through acti-
vation of FX and prothrombin to FXa and thrombin, respectively. The clotting
time is reduced in nearly 2 minutes by using a solution of phospholipids instead of
water. Importantly, in the concentration-dependent studies we can see how the clot-
ting time is indeed sharply dependent on concentration until the threshold condition
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is met, around 0.5 mg/mL, over which it remains low and stable around 1 minute
(Fig. 6.32-a). At a very low concentration, the clotting time increases, achieving
values of ∼6.5 minutes.
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Figure 6.32.: (a) Dependence of the clotting time on particle concentration. (b) Clotting time as a function of
zeta potential.

Concentration experiments focused on 55-70 nm silica particles tested at concentra-
tions different concentrations from 0.14 mg/mL to 0.8 mg/mL. The resulting data
(Fig. 6.32-a) identified∼0.55 mg/mL bare silica as the threshold required to minimize
R. At this concentration the R value averaged 1.5 min (the double if the dispersion
was only in water).

As the procoagulant activity in the case of silica comes from the fact that silica has
a negative charge at the blood pH (since the silica isoelectric point is 2), the zeta
potential is also correlated with the clotting time: particles with a more negative
zeta potential decrease clotting time, as observed in Fig. 6.32-b, since the contact
pathway, which activated FXII is favored. Apart from the clotting time, other
parameters are also being evaluated, such as rate of clot formation, and clot strength,
to be able to compare not just the clotting initiation, but other mechanisms that
are relevant in the formation of a clot. There are clotting agents that affect the
coagulation cascade in different points than the initial one, and that does not make
them less attractive for the clotting process, for example, polyphosphate, as we will
see in the next section [489,490].

6.4.4.2. Amino-functionalization of the SNP

The APTES was used to create an amino-group on the silica surface. Two methods
were used: co-condensation and post-modification (grafting). In both methods,
zeta potential analysis was used to confirm the presence of the amino-group on the
surface, since the isoelectric point of the particles changes to higher values.

Some preliminar experiments were carried out using both methods, to see how the
amino-functionalization had an influence on particle size and on zeta-potential.
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Co-condensation experiments Different samples were prepared using different
APTES quantities. Moreover, a sample was prepared with the same reaction con-
ditions and with the higher APTES quantity but without ammonia in the reaction
medium in order to see if any effect could be found. The experiments performed are
shown in Tab. 6.6.

Table 6.6.: Reaction conditions for co-condensation experiments.

Exp. # R1= H2O R2= NH3 [TEOS] T R4= APTES Diameter

/TEOS /TEOS (M) (ºC) /TEOS (nm)

A1 20.20 0.39 0.185 47.5 0 18.0

A2 20.20 0.39 0.185 47.5 0.05 198.1

A3 20.20 0.39 0.185 47.5 0.10 390.5

A4 20.20 0 0.185 47.5 0.10 >>

A5 20.63 0.37 0.144 25.0 0 32.3

A6 20.63 0.37 0.144 25.0 0.05 145.6

A7 20.63 0.37 0.144 25.0 0.10 232.8

A8 20.63 0 0.144 25.0 0.10 1008.0

What we observed was an increase of the particle size with the increase amount of
APTES (Fig. 6.33). When there is no APTES in the synthesis, particles are below
50 nm in size. Even with the addition of a small APTES quantity in the reaction
medium, an important effect on the size obtained was observed, since they increased
to 150-200 nm, and up to 400 nm for the higher APTES amount and temperature.
Moreover, it seems that a lineal relation exists between the added APTES quantity
and the final size obtained. We thought that this size increase could have been
produced because, with APTES in the reaction medium, high temperature could
increase the rate of the amino-functionalization reaction and decrease the rate of
the other reactions involved in the system and, therefore, growth completion could
be more difficult to achieve. At lower temperature (25 ◦C), the particles experience
a lower growth, but still higher than the original 50 nm.
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Figure 6.33.: Co-condensation sizes for different APTES quantities in the reaction medium.
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The variation of R1 and R2 for the co-condensation experiments has a low effect on
the growth experience when having APTES in the reaction medium. However, for
the experiments A5 to A7 both TEOS concentration and temperature have lower
values than for experiments A1 to A3. Although the variation range of TEOS seems
to be much smaller than the variation of temperature, it is important to notice
that TEOS concentration has a significant and important effect on particle size
than temperature, as observed in the results of the experimental design of sec. 6.2.
Therefore, it is possible that these variables have the main effect on the increase
of growth produced, though we cannot affirm it with the experiments done. This
unexpected particle size growth with APTES could also be due to the fact that the
TEOS amount was not reduced, and as the APTES has also silicon atoms, this extra
silicon quantity could increase the particles size in a similar way that an increase of
TEOS quantity yields to bigger sizes. However, only 0.12 and 0.24 mL, respectively,
of APTES were added, in comparison with the 2.25 mL of TEOS added in each
experiment.

Experiments corresponding to entries A4 and A8 in Tab. 6.6 have not been plotted
in Fig. 6.33, these samples prepared by co-condensation but without ammonia in
the reaction medium experienced an excessive growth to the point that they prac-
tically outranged DLS measuring limit, achieving microscale dimensions. In fact,
they were so big that their precipitation was possible even under magnetic agitation
at 450 rpm. Sample A8 could be observed with TEM obtaining a particle size of
1008 nm (∼1 μm). This observation is in accordance with what has been explained
before about the relative reaction rates involved in the particles growth. If polymer-
ization is faster than the hydrolization reaction, in which a hydroxyl group becomes
attached to a silicon atom enabling the completion of the particle, then particles
achieve very large sizes. Although APTES, like ammonia, has a catalytic effect on
the reaction system due to the amino group, it is possible that APTES promotes the
polymerization reaction rather than the hydrolization reaction, whereas ammonia
has the capacity of promoting the hydrolization reaction and finishing the particles
growth earlier, obtaining smaller particles. Another possible explanation would be
related with the basicity of ammonia and APTES. APTES has a primary amine
which is more basic than ammonia because of the higher stabilization of the positive
charge especially favoured by the relatively low silicon electronegativity. Then, when
there is APTES in the reaction system the concentration of OH- increases promoting
especially rhe reaction represented in eq. 6.1, but also the reaction in eq. 6.5 [436],
causing a greater hydrolysis and condensation reaction rates and, therefore, obtain-
ing bigger particles. This mechanism is analogous as observing bigger sizes at higher
R2 values when other conditions are kept constant because increasing the value of
R2 implies that the concentration of hydroxyl groups in the medium increases.

Hence, it was observed that although ammonia acts as a catalyst in the reaction
system and its increase can produce bigger particles, its presence in the reaction
medium could be very important because it could be related somehow to the com-
pletion of the particle growth. Results obtained for co-condensation experiments
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indicate that the size increases when APTES is added to the reaction medium when
the conditions are fixed for a defined particle size. The growth observed is such that
the particles obtained are far away from the desired size range. For this reason,
grafting experiments were also done to see if this extreme growth could be avoided
with this technique. Nevertheless, if co-condensation is preferred to grafting because
of its easier methodology, the particle growth should be explored using a reduced
quantity of APTES in the reaction medium.

Grafting experiments Grafted particles were prepared using a relation of 2 μL/g
SNP for particles of varied sizes (Tab. 6.7).

Table 6.7.: Particles size and reagent quantities for their amino-functionalization by grafting technique (a: before
grafting, b: after grafting)

Exp. # Diametera(nm) SNP (g) APTES (μL) Diameterb (nm)

G1 34.9 ± 4.2 0.10 0.20 37.8 ± 4.8

G2 98.8 ± 11.8 0.11 0.22 99.4 ± 10.8

G3 137.8 ± 1.5 0.08 0.16 135.8 ± 12.6

G4 198.6 ± 19.6 0.10 0.20 212.3 ± 23.6

The size of the amino-functionalized particles was measured with DLS technique.
Particles had been centrifuged from the reaction medium previously and redispersed
in ethanol to take the measures. Although they were sonicated during several (∼10)
minutes, their redispersion seemed to be difficult since some tiny particle cluster
could be obversed with the naked eye. This caused that DLS measures had a bad
correlation function. Moreover, very different values of particles size were obtained
for the same sample. As a result, DLS measures for these grafted samples were
not reliable and it was decided that nanoparticles will be also observed with TEM
(Fig. 6.34). Grafted nanoparticles were sonicated before preparing the TEM samples
for 5 minutes and, despite most of them were well distributed in the carbon grid,
big particles clusters could also be observed indicating that these were the cause of
bad DLS measurements (Fig. 6.34-c,f).

Size variation after having grafted the particles was only between 3 and 14 nm,
for the smallest and bigger particles, respectively (Tab. 6.7). Therefore, we could
conclude that the particle size after amino-functionalization by grafting is almost
the same as before. These results are important because, with this small increase in
the particle size, the size can be controlled at a first stage, fixing the experimental
conditions according to an empirical model developed with an experimental design,
and we can be sure that the size will be kept constant after grafting of the particles,
contrarily to what happened when co-condensation was used, where the size of the
amino-functionalized particles was much bigger than the non-modified particles.

Polydispersity values of non-modified and grafted particles were obtained. Although
polydispersity slightly increased for the grafted nanoparticles, the increase was very

325



Chapter 6 Design of nanoparticles for the control of internal hemorrhage

(a) (b) (c)

(d) (e) (f)

Figure 6.34.: TEM micrographs showing grafted SNP and non-redispersed clusters of grafted particles, experiment
G1 (a), G2 (b,c), G3 (d) and G4 (e,f).

small (∼1 %), so the particles continued to present monodispersity (coefficient of
variation around 0.12).

Zeta potential measures of the nanoparticles modified using grafting were taken, to
proof the functionalization (Fig. 6.35). Measures were taken at different pH values
in water (modified with HCl or NaOH) in order to see the variation of zeta potential
with pH. Non-modified silica particles of the same samples used for grafting amino-
functionalization were also measured at different pH in order to see the difference
between grafted and non-grafted particles. In the following figures filled symbols
denote amino functionalized particles whereas empty symbols denote non-modified
silica nanoparticles.

The observed general behavior is that an increase of pH yields to a decrease of
zeta potential. At higher pH there is a higher concentration of hydroxyl groups in
the reaction medium which affect the distribution of cations (Na+) attached to the
nanoparticles surface and, in the case of amino-functionalized particles, it also affects
the charge of amino groups. For low pH values, modified silica nanoparticles have
higher zeta potential; because surface amino groups are prone to be protonated, so
the modified particles will have a total more positive charge than the non-modified
particles, which only present siloxane groups (≡Si-O-H) in there surface.

The variation of zeta potential with pH is different for modified and non-modified
particles due to the different chemical groups present in their surfaces. For non-
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Figure 6.35.: Zeta potential variation with pH for grafted and non-grafted nanoparticles of different sizes. Open
symbols: non-modified SNP; filled symbols: grafted SNP. Experiments (a) G1, (b) G2, (c) G3, (d) G4.

modified particles, their surface is composed basically of siloxane groups. Oxygen
presents certain negative density charge which attracts cations (protons and Na+).
If pH increases, there is a hydroxyl concentration in the reaction medium that also
attracts cations, so there is also lower cation concentration in the external counter-
ion layer and, therefore, zeta potential is lower. This trend is clearly observed at
pH < 6. However, beyond this value zeta potential variation is much smoother.
Above pH 7 the concentration of OH- is higher than that of H+, and probably soon
after this pH protons are more stable in the reaction medium bulk. This could
be the reason why an increase of the OH- concentration has a lower effect on the
zeta potential value at this pH range. For grafted particles, a broader variation is
observed. Between pH 2 and pH 4, the zeta potential is almost constant for all
studied samples. In this pH range, amino groups are protonated due to the high
proton concentration in the system. If pH increases, the amino groups tend to lose
their positive charge and Na+ cations present in the counter-ion layer tend to be
solvated by hydroxyl groups, and therefore zeta potential decreases.

At high pH, a lower zeta potential value for grafted amino-functionalized nanopar-
ticles might indicate that the concentration of hydroxyls is so high that some amino
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groups could lose a proton and be in a –NH- form, giving to the particles a more
negative charge than that of non-modified particles, which present siloxane groups
that are more difficult to deprotonate.

It was also observed that for modified particles, at low pH, zeta potential increased
with an increase in particle size (Tab. 6.7). However, at high pH, the trend was
the opposite, zeta potential decreased with an increase in particles size. For non-
modified particles, at low pH, appreciable difference of zeta potential with size was
not observed. However, at high pH, zeta potential decreases for bigger particles.
All modified particles using grafting have the same relative quantity of APTES and
silica nanoparticles mass (2 μL APTES/g SNP). Then, because the relative surface
per unit volume increases when particle size decreases, there will be a lower amino
groups density in smaller particles. At low pH, if amino groups density decreases,
there will be less positive charges in surface yielding to lower zeta potentials. At
high pH, the trend is analogous. Particles with a higher amino groups density will
be able to have more –NH- groups in their surface yielding to lower zeta potentials.
The decrease of zeta potential with particle size for non-modified particles might be
explained because siloxane groups are easier to deprotonate if particles are bigger.
Moreover, it can be clearly observed that the variation of zeta potential is wider
for bigger particles than for smaller ones, which is in accordance with the explained
before referring to amino groups density and their electric charge.

Also, the isoelectric point (IEP) of the modified particles (between pH 5 and pH
6) is bigger than the IEP of SNP, being this one around pH 3, as reported in the
literature [448]. It was found that the IEP seems to increase with size for grafted
particles, whereas it is kept almost constant for non-modified particles. For non-
grafted particles IEP is kept almost constant because their surface properties are
almost identical and do not depend on size. However, for grafted particles, an
increase in the size, which is related to an increase of the amino groups density,
may displace the value of IEP to higher values because more hydroxyl groups in the
medium are needed to deprotonate all amino groups having particles with neutral
charge.

Finally, it can be observed that amino-functionalized particles have a zeta potential
about -30 mV or lower at pH 7.4 so, at this pH, they are expected to be stable and
therefore they could easily be further modified for the control of internal hemorrhage.

Amino-functionalization, further functionalization and clotting activity Furter
co-condensation and grafting experiments were performed to study the clotting ac-
tivity of the amino-functionalized particles. Co-condensation experiments were per-
formed by varying the molar ratio between APTES and TEOS from 0 to 0.25, at
room temperature. In this case, the zeta potential is measured when the particles
are dispersed in a simulated body fluid (SBF) at pH 7.4. A denser coating of amino-
group is detected by a more positive zeta potential value. Fig. 6.36-a depicts the
zeta potential variation with the APTES/TEOS molar ratio used in the synthesis.
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Figure 6.36.: (a) Zeta potential (mV) versus APTES amount (co-condensation) for particles dispersed in i-SBF
at pH 7.4. (b) Clotting time (R, min) measured using TEG versus zeta potential (mV) for amino-functionalized
SNP via co-condensation.

The zeta potential increases with the APTES/TEOS ratio. In fact, the APTES
coating is also evidenced by an increase on the clotting time. The contact pathway
of the coagulation cascade is initiated when a negatively charged surface activates
FXII. SNP are negative at the blood pH, but as the amino-modified particles have a
more positive zeta potential, the clotting time increases accordingly, as depicted in
Fig. 6.36-b. Apart from that, the precision of the samples in which the zeta potential
is negative is very high, but for positive values, the error in the measure is higher.
In fact, the particles with the highest zeta potential values are even anti-coagulant,
since the clotting times are even higher than the normal clotting time of pooled
normal plasma (between 12 and 16 minutes).
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Figure 6.37.: (a) Elemental analysis showing the weight percent of carbon (C), hydrogen (H) and nitrogen (N)
on the samples in increasing APTES/TEOS ratio. (b) The amino-group is present in the samples as synthesized
and decomposes when they are calcined.

The elemental analysis performed in some of the samples shows that the weight
percent of carbon, hydrogen and nitrogen increase with an increase of APTES in
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the synthesis, as expected (Fig. 6.37-a). The quantity of amino-group per particle
were also determined and depicted in Fig. 6.37-b. When the samples are calcined,
the amino-group is decomposed and, as observed in Fig. 6.38-a, the particles become
active for clotting again.
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Figure 6.38.: (a) Clotting time (min) versus amount APTES (co-condensation). (b) Zeta potential with pH for
different APTES loading via grafting.

Furthere grafting experiments were performed. Fig. 6.38-b depicts the zeta poten-
tial versus pH for three different samples, to verify that the APTES loading was
performed. Amino-functionalization of the surface was optimized and clotting ef-
fects were systematically compared, with the goal of retaining a procoagulant sur-
face while introducing conjugate handles for further attachment of polymers, pep-
tides, or proteins. When bound to the nanoparticle surface, cross-linkers such as
3-aminopropyl triethoxysilane (APTES) limit the active surface for coagulation.
We decreased the ratio of APTES to silica to obtain a PEG-linker-APTES-silica
threshold switchable particles (TSP) that would retain a dual nature – inert in
healthy blood vessels while converting to procoagulant when activated by a linker-
specific protease. Fig. 6.39-a shows the clotting time of SNP with different amounts
of APTES per nanoparticle. Even at the maximum APTES amount essayed, 2 μl/g
SNP, the clotting time is low enough to consider the surface procoagulant, but, at
the same time, the 5 k and 20 k PEG attached to it have much higher clotting times,
similar to those of PNP.

In Fig. 6.39-b, the clotting tests are performed in SNP, amino-functionalized SNP
with the maximum APTES amount essayed and then with 2 k, 5 k and 20 k PEG. If
the results are slightly different than in the previous figure, it is because a different
particle batch was used. However, the results are the same: with already a 5k PEG
we achieve fully protection of the highly procoagulant silica nanoparticle, achieving
the masking of the surface. The fact that PEGylated nanoparticles do not alter
the normal blood clotting behavior is attributed to the hydrophilic PEG corona,
which reduces the surface adsorption of plasma proteins and lipids, and also acts as
a shield for nanoparticles increasing their circulation time, which allows the particles
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to reach the site of injury before being cleared [466,491].
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Figure 6.39.: (a) Clotting time of different APTES loading and PEG MW. (b) Increasing clotting time with PEG
MW.

When functionalized solely with APTES, at low coverage, the nanoparticles re-
tain their procoagulant nature. When PEG attaches to these nanoparticles via the
APTES bridging elements, they become protected. We found that coupling PEG (of
at least 5 kDa) decreased clotting times back to that of normal recalcified plasma.
PEGylating the silica allows it to act as an anticoagulant in normal vessels.
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Figure 6.40.: (a) Clotting time of functionalized particles. (b) The relationship between clotting time and zeta
potential.

Removing PEG at the wound site would activate the procoagulant activity of the
SNP. A promising strategy, for which we have gained preliminary results, is to create
a protease-sensitive coating that will be removed once above-threshold conditions
are met, e.g. a prothrombinase-sensitive IEGR peptide linker sequence. The coating
will consist of a small number of large-molecular-weight PEGs attached through
peptide linkers to a shared silica core nanoparticle. Fluorescein-labeled peptides
enable quantification after coupling. Fig. 6.40-a shows clotting times along the whole
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functionalization steps. We can see that the procoagulant surface is kept until the
PEG is attached, so even with the peptide, the silica surface is exposed. Fig. 6.40-b
shows the relationship between the zeta potential and the clotting time for the same
functionalization steps.

6.4.5. Conclusions

Silica nanoparticles were successfully synthesized through the Stöber method around
50 nm. The experimental conditions were studied to obtain the desired particle size
range, also following the results found with the experimental design of the previous
section. The clotting time of these particles was evaluated and a concentration
threshold was detected, below which these particles were no longer procoagulant.

Amino-functionalization of the particles was performed via the co-condensation and
the grafting method. Both methods are valid to attach amino groups to the surface.
However, co-condensation increases particle size, and care has to be taken with the
amount of ammonia and TEOS used. Grafting, on the other hand, keeps the particle
size constant. Functionalization was observed through a shift to more positive values
on the zeta potential and with elemental analysis. Further PEG loading on the
particles was studied. With a PEG between 5 k and 20 k, full protection is achieved
and particles are no longer coagulant. These are just some preliminary experiments,
and much more work needs to be done before these silica nanoparticles become a
realistic treatment against internal hemorrhages.

Currently, there are many laboratories working on improving these nanoparticles:
improving the synthesis of silica nanoparticles, improving the APTES loading to
avoid aggregation, improving the PEG masking, and unmasking, and trying different
kinds of scaffold, like the already tested hydroxyapatite, gold, silver or iron oxide. A
lot of hands are needed to find the optimum threshold switchable nanoparticle for
the control of internal hemorrhage.

6.5. Polyphosphate-coated nanoparticles for the
control of internal hemorrhage under
coagulopathy

This section is patent pending (U.S. Patent Application No 14/201,434): “Polyphos-
phate Functionalized Inorganic Nanoparticles as Hemostatic Compositions and Meth-
ods of Use”. Authors: Damien Kudela, Galen D. Stucky, Anna May-Masnou, Gary
B. Braun, James H. Morrissey and Stephanie A. Smith. A part of this section will
soon be publised as: Kudela, D.; Smith, S.A.; May-Masnou,A.; Braun, G.B.; Pal-
laoro, A.; Chuong, T.; Allen, R.; Parker, N.P.; Morrissey, J.H. and Stucky, G.D.
Clotting activity of polyphosphate functionalized silica nanoparticles.
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6.5.1. Polyphosphate and coagulation

Linear chains of inorganic polyphosphate, also known as polyphosphate (polyP),
consist of linear chains of orthophosphate monomers linked together by high-energy
phosphoanhydride bonds. At physiological pH, each phosphate monomer is nega-
tively charged, resulting on an anionic polymer. The chain length of the polyphos-
phate polymer can vary from only a small amount of monomers (∼50 mer) to
more than 1000 monomers put together. Long-chain polyphosphate is found in
microorganisms, whereas the polyphosphate found in human platelets ranges from
60 to 100 monomers, approximately. Polyphosphate is synthesized enzymatically
from ATP and is degraded by phosphatase enzymes, like endopolyphosphatases
and exopolyphosphatases, that cleave the polyphosphate chain or remove the end
monomers, respectively [492, 493]. Polyphosphate has a half-life in human blood or
plasma of about ∼90 minutes [494].

Ruiz et al. [495] first reported that human platelets contained polyphosphate at a
concentration of ∼130 mM, that it was smaller and more heterodisperse than the
one found in microorganisms, and that it was secreted to the blood stream after
platelet activation. Taking into account the quantitiy of polyP in platelets, and the
number of platelets in blood, it is calculated that there can be between 1 and 3 μM
polyP in blood (in phosphate monomers). Morrissey et al. first reported that these
linear chains of‘polyP help induce coagulation [492]. What is more interesting is that
polyP chain length determines the specific effect of polyP on the human coagulation
cascade [490]. As observed in Fig. 6.41, long-chain polyP is a strong activator of
the contact pathway, it accelerates FV activation, it enhances fibrin polymerization
and accelerates FXI back-activation by thrombin. On the other hand, medium-sized
length polyP, like the one secreted by activated human platelets in response to vessel
injury (between 60-100 mers), mainly increases activation of FV, while inhibiting the
anticoagulant tissue factor pathway inhibitor (TFPI) and accelerates FXI activation
by thrombin [490].

There is a minimum length required for polyP to trigger FXII activation in plasma:
Müller et al. [496] observed that polyP with a mean chain length < 45 failed to do so,
although they obsreved that platelet polyP triggered contact activation. However,
some authors question this affirmation [497], which has induced a debate in the
scientific community around this topic [498]. The detailed mechanism of how polyP
accelerates and induces clotting is not yet fully understood, and there is research in
this field going on at the moment to try to elucidate it.

Whatever the mechanism, experimental results show that polyP indeed shortens
the clotting time of blood clotting. Our idea is to form nanoparticles with a short-
medium length polyP corona surrounding it to enhance the clotting activity of the
nanoparticles. The polyP used is a ∼70 mer fraction of polyP (P70) for its simi-
larity to the most relevant polyP produced in the body by human platelets. The
NP core would be covered with P70 bound to the surface to produce a corona ef-
fect. This corona effect is designed to improve the nanoparticle efficacy. The sole
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Figure 6.41.: The roles of polyP in blood clotting vary depending on polymer length. (A) Microbial long-chain
polyP (ranging from less than a hundred phosphates to several thousand phosphate units long) acts at 4 points in
the clotting cascade, indicated in red: 1 initiates the contact pathway of blood clotting [490,492,496]; 2, accelerates
factor V activation and abrogates TFPI function (the latter not shown explicitly) [490, 492]; 3, enhances fibrin
polymerization [490, 499, 500]; and 4, accelerates factor XI back-activation by thrombin [501]. (B) Platelet-size
polyP (60 to 100 phosphate units long) acts most potently at 3 points in the clotting cascade, indicated in red:
2, abrogates TFPI function (and overlaps the minimal size necessary to accelerate factor V activation) [490,492];
3, overlaps the minimal size necessary to enhance fibrin polymerization [490, 499, 500]; and 4, accelerates factor
XI back-activation by thrombin [501]. Reproduced from Choi et al. with permission of the authors [501].

exposed procoagulant agent will be the short-medium chain P70 surrounding the
particle surface. As P70 is a clotting accelerator rather than an initiator, clotting
would mainly occur at injury sites, thus preventing he NP surface from initiating
coagulation in healthy vessels. If this design is successful, it will allow us to use
exposed P70 in localized, non-compressible injuries as we work to improve a particle
for general injection.

