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INTRODUCTION

1.1 EMULSIONS

Emulsions are heterogeneous systems, thermodynamically unstable and constituted by two
immiscible liquid phases, where droplets of the internal phase (so-called dispersed phase) are
dispersed in the other phase (known as continuous)." Emulsions are commonly found in our
daily lives, as in the food industry (e.g. milk or mayonnaise), cosmetics or paints. A very large
number or books and/or chapters have been devoted to emulsions and emulsification in the last
50 years, indicating that it is a research area extensively studied due to the potential applications

in industry?®.

One of the aspects pointed out in the definition is that emulsions are not thermodynamically
stable. Consequently, they will eventually separate in two immiscible phases. However,
emulsion destabilization can be retarded by the addition of an emulsifier. Even though
surfactants are, by far, the most known and most used emulsifiers, macromolecules or finely-

divided solids can also confer kinetic stability to emulsions’.

1.1.1 Classification

Among the several ways to classify emulsions, they can be simply divided in, namely oil-in-
water (O/W) or water-in-oil (W/O) as a function of the nature of the two most common phases.
So, in the first case the oil constitutes the internal phase droplets while in the second the oil
constitutes the continuous phase. These are the most common types of encountered emulsions.
However, it is also possible to prepare oil-in-0il emulsions by choosing oils with relatively

distinct polarity, as for example decane and furfuryl alcohol.?

Another classification is based on the internal phase volume fraction of emulsions.? Diluted,
concentrated and highly concentration emulsions are generally defined by possessing less than
20%, between 20 and 74% and internal phase volume fractions higher than 74%, respectively
(Figure 1-1). In the present work, we have used highly concentrated emulsions, also known
highly concentrated phase emulsions (HIPESs), as templates for the synthesis of macroporous
polymers. The 74 vol% of internal phase is the maximum packing ratio for monodisperse
spherical particles.> * The limit for diluted emulsions is arbitrary and is related to the

rheological properties of each system.
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Figure 1-1. Scheme that shows the emulsion sequence as a function of its internal phase volume fraction
(¢ ). As indicated in the text, both phases can be indistinctly water or oil.

Emulsions can also be categorized with respect to their internal structure. Simple or multiple
emulsions may be distinguished. While the former consists in a dispersed phase within a
continuous phase, the second involves a simple emulsion dispersed in a continuous phase.

Multiple emulsions, generally double emulsions, can be W/O/W or O/W/O-type.**

Finally, two types of emulsions based on the size of the dispersed phase are recognised. Macro-
emulsions habitually have droplet sizes ranging from 0.5 to 50 um, being opaque in appearance.
Their observation by means of optical microscopy is straightforward in most cases. By contrast,
nano-emulsions possess lower sizes (20-500 nm) and can be accordingly either totally

transparent or semi-transparent to the visible light.*

1.1.2 Formation and Stability

As illustrated in Figure 1-2, when two separate phases are mixed, interfacial area becomes much
larger due to the large number of smaller droplets created. This results in a change of the free

surface energy following the equation:

AG gy = YAA-TAS 1-1

where AG,, . is the free energy of emulsion formation, y is the interfacial tension between the

form

two phases, AA is the interfacial area increment, T is the temperature and the AS entropy gain

of the transition. The surface energy term (AA) is positive, and generally much higher than the

also positive entropic term (TAS ). Therefore, AG,,,, iS positive and consequently emulsion
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formation is not spontaneous, if state variables are kept constants. For this reason,
emulsification is usually achieved by applying mechanical energy. The mechanisms of emulsion
destabilization that drive emulsions to final phase separation will be explained in a further

section.

Emulsification

v

0 (@] (@]
o O O
(@)
(0]
(0] (0] (0]
(¢]
(0] (@)
(@)
O O (0]

A

Destabilization

Figure 1-2. Schematic drawing of emulsion formation and destabilization.

Generally, the emulsion preparation procedures are classified in two types: high energy and low

energy methods.