To attach anionic polyP to an oxide, we followed the success of Lorenz et al. [502],
who used zirconia as the scaffold, and used the materials for applications in protein
separation and purification. This strategy of attachment exploits the Lewis acid
properties of polyP to bind it to an oxide surface, overcoming the electrostatic
repulsion (zirconia, like silica, has a negative surface potential at blood pH), via
the P-O-Si oxygen bridge [503]. Another option is tu use an APTES bridge and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) cross-linker, which has the
benefit of allowing improved control on the amount and mechanism by which polyP
attaches to the silica nanoparticles.

In this chapter we have focused on silica nanoparticles as a procoagulant agent.
At physiological pH, silica has a negative surface charge. and this negative surface
charge attracts and activates FXII thus initiating the contact pathway of coagulation
[417], as explained in the previous section. The combat gauze QuikClot uses the
negative surface charge of the aluminosilicate kaolin to rapidly facilitate activation
of the contact pathway to limit blood loss in patients suffering external hemorrhage
[409,504]. With the polyP functionalization, this coagulation power can be enhanced
by bringing the particles to a even more negative zeta potential at phisiological pH.
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As described in sec. 2.4.1, not only SNP have been synthesized and tested. For in-
stance, hydroxyapatite (HA) nanoparticles were also tested, owing to their potential
applications in drug delivery systems. HA is already present in the body in tooth
enamel and represents more than 50 % of bone weight. Initial studies of synthetic
HA showed its anti-thrombotic effect, unlike other inorganic oxides tested [52, 55].
These studies related the positive zeta potential of HA in blood to delayed coagu-
lation, like it occurs with zinc oxide. In its pure form, hydroxyapatite acts as an
anticoagulant. By functionalizing hydroxyapatite with polyP we can use it as a pro-
coagulant. This would have two key advantages over silica. First, hydroxyapatite is
biodegradable and thus the body would be able to remove the particles that are not
activated at the target site. Second, it would have less risk involved in delivery as
the bare particle is anti-coagulant and will not induce clots randomly in the blood
stream.

6.5.2. Goal of this study

The aim of this study is to explore the coagulation activity of the P70 coated silica
nanoparticles (SNP), silica being a known activator of the contact pathway of the
coagulation cascade. Silica is generally considered a non-toxic material, often used
in drug delivery studies [505]. Bare silica nanoparticles (SNP) have been shown
to stimulate coagulation through the contact pathway of the cascade by activating
FXII, also called the Hageman factor [417,501]. In addition, while the typical particle
size in materials used for treating external hemorrhage are in the micrometer range,
these are too large for internal wounds [49, 52, 419, 506]. By synthesizing particles
with a diameter of ∼50 nm, the system is more easily transitioned to in vivo study
of internal hemorrhage, which is one of the goals of this project. As a secondary
goal, the use of hydroxyapatite nanoparticles instead of silica.

6.5.3. Experimental section

6.5.3.1. Materials

Ethanol (99 %), tetraethyl orthosilicate (TEOS), ammonia NH4OH (28 %), (3-aminopropyl)
triethoxysilane (APTES), dihydrogenphosphate and Ca(OH)2 were supplied by Sigma
Aldrich. A commercial HA nanopowder (> 97 %) was supplied by Aldrich. Deionized
water was obtained using a Milli-Q water purification system (Millipore). Frozen cit-
rated pooled normal plasma (PNP) and Factor XII-deficient plasma were purchased
from George King Biomedical (Overland Park, KS) and handled according to pack-
age instructions. Phospholipid solutions in chloroform were purchased in Avanti Po-
lar Lipids: L-α-phosphatidycholine (PC) and L-α-phosphatidylserine (PS). Sodium
chloride, potassium chloride, sodium phosphate, dibasic and potassium phosphate,
for phosphate buffer saline (PBS), were supplied by Sigma Aldrich. Polyphosphate
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was purified from P70 and P700 (BK Guilini GmbH, Germany). Phosphate glass
(Sigma Aldrich) was solubilized in 250 mM LiCl/50 mM LiBO3, pH 10.5 at 100 ◦C
for 10 min. The resulting crude material was then purified by isopropanol precipita-
tion, with fractions characterized by Western blotting.

6.5.3.2. Synthesis of silica and hydroxyapatite nanoparticles and
polyphosphate coated nanoparticles

SNP were synthesized following a modified Stöber method [47]. In a typical syn-
thesis, TEOS and ammonia were added consecutively and dropwise into 57 mL of
ethanol while stirring at 300 rpm at room temperature. Stirring was continued
for 24 h. Differing amounts of TEOS (0.5-4 mL) and ammonia (0.5 – 4 mL) were
used to produce a range of particle sizes. To produce the desired 55 nm SNP, 5 mL
TEOS were added dropwise followed by 3 mL NH4OH (28 %). pH and particle size
were measured directly after synthesis, in ethanol. The particles were recovered
by centrifugation (14 000 rpm, 30 min) and washed three times with ethanol to re-
move impurities. After redispersing in ethanol by sonication (bath sonicator, Model
FS20 Fisher Scientific), the products were dried overnight at 60 ◦C. The powder was
homogenized then calcined at 550 ◦C for 4 h.

Hydroxyapatite nanoparticles (HANP) were synthesized following the synthesis of
Tseng et al. [56], by mixing dihydrogenphospate and Ca(OH)2 with the stoichiomet-
ric Ca/P molar ratio of 1.67, at 65 ◦C during 12 hours, followed by a calcination
at 900 ◦C for 30 min. Successful synthesis of HA was determined by comparing the
XRD patterns with a commercial HA.

To prepare the polyP coated NP (SNP-P70 and HANP-P70 or -P700) the synthe-
sized nanoparticles were first dispersed by sonication in Milli-Q water and placed at
30 ◦C. Polyphosphate powder was added under vigorous stirring and the solution
was stirred overnight. The functionalized materials were recovered by two rounds
of centrifugation (14 k, 30 min), each time washed with ethanol and redispersed by
sonication. The products were dried overnight at 60 ◦C. Successful modification was
determined using dynamic light scattering (DLS) and zeta potential.

6.5.3.3. Characterization of the particles

Zeta potential and particle size determination Zeta potential and particle size
were measured by laser diffractometry using a Zetasizer Nano ZS instrument (ZEN
3600, Malvern Instruments) at 20 ◦C with an incident wavelength of 633 nm and
173° backscattering angle. Zeta potential was measured in water at different pH and
in PBS buffer (approximately 137 mM NaCl, 2.7 mM KCl, and 12 mM phosphate,
pH 7.4). Particle size was measured just after synthesis (with ethanol as a solvent)
and again after the calcination step, in ethanol at 1 mg/mL. Disposable cuvettes
were cleaned with ethanol and water prior to sample loading. More information in
sec. 2.4.4.
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Morphology and structure of the particles The size, morphology, and struc-
ture of representative samples were observed via transmission electron microscopy
(TEM). TEM micrographs were obtained on a FEI Tecnai G2 Sphera electron micro-
scope with an accelerating voltage of 200 kV. Scanning electron microscopy (SEM)
was also used, as described in sec. 2.4.2.

Analysis of crystal structures in HA The crystal structures of HA nanoparticles
were analyzed by X-ray diffraction (XRD), using a Scintag X2 θ− θ diffractometer,
with a sealed 2 kW Cu tube for X-ray source, with manually adjustable slits for
incident and diffracted beam, and a solid state point detector. Data was collected
and analyzed with a Windows version Scintag data collection and analysis package,
ICDD PDF database.

Quantification of the polyphosphate PolyP content on the particles was quan-
tified by hydrolysis to monophospate. Calf intestinal alkaline phosphatase (CIAP,
a potent exopolyphosphatase) was added to polyP at 37 ◦C, followed by phosphate
analysis using malachite green microassay [507,508].The polyphosphate is quantified
in units of phosphate monomer (MW 102).

Determination of the clotting activity The clotting activity was determined by
two methods: standard coagulometry and rotational thromboelastometry (TEG)
(Thromboelastograph model TEG 5000, Haemonetics), as explained in sec. 2.4.5
These tests measure several parameters that are relevant to coagulation, including
initial time for clot formation (R, min), rate of clot formation (α, deg), time until clot
reaches 20 mm (K, min) and clot strength (maximum amplitude (MA), mm). For
these tests, the particles were dispersed in HEPES buffered saline (HBS) containing
phospholipid (PL) vesicles and sonicated. The phospholipids were a mixture of 80 %
phosphatidycholine (PC) and 20 % phosphatidylserine (PS) prepared by sonication
of chloroform stocks in HBS, following the protocol by Morrissey et al. [68]. All
subsequent dilutions were made by diluting the stock dispersion in this same solvent.
HBS is 100 mM HEPES (Sigma-Aldrich), 20 mM HEPES/NaOH buffer (pH 7.5),
and 0.02 % (w/v) sodium azide (Sigma-Aldrich).

For the coagulometry tests, 50 μL of the particles were placed into a pre-warmed
coagulometer cuvette followed by 50 μL of pooled normal plasma. After incubating
for 33 minutes at 37 ◦C, the contact pathway was activated and the mixture equi-
librated to the chosen temperature, then 50 μL of pre-warmed 25 mM CaCl2 was
added into the cuvette. The results are the average values from duplicate runs.

In the TEG experiments, first 340 μL of plasma and 10 μL of the clotting agent were
added in the TEG cup and incubated at 37 ◦C. After 3 minutes, 20 μL of 0.2 M
CaCl2 were added to the cup and the test was started immediately. Concentration-
and size-dependent analyses were performed. The results shown are the average
value of, typically, 4 to 6 replicates.
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We also monitored the formation of thrombin by fluorescence plate assay, using a
thrombin-sensitive dye T-butyloxycarbonyl-b-benzyl-L-aspartyl-L-prolyl-L-arginine-
4-methyl-coumaryl-7-amide (Boc-Asp(OBzl)-Pro-Arg-MCA)Boc-Asp(OBzl)-Pro-Arg-
MCA (Peptides International, Louisville, KY) [427, 509]. This assay is used to cal-
culate the thrombin burst time, which is related to clot formation time.

6.5.4. Results and discussion

6.5.4.1. Nanoparticle synthesis and polyphosphate loading

By varying TEOS and NH4OH addition we can now produce a range of particle sizes.
For the polyP functionalization, particles of aprox. 55 nm were tested. The SNP
had a negative zeta potential in PBS and did not aggregate with concentration or
dilution, as observed in the previous section. SNP were used as scaffold for the polyP
with three different loadings of polyP, prepared by mixing different weight ratios of
SNP and polyP. A quantification of the polyP on the final particles, gave us the
amount of polyP in each set, and the results were 56, 26 and 23 nmol PO4/mg SNP.

The zeta potential of SNP was tested in both deionized water and simulated body
fluid (SBF) (at physiological pH). In both water and SBF, SNP had a surface charge
of -15 to - 25 mV, as observed in Fig. 6.42. The negative phosphate ends also give
polyP a negative charge [499]. The negative charge allows polyP to bind to cationic
sites on specific proteins, such as P70 binding to thrombin, which accelerates FXI
back-activation, as described in Fig. 6.41. Upon functionalization of P70 on the SNP
surface, the zeta potential of the SNP-P70 nanoparticle decreased to roughly -40 to
-50 mV (Fig. 6.42). In SBF, the charge of the SNP-P70 nanoparticle was similar to
bare SNP. Though not as negative at physiological pH, the SNP-P70 can activate
the contact pathway through its negative surface charge and the P70 on the surface
seeks out thrombin to accelerate coagulation function at the wound site, among
other functionalities, as described in sec. 6.5.1.
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Figure 6.42.: Zeta potential of SNP-P70 and bare SNP in Milli-Q water at pH 6.5.

Regarding hydroxyapatite, we confirmed the synthesis of HA by comparing the XRD
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peaks of our synthesized NP with commercial HA (Sigma Aldrich) (Fig. 6.43-a). All
the characteristic peaks at 2θ were the same as in commercial HA (25.9° (002),
27.6° (102), 28.9° (111), 31.9° (211), 32.3° (112), 32.9° (300), 34.2° (202) and 35.4°
(301)). However, a peak at 30.9° also appeared. This peak corresponds to a β-
TCP phase, as already reported by Tseng et al. [56]. HA can be transformed into
this phase at a sintering temperature of 900 ◦C, and is a common impurity in HA.
Tseng et al. inhibited the formation of this phase by adding PEG to the synthesis of
HANP [56], owing to the heat energy consumed during PEG decomposition at this
temperature. Regarding particle size, we could not be able to synthesize spherical
and monodisperse HA. SEM images show a wide polydispersity on the HA samples,
from around 70 to 800 nm. Probably a more homogeneous size could be obtained
with the addition of PEG, which also prevents the aggregation of the particles.The
loading of poyP was essayed with two length chains (P70 and P700) and at two
polyP:HANP weight ratios (1:1 and 5:1).
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Figure 6.43.: (a) XRD patterns of synthesized HA and commercial HA. (b) SEM image of HA sample.

6.5.4.2. Clotting time of functionalized nanoparticles with polyphosphate

Separately, polyphosphate and silica are well known procoagulants [417, 489, 499].
The goal of this study was to develop a biocompatible procoagulant agent improving
on the clotting activity of each individual agent. Clotting assays using pooled normal
plasma (PNP) were performed. TEG tests can estimate the effect of nanoparticles
on overall clot formation, with the focus on the initial clot time, R, tracking the
power of an agent for inducing coagulation. The initial test compared the clotting
time between bare SNP and SNP-P70, shown in Fig. 6.44-a, for each compound.
Both compounds decreased R value in a concentration dependent manner. Below
0.5 mg/mL, SNP-P70 induced clotting quicker than its bare counterpart (SNP).

Facile storage is a key requirement for new hemostatic agents. To start with,
Fig. 6.44-a depicts that the SNP-P70 particles retain their cloting function even after
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Figure 6.44.: (a) SNP-P70 clots at a comparable rate to that of kaolin and much lower than SNP at low concen-
trations. (b) PolyP requires refrigeration to remain effective. Upon attachment to SNP, P70 remains effective
while stored at ambient temperature and pressure.

nine months of storage at room temperature and pressure. This is an improvement
over polyphosphate, which must be kept frozen to remain effective.

To further explore the relative activities of our materials, thrombin generation curves
were collected using a fluorescence clotting assay. Thrombin is the main procoag-
ulant driving coagulation. As coagulation initiates, the thrombin concentration in-
creases from picomolar to near micromolar, at which time the clotting cascade is
activated and clot formation begins [510,511]. This rapid production of thrombin at
the injury site is known as the “thrombin burst.” The quicker the thrombin concen-
tration increases, the quicker a clot is formed [511]. In terms of thrombin generation
rate, SNP-P70 again outperformed its bare counterpart, inducing thrombin gener-
ation at a faster rate than SNP. Fig. 6.45-a shows the thrombin generation curves
for SNP and SNP-P70 at 0.05 and 0.5 mg/mL. Whereas SNP at 0.05 mg/mL has a
slow progression with rapid rise after ∼300 s, SNP-P70 causes the thrombin burst
well below 100 s (Fig. 6.45-b).

The next step was to compare the activity of SNP-P70 with soluble P70, as would
be secreted by activated platelets to increase coagulation. Fig. 6.46-a depicts the
clot time measured by standard coagulometry of the three SNP-P70 synthesized.
Comparing equal amounts of polyP, each SNP-P70 compositions gave lower clotting
times than free P70. If SNP-P70 has a better clotting activity than bare SNP and
than soluble P70, the synergistic effect that arises between SNP and P70 appears to
be important. SNP activates clotting via the contact pathway by activating factor
XII (FXII). PolyP has a unique effect on the clotting cascade depending on polymer
size, [490] and we chose to study polyP similar in length to that secreted by platelets.
PolyP of this chain length, as described in Fig. 6.41, abrogates TFPI function (and
overlaps the minimal size necessary to accelerate factor V activation), overlaps the
minimal size necessary to enhance fibrin polymerization and binds to thrombin to
accelerate FXI back-activation, continuing a cycle that generates FV and thrombin
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Figure 6.45.: (a) SNP-P70 generates thrombin quicker than bare SNP. (b) SNP-P70 causes the thrombin burst
within 100 s, even at low concentrations.

[512]. The SNP-P70 is hypothesized to follow the combined mechanism of FXII
initiation and back-activation.
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Figure 6.46.: (a) Clot time measured by standard coagulometry of SNP-P70 with different polyP amount versus
phosphate content, compared to P70 in solution. SNP-P70 lowers clot time versus P70 in solution. (b) Clotting
time of bare HANP and functionalized HANP with P70 at different concentrations, measured by TEG.

In order to confirm both agents (silica and polyP) were driving coagulation through
different mechanisms, we conducted clotting assays in FXII-deficient plasma. As
silica initiates clotting by activating FXII through the contact pathway, the particles
were tested in FXII-deficient plasma, to see if SNP-P70 could improve the clotting
time respect to bare SNP. To perform the test, lipidated tissue factor (TF) was
added to the plasma to initiate coagulation through the extrinsic pathway, at a
concentration of 63 pM, and the same amount of SNP and SNP-P70 were added to
two different samples (680 ng/mL). The results show that with only silica, similar
clotting times of the sample with only TF are obtained. However, in the samples
with SNP-P70 the clotting time is reduced from 2.5 to 1.5 min, which indicates
that polyP does not need the presence of FXII to accelerate clotting (Fig. 6.47-
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a). Another interesting result, shown in Fig. 6.47-b, is that samples with SNP-P70
have a higher rate of clot formation respect to bare SNP or only LT in FXII-deficient
plasma. This is also an indication of the clotting acceleration enhancement by polyP
coated SNP.

63 pM TF 124 pM TF TF + SNP TF + SNP-P70
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

 

(a)

63 pM TF 124 pM TF TF + SNP TF + SNP-P70
0

10

20

30

40

50

60

70

 

 

(b)

Figure 6.47.: (a) Clotting time tested in FXII-deficient plasma for samples with 63 and 124 pM TF, 63 pM TF +
SNP and 63 pM TF + SNP-P70. (b) Rate of clot formation (angle, deg) for samples with the same composition
as in (a). Tests performed at 37 °C with TEG.

Moreover, in the calibrated automated thrombography (CAT) tests, used to deter-
mine the thrombin peak time, adding soluble polyP or SNP-polyP to normal plasma
shortened the time to peak thrombin and greatly increased both the peak thrombin
and the endogenous thrombin potential (ETP). This confirmed that the activation
mechanism of polyP is different from SNP. Over the range of polyP concentrations
evaluated, SNP-polyP was about tenfold more potent than soluble polyP in enhanc-
ing thrombin generation. In contrast, insignificant levels of thrombin were generated
when either polyP or SNP-polyP were added to FXII-deficient plasma in this case.
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Figure 6.48.: (a) Thrombin generation curves for bare HA and HA-P70 at 2.7 and 5.4 mg/mL. (b) Clot time of
HANP with different ratios of polyP (P70 and P700) and NP. Concentration is 1.35 mg/mL.

Switching to hydroxyapatite, as already mentioned, HA is anticoagulant, as observed
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in Fig. 6.46-b. The clotting time of HA nanoparticles (> 20 min) is higher than
normal plasma, when no agent is present (12-16 min). Moreover, the clotting time
increases up to 28 minutes when the concentration is increased. On the other hand,
HA-P70 is procoagulant, since the clotting time is less than with normal plasma,
and its activity increases with concentration. Clotting time goes down to 3 min at
a concentration of 2.7 mg/mL of nanoparticles. It is not as low as SNP-P70, but
we can see here the high potential of polyP: from 28 minutes down to 3 min, at the
same concentration of nanoparticles, and using the same HA scaffold. Moreover,
the concentration threshold required to lower the clotting time is much higher than
the concentration required for silica nanoparticles. Similar results were derived from
the fluorescence intensity curves, representing the thrombin generation. Fig. 6.48-a
depicts these curves for bare HA and HA-P70 NP at 2.7 and 5.4 mg/mL. HA-P70
generates thrombin more quickly than HANP, and the more concentrated, the better
(in this rang studied).

Finally, Fig. 6.48-b depicts the clotting time of HA nanoparticles coated with P70
and P700 at two different ratios between polyP and NP. We can see that the shorter
P70 clots faster than the longer P700 chain and also that a higher ratio of polyP
to NP has no clear effect on P70, but decreases clotting time in P700. As exposed
before, the different chain polyP accelerates clotting by activating different factors
in the coagulation cascade. Polyphosphate of the size secreted by human platelets
(∼70mer) is shown to be efficient in accelerating blood clotting by accelerating the
activation of FV and thrombin through back-activation of FXI. At the same time,
P700 is very efficient in activating blood clotting by activating FXII. This could
explain the different clotting times observed when loading HA with these two polyP.

6.5.4.3. Clotting time under coagulopathy

Coagulopathy is a complex process that takes place in average in 25 % of trauma
cases [513]. There are six primary mechanisms involved in coagulopathy: tissue
trauma, shock, hemodilution, hypothermia, acidemia and inflammation. In this
study we will focus only in two of them: hemodilution and hypothermia. Hemodi-
lution, also called factor depletion, is caused when there is a hemorrhage and fluids
with a low concentration of coagulation factors are infiltered to the blood vessels,
diluting the blood and decreasing the concentration of these factors up to levels in
which it is nearly impossible to form a clot. Hypothermia, on the other hand, takes
place when the normal temperature of blood (37 ◦C) decreases, and then many of
the enzymatic process are inactivated. For example, the activity of the tissue factor
or FVIIa complex decreases linearly with temperature, retaining only 50 % of their
activity at 28 ◦C [63,513]. In the laboratory, these two tests are the most simple to
perform in vitro. To mimic hemodilution, plasma samples are diluted with simulated
body fluid, at pH 7.4, in different proportions. To mimic hypothermia, the plasma
is kept from 10 to 20 min at the desired temperature for defrozing, and then the test
is performed also at the desired temperarture, instead of 37 ◦C.

343



Chapter 6 Design of nanoparticles for the control of internal hemorrhage

Fig. 6.49 shows the potential of SNP-P79 when halting hemorrhage in hemodilution
or factor depletion conditions. Clotting time was measured using TEG (Fig. 6.49-
a) and thrombin burst was also monitored under fluorescence (Fig. 6.49-b), using
SNP-P70 at a concentration of 0.25 mg/mL. Clotting time of plasma with the polyP
coated SNP remained low until plasma was 50 % of the volume sample. When only
40 % of plasma was left, clotting time started to increase. When more than 80 %
was simulated body fluid (SBF) (only 20 % plasma), no clot formation was detected.
Results were also compared with plasma at the same dilutions but with lipidated
tissue factor (LTF). The clotting time in the samples containing the silica particles
coated with P70 was much lower than the ones with LTF. The same happened in
the fluorescence tests. Samples with only 33 % of plasma could generate thrombin,
whereas in the same samples with LTF, no thrombin generation was detected, and
with 37 % and 45 %, although clotting was achieved, the rate of thrombin generation
was much lower. These results show that polyP is even active when factor depletion
occurs.
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Figure 6.49.: (a) Under factor depletion (diluted plasma) SNP-P70 clots plasma faster than prototypical lipidated
tissue factor (LTF). (b) SNP-P70 (0.25 mg/mL) generates thrombin at 33 % dilution, whereas 0.185 ng/mL LTF
cannot.

To mimic the hypothermia condition, tests were performed in plasma at different
temperatures. Some representative results at 32 ◦C are shown in Fig. 6.50. As it
can be observed, even samples with diluted functionalized silica nanoparticles (from
0.5 to 0.125 mg/mL) generated thrombin after 100 s at 32 ◦C, whereas at the same
temperature, plasma containing up to 0.185 mg/mL of LTF generated thrombin at a
much slower rate. The hemodilution and hypothermia results highlight the outstand-
ing clotting effect of polyP even under adverse conditions over non-functionalized
nanoparticles. Although more tests need to be done, also under acidosis, SNP-P70
stands like a promising agent to halt internal hemorrhage.
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Figure 6.50.: SNP-P70 generates thrombin more quickly than LTF at moderate hypothermia.

6.5.5. Conclusions

In this study, the attachment of polyphosphate (P70) to the surface of silica nanopar-
ticles (SNP) forms a nanocarrier having significantly reduced thrombin burst and
plasma clot times, when compared to either the bare silica or soluble P70 compo-
nents. In FXII deficient plasma, where the contribution from the SNP component
is minimized, SNP-P70 displays a potency 10x that of soluble polyphosphate. This
suggests that the polyP attached to silica has efficient back-activation of FXI, as-
suming the mechanism by platelet-produced polyP is shared with this conjugated
form. Nanocarrier SNP-P70 is thus a promising system to control hemorrhage in
scenarios that require an injectable material.

Moreover, apart from requiring only a low concentration of particles, SNP-P70 is
efficient even under conditions when the plasma is highly diluted and at low tem-
perature. Lipidated tissue factor (LTF), which activates the TF pathway and clots
plasma very quickly, cannot form a clot under severe hemodilution. This study
demonstrates that polyP attached to SNP improves the clotting time, at low par-
ticle concentration and under traumatic conditions, including hemodilutional coag-
ulopathy or hypothermia. The success of SNP-P70 under simulated severe trauma
suggests its future viability as a novel nano-medicine treatment for both external
and internal hemorrhage.

On the other hand, the attachment of different length polyphosphate to the surface
of hydroxyapatite nanoparticles significantly reduces the clotting time of these an-
ticoagulant particles. However, the clotting time is not as low as with silica, and
the concentration required for a significant decrease is much higher than for SNP.
However, HA presents other advantages respect to silica, so we recommend further
studies on these nanoparticles to see if a low concentration could be use, maybe with
a higher loading of polyphosphate.
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6.6. Role of calcium in the coagulation

This is a small section, included in this chapter, about calcium ions concentration
and coagulation. This section is included for the record of the analyzes performed
regarding this topic, in order to provide tools for future researchers in this field.

6.6.1. Background

Clotting time is determined in various coagulation tests, as explained in sec. 2.4.5.
In every test, apart from the citrated plasma and nanoparticles, we need to add
to the sample a solution of phospholipids, to mimic the platelet membrane rich in
phospholipds, which is necessary for the coagulation cascade, and also a calcium
chloride (CaCl2) solution. Calcium is already found in blood and, consequently, in
plasma. However, when whole blood is taken from patients, it is collected in citrated
tubes (with sodium citrate) in order to avoid instantaneous coagulation: the citrate
acts as an anticoagulant by sequestring the free ionized calcium cations, so that they
are no longer available for the coagulation process [514].

As you can see in Fig. 6.51, calcium participates in many steps of the coagulation
cascade, it is a crucial component; without it, coagulation cannot take place. It is
necessary for the formation of fibrin from fibrinogen, for the conversion of prothrom-
bin to thrombin, and as a cofactor for factors V, VII, VIII, IX, X and XIII [515].
The question now is: how much calcium chloride solution do we need to add to the
clotting tests? It would not be wrong to say that we need as much calcium chloride
as to have the same amount of free calcium that normal whole blood has. However,
it is known that for many reactions of the coagulation cascade, the concentration of
calcium required is far below the physiological ionized calcium.

Plasma contains approximately 2.4 mM calcium (between 2.2 and 2.6 mM), about
half of which is protein bound (not ionized), so ionized calcium concentration is
around 1.2 mM. Citrate binds divalent cations at a ratio of 2 citrate molecules for
every 3 calcium cations (Fig. 6.52). There is in equilibrium between protein bound,
free, and citrate bound calcium.

Citrated plasma is collected from centrifugation of whole blood that contains 10.9 mM
citrate in average. If a normal hematocrit or packed cell volume (PCV) of 40 % is as-
sumed, then 40 % of the volume consists of red blood cells, which act as a functional
diluent for the plasma. We would therefore expect the citrate to distribute into
60 % of the whole blood volume, which is the plasma. Total plasma citrate concen-
tration would consequently be expected to be approximately 18 mM. Note though
that this citrate is in equilibrium with the calcium (1.2 mM), magnesium (0.6 mM),
other metallic ions, and possibly other cationic molecules, so not all of it is “free”
citrate. Measured free ionized calcium in citrated plasma is reported to be around
40 μM. Assuming 100 % binding of calcium and magnesium, we would expect a free
citrate concentration of about 16.8 mM. However, a report of calcium titration into
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Figure 6.51.: Calcium plays an important role in many steps of the coagulation cascade.

Figure 6.52.: Citrate forms a complex with calcium at a ratio of 2 citrate molecules to 2 calcium ions.

citrated plasma has indicated that it takes approximately 12.5 mM CaCl2 to restore
a normal free calcium level of around 1.2 mM [514]. This means that it takes about
11.3 mM Ca2+ to saturate the citrate already in the plasma. Since citrate binds
Ca2+ at a ratio of 2 citrate molecules for every 3 Ca2+, this would suggest that the
free citrate concentration in plasma is around 7.5 mM. Taking this concentration
into consideration, the volume dilution factor (consequence of adding the calcium
chloride solution and the sample to test) and the ratio of 2 citrate to 3 Ca2+, the
added calcium solution has to provide enough calcium to complex all the citrate and
enough free ionized calcium needed for the coagulation cascade.
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6.6.2. Goal of this study

The goal of this study is to determine the optimal CaCl2 concentration to be used in
a citrated plasma TEG assay, knowing that it has to provide at least enough calcium
to saturate the excess citrated present in plasma, and restore part of the free ionized
calcium to have enough calcium ions available for the coagulation process.

6.6.3. Experimental

6.6.3.1. Materials

Calcium chloride (CaCl2) (Sigma Aldrich) was used to prepare the solutions at dif-
ferent concentrations of CaCl2. Deionized water was obtained using a Milli-Q water
purification system (Millipore). Frozen citrated pooled normal plasma (PNP) was
purchased from George King Biomedical (Overland Park, KS) and handled accord-
ing to package instructions. Phospholipid solutions in chloroform were purchased in
Avanti Polar Lipids: L-α-phosphatidycholine (PC) and L-α-phosphatidylserine (PS).
Homemade SNP of 55 nm size were used as clotting agents.

6.6.3.2. Determination of the clotting activity

The clotting activity was determined by two methods: by rotational thromboe-
lastometry (TEG) (Thromboelastograph model TEG 5000, Haemonetics) and by
monitoring the fluorescence with a plate reader, as in the previous sections. Both
techniques are described in sec. 2.4.5.

6.6.3.3. Experimental plan

If we accept the 7.5 mM of free citrate as the concentration that needs to be saturated
with in our assays, then consider the following:

In a citrated plasma TEG assay using 200 mM calcium stock, as we perform it in
our lab, 92 % of the volume is citrated plasma (7.5 mM saturable), so final citrate
concentration is 6.92 mM. At a ratio of 2 citrate to 3 Ca2+, it would take an addition
of 10.38 mM Ca2+ to saturate the citrate. 5.4 % of the volume is the added 200 mM
CaCl2, so the added Ca2+ concentration is 10.81 mM. This means that added cal-
cium will only give a slight excess of 0.43 mM of calcium ions, which is below the
usual free plasma concentration, and well below the excess levels usually added to
coagulation assays (around 4.5-4.8 mM Ca2+). A stock of 250 mM, would give an
excess of 3.13 mM Ca2+ and a stock of 300 mM would give an excess of 5.83 mM
Ca2+. Remember that the excess in normal plasma would be around 1.2 mM.

This is the reason why different concentrations of calcium chloride solutions were
prepared, to check which is the concentration that leads to a lower clotting time.
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The solutions were prepared between 100 and 600 mM Ca2+, which give a final
concentration of calcium ions on the TEG cup between 5 and 40 mM.

The clotting time was tested with a final concentration of 1.35 mg/L of SNP 55 nm-
sized, using the TEG and with TF using the fluorescence assay. The tests are
explained in detail in sec. 2.4.5.

6.6.4. Results and discussion

The results of the clotting tests are shown in Fig. 6.53-a, where the clotting time (R,
min) is represented as a function of the final calcium ions concentration in the cup.
Performing the TEG tests at the same concentration, temperature and pH, there
seems to be an optimum clotting time using Ca2+ concentration of 0.2 M, when the
final concentration is 10.8 mM, which gives an excess of 0.43 mM. The other TEG
response variables, such as maximum amplitude (MA) (Fig. 6.55-a) or clotting rate
(Fig. 6.55-b), did not vary in such a way, but remained more or less constant in the
range studied.

The results for the plate reader are also represented together with the TEG results
in Fig. 6.53-a. The clotting time of both techniques as a function of calcium con-
centration follows the same pattern. The plate reader tests are shown in Fig. 6.53-b.
The tests with a final concentration of Ca2+of 10 and 20 mM clot very quickly, but
for a final concentration of 40 mM, there is an excess of calcium and the blood does
not clot.
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Figure 6.53.: Calcium test using (a) TEG and (b) plate reader.

Our results are in accordance with the ones from James et al. [515]. Their results
indicate that normal coagulation can be expected at ionized calcium concentrations
higher than 0.56 mM Ca2+. In their study, no coagulation occurred in any sample
with Ca2+< 0.33 mM, and no samples with Ca2+> 0.41 mM failed to clot, but all
samples with Ca2+> 0.56 mM clotted with normal clotting times (Fig. 6.54). This
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means that there is no need of having an excess of free ionized calcium of 1.2 mM:
with lower ionized calcium concentration clotting happens as usual. In fact, values
between 0.5 and 0.8 mM of ionized calcium are preffered, according to Fig. 6.54.

Figure 6.54.: Clotting time values against ionized calcium concentration. Horizontal dashed lines indicate the
range of normal values. Adapted from [515] with permission.
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Figure 6.55.: (a) Maximum amplitude (MA) and (b) rate of clot formation variation with ionized calcium concen-
tration, using TEG.

However, care has to be taken, because the boundary between normal clotting nor-
mally and not-clotting is very narrow, just between 0.33 and 0.56 mM. The same
boundaries are valid for the k-time values, for the rate of clot formation (angle) and
are even narrower for the maximum amplitude values (MA): only between 0.33 and
0.41 mM [515].

With this information, in our tests, in which we see that the optimum point is using
a stock of 200 mM, a calcium stock of 198 mM, which would give a ionized calcium of
0.32 mM would not be enough for a proper coagulation to happen, whereas a stock
of 203 mM, which gives a free ionized calcium of 0.59 mM would be already fine. As
observed, there is only a fine line between 198 and 203 mM. Precision must be taken
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in preparing the calcium chloride solution and also in pipeting the correct amount
of volume (20 μL), because a small error implies a great change in the final calcium
concentration, and can lead to catastrophic consequences (in vivo).

6.6.5. Conclusions

This study was performed in order to discuss the calcium effect on coagulation.
Ionized calcium is essential for coagulation, having a low concentration slows down
the clotting time and can even lead to no coagulation. However, having an excess
of ionized calcium is also disadvantageous. It is recommended to know beforehand
the amount of citrate present in the samples, either blood or plasma, in order to
add the necessary amount of calcium needed for a coagulation process similar to the
one that happens in vivo. In addition, the free ionized calcium concentrated range
is quite narrow, so the calcium chloride solutions must be prepared thoroughly.
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7. Conclusions of this thesis

This thesis explores multiple research topics, which have in common the fact that
they are all about nanomaterials, in the way that we understand them: materi-
als with at least one dimension in the 1-100 nm range: liquid crystals, emulsions,
mesoporous materials and nanoparticles. We could think about this thesis as a pro-
gression of steps that need to be completed to pass on to the next level. First we
explore the basics of emulsions and liquid crystals: phase behavior, stability and
rheology. Then, we study the scale up of the emulsions, to prepare them at a higher
production scale. After that, we use micellar solutions and emulsions to prepare sev-
eral porous silica materials via the sol-gel method. Finally, we study the synthesis
of another type of silica materials, nanoparticles, along with their functionalization,
and application in a topic that concerns most worldwide hospitals: how to stop an
internal hemorrhage before arriving to the hospital?

In this section we will briefly expose the main conclusions from each of those chap-
ters, corresponding to the study fields described in sec. 1.2, and we will finish with
some overall conclusions.

In the first study field, corresponding to chapter 3, we focused on the phase behavior
and rheology of highly concentrated emulsions, with or without a liquid crystal in
the continuous phase. A system that formed reverse liquid crystals, either cubic
and hexagonal, was found. With the addition of water, the system evolved to form
highly concentrated w/o emulsions with a reverse liquid crystal in the continuous
phase. The phase boundaries were determined by SAXS and confirmed by rheology:
in this type of systems, the elastic behavior is much higher in the one-phase regions
(higher in the cubic than in the hexagonal phase) than in the highly concentrated
emulsion regions, where more than 3/4 of the volume are low-viscous water droplets.

The stability of the emulsions prepared was very high, thanks to the highly viscous
continuous phase, which impeded the coalescence of the water droplets. The ex-
perimental data allowed us to modelize the rheological behavior with existing and
modified models that explain the flow of the different systems, depending on their
microstructure. We used the Bohlin model for the systems with the hexagonal phase,
the soft glass rheology (SGR) model for the emulsions with a cubic continuous phase
and, finally, the slip plane theory for the cubic liquid crystals. The fact that distinct
models are needed in each case means that the flow behavior under stress is differ-
ent and confirms the diversity of microstructures: in hexagonal phases, the micelles
are aligned together and can flow easily under stress, contrarily to the cubic liquid
crystals.
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The rheology of highly concentrated emulsions with a micellar phase in the con-
tinuous phase was studied and several differences with the previous emulsions were
detected: in this case, the higher the dispersed phase content, the more elastic be-
havior the emulsions had and, overall, they were less stable. This is because the
continuous phase is less viscous than the previous liquid crystal phase. Within the
experimental ranges of surfactant concentration and dispersed phase volume fraction
chosen, the yield stress, storage modulus and viscosity were found to significantly
increase with the amount of dispersed phase, and also with the surfactant concen-
tration. This may be due to the creation of a stronger network of droplets, which
are deformed when they touch each other, and due to a thicker film of surfactant
at the interface, which prevents droplet from coalescence and creates a resistance
to flow. The rheological parameters were fitted to some existing models (Princen
and Kiss, Soft Glass Rheology, Power-law, Cross) to confirm the viscoelastic behav-
ior of highly concentrated emulsions, which are directly related to droplet size and
stability.

We have used the known techniques of microscopy, SAXS and rheology to determine
the phase behavior of surfactant systems (micellar and liquid crystal regions), analyze
their microstructure and study the dependency of the flow behavior with composition
and temperature.

In the second study field, corresponding to chapter 4, the process variables that
have a direct influence on highly concentrated emulsion properties were determined
using design of experiments (DoE). The emulsions were prepared by the continu-
ous addition method at three different scales with geometric similarity. Once the
dispersed phase is set, the stirring rate is the process variable that influences the
most the emulsion properties. The higher the stirring rate, the higher the energy
input, which results in emulsions with a smaller droplet size and a stronger elastic
behavior, which are visually thicker and more stable. The surfactant concentration
is the second factor that influences the emulsion properties, because it is related to
droplet size. However, there is an optimum amount, because when too much or too
less surfactant is added, the emulsions become less stable. Finally, the emulsification
time or dispersed phase addition flowrate has the least influence.

Using the three-scale installation, the study of the vessel size or scale up of highly
concentrated w/o emulsions preparation was performed. Neither the Reynolds num-
ber, nor the stirring rate nor the tip speed were found to be the variables that have
to be kept constant to prepare the same emulsion when changing scales: the stir-
ring rate (N) and the scale are related with a power-law relation, NDα, where D
is the impeller diameter and α the so-called power-law exponent. By measuring the
rheological parameters of the emulsions prepared at the different scales, the scale
invariant was found to be close to ND0.65, which is consistent with maintaining the
same power per unit volume.

These results are useful in many different ways: to prepare emulsions at different
scales and predict their rheological parameters before measuring them; to use the
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developed method for determining scale invariants to other emulsion systems, and
to prepare easily emulsions at a higher scale knowing that the result will be a success.

In the third study field, corresponding to chapter 5, different kinds of porous materi-
als were prepared using novel surfactant systems as templates. Before obtaining the
final results, preliminary experiments testing different surfactants and experimen-
tal conditions (pH, reaction time, temperature, concentration...) were performed.
Finally, though, bimodal mesoporous silica with two continuous ordered networks
from a system consisting of an hydrogenated surfactant (a Pluronic P123) and a
fluorinated surfactant were prepared. A perfect match between the type of micelles
formed, which were pure fluorinated micelles mixed with micelles formed by the two
surfactants, and the size of the final mesopores was found. Moreover, in a same
particle of the mesoporous material, pores of both sizes, according to the TEM im-
ages, were present. The two networks, which had an hexagonal pore packing, were
indistinctly found in all the material prepared. No regions of wormhole or disordered
pores was found.

Secondly, we prepared mesoporous materials from a modified surfactant. The sur-
factant was highly hydrophilic so it was modified with a hydrophobic chain so that
it could form micelles in an aqueous system. Hence, it could be used to prepare
mesoporous materials through the self-assembling mechanism. The phase behavior
of this system was studied and the presence of liquid crystals was evidenced. The
mesoporous materials prepared presented an ordered structure only when the hy-
drothermal treatment was performed at low temperature (lower than 60 ◦C) and
for a longer time. Meso/macroporous materials were obtained when preparing the
materials through the emulsion templating technique, using decane as the dispersed
phase. These materials did not have an ordered structure, but the macropores could
be observed. The decane was also used to expand the mesopores.

Finally, silica mesoporous spheres were formed from highly concentrated w/o emul-
sions through a facile synthesis and, as fas as we know, this is the first time that this
synthesis is performed. The formation mechanism for the mesopores is still not clear,
although we propose that the surfactant in the interface directs the polymerization
of silica inside the emulsion droplets.

In this chapter we gathered the techniques and knowledge to prepare meso/macroporous
materials from any surfactant system by optimizing the reaction conditions (concen-
tration of reactants, temperature, time, pH, addition of additives...).

In the forth study field, corresponding to chapter 6, the synthesis of silica nanoparti-
cles around 50 nm synthesized through the Stöber method was optimized. Through
DoE, an empirical model that can be used to predict the size that will be obtained,
within the experimental range chosen, was obtained from the experimental data.
The growth kinetics of these nanoparticles was studied through turbidimetry, since
the rate at which the reaction solution became turbid or white was observed to be
directly related to the particle size. First, multiple nucleous of silica appear, and
then they keep growing by aggregation between them or with bigger particles.
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Chapter 7 Conclusions of this thesis

The clotting properties of these particles in human plasma was analyzed, and saw
that the highest clotting activity was when adding nanoparticles of 50 nm in size
and at a concentration of 1.35 mg/mL. Plasma clotted in around 3 minutes. If these
particles have to be applied on the control of internal hemorrhage, there is a need to
protect them from the blood clotting factors. The strategy followed was to surround
the particles with polyethylene glycol (PEG) through a cleavable peptide and a
linker. This functionalization, which consisted of a first amino-group (-NH2), then a
peptide and finally the PEG, was studied. The amino-functionalization was tested
by grafting and co-condensation, and found out that once the process is optimized
for a particular size, the grafting method is better since it preserves the nanoparticle
size. The optimum quantity of APTES to aggregate was optimized. The PEG size
was also studied in several tests, with the goal of achieving full protection: a PEG
of 5-20 kDa of molecular weight could be enough.

The enhancement of the coagulation activity was also tested by coating the silica
nanoparticles with medium-length polyphospate. The polyphosphate concentration
on the clotting effect was studied. The particles with a polyphosphate coating
showed a lower clotting time than bare silica nanoparticles, even at low concentra-
tions. This project is still in development; more results will be published soon and
a patent is in progress.

This research gave us the opportunity to use the synthesized nanomaterials for a
specific application, by carrying tests in vitro using plasma. The acquired knowledge
in biochemistry and particle technology can be applied now to many different systems
concerning drug delivery (topical or intraveneous treatments), and functionalization
of inorganic or organic nanoparticles with peptides and polymers.

Overall, we wanted to examine how the properties of nanomaterials are influenced
by the experimental conditions used in their synthesis and explore the possibility of
tailoring such properties by varying the parameters in the process of manufacture.
We have seen that the properties of the materials and surfactant systems are indeed
influenced by the experimental conditions and we have optimized these conditions
in order to obtain a specific emulsion, pore ordering, nanoparticle size or clotting
activity. Everything is related: synthesis, properties, and applications!

The topics of this thesis were chosen in order to explore the different steps that
have to be done in science, from the very fundamental and basic research, to the
final application and impact to society. We have started with the basics of emulsion
phase behavior and rheology, to the preparation of emulsions at different scales, to
the synthesis of porous materials and nanoparticles from these and other systems,
to the final application of these materials to halt hemorrhages. We have stopped in
every step to study some special and representative features about these systems.
To round up, we could say that the different projects in this thesis have allowed us
to advance in many different fields in science, from surfactant systems, emulsions,
mesoporous materials and nanoparticles applications. And this is what we think is
the main asset of this thesis.
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Conclusions of this thesis

Epilogue

What I see when I think about this thesis is a story, from the beginning to the end.
I also see the first steps of the road map for any living organism, birth, growth and
reproduction, without death. I see the different steps one has to climb to reach to the
second, third and fourth floor. I see an evolution, from the very start point until the
very end. A knowledge evolution, a scientific evolution, but also a personal evolution.
This thesis is much more than what is written in these pages. What is written here
is only a small part of all the notes taken in many different notebooks, is only a
small part of all the Excel and Origin files with all the analysis of the experimental
data, is only a small part of all the abstracts sent to all the conferences around the
world, is only a small part of all the scientific discussions and debates we had with
my work colleagues, is only a small part of the work done and of the experiences
lived and even much smaller than all the publications derived from this thesis.

From a scientific point of view, we are aware that every thesis covers a small gap
of knowledge, like Matt Might described extraordinarily well in pictures [516], but
a thesis is more than just that. It is all the colleagues, students, professors, family
and friends around it, it is all the conferences, countries and stays abroad, it is all
the classes, posters, presentations and abstracts, it is all the lab experiments with
success and all the essays with no success, it is a part of life. A part of my life. And
now I think it’s time to say, as every thesis should say... Eureka!
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Qúımica Avançada de Catalunya (CSIC), per acceptar ser suplents del tribunal de tesi.
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I would also like to specially thank all the members of the Aramaki group in Japan, the
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J.M. Highly concentrated emulsions with different continuous phase structure:
rheological comparison. 13th Biennial European Student Colloid Conference.
Falkenberg (Sweden), June 14-17, 2011. (Poster)

� May, A.; Aramaki, K.; Gutiérrez, J.M. Novel gel emulsions with hexagonal
liquid crystal in the continuous phase: rheological analysis. 1st Symposium on
Colloids and Materials – Elsevier. Amsterdam (Netherlands), May 8-11, 2011.
(Poster)

The following communications are derived from chapter 4:
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Gutiérrez, J.M.; Scale-Up and influence of the process variables in the prepa-
ration of highly concentrated emulsions. 2013 AIChE Annual Meeting. San
Francisco, CA (USA), November 3-8, 2013. (Oral communication)
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B. Resum en català

B.1. Introducció

La nanotecnologia ha entrat de ple en la nostra vida, i amb ella els nanomaterials. Els
nanomaterials són materials amb almenys una dimensió en el rang entre 1 i 100 nm, i
ja formen part de la nostra vida diària, moltes vegades sense adonar-nos-en: formen
part dels nostres aparells electrònics, de medicaments, de productes cosmètics (cre-
mes, sabons), i potser fins i tot del que mengem. Hi ha qui diu que els nanomaterials
posaran nom a una altra revolució industrial i que, per tant, canviaran la manera
de viure de la nostra societat. Hem de pensar que els nanomaterials són aqúı, en
primer lloc, per quedar-s’hi, i en segon lloc, per ajudar-nos a enfrontar-nos als reptes
i necessitats del món on vivim: sense anar més lluny, els nous nanomaterials poden
ajudar a la purificació de l’aigua o a l’emmagatzematge d’energia elèctrica en llocs
on hi ha escassetat tant d’aigua com d’energia.

En aquesta tesi ens centrarem en les nanopart́ıcules i en els materials meso/macro-
porosos (materials amb una elevada porositat (meso: entre 2 i 50 nm, i macro: més
de 50 nm). Alguns exemples els tenim representats a la Fig. B.1. Actualment, són
materials amb un gran interès a causa de les seves aplicacions potencials en camps
on la transferència de massa, la difusió i l’alta porositat són rellevants, com ara
en catàlisi, en l’administració de fàrmacs o en rebliments ossis. Aquests materi-
als es poden preparar per diversos mètodes, depenent del tipus de material que es
desitja, de l’estructura i de les propietats finals. Els materials de śılice es poden
preparar mitjançant el procés sol-gel, usant un precursor de śılice i un catalitzador
bàsic o àcid. Els materials de śılice meso- i meso/macro-porosos, incloent les nano-
part́ıcules, es poden sintetitzar, entre altres, mitjançant l’ús de solucions micel·lars,
cristalls ĺıquids i emulsions altament concentrades com a plantilles. La Fig. B.1 tam-
bé en mostra alguns exemples. Les micel·les i cristalls ĺıquids actuen com a plantilla
per a les estructures mesoporosos, mentre que les gotes de l’emulsió determinen la
mida dels macroporus o de les part́ıcules. En aquesta tesi ens centrarem en la re-
lació estructura-propietats, en els mètodes de śıntesi, en els sistemes tensioactius i
emulsions utilitzades per a preparar aquests materials, i en alguna de les possibles
aplicacions d’aquests nanomaterials, sintetitzats per millorar la nostra qualitat de
vida. Ens agradaria pensar que podem ser una petita part del que creiem que serà
aquesta nova revolució industrial.