1.1.2.1 High energy or dispersion methods

On the whole, energy much higher than that described in eq. 1-1 is required when using
mechanical agitation, especially for the formation of very small droplets, i.e. submicron (e.g.
nanoemulsions droplets). The excess energy stems from the high Laplace pressure gradient
(AP). This pressure has to be overcome during mechanical emulsification, and is given by the

following equation:

Apzy(i+ijz2_7 1-2

rlD r2 D

where 1, and r,, are the two radii of droplet curvature. Considering a perfectly spherical
droplet (r, =r,,), Laplace pressure gradient becomes 2y/r, , where r, is the radius of the

droplet. Therefore, the pressure at each side of a curved interface is different, being greater at
the concave side of the interface. As droplets are deformed under shear (see Figure 1-3), AP
increases, and consequently more energy is required to decrease emulsion droplet size. As it will

be shown below, surfactants reduce y, decreasing the energy required to obtain a certain

droplet size.
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Figure 1-3. Droplet deformation and rupture under shear. Pressure at the concave side of the interface,
i.e. inside of the droplet (P,), is greater than outside (P,).

In the high energy methods, emulsification is attained by means of mechanical energy. Many
devices have been designed for this purpose. Essentially, they differ in the amount of energy
given to the system. We can find from low energy systems such a simple pipe flow to high
energy devices such as colloidal mills or high pressure homogenizers.™ One of the devices most
often used in laboratory scale is the vibromixer, which is considered as a medium energy
device. As aforementioned, a large amount of energy is normally required to overcome the
energy barriers during the emulsification stage. This is also caused by the fact that a large extent

of this energy is dissipated into heat.

Emulsion formation initiates when the oil-water interface is deformed so that big emulsion
droplets form. During mechanical agitation, these initial big droplets break into small ones. In
this dynamic process, breakage of the droplets, adsorption of the emulsifier and droplet collision
occur simultaneously.®® Emulsification is generally produced by the application of viscous and
inertial forces which generate normal stresses at the drop surfaces. This is normally transmitted

via the surrounding liquid (continuous phase).

1.1.2.2 Condensation or low energy methods

Contrary to the high energy methods, low energy methods are based on phase transitions
produced during emulsification as a result of a change in the spontaneous curvature of
surfactants.* Such methods make use of chemical potential, instead of mechanical agitation.
Phase transitions produce molecular rearrangement, which may lead to the spontaneous
formation of droplets. Therefore, formation of emulsions can be achieved with minimum energy
inputs or even without mechanical stirring.”> Specifically, two different routes have been
extensively explored: changing composition while keeping temperature constant (Phase

16, 17

Inversion Composition method or PIC), or inversely, composition is kept constant as

temperature is modified (Phase Inversion Temperature method or PIT)." & 19,
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1.1.2.3 Emulsion droplet size distribution

The determination of drop size distribution and the evaluation of emulsion stability are
probably, among others such as viscosity or conductivity, the most often emulsion parameters

assessed. Such parameters will be described briefly.

Following emulsion formation, the most common way to determine the droplet size distribution
is the use of either laser diffraction or microscopy techniques. The average in number and the
corresponding standard deviation can be easily calculated through the following equations:

i=N

; Dy 1-3
D[1.0] =+
3. (DIL0]- DY »

O =

N

where DI[1,0] represents the average size, D, the size of each droplet measured, N the total

number of droplets and o the standard deviation.

The effect of the standard deviation in two well-known distribution functions is illustrated in
Figure 1-4. The first one (a) corresponds to a Gaussian function distribution that is written as

follows:

dP 100 (D, -D,)’ 15
= exp 5
dD;, ov2rx 20

where P is the percentage of droplets with characteristic diameter D,, and D, and o are the
two adjustable parameters, namely arithmetic mean diameter (D, =D[10]) and standard

deviation, respectively. As clearly shown in the figure, the droplet size distribution becomes
narrower as o is lowered. Since size distributions are seldom symmetric, Gaussian distribution
is unlikely to be applicable. If D is replaced by logD, a non-symmetric distribution is
obtained. Such function is called the log-normal distribution, and in most cases fits quite well
with emulsion droplet diameters obtained from real experimental data.”’ The equation has the

form:
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¢ _ 100 (log D, —log D,, )* 16
d(D;) logo,~2r 2log o,

The parameter o, is called geometric standard deviation. Corresponding to equation 1.4, is

given by:
i=N
AP, (log D; —log D,,)* 1-7
Gg _ i=1 N
8 - [
(a) /\ —m—5=05 164 (b) ./'-\. —to,= 0.25
me —e—c=15 [\ —e— 5 =035
o 6 —A—g=2.5 ()] n .\ A ’
(o) o 124 | o o,= 0.45
c [ ]
E . E A \.\\l
o O g &)
< £ 7] I
£ = A / A
S L 4 N Az%
//./ .\'Q%%A
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Figure 1-4. (a) Gaussian and (b) log-normal droplet size distributions given for different standard
deviation values.

1.1.2.4 Emulsion stability

As stated earlier, emulsions are thermodynamically unstable, and in all cases they tend to
minimise the surface free energy by reducing interfacial area. However, Kinetic stability, which
is attained by the addition of an emulsifier, can play an important role over the short time and
retard such phase separation. Different destabilization mechanisms exist and are generally
divided in five groups, as depicted in Figure 1-5. For convenience the mechanisms will be
discussed individually. It is important to recall that the droplet breakdown mechanisms
frequently occur simultaneously. For instance, due to the formation of droplet aggregates
(flocculation), the rate of sedimentation or creaming increases. The same could happen with

coalescence or Ostwald ripening.™

Apart from the techniques that are used to quantify emulsion destabilization, such as light
scattering, rheology or electrophoretic mobility, emulsion stability can be quickly assessed by
monitoring visually the height of residual emulsion as well as the oil and/or water volume

fractions resolved at certain time and temperature.’
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Figure 1-5. Processes involved in emulsion destabilization (adapted from Tadros).**

(@) Creaming and emulsion sedimentation

These are processes whereby emulsion droplets progressively migrate and accumulate as a
cream or as sediment, as a result of the different densities between water and oil phases.
Accordingly, droplets float top when the density of the dispersed phase of the emulsion (for
example oil) is lower than that of the continuous phase (water) and inversely, droplets settle
when the density of dispersed phase is higher than that of the surrounding medium. Since in
practice is rather difficult to produce perfectly monodisperse emulsions, the pictures shown in
Figure 1-5 contain emulsion droplets with a relatively wide droplet distribution. Such
polydispersity can explain why in real cases in which creaming (or sedimentation) occurs, a
completely water (or oil) transparent phase is rarely observed. This is due to the concentration
gradient that builds up in the system with the larger oil droplets at the top of the emulsion (in the
case of O/W emulsion) and the smaller droplets remaining dispersed in the water, leading to
semitransparent or opaque systems. Creaming or sedimentation occur without the loss of
individual drop identities. Therefore, emulsion droplet sizes are unaffected and the process is

completely reversible by shaking the emulsion, redispersing the droplets again.
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It is well known that the creaming or sedimentation velocity (v,) depends on droplet radius

(rp), medium viscosity (7,), gravity (g) and on the density difference between the two

emulsion phases (Ap ). This dependence is reflected in the Stokes equation:*

_2809%° L8
9 7,

Vo

It should be taken into account that this expression is valid for very diluted systems when
droplets do not collide (internal phase volume fractions ¢ <0.01)."* For more concentrated
systems the hydrodynamic interactions between droplets should be considered and
sedimentation becomes a complex function.” In highly concentrated emulsions, v, is reduced
by the confinement of droplets and mobility restrictions, due to the high droplet packing ratio
(generally ¢ > 0.74). Besides that, destabilization can be partially hindered by the use of
thickeners that increase viscosity, by matching the density of both water and oil phases or by
reducing droplet size (i.e. nanoemulsions, where Brownian diffusion usually exceed

sedimentation rate), as deduced from equation 1.8.

(b) Flocculation

When attraction forces between droplets overcome repulsive interactions, the droplets stick
together giving raise to flocs or loose aggregates, in which the individuality of each droplet is
maintained.?*  Generally, there are three main interacting energies between droplets: the first is
the Van der Waals potential (M4 ), Which is generally attractive and results from the
addition of three individual contributions: Keesom, Debye and London interactions. Such
interactions are based on the existence of dipoles (permanent, induced or fluctuant) on the

molecules. The second is the electrostatic repulsion potential (W, ), which is produced by the
adsorption of electric charges, and the last is called the steric repulsion potential (W, ) which is

caused by the adsorption of nonionic surfactants or polymers. Herein, flocculation will depend
on the balance of these forces. Another point that should be considered is that flocculation can
be either reversible, whereby the system can go back to the initial state by an input of much less
energy that was required for emulsion formation, or irreversible (often called coagulation) if the

intensity of the attraction forces is much higher than repulsive forces.