Aquesta tesi explora la śıntesi i les aplicacions dels nanomaterials introdüıts en el
paràgraf precedent, cobrint quatre camps d’estudi diferents, però relacionats entre
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Figura B.1.: Exemples de sistemes tensioactius i nanomaterials: monòmer, micel·la, cristall
ĺıquid, gotes d’emulsió, materials mesoporosos i meso/macroporosos i nanopart́ıcules.

si:

1. El primer és l’estudi del comportament fàsic i l’anàlisi reològica de sistemes
que formen solucions micel·lars, cristalls ĺıquids i emulsions. Aquest estudi és
especialment important per a determinar la nanoestructura formada en cada
cas, i la reologia i estabilitat dels sistemes formats, ja que es poden utilitzar
com a plantilles per a la śıntesi de nanomaterials.

2. El segon és l’estudi de les variables del procés que afecten la preparació d’e-
mulsions altament concentrades, incloent l’agitació i la mida del recipient on
es preparen (escalat).

3. El tercer és l’estudi de diferents mètodes de śıntesi de nanomaterials. S’estudia
la preparació de materials meso- i meso/macroporosos a partir de diferents
sistemes d’agents tensioactius i en diferents condicions de reacció, donant lloc
a materials amb diferents mides i estructures de porus.

4. Per últim, s’analitzen les possibles aplicacions dels nanomaterials. Especial-
ment una en concret: l’ús de nanopart́ıcules de śılice per aturar hemorràgies
internes, mitjançant la funcionalització d’aquestes part́ıcules i l’estudi del seu
poder de coagulació.

La pregunta comuna pels quatre camps d’estudi és la següent: quina és la relació
entre les propietats dels nanomaterials i les condicions experimentals utilitzades en
la seva śıntesi? El que ens porta a explorar, a continuació, la possibilitat d’adaptar
i millorar aquestes propietats mitjançant la variació dels paràmetres en el procés de
fabricació. Amb aquesta finalitat, i per cobrir aquests quatre temes, es proposen els
següents objectius:

Per al primer camp d’estudi :
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� Determinació dels sistemes adequats per a formar emulsions altament con-
centrades. Es consideren tant emulsions aigua en oli (w/o) com oli en aigua
(o/w), tenint en compte que les emulsions w/o són més econòmiques quan
es produeixen a major escala i tenen un menor impacte ambiental. També
s’estudien diversos sistemes per tal de comparar fases cont́ınues amb nanoes-
tructures diferents: els que tenen una solució micel·lar a la fase cont́ınua, i
els que formen fases de cristall ĺıquid, ja que donaran lloc a emulsions amb
diferents propietats.

� Caracterització i modelització de la reologia de les emulsions (paràmetres visco-
elàstics, viscositat i esforç tallant) amb models reològics existents o modificats.

Per al segon camp d’estudi :

� Determinació de les variables de procés que tenen un efecte significatiu sobre
les propietats de les emulsions altament concentrades mitjançant disseny d’-
experiments (DoE). Amb DoE es poden detectar els factors significatius i les
interaccions entre factors, amb una quantitat d’experiments redüıda i progra-
mada, i mitjançant la variació de més d’una variable simultàniament, en lloc
d’una a la vegada. A més, a partir de les dades experimentals es poden derivar
uns models emṕırics, que poden ser utilitzats per estudiar el comportament de
les variables de resposta i per predir les propietats d’emulsions d’experiments
futurs.

� Estudi de la influència de l’escalat en la preparació d’emulsions altament con-
centrades. L’objectiu és veure quin paràmetre s’ha de mantenir constant en
les diferents escales de preparació per tal d’obtenir les mateixes emulsions en
les diferents escales. La visió clàssica de mantenir constants els nombres adi-
mensionals no sembla molt apropiat en aquest cas, aix́ı que s’opta per estudiar
altres variables, com la velocitat d’agitació (N) o la velocitat de la punta de
l’agitador (v = ND), on D és el diàmetre de l’agitador.

Per al tercer camp d’estudi :

� Determinació de sistemes apropiats per formar materials meso/macroporosos
i optimització de les condicions d’operació.

� Caracterització de les propietats dels materials meso/macroporosos i determi-
nació de la relació entre les propietats dels materials i els sistemes d’agents
tensioactius i emulsions utilitzades per a la seva preparació.

Per al quart camp d’estudi:

� Estudi dels mecanismes de śıntesi i formació de nanopart́ıcules de śılice a través
del mètode Stöber.

� Funcionalització de les nanopart́ıcules per tal de millorar les propietats coagu-
lants de la śılice i, al mateix temps, estudi de la protecció de les nanopart́ıcules
per evitar la coagulació instantània quan s’introdueixin en els vasos sanguinis.
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B.2. Materials i mètodes

Per a la realització d’aquesta tesi s’han utilitzat una gran quantitat de tècniques
experimentals. Aqúı només seran breument exposades. Les diferents tècniques s’a-
grupen en quatre seccions diferents, cadascuna d’elles corresponent als diferents
caṕıtols de la tesi (caṕıtols 3, 4, 5 i 6). Finalment, una última secció està dedicada
a explicar el disseny d’experiments (DoE), tècnica usada en diverses parts d’aquest
treball. En un primer terme, però, introdüım els materials utilitzats.

B.2.1. Materials

Els materials utilitzats, bàsicament, han sigut els següents:

� Tensioactius

S’han utilitzat diferents tipus de tensioactius i copoĺımers amfif́ılics. El monooleat de
sorbitan o Span80, un tensioactiu no-iònic amb un HLB de 4.3, és a dir, soluble en
dissolvents orgànics i poc soluble en aigua, s’ha utilitzat per a la preparació d’emul-
sions w/o altament concentrades per l’estudi de la reologia, escalat i preparació de
materials porosos. El copoĺımer de bloc amfif́ılic Pluronic L121, (EO)5(PO)68(EO)5

i 4400 g/mol, més hidrofòbic i soluble en dissolvents orgànics, s’ha utilitzat per for-
mar cristalls ĺıquids inversos i emulsions w/o i estudiar-ne la reologia i comportament
fàsic.

El Pluronic P123, (EO)20(PO)70(EO)20 i 5750 g/mol, més hidrof́ılic i soluble en ai-
gua, s’ha utilitzat en la śıntesi de materials mesoporosos bimodals, juntament amb
el tensioactiu fluorat C8F17C2H4(OC2H4)9OH, etiquetat com RF

8(EO)9, amb pes
molecular 870 g/mol. Les Jeffamines, o polieteramines, en concret la ED900, H2N-
(PO)3(EO)12.5(PO)3-NH2, amb un grup amino a cada extrem (Hunstman Corpora-
tion), s’ha utilitzat per a la śıntesi de materials meso i meso/macroporosos.

� Dissolvents orgànics i alcohols

Els dissolvents orgànics s’han utilitzat com a fases orgàniques en les emulsions, so-
bretot: el decà, el dodecà, el ciclohexà i l’hexadecà, de puresa del 99,5 % i comprats
a Sigma Aldrich. També s’utilitza etanol com a solvent per a la śıntesi de nano-
part́ıcules de śılice. El polietilenglicol (PEG), de diferents pesos moleculars (5, 10,
20 kDa) s’utilitza per a funcionalitzar les nanopart́ıcules de śılice.

� Àcids i bases

Els àcids i les bases s’han utilitzat per canviar el pH del medi de reacció i com a
catalitzadors dels processos de śıntesi. Bàsicament, l’àcid clorh́ıdric (HCl), l’amo-
ńıac o hidròxid d’amoni (NH4OH, 28 %), l’hidròxid de sodi (NaOH) i l’àcid sulfú-
ric (H2SO4). L’àcid miŕıstic s’utilitza per modificar hidrofòbicament la Jeffamine
ED900.

� Precursors inorgànics
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Els precursors inorgànics per formar els materials porosos utilitzats son el tetraetil
ortosilicat (TEOS) i el tetrametil ortosilicat (TMOS). El (3-aminopropil)trietoxisilà
(APTES) s’utilitza per a funcionalitzar les nanopart́ıcules de śılice amb un grup
amino.

� Aigua

Tant per la determinació dels diagrames de fase, com per la formació d’emulsions i en
la preparació de materials porosos i nanopart́ıcules, sempre s’utilitza aigua Milli-Q
amb una resistència elèctrica de 18.2 MΩ.

B.2.2. Mètodes per a la determinació del comportament fàsic i
reològic d’emulsions i cristalls líquids

Elaboració de diagrames de fase Per elaborar els diagrames de fase, es preparen
les mostres en petits tubs d’assaig per pesada, es tanquen hermèticament i es posen
en banys a temperatura regulada fins que s’arriba a l’equilibri. Les fases es determi-
nen visualment o per microscòpia de llum polaritzada (POM). Els diagrames binaris
són en funció de la concentració de tensioactiu (en aigua o en oli) i de la temperatu-
ra. En els diagrames ternaris es varia la concentració dels tres components (aigua,
solvent orgànic i tensioactiu) a temperatura constant.

Determinació dels límits de fase mitjançant la dispersió de raigs X a angles
petits (SAXS) S’utilitza un instrument SAXS d’alt flux SAXSess (Anton Paar,
Àustria), que opera a 40 kV i 50 mA. La font de raigs X és un tub LFF de coure amb
focus lineal horitzontal, que proporciona una radiació de longitud d’ona 0,1542 nm.
La distància mostra-detector és de 264,5 mm. Les mesures es duen a terme sota
buit, per evitar la dispersió de l’aire. S’utilitza una xeringa per omplir de mostra els
capil·lars de quars recarregables (diàmetre = 1 mm; volum de la mostra = 1000 μL).
La temperatura de les mostres es manté constant a 25 ◦C. Les intensitats es registren
amb una placa d’imatge (PI) de detecció d’un cicló (Perkin-Elmer). Mitjançant el
programari SAXSQuant (Anton Paar), es converteixen les dades d’intensitat de dues
dimensions a intensitats disperses unidimensionals en funció del vector de dispersió
(q). La distància o separació caracteŕıstica dels cristalls ĺıquids (d) es determina a
partir dels pics de Bragg de cada mostra, utilitzant el q corresponent a la posició de
cada pic de reflexió: d = 2π/q.

Mesura de la tensió superficial La mesura de la tensió superficial també s’utilitza
per determinar la concentració cŕıtica micel·lar (cmc) i l’àrea per molècula dels
monòmers de tensioactiu (a0). Per fer les anàlisis, s’utilitza un tensiòmetre Krüss
K 100 equipat amb una placa de Wilhelmy de plat́ı, que està en contacte amb la
solució de tensioactiu. Per començar els mesuraments, es prepara una solució inicial
de tensioactiu de concentració coneguda, en general 10-2 o 10-3 mol/L, i les diferents
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solucions es preparen a partir de dilucions d’aquesta solució mare, per tal de reduir
els possibles errors experimentals. Per a cada solució, la tensió superficial es mesura
fins que s’assoleix l’equilibri.

Anàlisi reològica d’emulsions i cristalls líquids El comportament reològic de les
emulsions i cristalls ĺıquids s’analitza en un reòmetre AR-G2 (TA Instruments) usant
geometria de con-placa (40 mm de diàmetre, 1° d’angle i 27 μm de separació). La
temperatura s’ajusta i es manté constant a 25 ◦C, excepte per als assaigs de rampa
de temperatura, on es varia entre 10 a 60 ◦C amb una velocitat d’escalfament cons-
tant d’1 ◦C/min. Els assaigs oscil·latoris consten d’escombrats de freqüència (0,01-
100 rad/s) (a una tensió constant dins la zona de viscoelasticitat lineal, prèviament
determinada). Els paràmetres que es determinen són el mòdul elàstic o d’emmagat-
zematge (G’), el mòdul viscós (G”), aix́ı com la viscositat complexa (|µ∗|). L’esforç
tallant o ĺımit elàstic (τ0) es determina amb una prova d’escombrat de tensió.

B.2.3. Mètodes per l’estudi de les variables del procés i l’escalat
en la preparació d’emulsions altament concentrades

Preparació d’emulsions en tubs d’assaig i mitjançant tancs agitats Les emulsi-
ons es preparen inicialment en tubs d’assaig i agitant amb vòrtex, per tal de veure si
la seva preparació és possible a diferents concentracions. La fase cont́ınua s’afegeix
al tub i es pesa, i la fase dispersa s’addiciona gota a gota i en cont́ınua agitació.
Si en el rang de composicions estudiat es forma una fase de cristall ĺıquid, les mos-
tres s’han d’escalfar per tal de fondre’l i afavorir l’homogenëıtzació i la formació de
l’emulsió.

Les emulsions també es preparen, a escala més gran, en una instal·lació formada
per un tanc agitat i encamisat, un agitador format per tres nivells de 4 paletes
cadascun accionat per un motor (IKA Eurostar power control-visc), i una bomba
peristàltica (ISMATEC MCP) que permet addicionar la fase dispersa a un cabal
controlat. Els experiments tenen lloc a temperatura constant. Les variables del
procés que s’estudien són la concentració de tensioactiu, la fracció volumètrica de
fase dispersa, la velocitat d’agitació i el cabal d’entrada de la fase dispersa.

Determinació de l’estabilitat cinètica de les emulsions mitjançant la llum retro-
dispersa (backscattering) A part de la determinació visual de l’estabilitat, també
es determina estudiant les variacions de la llum retrodispersa (backscattering) amb
el temps, ja que aquesta variació està relacionada amb canvis en la mida de les gotes
i, per tant, en processos de desestabilització d’emulsions (coalescència, sedimenta-
ció...). Les anàlisis es duen a terme amb un instrument Turbiscan MA 2000, que
mesura la transmissió i la retrodispersió de la llum, en una mostra introdüıda en un
tub de vidre, al llarg del temps.
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Determinació de la mida de gota i la polidispersitat les emulsions La mida de
gota i la polidispersitat es mesuren mitjançant microscòpia òptica (Optika) equipat
amb una càmera (Moticam 2300 3.0 MP). Les imatges es visualitzen amb el pro-
grama Motic Images Plus 2.0 (Motic), que mitjançant un calibratge previ, permet
determinar el diàmetre de les gotes. Aquest s’expressa com el diàmetre mig (d10) o
bé com el diàmetre mig Sauter (d32). La polidispersitat s’expressa com a la desviació
estàndard de les mesures (s), o com el coeficient de variació (cv = s/d10).

Mesura de la tensió interfacial Per a la mesura de la tensió interfacial s’utilitzen
dos mètodes: el mètode del pes i volum de la gota i el mètode de la gota giratòria.
En el primer mètode, es mesura el pes o el volum d’una gota que cau d’un capil·lar
amb un radi conegut. S’utilitza un equip senzill que consisteix en un suport, un
micròmetre, una xeringa i un capil·lar. La xeringa es col·loca verticalment en el
micròmetre i aquest es col·loca en un suport. El capil·lar es col·loca a la xeringa,
que està plena d’aigua. S’introdueix el capil·lar dins del fluid, i amb el micròmetre
es forma una gota d’aigua a la punta, que es va fent gran fins que cau.

En el mètode de la gota giratòria, la tensió interfacial es determina mitjançant la
mesura de la forma d’una gota envoltada per un ĺıquid més dens continguda en un
tub horitzontal que experimenta un moviment de rotació. La determinació de la
tensió interfacial es relaciona només amb el diàmetre de les gotes, aix́ı que no es
requereix mesurar el volum de la gota.

Anàlisi reològica de les emulsions El comportament reològic de les emulsions
s’analitza amb diferents assaigs: variant la velocitat de cisallament en experiments
oscil·latoris, en experiments on es varia l’esforç i en assaigs de fluència. Les anàlisis
es realitzen usant un reòmetre Haake RS300 i un reòmetre Haake Mart III (Thermo
Fisher Scientifics), a una temperatura controlada de 25 ◦C. Les proves es realitzen
amb una geometria placa-placa serrada, de 35 mm de diàmetre i amb una separació
de 0,5 mm. Les dades que s’obtenen són els paràmetres viscoelàstics, la viscositat,
l’esforç tallant, la zona de viscoelasticitat lineal, el comportament a gran amplitud
(LAOS) i les dades de fluència durant l’aplicació d’un esforç i la recuperació de la
mostra un cop cessa aquest esforç.

B.2.4. Mètodes per a la preparació i caracterització de materials
porosos de sílice

Síntesi de materials mesoporosos i meso/macroporosos Els materials mesopo-
rosos es preparen a partir del mecanisme d’auto-ensamblatge (CTM) a partir d’una
solució micel·lar de tensioactiu. Primer es prepara una solució micel·lar de concen-
tració coneguda i a un pH desitjat. Després s’addiciona el precursor de śılice i es
deixa la mostra agitant durant un cert temps i a una certa temperatura. Tot seguit,
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es posa la mostra en un autoclau i té lloc el tractament hidrotèrmic a elevada tem-
peratura i durant un cert temps (normalment 24 hores). Quan el material ja està
format, es deixa refredar i es procedeix a fer una extracció Soxhlet, amb etanol, per
tal d’eliminar el tensioactiu, que actua de plantilla. Si l’eliminació no és prou bona,
es fa una calcinació posterior (al voltant de 550 ◦C). Les variables a optimitzar són
moltes: concentració de tensioactiu, relació entre tensioactiu i precursor, pH, i la
temperatura i temps de reacció. Per preparar els materials meso/macroporosos es
necessita partir d’una emulsió. Aix́ı doncs, a la solució micel·lar inicial, s’hi afegeix
una fase orgànica (a diferents concentracions) per formar l’emulsió, i es procedeix
de la mateixa manera.

Determinació de la mida de micel·les mitjançant la dispersió de llum dinàmica
(DLS) Les mesures de dispersió de llum dinàmica (DLS) es realitzen amb un ins-
trument Malvern Zetasizer 300HSA a 20 o 25 ◦C. Es preparen solucions micel·lars
dilüıdes (aprox. 2 % en pes) i es col·loquen en cubetes de plàstic d”un sol ús, després
de ser filtrades a través de filtres de 0,45 micres. Cada mesura és la mitjana de
10 mesures en cada prova i els mesuraments es repeteixen tres vegades amb dife-
rents dilucions. Per obtenir els valors, es representa la intensitat en funció del radi
hidrodinàmic i s’obté la distribució de la mida.

Determinació del grau d’ordenació dels porus mitjançant la dispersió de raigs
X a angles petits (SAXS) Tal com els cristalls ĺıquids, els materials mesoporo-
sos també poden presentar una ordenació dels porus (hexagonal, cúbica o laminar).
S’utilitza un instrument MC2 SAXSess (Anton Paar), amb un generador de raigs
X ID 3003 (General Electric), equipat amb un tub segellat de raigs X (PANalyti-
cal, λCukα = 0,1542 nm, P = 3,3 kW). Les reflexions es registren en un detector CCD
(Princeton Instruments) per a les mesures a angles petits (q entre 0,04-5 nm) o mit-
jançant un cicló i una placa d’imatge (Perkin-Elmer) per mesures a grans angles
(WAXS).

Amb l’anàlisi dels espectres obtinguts per SAXS, on es representa la intensitat res-
pecte el vector q, podem determinar si els porus estan ordenats o no. La Fig. B.2-a
mostra un espectre on es resolen tres pics, amb una relació entre ells corresponent
a 1 :

√
3 : 2 :

√
7, la qual cosa indica una estructura hexagonal. D’altra banda,

la Fig. B.2-b mostra un espectre amb un sol pic, la qual cosa indica una estructura
vermiforme o desordenada dels porus.

Anàlisi de l’àrea específica i de la mida de porus mitjançant l’adsorció-desorció
de nitrogen L’anàlisi d’adsorció-desorció de nitrogen es porta a terme amb un
analitzador d’adsorció volumètrica TRISTAR 3000 (Micromeritics). Abans dels me-
suraments d’adsorció-desorció, les mostres es desgasifiquen a 320 ◦C durant un mı́-
nim de 12 hores (Fig. B.3-a), per tal d’eliminar les substàncies que hi poden haver
adsorbides. La mostra es pesa després de la desgasificació i es col·loca en els tubs
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Figura B.2.: (a) Estructura hexagonal i (b) estructura vermiforme, dels porus en materials mesoporosos.

per a les mesures d’adsorció-desorció de nitrogen, que tenen lloc a 77 K en un rang
de pressions relatives entre 0,01 i 1, en l’equip mostrat a la Fig. B.3-b. Com a resul-
tat s’obtenen les isotermes d’adsorció-desorció, i les distribucions de mida de porus.
L’àrea especifica es determina pel mètode BET [39], i la mida i el volum dels porus
s’obté a partir de la branca d’adsorció de la isoterma, pel mètode BJH [40].

(a) (b)

Figura B.3.: (a) Desgasificació de les mostres i (b) equip d’adsorció-desorció de nitrogen.

Microscòpia electrònica de transmissió (TEM) i de rastreig (SEM) per de-
terminar la mida i morfologia dels materials Per l’anàlisi de TEM s’utilitza un
microscopi Philips CM20, operat a un voltatge d’acceleració de 200 kV. Les mostres
per a anàlisi de TEM es dispersen en etanol sota ultrasons, i s’aboca una gota de la
suspensió sobre una reixeta de coure revestit de carboni. Per a la microscòpia SEM,
les mostres es preparen mitjançant la deposició d’una petita quantitat de mostra
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sobre una superf́ıcie adhesiva de carboni unida a una placa d’alumini. La bona ad-
hesió de les part́ıcules s’assegura mitjançant aire a pressió. La mostra es pot cobrir
amb una capa de carboni o or per augmentar-ne la seva conductivitat. En aquest
estudi, s’utilitzen dos microscopis diferents Hitachi S-4800, de 15 i 20 kV.

B.2.5. Mètodes per al disseny i funcionalització de partícules de
sílice pel control d’hemorràgies internes

Síntesi de nanopartícules Les nanopart́ıcules de śılice es sintetitzen mitjançant
el mètode de Stöber [47], basat en el procés sol-gel. Una quantitat determinada de
precursor de śılice (TEOS o TMOS) es solubilitza en etanol. Després s’hi afegeix una
quantitat determinada d’aigua i d’amoni, i es deixa agitar a una certa temperatura
i temps. Les part́ıcules es separen del medi de reacció mitjançant centrifugació i
es deixen assecar en una estufa. Les part́ıcules mesoporoses segueixen un procés
semblant però s’incorporen tensioactius en el procés.

Determinació de la mida de partícula i morfologia mitjançant DLS, TEM i SEM
Per a la determinació de la mida de les nanopart́ıcules s’utilitzen dos instruments
de DLS: un Zetasizer Nano ZS Malvern ZEN 3600, i un espectròmetre LS 3D (LS
Instruments), que incorpora la tecnologia de correlació creuada de 3D per a l’elimi-
nació de les contribucions de la dispersió múltiple. La microscòpia TEM utilitza un
Hitachi MT800 i la SEM un JEOL JEM2100. Les imatges de part́ıcules obtingudes
via TEM també permeten la determinació del diàmetre de les nanopart́ıcules.

Estudi de la cinètica de creixement de les partícules mitjançant la transmissió
de la llum A mesura que el procés sol-gel avança, el medi de reacció passa de
transparent, a blanquinós, passant per diferents graus de blaus i terbolesa. Per
això s’utilitza el mateix aparell Turbiscan MA 2000 que s’utilitzava per determinar
l’estabilitat de les emulsions, per avaluar aqúı els canvis en la transmissió de la llum
amb el temps, és a dir, la variació de la intensitat de la llum a través de la solució,
ja que està relacionada amb la velocitat de creixement de les nanopart́ıcules.

Anàlisi del potencial zeta de les partícules El potencial zeta s’utilitza per deter-
minar l’estabilitat de les nanopart́ıcules en dissolució, i per determinar la càrrega que
presenten en diferents solvents. Les part́ıcules es dispersen en aigua o en solucions
tampó de pH conegut. Les mesures es prenen amb un Zetasizer Nano ZS (Malvern).
Cada mesura es compon de tres rèpliques de vint mesures cadascuna a 25 ◦C.

Determinació de les propietats de coagulació Les propietats de coagulació de les
nanopart́ıcules es determinen mitjançant dos mètodes: la tromboelastografia (TEG)
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i per la mesura de la intensitat fluorescència de la solució, mitjançant un lector de
plaques i trombografia automatitzada calibrada (CAT).

Les mesures de TEG es realitzen en un aparell anomenat TEG 5000 (Haemonetics).
El poder de coagulació es determina en mostres de plasma citrat. Per realitzar la
prova, primer es descongela el plasma durant 20 minuts a la temperatura d’assaig
(normalment a 37 ◦C). Tot seguit, s’agafen 360 μl de plasma i es posen al vas del
TEG, que ja està a la temperatura desitjada. Després s’afegeixen 10 μl de la mostra
(dispersió de les nanopart́ıcules en una solució de fosfoĺıpids [68]), i després de 3
minuts d’incubació, s’afegeixen 20 μl de CaCl2 0,2 M. Amb aquesta prova s’obté el
temps de coagulació (R), el temps que triga el coàgul en fer 20 mm (K), la velocitat
de creixement del coàgul (α) i la màxima amplitud del coàgul (MA), que simbolitza
la seva rigidesa.