(c) Coalescence

This is one of the mechanisms responsible for the coarsening of droplet emulsions. Coalescence

refers to the joining of two or more droplets to form one droplet with higher volume,
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consequently with less interfacial area.” The coalescence is governed by the behaviour of the
thin film between the droplets. If there is enough thinning and disruption of such film, an
eventual rupture can occur and the identity of the droplets is irreversibly lost.

Meanwhile, as a result of coalescence, emulsions might undergo phase inversion rather than
experience phase separation. As shown in Figure 1-5, emulsion can invert from O/W to W/O or
vice versa. On the whole, two types can be defined: translational and catastrophic inversion.*
In the former inversion is induced, among others, by changing emulsifier composition or by
adding electrolyte to emulsions at fixed oil-water ratio, whereas in the latter, inversion is

originated by increasing the internal phase volume fraction of the emulsion (¢ ).

It was thought that catastrophic inversion was directly related to the maximum packing
parameter of monodisperse spherical droplets (¢ >0.74).2 Attempts to increase ¢ above this
point would result in distortion, breaking or inversion. However, many reports have shown that
catastrophic inversion can occur below or above this 74 vol%, depending on the nature and the

concentration of emulsifier, and even on the container where the emulsion is prepared.?>?’

In a typical example, the viscosity of an O/W emulsion gradually increases upon increasing ¢ ;

at a certain point, phase inversion occurs leading to a diluted W/O emulsion. This results in a
drastic reduction of emulsion viscosity. An interesting study developed by Binks et al.> showed

that the ¢ at which phase inversion occurred (see Figure 1-6) could be adjusted by modifying

the degree of hydrophobicity of the emulsifier (in this case solid silica nanoparticles).
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Figure 1-6. Conductivity versus water content ( @,, ) for emulsions stabilized with silica nanoparticles.

The hydrophobicity of the nanoparticles was increased by reducing the silanol groups (% SiOH) on
nanoparticle surfaces. Catastrophic inversion can be easily ascribed to a sudden increase of conductivity,
indicting the inversion from W/O to O/W emulsions. Reproduced from Binks et al.®
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Phase inversion can also be induced by temperature changes. By using ethoxylated nonionic
surfactants it is possible to obtain preferred emulsion (either O/W or W/O) by simply adjusting
the temperature and emulsion composition. Such surfactants change their preferentially
solubility from water to oil when increasing temperature, because their poly(ethylene oxide)
chains become dehydrated.”® This concept will be discussed in detail further.

(d) Ostwald Ripening

The driving force of this mechanism is the difference of Laplace pressure between small and
large droplets,® and takes place when the dispersed phase is soluble enough within the
continuous phase of the emulsion. As pointed out earlier (eq. 1-2), Laplace pressure in small
droplets is higher than in the larger droplets. As a consequence, depending on the diffusion rate,
the bigger droplets will increase in size due to molecular diffusion from smaller to bigger
droplets, and a gradual emulsion coarsening occurs. It should be mentioned that in analogy with

coalescence, Ostwald ripening is also irreversible.

The theory LSW developed by Lifshitz and Slezov® and independently by Wagner,* assumes
that droplets are perfectly spherical and are separated by a distance much higher than droplet
size. Moreover, it considers that the mass transport is limited by molecular diffusion in the
continuous phase. According to this theory, the Oswald ripening velocity (@) can be obtained

by the following equation:

dry” _8c,V,D 1-9
dt 9 pRT

=

where r is the droplet radius, p is the density of the dispersed phase, D and c_ are the

diffusion coefficient and the solubility of the dispersed phase into the continuous phase,

respectively, y is the interfacial tension, and V_ the molar volume of the solute. The equation

predicts a linear relation between r® and time (t), being the slope the Oswald ripening velocity.

Oswald ripening can be minimized by addition of a second component in the dispersed phase
which is insoluble in the continuous phase.* This hinders molecular diffusion from smaller to
bigger droplets. It should be pointed out that the Ostwald ripening rate is negligible in
emulsions possessing droplet sizes > 1 um and/or in systems where the solubility between both

water and oil phases is very low.*
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1.2 EMULSIFIERS

As pointed out before, emulsions can be stabilized by different means. Surfactants molecules
and particles are the most commonly used. Both allow the formation and stabilization of
emulsions thanks to their ability to migrate and adsorb spontaneously to liquid-liquid interfaces.
The specific properties and the physicochemical aspects related to emulsification will be

described in detail for each emulsifier.

1.2.1 Formulation of Emulsions Stabilized with Surfactants

Surfactant molecules have two clearly different parts (Figure 1-7): one lyophilic and another
lyophobic.” As deduced from the terms, once the molecule is in solvent, the lyophilic part shows
affinity whereas the lyophobic has little attraction for it. Such characteristic structure is called
amphiphilicity, which means literally “liking both”, indicating that surfactants have affinity for

two immiscible phases. Surfactants are therefore surface active.

AMPHIPHATIC STRUCTURE

Hydrophilic group Anionic — eg. R-SO;M*

Cationic —eg. RAN*X"
Nonionic — eg. R-OCH,CH,(OCH,CH,),OH

Lipophilic group Amphoteric — eg. RN*(CH,),CH,CH,SO%*

Figure 1-7. Representation of a surfactant molecule. In solution, the hydrophilic group (lyophilic) is
commonly denoted as “head”, while the lipophilic group (lyophobic) is denominated “tail”.

The ability to adsorb spontaneously at interfaces is the responsible for the interfacial tension
reduction, thus reducing the energy necessary to create new surface. The other remarkable
feature shown by surfactants unimers is the formation of supramolecular aggregates from very
low surfactant concentrations, due their spontaneous self-assembly in solution.*®* Due to these
unique characteristics, surfactants are extensively used in cosmetics, detergency, and in the

pharmaceutical and food industries.

Surfactants can be generally classified according to the chemical structure of their hydrophilic

groups in aqueous solutions, which constitute by far the largest number of surfactant

13
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applications.* The four groups are listed in Figure 1-7, and can be defined as follows: anionic
and cationic hydrophilic groups carry negative or positive charges, respectively, as they
dissociate in water. Nonionic groups do not carry charges, and its hydrophilicity is originated by
the formation of hydrogen bonds. Amphoteric or zwitterionic surfactants have two or more
groups that can be ionized in solution which provide different charges (negative or positive)
depending on pH.

1.2.1.1 Adsorption at interfaces

The systems that show constant values in their intensive magnitudes are denominated phases.
When two phases are put in contact, an interface, i.e. a boundary between two phases, appears.
Such interfaces are very thin, in most cases only a few molecular diameter thick. However,
rapid changes in density and/or composition across interfaces give them their most important
properties, i.e. and excess free energy or lateral stress, which is often called surface (or
interfacial) tension.* Actually, from a thermodynamic point of view (using the Gibbs’s model),

the interfacial tension () can be viewed as the additional surface free energy (0G?) per unit

area caused by the presence of an interface.” At constant temperature and composition:

oG* -
y= 1-10
aA T,n

If interfacial area increases (for a stable interface y is positive), then G increases. When a

new interface is formed as in the case of emulsions, the system tends to adopt a configuration of
minimum surface (thermodynamically driven), and therefore spheres are formed, since their

ratio surface/volume is minimum.

Often, the volume of interfaces is ignored because the number of molecules in these thin regions
is negligible compared to the number of molecules in the inner phase. Nevertheless, this does
not apply to colloidal systems where the ratio surface/volume is rather high. For instance, when
10 cm® of oil are dispersed with an appropriate device, the interface exposed can be 10° times

higher.