La trombografia automatitzada calibrada (CAT) s’utilitza per determinar el temps
de generació de trombina mitjançant la divisió d’un substrat fluorogènic. El subs-
trat fluorogènic usat és el Z-Gly-Gly-Arg-AMC. Quan es divideix per l’efecte de la
trombina allibera l’AMC fluorescent (7-amino-4-metil-cumarina), que és el que es
mesura, amb una longitud d’ona d’excitació de 390 nm i d’emissió de 460 nm. Com
a resultat s’obté la corba de generació de trombina. També es pot utilitzar un lec-
tor de plaques M1000 TECAN, usant una longitud d’ona d’excitació de 355 nm i
una longitud d’ona d’emissió de 460 nm, per detectar la variació de la intensitat de
fluorescència. Per preparar les mostres, primer el plasma es descongela i es manté
a 37 ◦C durant 20 minuts. A continuació, s’afegeix la solució de nanopart́ıcules,
seguida de la solució del substrat fluorogènic i de la solució de CaCl2 0,2 M. Es fan
tres rèpliques de cada mostra. El resultat són les corbes d’intensitat de fluorescència
amb el temps.

B.2.6. Disseny d’experiments

El disseny experimental consisteix en una sèrie d’experiments dissenyats de tal ma-
nera que permeten observar d’una forma efectiva els canvis que tenen lloc a la
resposta de sortida d’un procés degut als canvis provocats a les variables d’entrada.
Mitjançant la seva anàlisi estad́ıstica, es poden identificar els canvis que han tingut
un efecte significatiu sobre el procés i en quina direcció. El disseny experimental
resulta útil quan el procés es veu influenciat per varis factors, ja que se n’estudia la
influència modificant-los simultàniament, en comptes d’un cada vegada. D’aquesta
manera, es redueix el nombre d’experiments a fer i es pot veure si existeixen in-
teraccions entre ells. Els experiments dissenyats estad́ısticament ofereixen una base
sòlida i vàlida per desenvolupar un model emṕıric del sistema que s’està estudiant.
Un cop obtingut, el model es pot manipular com qualsevol altre model d’enginyeria,
per exemple, mitjançant una superf́ıcie de resposta, i aix́ı poder interpolar i preveure
resultats d’experiments no realitzats.

Els factors, com hem dit, són les variables que poden tenir una influència sobre les
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variables o respostes de sortida. Per tal d’estudiar l’efecte de cada factor, se l’estudia
a un determinat nombre de nivells. La interacció entre dos factors es defineix com
la influència que té un factor sobre l’efecte d’un altre en la resposta de sortida.
A vegades, una interacció significativa pot emmascarar els efectes principals. Per
exemple, quan l’efecte d’un factor depèn molt d’un altre, pot ser que el seu efecte
principal calculat sigui molt petit i els resultats mostrin que no és significatiu.

El disseny factorial complet, el més comú, implica que si hi ha k factors, cada
factor amb n nivells, el número d’experiments a realitzar serà nk, sense comptar
les possibles rèpliques a fer. És molt recomanable primer fer un disseny factorial
complet per tal de determinar les variables que afecten significativament les respostes
de sortida i decidir quina direcció s’ha de seguir en els següents experiments. El
disseny central compost (CCD) anomenat també disseny estrella, que afegeix punts
al disseny factorial complet és útil per veure la curvatura del model (efectes de
segon ordre). El nombre de punts estrella és 2k. L’agregació de punts centrals als
dissenys permet protegir-se contra la curvatura dels efectes de segon ordre alhora
que permet una estimació independent de l’error experimental. La Fig. B.4 mostra
els experiments a fer per un CCD de 2 factors (22 experiments factorials + 2 · 2
punts estrella + punts centrals) i de 3 factors (23 experiments factorials + 2 ·3 punts
estrella + punts centrals), de dos nivells cadascun.

(a) (b)

Figura B.4.: Dissenys centrals compostos o dissenys estrella (a) de dos factors i (b) de tres factors.

L’anàlisi estad́ıstica de les dades és necessària per determinar quins paràmetres són
significatius, ja que la variació dels paràmetres pot ser deguda a què realment exis-
teixi un efecte sobre les respostes de sortida, o bé simplement pot ser deguda a l’error
experimental. L’eina estad́ıstica que s’utilitza per aquesta finalitat és l’anàlisi de la
variància o ANOVA (ANalysis Of VAriance), que compara les variàncies de cada
efecte amb la de l’error. El gràfic de Pareto i el gràfic de probabilitat normal són
eines visuals que s’utilitzen per discernir entre els efectes significatius i els que són
únicament deguts a l’error experimental.

El disseny factorial i el disseny central compost permeten ajustar les dades expe-
rimentals a models emṕırics mitjançant l’estimació dels paràmetres d’ajust en una
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regressió lineal, multilineal o no lineal. Els models emṕırics, aix́ı doncs, relacionen
les respostes de sortida amb les variables d’entrada. Són útils per fer interpolacions
i aix́ı preveure la resposta en nivells intermedis entre els factors. Mitjançant els
models emṕırics es poden construir les superf́ıcies de resposta, que modelitzen el
comportament de les respostes de sortida respecte els factors significatius d’entrada.
La validació del model emṕıric implica la determinació de si els coeficients trobats
són significativament diferents de zero, és a dir, si són significatius. Una altra mane-
ra de comprovar que el model és vàlid, és representant els valors estimats respecte
els observats. També és recomanable realitzar experiments addicionals, en un tall
de la superf́ıcie de resposta, i comparar-los amb el model.

B.3. Comportament fàsic i reologia de cristalls líquids
i emulsions

En aquest caṕıtol entrem dins del món dels tensioactius, les emulsions i la reologia.
La pregunta que ens fem és si podem formar emulsions amb cristall ĺıquid a la
fase cont́ınua, i mirar si les propietats reològiques varien respecte a les emulsions
que no ho tenen. A més, també apliquem models reològics coneguts als nostres
paràmetres, que a vegades s’han de modificar. Per últim, estudiem també el rang
de condicions experimentals necessàries per formar un determinat tipus d’emulsions
altament concentrades.

B.3.1. Una introducció a les emulsions

Una emulsió és un sistema format per dos ĺıquids immiscibles, on un d’ells es troba
dispers en forma de gotes en el si de l’altre. El ĺıquid dispers s’anomena la fa-
se dispersa, i l’altre s’anomena fase cont́ınua. Per tal que l’emulsió es mantingui
cinèticament estable, s’afegeixen al sistema els agents estabilitzants, que solen ser
molècules amfif́ıliques, com tensioactius o copoĺımers de bloc, o be nanopart́ıcules.
Les emulsions poden ser dilüıdes, si la fracció volumètrica de fase dispersa (φ) és
menor del 0,2, o altament concentrades, si és major que 0,74. Si les gotes són me-
nors de 100 nm es diuen nano-emulsions. D’altra banda, segons la naturalesa de la
fase cont́ınua o dispersa, trobem emulsions oli-en-aigua (o/w) o directes, si la fase
dispersa és un dissolvent orgànic (oli, hidrocarbur), o emulsions aigua-en-oli, si la
fase dispersa és formada per gotes d’aigua.

Encara que hi hagi agents estabilitzants, l’estat en equilibri d’una emulsió és amb les
fases separades. És per això que les emulsions són termodinàmicament inestables.
Els mecanismes de desestabilització més comuns són la floculació i la coalescència,
quan les gotes s’acosten i formen flocs o coàguls, en el primer cas, o s’ajunten en
una sola gota, en el segon cas. Un altre fenomen és la maduració d’Ostwald, quan
la fase dispersa es difon a través de la fase cont́ınua per acabar formant gotes més
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Caṕıtol B Resum en català

grans. I, per últim, la sedimentació o la sedimentació inversa, quan la fase dispersa
se separa de la cont́ınua per acció de la gravetat. La viscositat de la fase cont́ınua i
la diferència de densitats entre les dues fases faran que aquesta separació vagi a més
o menys velocitat.

Els tensioactius, en les emulsions, es col·loquen en la interf́ıcie oli-aigua. Els caps
polars dels tensioactius es trobaran a la part aquosa, mentre que les cues hidrofò-
biques es trobaran a la part orgànica. Si hi ha tensioactiu en accés, els monòmers
s’agregaran en forma de micel·les, que son agregacions de tensioactius. Solen ser
esfèriques, tot i que si la concentració augmenta adquireixen una forma més aviat
ciĺındrica. En diversos sistemes, quan el tensioactiu es troba a més concentració, es
formen els anomenats cristalls ĺıquids. Són estructures amb una certa ordenació, on
les micel·les de tensioactiu s’ordenen o bé en forma hexagonal, laminar o cúbica. Són
fases amb una viscositat molt elevada, i molt interessants des del punt de vista fisi-
coqúımic. Se’n pot determinar la distància de repetició, el paràmetre de cel·la, i els
cristalls hexagonals i laminars presenten birefringència, aix́ı que es poden observar
a través de llum polaritzada.

B.3.2. Comportament fàsic i anàlisi reològica de cristalls líquids
i emulsions inverses altament concentrades W/I2, W/H2

En aquest estudi s’analitza un sistema format per aigua, ciclohexà i un copoĺımer
en bloc amfif́ılic, del tipus EO-PO-EO, el Pluronic L121. El diagrama de fases
d’aquest sistema es pot veure a la Fig. B.5. Veiem que hi ha dues zones on es
forma cristall ĺıquid hexagonal invers (H2) i cristall ĺıquid cúbic invers (I2), a part
d’una zona micel·lar inversa (L2) i una petita zona de fase laminar (Lα). En aquest
estudi agafem dos camins del diagrama de fase, partint de la ĺınia tensioactiu-oli, i
anem afegint aigua per trobar les diferents estructures que ens interessen (els dos
cristalls ĺıquids) i formar emulsions inverses (w/o) amb aquests cristalls ĺıquids a la
fase cont́ınua. Quan anem pel camı́ on es formen fases hexagonals, podem formar
emulsions fins al 88 % en pes de fase dispersa, i amb la fase cúbica arribem al 93 %
en pes.

El SAXS ens permet determinar correctament les fases i els ĺımits de fase, i compro-
var que a les emulsions formades encara hi ha presència de cristalls ĺıquids. També,
a partir de les dades del SAXS podem calcular com varia la distància de repetició
dels cristalls ĺıquids: es va fent més gran a mesura que addicionem aigua, ja que
l’aigua s’incorpora al cristall, fins a un ĺımit, on si s’afegeix més aigua, es manté
constant. Això és degut al fet que l’aigua ja no es pot incorporar al cristall i se
separa en una altra fase. És aqúı on es formen les emulsions. Aquesta és la primera
vegada, pel que sabem, que es formen emulsions altament concentrades W/H2 i que
es caracteritzen mitjançant SAXS i reologia.

Aquestes emulsions són molt estables (aguanten més de dos mesos sense presentar
śımptomes de desestabilització) i tenen una elevada viscositat, un alt esforç tallant i
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Figura B.5.: Diagrama de fases del sistema aigua/Pluronic L121/ciclohexà. Notació: cristall
ĺıquid hexagonal invers (H2), cristall ĺıquid cúbic invers (I2), zona micel·lar inversa (L2),
zona de fase laminar (Lα), aigua (W).

un elevat comportament elàstic. Ara bé, aquests valors són més alts en les regions de
cristall ĺıquid i, de fet, van disminuint a mesura que anem concentrant les emulsions
(anem afegint aigua), com es pot veure en la Fig. B.6 (eix d’ordenades en escala
logaŕıtmica).

Per entendre millor la microestructura d’aquests sistemes i el seu comportament
reològic, les dades experimentals es correlacionen amb tres models reològics. Primer
el model de Bohlin, vàlid per la fase hexagonal i les emulsions amb fase hexagonal a la
fase cont́ınua. Aquest model és útil per entendre la microestructura de les mostres,
ja que el nombre de coordinació (z) és un paràmetre caracteŕıstic de l’estructura
dels elements del fluid, i el paràmetre de la força d’interacció (A), molt relacionat
amb la viscositat del sistema, també indica la força que les diferents unitats del
sistema exerceixen entre elles. També el model anomenat “soft glass rheology”, que
modificant-lo convenientment, ajusta bé les dades en les emulsions amb I2 i H2 a
la fase cont́ınua. Per últim, el model dels plans lliscants, que permet explicar els
resultats viscoelàstics de la fase I2. Aquesta teoria també sofreix alguna modificació:
en lloc de només un temps de relaxació, s’utilitza una distribució log-normal de temps
de relaxació per tal d’ajustar les dades experimentals correctament.
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Figura B.6.: Mòdul elàstic a ω = 100 rad/s (śımbols plens) i viscositat complexa a ω =
0.1 rad/s (śımbols oberts) en funció del percentatge d’aigua seguint el camı́ amb una
relació tensioactiu-oli de 90/10 (�,�), on es formen cristalls hexagonals, i seguint el
camı́ amb una relació tensioactiu-oli de 72.5/27.5 (•, ◦), on es formen cristalls cúbics.
La temperatura és de 25 °C. Notació com a la Fig. B.5. Les ĺınies només són una ajuda
visual.

B.3.3. Efecte de les variables de procés en la viscoelasticitat i la
reologia d’emulsions w/o altament concentrades

En aquest estudi s’analitzen les caracteŕıstiques reològiques de les emulsions w/o
altament concentrades, i s’estudia l’efecte que les variables del procés tenen sobre
aquestes caracteŕıstiques. D’entrada, aquestes emulsions tenen un comportament
reològic que les defineix: un elevat esforç tallant o llindar, que és l’esforç que s’ha
de superar perquè comencin a fluir. Per això aquestes emulsions no flueixen quan
es gira el tub cap per avall, com el ketchup, per exemple. D’altra banda, són fluids
no-Newtonians, i la seva viscositat disminueix amb el gradient de velocitat, és a dir,
tenen un comportament pseudoplàstic o “shear thinning”. A més, el mòdul elàstic
és constant en el rang de freqüències entre 0.01 i 100 rad/s i molt més elevat que el
mòdul viscós, la qual cosa indica que tenen un comportament elàstic (sòlid) molt
pronunciat. La Fig. B.7 mostra un comportament t́ıpic d’aquests paràmetres. Per
últim, tenen una elevada zona de viscoelasticiat lineal (LVR).

En un primer sistema, format per aigua/Span80/dodecà, s’estudia la concentració
de la fase dispersa (entre 80 i 95 % en pes) i la relació tensioactiu-solvent orgànic
(S/O) de la fase cont́ınua (entre 15/85 i 35/65) mitjançant un disseny factorial.
En general, quan augmenten les dues variables, augmenta la viscositat (η), l’esforç
tallant (τ0) i el comportament elàstic de les emulsions, representat pel mòdul elàstic
G’. De les dades experimentals se’n deriven uns models emṕırics i unes superf́ıcies de
resposta, que permeten preveure els resultats d’experiments no realitzats, en funció
de les variables d’entrada. D’altra banda, les dades experimentals també s’ajusten
a diversos models reològics, segons la variable estudiada: el model de Princen i Kiss
per l’esforç tallant i el mòdul elàstic, el model de Cross per la viscositat, el model
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ω �������

�	

�		


η�


�
	�
�
		
�
�
�
�


η
�


��

�
���

���

���� ���

����	�� �		

��������������

Figura B.7.: Comportament t́ıpic de les emulsions altament concentrades en assaigs
oscil·latoris.

de la potència per descriure les corbes de l’esforç respecte el gradient de velocitat,
el model de Burger per la fluència i la recuperació, entre altres.

En un segon sistema, format per aigua/Pluronic L121/ciclohexà, a part d’estudiar
les variables de composició, també s’estudien les variables de preparació, com ara
la velocitat d’agitació (N), i el cabal d’addició de la fase dispersa (Q). Partint del
diagrama de fases estudiat en la secció anterior, en aquest cas es volen formar emul-
sions amb una fase micel·lar a la fase cont́ınua, aix́ı les emulsions es poden formar
a temperatura ambient i més fàcilment. En un primer terme s’estudia el rang de
condicions experimentals on es poden formar les emulsions, i una vegada determi-
nats els ĺımits, (N entre 300 i 600 rpm i Q entre 2 i 4 mL/min) s’estudia mitjançant
dissenys factorials de dos factors a tres nivells, la influència de les variables sobre la
mida de gota i la reologia.

Respecte les variables de composició, la concentració de la fase dispersa és la variable
que té un major efecte en les propietats de emulsions, en el rang estudiat. Pel que
fa a les condicions de preparació, l’efecte de la velocitat d’agitació és més gran que
l’efecte del cabal de fase dispersa. Com més gran és la velocitat d’agitació, més
energia entra en el procés, i major és la viscositat, el comportament elàstic i l’esforç
tallant. En augmentar el cabal, l’efecte és el contrari, ja que se li dóna menys temps
a la fase dispersa perquè s’incorpori plenament en l’emulsió. En aquest cas, també
s’obtenen models emṕırics a partir de les dades experimentals, que són útils per
preveure el comportament d’altres experiments i per ser capaç de prendre millors
decisions respecte la preparació d’emulsions.
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Caṕıtol B Resum en català

B.4. Estudi de l’escalat i de les variables del procés en
la preparació d’emulsions altament concentrades

Les emulsions no es formen de manera espontània, com les microemulsions o les
solucions de ĺıquids miscibles, i és per aquest motiu que en la seva preparació es
necessita una aportació d’energia. També és per aquest motiu que el seu estat
d’equilibri es troba quan les fases que la formen estan separades, és a dir, que una
emulsió pateix cont́ınuament fenòmens de desestabilització. Per últim, també és per
aquest motiu que les seves propietats depenen del mètode de preparació, és a dir,
de les variables del procés: potència d’agitació, temperatura, ordre d’addició de les
fases, mida del tanc on es formen, temps d’agitació. En aquest caṕıtol s’estudia com
afecten algunes de les variables del procés sobre les propietats de les emulsions, i
ens centrem en l’escalat. L’objectiu és trobar els invariants d’escala, és a dir, les
condicions que hem de mantenir constants a cada escala per tal d’obtenir el mateix
resultat. Com a variables de resposta escollim la mida de les gotes i les propietats
reològiques, com ara la viscositat, l’esforç tallant i el mòdul elàstic, entre altres.

Per entendre millor els fenòmens que tenen lloc en la preparació d’emulsions, i que
en determinen la mida de les gotes i, com a conseqüència, el comportament reològic,
ens hem de fixar en el trencament de les gotes, i en la coalescència. El trencament
de les gotes, i per tant, la formació de gotes petites, es veu afavorit quan l’aportació
d’energia és gran. Si es prepara l’emulsió en un tanc agitat, per exemple, hi haurà
més aportació d’energia quan la velocitat d’agitació sigui major. Aquesta velocitat
d’agitació està relacionada amb l’esforç de cisalla que experimenten les gotes per
l’equació de Metzner i Otto [179]. Com més esforç de cisalla, més trencament.
D’altra banda, però, en emulsions altament concentrades, la coalescència és dif́ıcil
d’evitar, perquè les gotes estan molt juntes, només separades per una fina capa
de fase cont́ınua i pel tensioactiu, que es troba a la interf́ıcie. La concentració de
tensioactiu també és un paràmetre clau en la mida de gota i en l’estabilitat de les
emulsions: en general, com més tensioactiu, més petites poden ser les gotes perquè
es pot estabilitzar més àrea interfacial aigua-oli. Tanmateix, si n’hi ha en excés,
es pot arribar a crear un efecte contraproduent, perquè l’interf́ıcie aigua-oli sempre
s’anirà omplint de monòmers de tensioactiu, i anirà aprimant aquesta capa de fase
cont́ınua fins que s’arribarà trencar, i tot per l’efecte Marangoni.

B.4.1. Invariants d’escala en la preparació d’emulsions inverses
altament concentrades

En aquest estudi ens centrem en l’anàlisi de la mida de gota per tal de veure quin po-
dria ser l’invariant d’escala en la preparació d’emulsions w/o altament concentrades.
Abans, però, ens fixem ens els criteris d’escalat que s’han fet servir en altres estu-
dis en processos on l’agitació és la clau del procés, com en la formació d’emulsions.
Alguns dels criteris més utilitzats són els nombres adimensionals, com el nombre de
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Reynolds (Re) o el de Froude (Fr). Ara bé, el Re no sembla adequat, perquè implica
que, si hi ha similitud geomètrica entre els tancs, la velocitat d’agitació a gran escala
és molt menor que la que caldria. Pel que fa al Fr, només pren importància quan es
generen molts vòrtex durant el procés. Ara bé, com que les emulsions altament con-
centrades són tan viscoses, aquest paràmetre perd el sentit. La velocitat a la punta
de l’agitació (v) és un altre possible paràmetre. De fet, en un estudi del nostre grup
es va veure que aquest era l’invariant d’escalat en la preparació de nano-emulsions,
però quan es van començar a estudiar les emulsions altament concentrades, aquest
paràmetre no prodüıa el mateix resultat. Relacionat amb aquest paràmetre trobem
la velocitat d’agitació, N , que també resulta possible. Finalment, un dels paràmetres
més utilitzats és la potència per unitat de volum (P/V ), però és dif́ıcil de controlar
en el sistema que estem estudiant, perquè el volum de l’emulsió va canviant amb el
temps, ja que la fase dispersa es va afegint cont́ınuament.

Per tal de no afavorir d’entrada qualsevol paràmetre, el que fem aqúı és usar la relació
de la llei de potència, ja que la majoria dels criteris exposats es poden resumir amb
una expressió en la qual la velocitat d’agitació a l’escala major pot expressar-se com
a la velocitat d’agitació a l’escala més petita multiplicada per la relació entre els dos
diàmetres de l’agitador elevada a un exponent (N2 = N1(D1/D2)α). L’exponent α
es determina emṕıricament o teòricament i té un significat f́ısic.

El sistema que s’estudia és el format per aigua/Span80/dodecà. Les emulsions al-
tament concentrades es preparen pel mètode d’addició cont́ınua: la fase cont́ınua,
formada pel tensioactiu i l’oli, es barreja bé i s’introdueix en el tanc encamisat, i
després la fase dispersa, l’aigua, es va afegint a un cabal prefixat mitjançant una
bomba peristàltica, al mateix temps que comença l’agitació. L’agitació es manté
durant 5 minuts més per tal d’homogenëıtzar l’emulsió. El procés té lloc a 25 ◦C.
Les dues escales de preparació tenen un factor d’escala lineal 1:2, i els respectius
volums són 70 i 560 mL. Les emulsions són del 90 % en pes de fase dispersa, i es
varia S/O, N i Q en uns determinats rangs. Els efectes principals sobre la mida de
gota es determinen mitjançant l’anàlisi ANOVA i són la velocitat d’agitació i S/O,
els dos amb un efecte negatiu sobre la mida de gota: és a dir, quant més elevats són
els valors, més petita és la mida de gota, a les dues escales. L’efecte de la velocitat
d’agitació és més pronunciat a quantitats baixes de tensioactiu. Tot i aix́ı, les gotes
obtingudes a l’escala mitjana són menors que a l’escala petita, per les mateixes con-
dicions d’operació. Mitjançant regressions amb les dades experimentals a les dues
escales, s’obté l’exponent α per a cada S/O i temps d’emulsificació (t). Es troba
que aquest valor es troba entre 0 i 0.6, com es pot veure a la Fig. B.8.
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Caṕıtol B Resum en català

Figura B.8.: Variació de l’exponent de la llei de potència amb S/O a diferents temps d’ad-
dició, corresponents als nivells dels experiments factorials, estrella i centrals.

B.4.2. Model d’escalat obtingut a partir de l’anàlisi reològica
d’emulsions altament concentrades preparades en tres
escales diferents

En aquest estudi, es volen validar els models d’escalat obtinguts en la secció anterior,
però utilitzant els paràmetres reològics com a variables de resposta. Això és aix́ı
perquè ens volem assegurar que la determinació de la mida de gota mitjançant
microscòpia òptica és un mètode fiable, i també volem extrapolar el model utilitzant
una tercera escala de preparació, més gran. Com a variables reològiques s’agafa
l’esforç tallant, la viscositat a un determinat gradient de velocitat, el mòdul elàstic,
i el mòdul viscós en el seu punt màxim en l’assaig d’esforç oscil·latori. En aquest
estudi, a més, s’inclou una tercera escala, amb una longitud lineal el doble que
l’anterior, aix́ı la relació entre les tres escales és de 1:2:4 (Fig. B.9). A part de
validar els models obtinguts amb altres experiments addicionals (realitzats canviant
només un factor a la vegada, en dissenys simples), també s’estudia la influència dels
factors sobre les propietats reològiques.

Finalment, s’obtenen els valors de l’invariant d’escala, en concret de l’exponent α
per cada variable reològica, i per totes en conjunt, utilitzant les dades experimentals
i els models obtinguts, a les tres escales. És aqúı on s’obté un valor de 0,65 (∼2/3).
La Fig. B.10 mostra les tres escales utilitzades i la superf́ıcie de resposta pel mòdul
elàstic, en funció de la relació tensioactiu-oli i el paràmetre ND0,65. Els punts
experimentals, tant dels dissenys factorials com dels experiments de validació a les
tres escales, es troben aleatòriament tant per sota com per sobre de la superf́ıcie de
resposta trobada a partir de les dades experimentals. Aquest fet indica que el model
representa adequadament els resultats a les tres escales.