The transition of properties between two phases (air-liquid) is illustrated in Figure 1-8(a).
Molecules at the surface have potential energies greater than those in the bulk liquid. This can
be explained by the low attractive interactions between the molecules at the interface with those

of the surrounding medium (air molecules).** Any attempt to increase the surface area will
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imply a transport of molecules from the inner liquid to the surface. The work that corresponds to
such difference in potential energies is defined as the surface free energy, or surface tension.*
In other words, surface tension is the work required to increase the surface per unit area. This is
easily understood if we observe Figure 1-8(b). When a force (F ) is applied to expand the

surface area, the work (W ) applied is equal to:
W:jw =dex:jy£dx:j7dA 1-11

As deduced from the equation, surface tension possesses dimensions of energy per unit area
(3/m?), though most often it is expressed as the equivalent force per unit of length (mN/m). It
should be pointed out that surface tension, as an intensive variable, is influenced by other

thermodynamic magnitudes, such as temperature or pressure.

AIR () (b)

LIQUID |

Figure 1-8. (a) Schematic representation of the intermolecular forces between molecules at both the inner
phase and the air-liquid interface. The surrounding low attractive medium (gas) represents a high energy
situation relative to the bulk. (b) Drawing that represents the creation of a new interface by applying a

force. The work per unit area corresponds to the surface tension ( = dW/dA).

If the gas phase is replaced by another condensed phase (another liquid), the actual excess of
surface free energy will be modified. As in the previous case, the potential energy of the
molecules at the interface is different from those in the respective bulk liquids. The interface

between two completely or partially immiscible liquid phases is schematized in Figure 1-9(left).
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A Fluid pair Interfacial
aa A tension (MN/m)
a
PHASE a Mercury-water 415
Mercury-benzene 357
n-Octane-water 50.8
Benzene-water 35.0
Aab Aup n-Octanol-water 85

Figure 1-9. (Left) Schematic representation of the interface and the molecular interactions involved
between two condensed phases (adapted from Rosen).** (Right) Interfacial tension values between
different liquids. It should be noted that the higher interactions between water and the other phase (from
octane to octanol) the lower interfacial tension (values described in Miller and Neogi).*

A denotes molecular interactions and a and b subscripts refer to the molecules of the two
phases involved. Accordingly, A,, and A, indicate molecular interactions between a molecules
at the interface with a molecules in the bulk phase in the first case or with b molecules across
the interface in the second, respectively. Therefore, A, - A, can be defined as the potential
increased energy of a molecules at the interface, i.e. surface tension of the phase a (,).* Then,

the interfacial tension can be expressed by the equation:

7 =(Aa—Auw) + (A —Ap) =Va+ 70 —2an 1-12

where y_, is the interaction energy between a and b molecules per unit area across the interface.
It must be underlined that the term y,, can only be evaluated for totally immiscible liquids,
which in practice is a limitation. As deduced from eq. 1.12, if one of the phases (e.g. b) is a gas
(tension originated by molecular interactions in b can be neglected) the interfacial tension
becomes the surface tension of the condensed phase a, since A, and y,, are very close to zero.
This large imbalance of forces results in the high surface tension of water (72.8 mN/m), for
example. However, on account of the higher molecular density of a liquid, the interactions at the
interfacial region are greater and consequently the interfacial tension will significantly be
reduced (y,, increases). As seen in the Table included in Figure 1-9, interfacial tension between
water and octane (weak dispersion forces with water) is 50.8 mN/m. If octane is replaced by
octanol (polar groups interact more with water) the tension falls to 8.5 mN/m. Obviously, when
two liquids are completely miscible, the interface eventually disappears, since tension becomes

ZEro0.
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In this study, two different methods, among the large variety of existing procedures, have been
used in order to measure interfacial tensions: first, the drop-volume method that is based on
analysis of capillary-gravity forces, and second, the Du Nouy ring method, which is based on
direct measurement using a microbalance. Both will be described in detail in the experimental

section.

Surfactants migrate to interfaces (liquid-liquid, liquid-air, etc.) and the driving force for
adsorption is decreasing the free energy of that phase boundary. The surfactant molecule
orientates such that the hydrophilic part remains in the water while the hydrophobic is oriented
away from it (remains in the apolar phase). The displacement of surface liquid molecules by
adsorbed surfactant produces a progressive reduction of the free energy of the boundary, and
interfacial tension between both phases decreases accordingly. In the case of pure water, the
surface tension can be reduced from 72.8 mN/m to 30-35 mN, with low amounts of common
surfactants. Surface activity depends basically on the structure of the surfactant, on the nature of

the solvent and on the temperature.®

In Figure 1-10 the interfacial tension (y ) is plotted as a function of surfactant concentration (log

scale). From the figure it is evident that beyond certain surfactant concentration, further

increment of concentration does not result in a decrease of y . The reason lies on the saturation

of the interface.