Mirant els criteris d’escalat descrits anteriorment, i tenint en compte aquest valor,
es pot observar que el valor obtingut és equivalent a mantenir constant la potència
per unitat de volum (P/V ). Tot i aix́ı, aquest paràmetre en els sistemes estudiats,
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(a)

4.5 cm
9 cm

18 cm

(b)

Figura B.9.: Dimensions de (a) les tres escales utilitzades i dels (b) agitadors.
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Figura B.10.: Tres escales utilitzades i superf́ıcie de resposta del model d’escalat on es mostren els punts experi-
mentals a les tres escales.

disminueix amb el temps d’emulsificació, per tant, és dif́ıcil de controlar a priori. No
obstant això, el resultat final sembla indicar que cal la mateixa energia espećıfica
subministrada al sistema, per tal d’obtenir el mateix resultat final.

B.5. Materials meso- i meso/macroporosos

Els materials inorgànics porosos s’estan guanyant un lloc en el camp dels materials
sòlids, ja que cada vegada tenen més aplicacions industrials i també en la nostra
vida diària: per exemple, com a suports per catalitzadors [223], en membranes per a
la purificació de l’aigua [224], o en aplicacions biomèdiques, com ara l’administració
de fàrmacs [225]. Els porus es classifiquen segons la seva mida en microporus, si fan
menys de 2 nm, com en les zeolites, mesoporus, entre 2 i 50 nm, o macroporus, si són
més grans que 50 nm. Tots ells són nanomaterials. En aquest estudi ens centrarem
en els rangs meso- i macro-.
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Les caracteŕıstiques més importants d’aquests materials són la seva elevada superf́ı-
cie espećıfica (al voltant de 1000 m2/g), l’estreta distribució de mida dels mesoporus,
la presència de macroporus grans i interconnectats entre si, que milloren la difusió
de molècules pel seu interior, i el seu volum de porus satisfactori. Sembla evident
que, segons l’aplicació que es desitgi, es requereixin diferents propietats del materi-
al: diferents mides i volums de porus, més o menys àrea especifica, resistència del
material, o gruix de les parets dels porus. Aix́ı doncs, la recerca en aquest tipus
de materials és important i vigent, per tal de dissenyar diferents tipus de materials
porosos que puguin satisfer cada necessitat, o crear-ne de nous.

Actualment es parla de dos mecanismes de formació dels materials mesoporosos a
partir de tensioactius. Si ens centrem en el cas de materials de śılice, el primer és a
partir de solucions micel·lars, mitjançant l’anomenat mecanisme d’auto-ensamblatge
cooperatiu (CTM), on es parteix d’una solució micel·lar i s’hi afegeix el precursor de
śılice, que polimeritza al voltant de les micel·les, ja que les molècules de tensioactiu
i el precursor interaccionen mitjançant ponts d’hidrogen o interaccions electrostà-
tiques (depenent del pH del medi i del tipus de tensioactiu utilitzat). Al cap d’un
temps a una certa temperatura, quan la śılice ja ha condensat i s’ha format el ma-
terial, s’extreu el tensioactiu amb un solvent (com per exemple etanol), i es calcina.
El segon mecanisme és gairebé el mateix, però en comptes de partir d’una solució
micel·lar, es parteix d’un cristall ĺıquid, amb l’estructura ja formada (LCT). Aqúı
la dificultat rau en el fet que aquesta estructura es pot trencar per l’alliberació de
l’etanol procedent dels precursors de śılice, per exemple.

Els primers materials mesoporosos daten dels anys 90. Primer es van sintetitzar amb
tensioactius iònics [130], i més endavant amb copoĺımers amfif́ılics no-iònics [231,232].
Des de llavors hi ha hagut molt́ıssimes preparacions de materials porosos, a partir de
diferents tensioactius, d’altres de iònics, de no-iònics, hidrogenats, fluorats, i també
amb mescles de tensioactius. Les propietats del material format, com ara la mida de
porus, l’estructura ordenada (hexagonal, cúbica o laminar) o desordenada, el gruix
de les parets, la resistència, la mida de les part́ıcules o el volum de porus, també es
poden canviar variant les condicions experimentals, com ara el pH, la concentració
de tensioactiu utilitzat, el precursor de śılice, la temperatura o el temps de reacció,
i l’addició d’altres reactius.

D’altra banda, els materials macroporosos es poden formar utilitzant vàries planti-
lles, com per exemple poliestirè, esferes de làtex, nanopart́ıcules de ĺıpid (SLN), o
emulsions. En el cas d’emulsions, si a la fase cont́ınua hi ha una solució micel·lar
o un cristall ĺıquid, es poden formar materials meso/macroporosos, ja que aleshores
la fase cont́ınua seria la plantilla pels mesoporus, i les gotes de l’emulsió serien la
plantilla pels macroporus.

En aquest apartat es presenten diferents tipus de materials meso- i meso/macroporosos,
formats a partir de diferents sistemes: solucions micel·lars i emulsions. Els materials
es caracteritzen, se n’optimitza la seva preparació i les seves propietats es correlaci-
onen amb les plantilles usades inicialment per a la seva śıntesi.
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B.5.1. Coexistència de dos tipus de micel·les de tensioactius
hidrogenats i fluorats utilitzades com a plantilla per al
disseny de sílice mesoporosa bimodal amb dues xarxes de
mesoporus ordenats

En aquest estudi es desenvolupa una ruta senzilla i eficaç per a la śıntesi de ma-
terials de śılice mesoporosos bimodals, és a dir, amb dues mides de porus (3,6 i
9,4 nm). A més, les dues xarxes poroses estan ordenades, amb estructura hexagonal,
i són interconnectades, és a dir, que es poden trobar formant part de la mateixa
part́ıcula. Aquestes estructures mesoporoses es preparen a través del mecanisme
d’auto-ensamblatge cooperatiu (CTM) mitjançant una barreja de tensioactius: un
tensioactiu fluorat, RF

8 EO9 i un copoĺımer amfif́ılic ABA, el Pluronic P123. La inves-
tigació del diagrama de fase dels dos tensioactius en aigua mostra que en la gamma
de concentracions de tensioactiu utilitzades (< 20 % en pes), el sistema forma una
solució micel·lar (L1), aix́ı que és possible la śıntesi dels materials mitjançant aquest
mètode.

Figura B.11.: Esquema que il·lustra la formació del material de silice mesoporós bimodal.

Les anàlisis del diàmetre de les micel·les mitjançant DLS indiquen que aquesta fase
micel·lar es compon de dos tipus de micel·les. La micel·la més petita, al voltant dels
7,6 nm correspon de forma ineqúıvoca a les micel·les de tensioactiu fluorat, sense cap
altre monòmer de l’altre tensioactiu, ja que tenen la mateixa mida que quan es fa
DLS de solucions de tensioactiu fluorat pur. El segon tipus de micel·les, de major
diàmetre (al voltant dels 27 nm), consisteixen en micel·les de tensioactiu fluorat que
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han acomodat en la seva estructura una fracció petita de molècules del tensioactiu
P123, tal com mostra la Fig. B.11.

(a) (b)

Figura B.12.: Imatges obtingudes per (a) TEM i (b) SEM del material de śılice mesoporós
amb dues mides de porus.

Quan la concentració de P123 és elevada, aleshores només s’obté un sol diàmetre
de micel·la, al voltant dels 19 nm. Es pot concloure que, efectivament, en aquest
estudi, el material de śılice mesoporós bimodal està realment format a partir d’una
plantilla de dos tipus de micel·les. A la Fig. B.12 s’observen un parell d’imatges de
microscòpia electrònica d’aquest material format, on s’observen els porus (Fig. B.12-
a, imatge TEM) i un exemple de part́ıcula (Fig. B.12-b, imatge SEM).

B.5.2. Adaptant els tensioactius del tipus Jeffamine per a la
síntesi de sílice mesoporosa amb estructura ordenada

En aquest estudi es presenta la formació de materials de śılice mesoporosos orga-
nitzats preparats a partir d’una nova famı́lia de tensioactius no-iònics anomenats
Jeffamines, del grup de les polieteramines. Aquests tensioactius consten també d’un
copoĺımer amfif́ılic, tipus Pluronic, però amb grups amino als extrems. En concret,
després d’estudiar el comportament fàsic de diverses Jeffamines, i veure que algunes
eren massa hidrofòbiques (no formaven solucions micel·lars en aigua, sinó que eren
insolubles), o d’altres massa hidrof́ıliques (eren solubles en tot el rang de concentra-
cions i temperatures, i no formaven micel·les), es va optar per modificar l’estructura
de la Jeffamine ED900, afegint-li una cua hidrofòbica, consistent en un grup miristoil
a cada extrem, mitjançant una reacció estequiomètrica amb àcid miŕıstic, i aix́ı afa-
vorir la formació de micel·les per l’efecte hidròfob. Al nou tensioactiu se l’anomena
ED900Myr.

Primer es va investigar el comportament fàsic de la Jeffamine modificada en aigua
(formació de micel·les, de cristalls ĺıquids, punt de terbolesa): en concret, es va
trobar que a concentracions baixes de tensioactiu formava una fase micel·lar directa
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Figura B.13.: Diagrama de fases binari del sistema ED900Myr/aigua. Notació: L1: fase
micel·lar directa, H1: fase hexagonal directa, Lβ: fase gel, L2: fase micel·lar inversa, L1’:
segona fase micel·lar directa, per damunt del punt de terbolesa.

(L1), i a concentracions més altes, una fase hexagonal (H1), tal com es mostra a la
Fig. B.13. L’estructura de les micel·les es va analitzar a través de SAXS i de l’anàlisi
de la transformada indirecta generalitzada de Fourier.

Els resultats mostren que les micel·les són globulars de tipus nucli-embolcall. Les
cadenes hidrofòbiques de l’àcid miŕıstic, situades a l’extrem de les molècules amfi-
f́ıliques, es col·loquen en el nucli de les micel·les i, per tant, les molècules queden
plegades sobre si mateixes. A partir d’aquestes solucions micel·lars ja es poden
preparar els materials mesoporosos a partir del mecanisme d’auto-ensamblatge coo-
peratiu (CTM), tal com es mostra a la Fig. B.14. Els materials preparats es carac-
teritzen per SAXS, anàlisi d’adsorció-desorció de nitrogen, i microscòpia electrònica
de transmissió (TEM) i de rastreig (SEM).

Els resultats posen en evidència que mitjançant la modificació dels paràmetres de
śıntesi, com ara la relació molar entre el precursor de śılice i el tensioactiu, i les condi-
cions del tractament hidrotèrmic (temps i temperatura de reacció), es pot controlar
la mida del porus i la nanoestructuració del material resultant. En concret, s’observa
que, quan menor és la temperatura del tractament hidrotèrmic, millor és l’ordre de
l’estructura dels mesoporus. Fins i tot a temperatura ambient, i durant 140 hores,
es pot aconseguir un material de śılice amb una estructura totalment ordenada, la
qual cosa presenta un gran avantatge energètic sobre els materials sintetitzats a alta
temperatura, com és el més habitual (entre 80 i 100 ◦C).
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Figura B.14.: Esquema que il·lustra la formació del material de śılice mesoporós a partir de
la Jeffamine modificada amb un grup miristoil.

B.5.3. Solubilització de decà en solucions de Jeffamine
modificada: disseny de sílice porosa amb mida de porus
jeràrquica

En aquest estudi s’investiga la solubilització de decà en el tensioactiu estudiat en
la secció anterior, la Jeffamine ED900 modificada amb l’àcid miŕıstic. L’addició
de decà, una fase orgànica, en un sistema aigua/tensioactiu, implica, a baixes con-
centracions de decà, la solubilització del decà dins de les micel·les, com indica la
Fig. B.15. En un segon terme, a concentracions més altes, l’excés de decà se separa
formant una fase dispersa en el si de la fase aquosa, és a dir, la formació d’emulsions,
on la fase dispersa són les gotes de decà, i la fase cont́ınua, la solució micel·lar de
tensioactiu. En aquest cas, la incorporació màxima de decà dins de les micel·les és
del 8 % en pes, quan la concentració de tensioactiu és al voltant del 30 % en pes.

A partir d’aquest sistema, es preparen materials de śılice porosos mitjançant el me-
canisme d’auto-ensamblatge cooperatiu (CTM) pels mesoporus i utilitzant l’emulsió
com a plantilla pels macroporus, i s’estudia com varien les propietats dels materials
amb les variables del procés, com el diàmetre de porus, el gruix de les parets, i la
distància de l’estructura hexagonal. Si el tractament hidrotèrmic és a baixa tempe-
ratura, s’observa un lleuger augment del diàmetre dels mesoporus en presència de
decà. La Fig. B.16 mostra diferents imatges SEM i TEM dels materials obtinguts,
per diferents concentracions de decà, i amb un tractament hidrotèrmic a 80 ◦C.

Si el tractament hidrotèrmic és a 50 ◦C durant 44 h, el decà actua com un expansor
dels porus. No obstant això, l’augment del diàmetre de porus és més aviat baixa.
L’augment de la temperatura hidrotèrmica a 80 ◦C durant 24 h, fa que aquest efecte
expansiu del decà no s’observi més. A més, contràriament al que es podria esperar,
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Figura B.15.: Solubilització d’oli en micel·les. (a) Sense oli, i (b) i (c) formació de micel·les
ciĺındriques o de major mida amb la incorporació d’oli, degut a un canvi en la curvatura
i empaquetament dels monòmers de tensioactiu.

el diàmetre mitjà de porus disminueix amb l’addició de decà. Al mateix temps, el
gruix de la paret dels porus s’incrementa, i s’observa una distribució més estreta de
mida de porus, la qual cosa significa que s’obtenen mesoporos més homogenis. Aix́ı
doncs, un augment de temperatura implica una disminució del diàmetre de porus,
però una millor homogenëıtat dels mesoporus i un gruix de paret més elevat. En
aquestes condicions, l’anàlisi de SAXS revela que es produeix una transició d’una
estructura desordenada a una estructura més ordenada. Les imatges de SEM i
TEM (Fig. B.16) mostren que a alta concentració de decà, les emulsions d’oli-en-
aigua obtingudes poden utilitzar-se com a plantilla per a la formació de materials
porosos amb estructura jeràrquica, ja que presenten porus dins del rang meso- i
macro-.

B.5.4. Formació d’esferes mesoporoses de sílice a partir
d’emulsions aigua-en-oli altament concentrades

En aquest estudi s’investiga la possibilitat de formar materials porosos de śılice a
partir d’emulsions w/o (inverses) altament concentrades, és a dir, emulsions on les
gotes són d’aigua, i estan disperses en una fase orgànica. La formació d’esferes de
śılice, no-poroses o mesoporoses s’ha format en altres estudis, utilitzant sistemes
més dilüıts, o utilitzant microemulsions. Tanmateix, utilitzant emulsions altament
concentrades, el procés es complica, perquè la major part del sistema és aigua, i les
gotes estan molt juntes entre si. A més, a l’afegir el precursor de śılice, hi ha més
probabilitats de trencar l’emulsió. És per això que en un primer terme s’estudia la
formació i l’estabilitat de diverses emulsions, utilitzant diferents solvents orgànics
(decà, dodecà, hexadecà i ciclohexà) i a diferents pH, mitjançant la determinació de
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Figura B.16.: Imatges SEM de mostres preparades amb una concentració de decà del a: 0;
b: 7; c: 60; d, i e: 80 % en pes, i imatges TEM dels materials obtinguts amb un 80 % en
pes de decà (f-i). El tractament hidrotèrmic és a 80 °C durant 24 hores.

les propietats reològiques, i en un segon terme, es preparen els materials porosos a
partir d’aquestes emulsions.

Les anàlisis dels resultats mostren que el ciclohexà produeix les emulsions més es-
tables, amb el diàmetre de gota més petit, i amb un elevat comportament elàstic
(i elevada viscositat i esforç tallant) a pH àcid i neutre, seguit de l’hexadecà, com
es pot veure a la Fig. B.17. Per contra, aquests dos solvents a pH bàsic formen
emulsions que es desestabilitzen de seguida. El decà i el dodecà formen emulsions
als tres pH, però són més ĺıquides, i amb una mida de gota més elevada.

Per tal de formar els materials, un cop feta l’emulsió, s’afegeix el precursor de śılice
(tetraetil ortosilicat (TEOS), en aquest cas), i es deixen a 40 ◦C. Els materials es re-
cuperen després d’una calcinació durant 5 hores a 550 ◦C. Les imatges obtingudes per
TEM i SEM indiquen que el material recuperat són unes esferes de śılice, i per TEM
s’intueixen els mesoporus (Fig. B.18-a). Mitjançant l’anàlisi d’adsorció-desorció de
nitrogen, aquesta mesoporositat es confirma, ja que s’observa la condensació capil·lar
(Fig. B.18-b) i s’obté una mida entre 5 i 17 nm, segons les condicions d’operació.

Un aspecte a destacar, és que la mida de les esferes formades (200-500 nm) és molt
menor que la mida de les gotes de l’emulsió (entre 1 i 4 μm). Probablement això
és aix́ı perquè la quantitat de TEOS afegida és molt menor que la requerida per
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Figura B.17.: (a) Diàmetre mig de Sauter (d32, μm) i (b) G’ en funció del pH i del solvent
orgànic utilitzat com a fase cont́ınua de l’emulsió. Notació: C10-decà, C12-dodecà,
C16-hexadecà, CH-ciclohexà.

reaccionar amb tota l’aigua present a l’emulsió (recordem que l’aigua és més del
74 % del volum de l’emulsió).

B.6. Disseny de nanopartícules pel control
d’hemorràgies internes

Les hemorràgies internes són una de les principals causes de mort, tant dins dels
hospitals, durant les operacions, o bé en el transport des del lloc de l’accident fins
a l’hospital. Són hemorràgies dif́ıcils de veure, i un cop detectades, molt sovint ja
és massa tard. En aquest caṕıtol s’investiga la possibilitat d’utilitzar nanopart́ıcules
com agents procoagulants, que accelerin la coagulació de la sang i la formació de
coàguls, que es puguin administrar fàcilment per via intravenosa, i que puguin viatjar
pels vasos sanguinis sense formar coàguls indesitjats, i activar-se al punt on es troba
la ferida. Les nanopart́ıcules es presenten com a una possibilitat factible, ja que
poden ser de molts tipus de materials i mides, tenen una elevada capacitat de càrrega,
sobretot si són poroses o nanocàpsules i, a més, es pot funcionalitzar fàcilment la
seva superf́ıcie, per canviar-ne les propietats com es desitgi. La Fig. B.19 mostra
diferents tipus de nanopart́ıcules, de diferent composició i mida: des de part́ıcules
d’or, recobertes o no de plata, liposomes, nanotubs de carboni (CNT), quantum
dots (nanocristalls de semiconductors), part́ıcules proteiques i nanopart́ıcules de
śılice funcionalitzades amb algun poĺımer.

Les nanopart́ıcules de śılice són de gran interès pel seu ús en multitud d’aplicacions
tecnològiques i en una àmplia gamma de disciplines. És en la medicina i en la
bioenginyeria, especialment gràcies a l’elevada flexibilitat de funcionalització de la
superf́ıcie que tenen, i a la seva baixa citotoxicitat, que són especialment interessants.
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Figura B.18.: (a) Imatge TEM i (b) isotermes d’adsorció-desorció, de les esferes de śılice
mesoporoses formades a partir d’emulsions w/o altament concentrades.

Figura B.19.: Diferents tipus de nanopart́ıcules, de diferent composició i forma.

En aquest estudi s’estudiaran les nanopart́ıcules de śılice, que es funcionalitzaran
segons es vulgui reduir o accelerar el poder de coagulació.

B.6.1. La sílice com a agent procoagulant

Des dels anys 60 que se sap que la śılice és un agent procoagulant [417], i fins i tot el
rang de mides on és més actiu: entre els 10 i els 100 nm, és a dir, en el rang de nano-
escala (Fig. B.20-b). El perquè es va descobrir més tard, un cop es va haver entès
com funciona la coagulació de la sang i tots els factors que hi intervenen. De fet, com
molts processos biològics, no és un procés fàcil ni senzill, si bé s’ha intentat fer-ne un
model per tal d’entendre’l millor. El procés de coagulació és un procés en cascada,
on l’activació d’un factor implica l’activació d’un altre, i aix́ı conseqüentment fins a
la formació del coàgul final.

La coagulació s’activa per dos mecanismes diferents: el mecanisme de contacte, o
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Figura B.20.: (a) Temps de coagulació (R, min) en funció del punt isoelèctric (IEP) de
diversos òxids metàl·lics [52]. (b) Activitat de coagulació en funció de la mida de part́ı-
cula [417].

intŕınsic, i el mecanisme del factor tissular (també anomenat teixit de plaquetes o
factor III). El segon mecanisme s’activa quan hi ha una ferida oberta i la sang entre
en contacte amb el teixit subendotelial. El que ens interessa, però, és el primer,
que entre altres, s’activa quan el factor XII (present a la sang) entre en contacte
amb una superf́ıcie carregada negativament. I és aqúı on entra en joc la śılice: al
pH de la sang (pH 7,4), la śılice té una càrrega negativa a la seva superf́ıcie (es pot
determinar a partir del potencial zeta), ja que té un punt isoelèctric (IEP) de 2.
Altres òxids amb un punt isoelèctric més elevat, o bé que són positius al pH de la
sang no tenen un efecte procoagulant tant elevat o, fins i tot, poden arribar a ser
anticoagulants (Fig. B.20-a) [52,55].

B.6.2. Estudi de la formació de nanopartícules de sílice
mitjançant el procés Stöber

En aquesta secció s’estudia la śıntesi de nanopart́ıcules de śılice (SNP), entre els 15
i els 300 nm mitjançant tècniques de disseny experimental. Aquestes nanopart́ıcules
de śılice col·löıdal generalment es sintetitzen a través del procés Stöber, que té
com a base el procés sol-gel, conegut i estudiat durant molts anys. És un procés
fàcil i simple, basat en la hidròlisi i condensació del silicat (tetraetil ortosilicat, per
exemple) que condueix a resultats satisfactoris ràpidament. No obstant, l’efecte de
les variables sobre la mida de les part́ıcules no és del tot clar, i fins i tot hi ha
resultats contradictoris en alguns estudis. En aquest estudi, es varia la concentració
del precursor de śılice (TEOS), la concentració d’aigua i d’amońıac, i la temperatura.
La Fig. B.21 mostra la instal·lació usada per els experiments i una imatge TEM
representativa de les nanopart́ıcules de śılice formades.

S’observa que en el rang estudiat, la concentració de TEOS és la variable que té

395
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(a) (b)

Figura B.21.: (a) Balons de fons rodó en banys termostàtics per a la śıntesi de nanopart́ıcules
de śılice mitjançant el mètode Stöber. (b) Imatge TEM de nanopart́ıcules de śılice.

un efecte més significatiu sobre la mida de les nanopart́ıcules. Com més TEOS,
més gran el diàmetre. Les relacions molars entre amońıac i TEOS i la temperatura
també tenen un efecte significatiu sobre la mida de les nanopart́ıcules. Tanmateix, la
relació molar entre l’aigua i el TEOS i qualsevol interacció amb aquesta variable, no
són significatives en el rang estudiat. Aquest fet és degut perquè des d’un principi ja
es va limitar la quantitat d’aigua afegida al sistema, per tal d’obtenir nanopart́ıcules
en el rang desitjat. Estudis previs van comprovar que una gran addició d’aigua
incrementava molt significativament la mida de les part́ıcules.
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Figura B.22.: Diàmetre de part́ıcula calculat i experimental en funció de la relació molar
entre amońıac i TEOS (R2), a una relació molar aigua/TEOS de 20, concentració de
TEOS de 0.21 M i 45 °C de temperatura.

A partir de les dades experimentals, se’n deriva un model emṕıric que descriu la
mida de part́ıcula a partir dels factors significatius. Tot i aix́ı, el model desenvolupat
sobreestima la mida de les part́ıcules, sobretot pel cas de les part́ıcules més petites
(< 50 nm), com es pot veure a la Fig. B.22. La curvatura del model, que no pot
ser quantificada amb el disseny experimental utilitzat, però pot ser detectada a
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partir dels resultats dels punts centrals, pot ser la causa principal d’aquest fenomen,
juntament amb la baixa reproductibilitat del sistema estudiat. De fet, per la śıntesi
de nanopart́ıcules al voltant dels 50 nm, en comptes d’utilitzar amońıac, hi ha estudis
que utilitzen aminoàcids i obtenen millors resultats en aquest rang [429, 444–446].
Podem concloure que l’optimització de la mida d’aquest sistema no és trivial, i el
seu estudi és dif́ıcil degut a la seva baixa reproductibilitat.

B.6.3. Estudi de la cinètica de creixement de les nanopartícules

En aquest estudi s’investiga la formació i el mecanisme de creixement de les part́ıcules
en el procés Stöber, mecanismes que encara necessiten veure la llum, juntament amb
la seva relació amb la mida de les part́ıcules. L’objectiu és contribuir en els models
existents per comprendre el mecanisme de creixement. Com a novetat, s’utilitza
la turbidimetria, és a dir, l’anàlisi dels canvis de terbolesa del medi de reacció,
com a eina per determinar l’augment de concentració i mida de les nanopart́ıcules.
Es va considerar aquesta possibilitat perquè mentre les part́ıcules es van formant,
el medi de reacció va adquirint tonalitats blavoses i blanques, i es va perdent la
transparència (Fig. B.23-a). Mitjançant l’anàlisi de la terbolesa durant el temps
de reacció (mitjançant el Turbiscan i el percentatge de transmissió), en diferents
condicions de śıntesi, juntament amb l’anàlisi de la mida de part́ıcula, tant amb
DLS com TEM, es pot estudiar la cinètica de creixement i establir models.

(a) (b)

Figura B.23.: (a) Canvi en la transperència del medi de reacció en el procés Stöber de śıntesi de nanopart́ıcules
de śılice. (b) Variació del diàmetre de part́ıcula amb el temps per diverses relacions molars amońıac/TEOS.

S’observa que hi ha una relació molt clara entre la mida de la part́ıcula i la velocitat
de creixement: com més ràpid es formen, més grans són. També s’observa que la
mida de part́ıcula està clarament relacionada amb la quantitat d’amoni que hi ha
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present al medi de reacció: com més amońıac, més grans són les part́ıcules (Fig. B.23-
b). Un altre resultat interessant és que per preveure una certa mida de part́ıcula, no
hem de triar unes determinades concentracions d’amońıac o de TEOS, sinó que és
la combinació dels diferents factors que determinen el resultat final, en aquest cas,
la mida de part́ıcula final. Els factors que podem variar són la concentració dels
reactius (amońıac, TEOS, aigua, etanol), i la temperatura.

A més, mitjançant TEM també es pot observar la morfologia de les nanopart́ıcules:
particularment, s’observa que les més petites no són del tot esfèriques, mentre que les
més grans śı. Dels resultats obtinguts, i mitjançant la comparació amb altres estudis,
s’identifica el mecanisme de creixement com a un model d’addició de monòmers, però
modificat: primer hi ha la formació de nuclis (model de LaMer i Dinegar), el qual és
seguit per un procés d’agregació de les espècies que s’han anat hidrolitzant durant
el procés. Entendre el procés de formació d’aquestes nanopart́ıcules és vital per tal
de produir-les d’una manera més segura, econòmica i reprodüıble.

B.6.4. Nanopartícules pel control d’hemorràgies internes

En aquest estudi s’estudia el primer pas de la funcionalització de les nanopart́ıcules
de śılice (SNP), per tal de fer-les viables com a tractament pel control d’hemorràgies
internes. La modificació de la superf́ıcie de les nanopart́ıcules es porta a terme per
tal de protegir la superf́ıcie procoagulant dels factors de coagulació, i fer que puguin
arribar al lloc de la ferida a través dels vasos sanguinis, sense formar coàguls pel
camı́. La funcionalització segueix l’esquema següent (Fig. B.24): primer cal un grup
amino, després un pèptid, i finalment un polietilenglicol (PEG).

Figura B.24.: Estratègia de funcionalització de les nanopart́ıcules de śılice: grup amino-pèptid-PEG.

El grup amino s’utilitza per enllaçar el pèptid, i se n’ha d’optimitzar la quantitat,
ja que si n’hi ha en excés, la part́ıcula deixaria de ser procoagulant (els grups amino
són positius al pH de la sang), però si n’hi ha pocs, no s’arribaria a la completa
protecció de la nanopart́ıcula. El pèptid, d’una seqüència determinada i espećıfica
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per un determinat enzim, s’utilitza com a part que pot ser trencada per algun enzim
present al lloc de la ferida. En aquest cas, s’opta pel factor de coagulació FXa.
Finalment, el PEG té com a funció augmentar la vida mitjana de les part́ıcules de
śılice en el corrent sanguini, limitar l’absorció cel·lular, i l’adsorció de protëınes a la
superf́ıcie activa de les part́ıcules, és a dir, evitar la coagulació de la sang i protegir les
part́ıcules dels efectes adversos. En aquest estudi s’estudia l’optimització de l’amino-
funcionalització, respecte el mètode (grafting o co-condensació) i la quantitat, i de
la PEGilació, a partir de l’anàlisi de les propietats de coagulació i del potencial zeta
de les nanopart́ıcules.
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Figura B.25.: Potencial zeta de les nanopart́ıcules de śılice en funció del pH per nanopart́ı-
cules amb grups silanol, i amb grups amino.

Les nanopart́ıcules de śılice de 50 nm es sintetitzen amb èxit a través del mètode
Stöber. El temps de coagulació d’aquestes part́ıcules és redüıt, de l’ordre dels 3-
4 min (temps de coagulació del plasma és entre 12 i 16 min sense cap agent), i es
detecta una concentració llindar, per sota de la qual aquestes part́ıcules no tenen
l’elevat efecte procoagulant. L’amino-funcionalització de les part́ıcules es realitza a
través de la co-condensació (durant la śıntesi de les pròpies part́ıcules) i del grafting
(posterior a la śıntesi). Ambdós mètodes són vàlids per unir grups amino a la
superf́ıcie. No obstant això, la co-condensació augmenta la mida de les part́ıcules,
i s’ha de controlar la quantitat d’amońıac i TEOS utilitzats, perquè l’APTES ((3-
aminopropil)trietoxisilà) utilitzat per a la funcionalització augmenta tant el poder
bàsic, com la quantitat d’àtoms de silici presents. Mitjançant el grafting, d’altra
banda, es manté la mida de part́ıcula, tot i que l’amino-funcionalització pot ser
més irregular a la superf́ıcie. La funcionalització es confirma mitjançant un canvi
cap a valors més positius en el potencial zeta, tal com mostra la Fig. B.25, i amb
l’anàlisi elemental de carboni, nitrogen i hidrogen (C, N i H). Aquesta anàlisi també
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permet quantificar els mols de grups-amino per nanopart́ıcula, i veure que creixen
com més APTES usem en la funcionalització Respecte l’addició de PEG, s’observa
que s’aconsegueix una protecció total de les nanopart́ıcules amb un PEG de 5 kDa
de massa molecular.

B.6.5. Nanopartícules recobertes de polifosfat per accelerar la
coagulació de la sang

En aquest estudi s’utilitzen cadenes de polifosfat per augmentar la coagulació de les
nanopart́ıcules de śılice, ja que s’ha vist en estudis previs que aquestes molècules,
que es troben també dins de les plaquetes, indueixen la coagulació, i que aquest efec-
te depèn de la longitud de la cadena de polifosfat [489,490,492]. En resposta a una
lesió del vas sanguini, les plaquetes activades secreten cadenes de 60 a 100 monòmers
de fosfat, que acceleren l’activació del factor V (FV), present en la cascada de coa-
gulació, mentre inhibeixen l’efecte anticoagulant per una altra via. El polifosfat, a
més, s’uneix a la trombina, i retro-activa el factor XI (FXI); aquest procés accelera
l’activació del FV (FVa) i la producció de trombina. En aquest estudi, utilitzem
un poĺımer sintètic, un polifosfat de 70 monòmers de longitud (P70) per la seva
disponibilitat i similitud amb el polifosfat segregat per les nostres plaquetes. Aix́ı
doncs, tal com mostra la Fig. B.26-a, en la secció anterior voĺıem inhibir el poder
procoagulant de la śılice, i ara es vol millorar.
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Figura B.26.: (a) Esquema de funcionalització de les nanopart́ıcules de śılice, per augmentar
o activar la coagulació o per protegir-les. (b) Temps de coagulació en funció de la
concentració de nanopart́ıcules de diversos materials: śılica, kaolin (caolinita), material
porós de śılice (mesocellular foams, MCF-26) i nanopart́ıcules de śılice amb polifosfat.

Els resultats mostren que les part́ıcules que han estat funcionalitzades amb el P70
tenen un temps de coagulació més curt, i l’aconsegueixen a més baixa concentració,
tal com es pot veure a la Fig. B.26-b, on també apareixen altres materials usats o pro-
vats en el tractament d’hemorràgies, la caolinita, usada en el QuikClot (tractament
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actual per aturar hemorràgies) i els materials anomenats “mesocellular foams”, que
consisteixen en materials porosos de śılice amb grans mesoporus. Podem observar
que el P70 té una resposta a la coagulació similar a la caolinita, i que és molt millor
que les nanopart́ıcules de śılice. Comparat amb polifosfat en dissolució, les nanopar-
t́ıcules també milloren el resultat. Aix́ı doncs, creiem que hi ha la possibilitat que
hi hagi un efecte sinèrgic entra la śılice i el P70, que en millora les propietats.
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Figura B.27.: (a) Les nanopart́ıcules SNP-P70 (0.25 mg/mL) generen trombina al 33 % de
dilució, mentre que 0.185 ng/mL de teixit tissular no pot. (b) Les nanopart́ıcules SNP-
P70 generen trombina més rapid que mostres amb teixit tissular, a 32 °C (hipotèrmia
moderada).

A més a més, també s’estudien les propietats de coagulació sota efectes adversos,
com son l’hemodilució (pèrdua de factors pro- i anticoagulants per sota del 50 %) i
la hipotèrmia (temperatura per sota de la temperatura normal de la sang (37 ◦C)).
En aquestes condicions l’ús de les part́ıcules de śılice amb polifosfat són molt més
efectives que les nanopart́ıcules de śılice sense res. La Fig. B.27-a mostra la intensitat
de fluorescència detectada en funció del temps per diferents mostres de plasma dilüıt,
unes mostres amb nanopart́ıcules de śılice recobertes de polifosfat (SNP-P70), i unes
mostres amb teixit tissular. El teixit tissular s’utilitza com a estàndard. Es pot veure
que en les SNP-P70, la intensitat de fluorescència augmenta al principi, la qual cosa
significa que generen trombina molt ràpidament, encara que es treballi amb plasma
dilüıt (i, per tant, amb menys factors de coagulació). D’altra banda, la Fig. B.27-b
mostra un gràfic semblant, però en condicions d’hipotèrmia moderada (a 32 ◦C).
Podem veure que les SNP-P70 no es veuen gaire afectades per la temperatura.

Com podem veure, estem davant d’un tractament efectiu contra les hemorràgies.
L’èxit d’aquestes nanopart́ıcules sota trauma sever simulat, suggereix la seva via-
bilitat futura com un nou tractament de nanomedicina per a les hemorràgies, tant
externes com internes.
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B.7. Conclusions

Aquesta tesi explora diversos temes d’investigació, que tenen en comú el fet que
són tots sobre nanomaterials, en la forma en què els entenem: materials amb al-
menys una dimensió en el rang d’1 a 100 nm: cristalls ĺıquids, emulsions, materials
mesoporosos i nanopart́ıcules. Podŕıem pensar en aquesta tesi com una progressió
de passos que s’han de fer per passar d’un nivell al següent. Primer explorem els
conceptes bàsics d’emulsions i cristalls ĺıquids: comportament fàsic, estabilitat i reo-
logia. A continuació, s’estudia l’escalat de les emulsions, per preparar-les a un nivell
de producció més elevat. A continuació, utilitzem solucions micel·lars i emulsions
per preparar diversos materials de śılice porosos mitjançant el mètode de sol-gel.
Finalment, s’estudia la śıntesi d’un altre tipus de materials de śılice, nanopart́ıcu-
les, amb la seva funcionalització i aplicació en un tema que preocupa a la majoria
dels hospitals de tot el món: com aturar una hemorràgia interna abans d’arribar a
l’hospital?

En aquesta secció exposarem breument les principals conclusions de cadascun d’a-
quests caṕıtols, que corresponen als camps d’estudi descrits a la introducció (sec. B.1),
i acabarem amb algunes conclusions generals.

En el primer camp d’estudi, corresponent al caṕıtol 3, ens centrem en el compor-
tament de les fases i la reologia d’emulsions altament concentrades, amb o sense
cristall ĺıquid a la fase cont́ınua. Vam trobar un sistema que forma cristalls ĺıquids
inversos, cúbics i hexagonals, a diferents concentracions de tensioactiu: el sistema
aigua/Pluronic L121/ciclohexà. Amb l’addició d’aigua, el sistema evoluciona per
formar emulsions aigua-en-oli (w/o) altament concentrades amb cristall ĺıquid in-
vers a la fase cont́ınua. Els ĺımits de fase van ser determinats per SAXS i confirmats
per reologia: en aquest tipus de sistemes, el comportament elàstic és molt més gran
en les regions d’una fase (superior a la cúbica que en la fase hexagonal) que en les
regions d’emulsió altament concentrades, on més de 3/4 del volum són les gotes
d’aigua, de menor viscositat.

L’estabilitat de les emulsions preparades era molt alta, gràcies a la fase cont́ınua
d’alta viscositat, que impedeix la coalescència de les gotes d’aigua. Les dades ex-
perimentals ens van permetre modelitzar el comportament reològic amb els models
existents i convenientment modificats, que permeten explicar el comportament de
flux dels diferents sistemes en funció de la seva microestructura. Es va utilitzar
el model de Bohlin per als sistemes amb la fase hexagonal, el model de “soft glass
rheology” (SGR) per les emulsions amb una fase cont́ınua cúbica i, finalment, la
teoria dels plans lliscants (slip planes) per als cristalls ĺıquids cúbics. El fet que es
necessitin models diferents en cada cas significa que el comportament de flux sota
un mateix esforç és diferent, i confirma la diversitat de microestructures: en les
fases hexagonals, les micel·les s’alineen juntes i poden fluir fàcilment sota tensió,
contràriament als cristalls ĺıquids cúbics.

A continuació es va estudiar la reologia d’emulsions altament concentrades amb
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una fase micel·lar a la fase cont́ınua, i es van detectar diverses diferències amb les
emulsions anteriors: en aquest cas, com més gran sigui el contingut de fase dispersa,
el comportament esdevé més elàstic i, en general, les emulsions eren menys estables.
Això és degut a que la fase cont́ınua és menys viscosa que la fase de cristall ĺıquid
anterior. Dins dels intervals experimentals de concentració de tensioactiu i de fracció
de volum de fase dispersa escollits, l’esforç tallant, el mòdul d’emmagatzematge i la
viscositat es van trobar que augmenten de manera significativa amb la quantitat de
fase dispersa, i també amb la concentració de tensioactiu. Això pot ser degut a la
creació d’una xarxa més compacta i densa de gotetes, que es deformen quan es toquen
entre si, i a causa d’una pel·ĺıcula més gruixuda d’agent tensioactiu a la interf́ıcie, que
impedeix la coalescència i crea una resistència al moviment. Els paràmetres reològics
van ser ajustats en alguns models ja existents (Princen i Kiss, “soft glass rheology”,
llei de la potència, model de Cross) per confirmar el comportament viscoelàstic de
les emulsions altament concentrades, que està directament relacionat amb la mida
de les gotes i amb l’estabilitat .

S’han utilitzat les tècniques conegudes de microscòpia, dispersió de raigs X a angles
petits (SAXS) i reologia per determinar el comportament fàsic dels sistemes ten-
sioactius (solucions micel·lars i regions de cristall ĺıquid), per analitzar-ne la seva
microestructura i estudiar la dependència del comportament de flux amb la compo-
sició i la temperatura.

En el segon camp d’estudi, corresponent al caṕıtol 4, es determinen les variables del
procés que tenen una influència directa sobre les propietats de les emulsions altament
concentrades, utilitzant el disseny d’experiments (DoE), en concret, dissenys facto-
rials i dissenys centrals compostos (CCD). S’ha estudiat el sistema aigua/Span80/
dodecà. Les emulsions es van preparar pel mètode d’addició cont́ınua en tres escales
diferents amb similitud geomètrica. Una vegada definida la fase dispersa, la velocitat
d’agitació és la variable de procés que més influeix en les propietats de les emulsions.
Com més gran sigui la velocitat d’agitació, major serà l’entrada d’energia al procés,
i menor serà la mida de les gotes de les emulsions, que tindran un elevat compor-
tament elàstic i una elevada viscositat. La concentració de tensioactiu és el segon
factor que influeix en les propietats de l’emulsió, ja que està directament relacionat
amb la mida de les gotes. No obstant això, hi ha una quantitat òptima, perquè quan
se n’afegeix en excés o en detriment, les emulsions són menys estables. Finalment, el
temps d’emulsificació o el cabal d’addició de la fase dispersa té la menor influència,
en el rang estudiat.

Les tres escales de preparació van permetre portar a terme l’estudi de l’efecte de mida
del tanc de reacció sobre les propietats de les emulsions w/o altament concentrades i
identificar-ne els invariants d’escala. Es va trobar que ni el nombre de Reynolds, ni la
velocitat d’agitació, ni la velocitat de la punta de l’agitador no són les variables que
han de ser mantingudes constants per preparar la mateixa emulsió quan es canvia
d’escala de preparació: la velocitat d’agitació (N) i l’escala estan relacionades amb
una relació de llei de potència, NDα, on D és el diàmetre de l’agitador i α l’anomenat
exponent de la llei de potència. Mitjançant la mesura dels paràmetres reològics de
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les emulsions preparades en les tres escales, l’invariant d’escala es va trobar que
era prop de ND0,65, la qual cosa és consistent amb el manteniment de la mateixa
potència per unitat de volum.

Aquests resultats són molt útils en diferents sentits: per tal de preparar emulsions
a diferents escales i predir-ne els paràmetres reològics abans de fer-ne les anàlisis,
per tal d’utilitzar el mètode desenvolupat per a la determinació d’invariants d’escala
en altres sistemes semblants, i per tal de preparar fàcilment emulsions a una escala
més gran, sabent amb antelació que el resultat serà un èxit.

En el tercer camp d’estudi, corresponent al caṕıtol 5, es van preparar diferents tipus
de materials porosos utilitzant nous tensioactius com a plantilles. Per tal d’assolir
els materials amb unes bones caracteŕıstiques de mida de porus i amb una estruc-
tura ordenada, es van realitzar experiments preliminars amb diferents tensioactius i
condicions experimentals (pH, temps de reacció, temperatura, concentració...). Fi-
nalment, però, es van preparar materials mesoporosos bimodals de śılice amb dues
xarxes ordenades a partir d’un sistema amb una barreja de tensioactius (Pluronic
P123 i un tensioactiu fluorat). Es va trobar una perfecta correspondència entre el
tipus de micel·les formades, que eren micel·les formades per monòmers de tensio-
actiu fluorat, les petites, i micel·les formades pels dos tensioactius, les més grans,
i la mida dels mesoporus finals, confirmada en les isotermes d’adsorció-desorció de
nitrogen, i en la distribució de mida de porus. D’altra banda, les dues xarxes orde-
nades de diferent mida de porus es van trobar en la mateixa part́ıcula del material
mesoporós, d’acord amb les imatges de TEM. Les dues xarxes, que tenen una es-
tructura hexagonal, es van trobar indistintament en tot el material preparat. No es
van trobar regions de porus desordenats en tot el material. A més, les imatges de
SEM mostren unes mides de part́ıcula molt regulars, consistents amb els resultats
d’adsorció-desorció de nitrogen i de TEM.

En segon lloc, es van preparar materials mesoporosos a partir d’un tensioactiu que
vam modificar. El tensioactiu era altament hidrof́ılic, de manera que es va modificar
amb una cadena hidròfoba, de manera que pogués formar micel·les en un sistema
aquós. Per tant, podria ser utilitzat per a preparar materials mesoporosos a través
del mecanisme d’auto-ensamblatge cooperatiu. Un cop feta la modificació i confir-
mada l’estructura del nou tensioactiu, es va estudiar el comportament fàsic d’aquest
sistema i es van posar de manifest les solucions micel·lars i la presència de cristalls
ĺıquids. Els materials mesoporosos preparats van presentar una estructura ordenada
només quan es va realitzar el tractament hidrotèrmic a baixa temperatura (inferior
a 60 ◦C) i durant un temps més llarg. També es van obtenir materials meso- i me-
so/macroporosos utilitzant emulsions com a plantilla pels macroporus, en emulsions
formades utilitzant decà com a fase orgànica dispersa. Aquests materials no tenen
una estructura ordenada, però es poden observar els macroporus mitjançant TEM i
SEM. El decà també es va utilitzar per ampliar els mesoporus, ja que en un primer
terme queda solubilitzat al nucli de les micel·les.

Finalment, es van sintetitzar esferes de śılice mesoporosa a partir d’emulsions aigua-
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en-oli altament concentrades i, pel que sabem, és la primera que té lloc aquesta
śıntesi. Les nanopart́ıcules, de mida per sota dels 500 nm eren esfèriques i presen-
taven mesoporositat. El mecanisme de formació d’aquests mesoporus no és del tot
clar, però proposem que el tensioactiu a la interf́ıcie aigua-oli indica el camı́ de
polimerització de la śılice a dins de les gotes de l’emulsió.

En aquest caṕıtol hem reunit les tècniques i coneixements necessaris per a prepa-
rar materials meso- i meso/macroporosos utilitzant diferents sistemes tensioactius,
mitjançant l’optimització de les condicions de reacció (concentració dels reactius,
temperatura, temps, pH, addició d’additius...).

En un altre camp d’estudi, corresponent al caṕıtol 6, es va optimitzar la śıntesi
de nanopart́ıcules de śılice al voltant de 50 nm, sintetitzades pel mètode Stöber.
Mitjançant dissenys factorials, es va derivar un model emṕıric a partir de les dades
experimentals, que es pot utilitzar per preveure la mida de part́ıcula que s’obté, dins
del rang de condicions experimentals estudiades. Tot i aix́ı, el model sobreestima
els resultats, i no és molt reprodüıble per mides de part́ıcula petites. La cinètica de
creixement d’aquestes nanopart́ıcules es va estudiar mitjançant turbidimetria, ja que
es va observar que la velocitat a la qual la solució canviava de transparent a tèrbola
o blanquinosa estava directament relacionada amb la mida de part́ıcula. Això va
permetre deduir el model cinètic: en una primer moment apareixen múltiples nuclis
de śılice, i després segueixen creixent per agregació entre ells, agregació d’espècies
hidrolitzades del precursor de śılice, o amb part́ıcules més grans. A més, una deter-
minada mida de part́ıcula i, per tant, una determinada cinètica de creixement, no
depèn únicament d’un factor, sinó que es pot obtenir per una combinació de varis
factors.

Les propietats de coagulació d’aquestes part́ıcules es va analitzar en plasma sanguini.
Es va veure que el temps de coagulació més ràpid va ser amb part́ıcules al voltant de
50 nm i en una concentració de 1,35 mg/mL. En aquestes condicions, el plasma coa-
gula en aproximadament 3 minuts (quan normalment coagula entre 12 i 16 minuts).
Si aquestes part́ıcules han de ser aplicades en el control d’hemorràgies internes, hi
ha una necessitat de protegir-les dels factors de coagulació de la sang, per evitar la
formació indesitjable de coàguls. L’estratègia seguida va ser envoltar les part́ıcules
amb polietilenglicol (PEG) a través d’un pèptid escindible i una molècula pont. Aix́ı
que es va estudiar aquesta funcionalització, que consistia en un primer grup amino
(-NH2), seguit d’un pèptid i finalment el PEG. La funcionalització per cobrir la su-
perf́ıcie de śılice amb grups amino es va dur a terme mitjançant la co-condensació i
el grafting. Una vegada optimitzat el procés per obtenir una determinada mida de
part́ıcula, és millor utilitzar el mètode de grafting, ja que conserva la mida de les na-
nopart́ıcules. La quantitat òptima d’APTES a agregar es va optimitzar mitjançant
la mesura del potencial zeta i el temps de coagulació. Respecte el PEG, se’n van
estudiar diversos tipus (de diferent massa molecular), amb l’objectiu d’aconseguir
una protecció completa. Es va veure protecció completa utilitzant PEG entre 15 i
20 kDa de massa molecular.
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També es va estudiar la funcionalització de les nanopart́ıcules per millorar-ne o
accelerar-ne el temps de coagulació. Per aquest efecte, els assajos de recobriment
de les part́ıcules amb cadenes de polifosfat van resultar ser molt positius. Es va
aconseguir una millora respecte a les part́ıcules sense el polifosfat, i se’n va estudiar
l’activitat de coagulació en funció de la concentració de nanopart́ıcules i de poli-
fosfat. La millora va ser significativament millor, fins i tot a baixes concentracions.
Aquest projecte està encara en desenvolupament; aviat es publicaran altres resultats,
incloent una patent.

Aquest estudi ens va donar l’oportunitat d’utilitzar els nanomaterials sintetitzats en
una aplicació espećıfica, mitjançant la realització d’assaigs in vitro utilitzant plas-
ma humà. Els coneixements adquirits en bioqúımica i en tecnologia de part́ıcules
es pot aplicar a molts sistemes diferents, dins del camp d’administració de medica-
ments (tractaments tòpics o intravenosos), i en la funcionalització de nanopart́ıcules
inorgàniques o orgàniques amb pèptids i poĺımers.

En general, en aquesta tesi hem volgut examinar com les propietats dels nanomateri-
als estan influenciades per les condicions experimentals utilitzades en la seva śıntesi
i explorar la possibilitat de canviar i adaptar aquestes propietats mitjançant la va-
riació dels paràmetres que intervenen en el procés de fabricació. Hem vist que les
propietats dels materials i sistemes tensioactius estan, efectivament, influenciades
per les condicions experimentals i hem optimitzat aquestes condicions per tal d’ob-
tenir una determinada emulsió, una determinada ordenació de l’estructura porosa,
una mida espećıfica de nanopart́ıcula o una millora en l’activitat de coagulació. Tot
està relacionat: śıntesi, propietats i aplicacions!

Els temes d’aquesta tesi van ser elegits per tal d’explorar els diferents passos que
cal fer en ciència, de la investigació molt fonamental i bàsica, fina a l’aplicació final
i l’impacte a la societat. Hem començat amb els conceptes bàsics de comportament
fàsic, emulsions i reologia, passant per la preparació d’emulsions a diferents escales,
cap a la śıntesi de materials porosos i nanopart́ıcules a partir d’aquests i altres siste-
mes, per acabar amb una aplicació final i pràctica d’aquests materials. A cada pas
hem estudiat algunes de les caracteŕıstiques representatives d’aquests sistemes. Per
arrodonir-ho tot, podŕıem dir que els diferents projectes d’aquesta tesi ens han per-
mès avançar en molts camps de la ciència, des dels sistemes tensioactius, emulsions
altament concentrades, materials mesoporosos i en les aplicacions de nanopart́ıcules.
I això és el que creiem que dóna valor a aquesta tesi.
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Johan Sjöblom, editor, Emulsions and Emulsion Stability, chapter 6. Taylor
& Francis, Boca Raton, FL, 2006.

[28] G.A. Padron Aldana. Effect of surfactants on drop size distribution in a bath,
rotor-stator mixer. PhD thesis, University of Maryland, 2005.

[29] Y. Otsubo and R.K. Prud’homme. Effect of drop size distribution on the flow
behavior of oil-in-water emulsions. Rheologica Acta, 33(4):303–306, 1994.

[30] Rajinder Pal. Rheology of high internal phase ratio emulsions. Food Hydro-
colloids, 20(7):997–1005, October 2006.

[31] J. Drelich, C. Fang, and C.L. White. Measurement of interfacial tension in
fluid-fluid systems. Encyclopedia of Surface and Colloid Science, pages 3152–
3166, 2002.

[32] William D. Harkins and F.E. Brown. The determination of surface tension
(free surface energy), and the weight of falling drops: the surface tension of
water and benzene by the capillary height method. Journal of the American
Chemical society, 41:499–525, 1918.

[33] Arthur W. Adamson and Alice P. Gast. Physical Chemistry of Surfaces. Wiley-
Interscience, 1960.

[34] J.C. Earnshaw, E.G. Johnson, B.J. Carroll, and P.J. Doyle. The drop volume
method for interfacial tension determination: an error analysis. Journal of
Colloid and Interface Science, 177(1):150–155, January 1996.

[35] Xavier Domingo. A guide to the surfactants world. Proa; Barcelona, first edit
edition, 1995.

[36] Bernard Vonnegut. Rotating bubble method for the determination of surface
and interfacial tensions. Review of Scientific Instruments, 13(1):6, 1942.

[37] J.L. Cayias, R.S. Schiechter, and W.H. Wade. The measurement of low in-
terfacial tension via the spinning drop technique. In Adsorption at Interfaces,
chapter 17, pages 234–247. ACS Publications, Texas, 1975.

[38] Kyu Hyun, S.H. Kim, Kyung Hyun Ahn, and Seung Jong Lee. Large amplitude
oscillatory shear as a way to classify the complex fluids. Journal of Non-
Newtonian fluid mechanics, 107(1-3):51–65, 2002.

409



Bibliography

[39] Stephen Brunauer, P.H. Emmett, and Edward Teller. Adsorption of gases in
multimolecular layers. Journal of the American Chemical Society, 407(1):309–
319, 1938.

[40] E.P. Barrett, L.G. Joyner, and P.P. Halenda. The determination of pore vol-
ume and area distributions in porous substances. I. Computations from ni-
trogen isotherms. Journal of the American Chemical society, 73(1):373–380,
1951.

[41] K.S.W. Sing, D.H. Everett, R.A.W. Haul, L. Moscou, R.A. Pierotti,
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orous materials obtained from a highly concentrated emulsion of decane/Brij
35/water and decane/Brij 700/water. Chemistry Letters, 41(10):1041–1043,
2012.

[244] Tapas Sen, Gordon J.T. Tiddy, John L. Casci, and Michael W. Anderson.
One-pot synthesis of hierarchically ordered porous-silica materials with three
orders of length scale. Angewandte Chemie (International ed. in English),
42(38):4649–53, October 2003.

[245] T. Sen, Gordon J.T. Tiddy, J.L. Casci, and M.W. Anderson. Synthesis and
characterization of hierarchically ordered porous silica materials. Chemistry
of Materials, 16(10):2044–2054, 2004.

[246] Jean-Luc Blin, A. Leonard, and Bao-Lian Su. Synthesis of large pore dis-
ordered MSU-type mesoporous silicas through the assembly of C16(EO)10
surfactant and TMOS silica source: effect of the hydrothermal treatment
and thermal stability of materials. The Journal of Physical Chemistry B,
105(26):6070–6079, 2001.

[247] Jean-Luc Blin and Bao-Lian Su. Tailoring pore size of ordered mesoporous sil-
icas using one or two organic auxiliaries as expanders. Langmuir, 18(13):5303–
5308, June 2002.

[248] Stephan Förster. Amphiphilic block copolymers for templating applications.
Colloid Chemistry I, 226:1–28, 2003.

[249] Larry L. Hench and Jon K. West. The sol-gel process. Chemical Reviews,
90(1):33–72, January 1990.

[250] Jean-Luc Blin, Rudina Bleta, and Marie-José Stébé. Cloud point curve of
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Marie-José Stébé. Direct one-step immobilization of glucose oxidase in well-
ordered mesostructured silica using a nonionic fluorinated surfactant. Chem-
istry of Materials, 17(5):1479–1486, 2005.
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Audonnet, and Marianne Impéror-Clerc. SBA-15 synthesis: are there lasting
effects of temperature change within the first 10 min of TEOS polymerization?
Materials Chemistry and Physics, 108(1):73–81, March 2008.

[314] C. Jeffrey Brinker. Hydrolysis and condensation of silicates: effects on struc-
ture. Journal of Non-Crystalline Solids, 100:31–50, 1988.

[315] Anne Galarneau, Hélène Cambon, Francesco Di Renzo, and François Fajula.
True microporosity and surface area of mesoporous SBA-15 silicas as a function
of synthesis temperature. Langmuir, 17(18):8328–8335, 2001.
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synthesis of monodisperse silica particles functionalized with mercapto-, vinyl-
and aminopropylsilanes in alcohol-water mixed solvents. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 422:68–74, April 2013.

[485] Nawal Kishor Mal, Masahiro Fujiwara, Yuko Tanaka, Takahisa Taguchi, and
Masahiko Matsukata. Photo-switched storage and release of guest molecules
in the pore void of coumarin-modified MCM-41. Chemistry of Materials,
15(c):3385–3394, 2013.

[486] Ismail A.M. Ibrahim, A.A.F. Zikry, and Mohamed A. Sharaf. Preparation
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Bräuchle, Joachim Rädler, and Thomas Bein. Colchicine-loaded lipid bilayer-
coated 50 nm mesoporous nanoparticles efficiently induce microtubule depoly-
merization upon cell uptake. Nano letters, 10(7):2484–92, July 2010.

[506] Buddy G. Kozen, Sara J. Kircher, Jose Henao, Fermin S. Godinez, and An-
drew S. Johnson. An alternative hemostatic dressing: comparison of CELOX,
HemCon, and QuikClot. Academic emergency medicine: official journal of the
Society for Academic Emergency Medicine, 15(1):74–81, January 2008.

[507] Stephen G. Carter and Daniel W. Karl. Inorganic phosphate assay with mala-
chite green: an improvement and evaluation. Journal of Biochemical and
Biophysical Methods, 7(1):7–13, December 1982.

[508] Xi Zhou and Gilbert Arthur. Improved procedures for the determination of
lipid phosphorus by malachite green. Journal of Lipid Research, 33:1233–1236,
1992.

[509] Christian J. Kastrup, Feng Shen, Matthew K Runyon, and Rustem F. Ismag-
ilov. Characterization of the threshold response of initiation of blood clotting
to stimulus patch size. Biophysical Journal, 93(8):2969–77, October 2007.

[510] Yi Xiao, Arica A. Lubin, Alan J. Heeger, and Kevin W. Plaxco. Label-free
electronic detection of thrombin in blood serum by using an aptamer-based
sensor. Angewandte Chemie (International ed. in English), 44(34):5456–9,
August 2005.

[511] K.G. Mann, K. Brummel, and S. Butenas. What is all that thrombin for?
Journal of Thrombosis and Haemostasis, 1:1504–1514, 2003.

[512] Peter A. Kr. Von dem Borne, Laszlo Bajzar, Joost C.M. Meijers, Michael E.
Nesheim, and Bonno N. Bouma. Thrombin-mediated activation of factor XI
results in a thrombin-activatable fibrinolysis inhibitor-dependent inhibition of
fibrinolysis. Journal of Clinical Investigation, 99(10):2323–2327, 1991.

[513] John R. Hess, Karim Brohi, Richard P. Dutton, Carl J. Hauser, John B.
Holcomb, Yoram Kluger, Kevin Mackway-Jones, Michael J. Parr, Sandro B.
Rizoli, Tetsuo Yukioka, David B. Hoyt, and Bertil Bouillon. The coagulopathy
of trauma: a review of mechanisms. The Journal of Trauma, 65(4):748–54,
October 2008.

[514] K.G. Mann, M.F. Whelihan, S. Butenas, and T. Orfeo. Citrate anticoagula-
tion and the dynamics of thrombin generation. Journal of Thrombosis and
Haemostasis, 5(10):2055–61, October 2007.

449



Bibliography

[515] Michael F.M. James and Anthony M. Roche. Dose-response relationship be-
tween plasma ionized calcium concentration and thrombelastography. Journal
of Cardiothoracic and Vascular Anesthesia, 18(5):581–586, October 2004.

[516] Matt Might. The illustrated guide to a Ph.D. Matthew Might, 2010.

450



Nomenclature

2θ scattering angle

3DOM three-dimensional ordered meso/macroporous materials

a0 effective average head-group area of surfactant assembly or area per
molecule of surfactant monomer

α number of water molecules per surfactant molecule

α power law exponent

α rate of clot formation

α significance level

A Hamaker constant

A SGR parameter

A interaction strength between flow units in the Bohlin model

A interfacial area water-oil

A surface area

A pre-exponential factor

a capillary constant

a lattice parameter

a linear regression coefficient

a particle radius

Ac area per chain

ad interfacial area of dispersed phase

Ai surface area of drops with a specific diameter
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Nomenclature

am area effectively occupied by a gas molecule

aS surface activity

av surface area of dispersion

ANOVA analysis of variance

APTES (3-aminopropyl)triethoxysilane

AUC area under the curve

β number of oil molecules per surfactant molecule

βi model parameter

B Burger model parameter

B SGR parameter

B vessel diameter

b linear regression coefficient

BS backscattering light

BS0 initial backscattering

BSrel relative backscattering

BSt backscattering at time t

BET Brunauer, Emett, Teller

BJH Barrett, Joyner, Halenda

C BET constant

C Burger model parameter

C number of components of the system

c (∞) solubility of the dispersed phase to the continuous phase

c0 critical concentration in the LaMer and Dinegar model

cS surface surfactant molar concentration

Ca Capillary number
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Nomenclature

CPP critical packing parameter

cv coefficient of variation

Cacr critical Capillary number

C-NMR carbon-nuclear magnetic resonance

CAT calibrated automated thrombography

CCD central composite design

CCD charge-coupled device

CF carbon-fluorine bond

CI coagulation index

CIAP calf intestinal alkaline phosphatase

cmc critical micelle concentration

CR controlled shear rate

CS controlled stress

CTAB cetyltrimethylammonium bromide

CTM cooperative templating or self-assembly mechanism

∆ power-law exponent of the SGR model

δ distance from center to star points

δ phase angle

D dissolved components diffusion coefficient

D impeller diameter

D particle separation

D particle diameter

d droplet diameter

d interlayer or repetition distance (liquid crystals, porous materials)

d.f. degrees of freedom
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Nomenclature

D0 diffusion coefficient of particles

d10 number mean diameter

d32,calc calculated Sauter mean diameter

d32,exp experimental Sauter mean diameter

d32 Sauter mean diameter

dg geometric mean diameter

di measured droplet diameter

Dmax maximum particle diameter

dM number median diameter

DF degrees of freedom

DLS dynamic light scattering

DLVO Derjaguin, Verwy, Landau and Overbeek

DMS dimethylsiloxane

DMSO dimethyl sulfoxide

DoE design of experiments

DSC differential scanning calorimetry

DSD drop size distribution

ε solvent permeability

EL heat of gas liquification

El enthalpy of adsorption in the monolayer

ED900 Jeffamine ED-900

ED900Myr Jeffamine ED-900 modified with myristic acid

EDAC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

EIP emulsion inversion point

EO ethylene oxide
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Nomenclature

EPL estimated percent lysis value

EPR electron paramagnetic resonance

ESEEM electron spin-echo envelope modulation

ESI-MS electrospray ionization mass spectrometry

ETP endogenous thrombin potential

φ dispersed phase volume fraction

φmax maximum volume packing of dispersed phase

F number of variables specified to determine the system

F force exerted by the Wilhelmy plate

f correction factor for the drop or weight volume method

f (φ) dispersed phase volume fraction correction factor

Fr Froude number

FII prothrombin

FIIa thrombin

FIX coagulation factor IX

FIXa activated coagulation factor IX

FTIR Fourier transform infrared spectroscopy

FV coagulation factor V

FVa activated coagulation factor V

FVII coagulation factor VII

FVIIIa activated coagulation factor VIII

FX coagulation factor X

FXa activated coagulation factor X

FXa activated coagulation factor X

FXI coagulation factor XI
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Nomenclature

FXIa activated coagulation factor XI

FXII coagulation factor XII or Hageman factor

FXIIa activated coagulation factor XII or Hageman factor

FXIII coagulation factor XIII

FXIIIa activated coagulation factor XIII

γ̇ shear rate

γ̇av average or apparent shear rate

γ̇c critical shear in the Cross viscosity model

γ shear deformation

γ surface tension

γ∞ surface tension at infinite time

ΓS surface excess or surfactant concentration at the water-air interface

G Gibbs free energy

G bulk stress modulus in the slip planes theory

g standard gravity or gravitational acceleration constant

G′p storage module value at the plateau in an oscillatory test

G′ storage or elastic modulus

G′′ loss or viscous modulus

G′′max maximum loss modulus at the critical stress

G∗ complex shear modulus

G0 dynamic elastic modulus in the Maxwell model

G0 instantaneous elastic modulus of a Maxwell unit

G1 elastic modulus of a Kelvin-Voigt unit

Ge equilibrium module in the extended Maxwell model

GC gas chromatography
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Nomenclature

GIFT generalized indirect Fourier transform

GPC gel permeation chromatography

η bulk viscosity in the slip planes theory

η′ slip plane viscosity in the slip planes theory

η0 zero shear viscosity or residual viscosity of the Maxwell unit

η1 internal viscosity of the Kelvin-Voigt unit

η∞ infinite shear rate viscosity

H channel width between draught tube and reactor walls

H emulsion height in the vessel

H molecular weight of hydrophilic groups

h rotor-stator distance

H0 null hypothesis

H1 alternative hypothesis

H1 direct hexagonal liquid crystal phase

H2 inverse hexagonal liquid crystal phase

Ho surfactant curvature

HLB hydrophilic-lipophilic balance

h, k, l Miller indices

H-NMR hydrogen-nuclear magnetic resonance

HA hydroxyapatite

HANP hydroxyapatite nanoparticles

HBS HEPES buffered saline

HEPES 2-(4-(2-hydroxyehtyl)-1-piperazinyl)ethanesulfonic acid

HIPE high-internal phase emulsion

HIPRE high-internal phase ratio emulsion
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Nomenclature

HPC hydroxypropyl cellulose

I(q) scattering intensity

I1 direct cubic liquid crystal phase

I2 reverse cubic liquid crystal phase

I defining relation or identity

I metal oxide (inorganic)

i-SBF ionized simulated body fluid

IEP isoelectric point

IP imaging plate

IR infrared

IUPAC International Union of Pure and Applied Chemistry

J creep compliance

J(t)ss creep compliance at the steady state

J∞ permanent and residual deformation of the Maxwell dashpot

Jelement−cont contribution of each element to the maximum compliance

J0
e residual or steady-state shear compliance

JKV recovery (Kelvin-Voigt element)

Jmax compliance at the maximum deformation of the creep test

JSM instantaneous recovery (Maxwell spring)

κ ionic composition function

K empirical Metzner-Otto constant

k Boltzmann’s constant

k consistency index in the Herschel-Bulkley model

k consistency index

k kinetic constant of particles growth rate
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Nomenclature

k number of factors in a factorial design

Ka area expansion elastic modulus

Kt transmission kinetic parameter

K kallikrain

K time to clot 20 mm

λ viscosity ratio

λ wavelength of the incident X-ray

λ wavelength

L length of the Wilhelmy plate

L linear distance

L molecular weight of lipophilic groups

L1 direct micellar phase

L2 inverse micellar phase

Lα lamellar phase

Lβ gel-phase

lc chain length of a surfactant monomer

L121 Pluronic L121, triblock copolymer

LAOS large amplitude oscillatory shear

LC liquid crystal

LCT liquid crystal templating mechanism

LFF long-fine focus

LSW Lifshitz, Slezov, Wagner

LVR linear viscoelastic region

LY30 lysis at 30 min after MA

µ fluid viscosity
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Nomenclature

µ∗ complex viscosity

µ0 solvent viscosity

µ0 zero shear viscosity

µc continuous phase viscosity

µeff effective or apparent emulsion viscosity

µS chemical potential at the surface

m Cross rate constant in the Cross viscosity model

m droplet mass

m sample mass for BET analysis

Mi molar mass of a specific surfactant in a surfactant mixture

mi mass of a specific surfactant in a surfactant mixture

Mmix mixed molar mass of a surfactant mixture

mpre mass of inorganic precursor

ms mass of surfactant

MAE mean absolute error

MS mean square

M metallic ion

M41S silica mesoporous molecular sieves synthesized at Mobil Corporation

MA maximum amplitude

MCF mesocellular foam

MCM-38 mesoporous silica with a cubic pore ordering synthesized at Mobil
Corporation

MCM-41 mesoporous silica with a hexagonal pore ordering synthesized at Mo-
bil Corporation

MIP mercury intrusion porosimetry

MSNP mesoporous silica nanoparticles
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Nomenclature

MSU Michigan State University

MSU-J large-pore silica mesoporous materials with wormhole structure

N number of crystal slipping planes in the slip planes theory

N stirring rate

n diffraction order

n flow behavior index

n flow index in the Herschel-Bulkley model

n number of droplets

n number of levels of the factors in a factorial design

n number of points used in the MAE calculation

NA Avogadro constant

nc number of center points

nf number of factorial points

ni number of droplets with a diameter i

ni number of moles of a specific surfactant in a surfactant mixture

Np Newton or power number

nσS surfactant moles at the surface

n number of center points

N-NMR nitrogen-nuclear magnetic resonance

NIR near infrared

NMR nuclear magnetic resonance

O oil or oil phase

O/H1 oil-in-direct hexagonal phase emulsion

O/I1 oil-in-direct cubic phase emulsion

o/w oil-in-water emulsion
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Nomenclature

o/w/o oil-in-water-in-oil multiple emulsion

P number of possible phases in equilibrium

P power

P spinning period

p power-law exponent for viscosity

P/O polymer-to-oil ratio

P/P 0 relative pressure

P/V power input per unit volume

Pi accumulative ratio

Pi percentage of droplets with a specific diameter

P123 Pluronic P123, triblock copolymer (5750 g/mol)

PBS phosphate buffered saline

PCS photon correlation spectroscopy

PCV packed cell volume

PDDF pair-distance distribution function

PEG polyethylene glycol

PEO polyethylene oxide

PFD perfluorodecalin

PIC phase inversion composition

PIT phase inversion temperature

PK prekallikrein

PL phospholipid

PLA-CS chitosan-graft-polylactide

PLGA poly(lactic-co-glycolic acid)

PLL poly-L-lysine

462



Nomenclature

PMMA poly(methyl methacrylate)

PNP pooled normal plasma

PO propylene oxide

polyHIPE polymerized high internal phase emulsions

polyP polyphosphate

POM polarized optical microscopy

PPG polypropylene glycol

PPO polypropylene oxide

PS polystyrene

PSD pore size distribution

pv process variables

PVP polyvinylpyrrolidone

θ contact angle between liquid and Wilhelmy plate

θ relaxation time in the Maxwell model

Q dispersed phase addition flow rate

q scattering vector

QC quality control

QELS quasi elastic light scattering

ρ electronic density

ρ fluid density

ρc continuous phase density

ρd dispersed phase density

ρi density of a specific surfactant in a surfactant mixture

ρmix mixed density of a surfactant mixture

R ED900Myr/water ratio
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Nomenclature

R blending rigidity

R final percentage recovery of the system in a creep-recovery test

R gas constant

R geometric scaling factor

r droplet radius

R2 regression coefficient

r0 initial droplet radius

R1 molar ratio between water and TEOS

R2 molar ratio between ammonia and TEOS

r32 Sauter mean droplet radius

R3 molar ratio between ethanol and TEOS

rc critical droplet radius

RH hydrophobic radius of micelles or liquid crystals

Rh hydrodynamic radius of particles

rmax maximum droplet radius

rp pore radius

Re Reynolds number

Rei impeller Reynolds number

R clotting time

R surfactant-to-silica precursor molar ratio

r capillary radius

RGD Arg-Gly-Asp

RSM response surface methods

RT room temperature

σ interfacial tension
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Nomenclature

σ logarithmic standard deviation

S cross-sectional area of surfactant

S entropy

s standard deviation of droplet diameter

S/O surfactant-to-oil ratio

S/W surfactant-to-water ratio

SBET specific BET surface area

sg geometric standard deviation

SS sum of squares

SSE error sum of squares

SST sum of squares term

S surfactant

SANS small angle neutron scattering

SAXS small angle X-ray scattering

SBA Santa Barbara amorphous

SBA-15 silica mesoporous material with hexagonal structure synthesized at
University of California, Santa Barbara

SBF simulated body fluid

SEM scanning electron microscopy

SGR soft glass rheology model

SLN solid lipid nanoparticles

SNP silica nanoparticles

ST/DVB styrene-divinylbenzene

SUTD Singapore University of Technology and Design

τ relaxation time

τ shear stress
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Nomenclature

τ0 yield stress

τc critical stress

τc relaxation time inverse of the frequency crossover

τL local relaxation time in the slip planes theory

τmin minimum relaxation time, inverse of the frequency when G” is mini-
mum

T temperature

T torque

T transmission

t addition or emulsification time

t thickness of gas layer adsorbed

t time

t0 initial time

tc end of creep-test time

tf end of recovery-test time

THLB HLB temperature

TEG thromboelastography

TEM transmission electron microscopy

TEOS tetraethyl orthosilicate or tetraethoxysilane

TF tissue factor

TGA thermal gravimetric analysis

TMB 1,3,5-trimethylbenzene

TMOS tetramethyl orthosilicate or tetramethoxysilane

TMS tetramethylsilane

TTIP titanium tetraisopropoxide

V volume of gas adsorbed on the solid
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Nomenclature

V volume

v tip speed velocity

v0 effective volume of a surfactant monomer

V1 direct cubic bicontinuous liquid crystal phasel

V2 inverse cubic bicontinuous liquid crystal phase

VA attractive potential between particles

VB hydrophobic molar volume

Vd volume of dispersed phase

Vml volume of gas adsorbed in the formation of the monolayer

Vmol molar volume

Vm dispersed phase molar volume

VO molar volume of oil

vo Ostwald ripening rate

Vp pore volume

VR repulsive potential between particles

VS surfactant molar volume

vs sedimentation velocity

Vt total volume of dispersion

VW water molar volume

ω̇ thin film rupture frequency

ω angular velocity

ω frequency

ωc frequency of the G’ and G” crossover

W water or aqueous phase

W/H2 water-in-reverse hexagonal phase emulsion
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Nomenclature

W/I2 water-in-reverse cubic phase emulsion

Wc experimental silica weight obtained after calcination

Wt silica theoretical weight based on complete TEOS conversion

We Weber number

w/o water-in-oil emulsion

w/o/w water-in-oil-in-water multiple emulsion

WAXS wide angle X-ray scattering

X unknown variable

x random agitation or noise temperature

xi factor or process variable

xi mass fraction of a specific surfactant in a surfactant mixture

X halide

XRD X-ray diffraction

ȳc center points average

ȳf factorial points average

y response variable

ζ zeta potential

z coordination number of cooperative flow units in the structure in the
Bohlin model
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