A

Y(mN/m)

=-2.303[RT
C

Air / Oil

‘cbfg

Water

»

>

CMC [Surfactant]

Figure 1-10. Surface (or interfacial) tension variation as a function of surfactant concentration in aqueous
solution. Surfactant molecules are schematically shown. The slope is a function of surfactant
concentration at the interface (I").
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As shown in the figure, at low surfactant concentration, the water-oil (or water-air) interface is
not fully saturated. Interfacial tension decreases until the interface becomes saturated with
surfactant. At this given concentration, the surfactant starts to form aggregates (so-called
micelles). Such concentration is known as the critical micelle concentration (or CMC).** This
aggregation can also be understood in terms of reduction of the free energy. Hydrophobic parts
are removed from water since they lay in the inner part of the micelles.*® It is important to

mention that micelles do not contribute to the reduction of interfacial tension.

The increase of surfactant concentration above CMC can produce more complex structures than
micelles, such as liquid crystals or vesicles.

The surfactant concentration adsorbed at the interface (denoted as surface excess), can be
calculated from the surface or interfacial tension measurements, applying the Gibbs adsorption

equation.” For diluted solution of nonionic surfactants:

r—__ 1 oy 1-13
2.303RT | dlog Cq4

where T (mol/area) is the surface excess, C; is the bulk surfactant concentration, R is the ideal

gas constant and T is the temperature. Therefore, T" can be obtained from the slope of the

interfacial tension vs. concentration plot, specifically from the linear part just before the CMC.*

From the surface excess concentration, the surface area per molecule (a) can be calculated

from the relationship:

1016
a=

1-14

where N, is the Avogadro’s number. The surface area per molecule is a measure of the

effectiveness of surfactant adsorption. Lower values of a could mean a close packed surfactant
layer at the interface, indicating a high T" and, in turn, a high adsorption efficiency. Low tension

values are a consequence of such high adsorption.
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1.2.1.2 Selection of emulsifier

The most important point when dealing with emulsions is the selection of an appropriate
surfactant in order to achieve appropriate emulsion stabilization of the chosen components.
Often in industry, this is made on an empirical basis. In this line, the Bancroft rule,*® already
used at the beginning of the twentieth century, constitutes a simple tool to predict the type of
emulsions (either O/W or W/O) that is expected to be obtained. While O/W emulsions will be
obtained when using water-soluble surfactants, the use of oil-soluble surfactants will lead to
W/O emulsions-type. It should be noted that Bancroft rule is completely qualitative. Later, a
semi-empirical scale based on the hydrophilic-lipophilic balance (HLB) number was introduced
by Griffin®" 3 A series of equations were developed for nonionic surfactants. For nonionic
ethoxylated surfactants possessing poly(ethylenglycol) as the only hydrophilic group, the HLB
can be given as:

E

HLB = 1-15
5

where E is the wt% of the ethylene oxide group in the surfactant molecule. The HLB numbers

(Npig) required for some specific applications are included in Table 1-1. Obviously, more
hydrophilic surfactants are required to obtain O/W emulsions.

Table 1-1. Desired HLB surfactant numbers for various applications (reproduced from Griffin).*

NpLg range Application
4-6 W/O emulsion
7-9 Wetting agent
8-18 O/W emulsion

13-15 Detergent
15-18 Solubilizer

It should be stressed that Griffin equation cannot be applied to neither nonionic surfactants
containing groups such as propylene oxide, nor ionic surfactants. Other approaches, such as the
Davis method,® were developed to assign HLB numbers to different functional groups,

including ionic groups.
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The classification based on the HLB number constitutes a guide to find optimal emulsion
stabilization, but it only provides information about the chemical structure of surfactants.
Specifically, one could find the most appropriate HLB number in order to emulsify certain oil.

1.2.1.3 Phase inversion temperature

This concept was developed by Shinoda and co-workers.”® * They observed that emulsions,
stabilized with nonionic surfactants based on poly(oxyethylene) as the hydrophilic group,
inverted from O/W to W/O emulsions by simply increasing temperature. Moreover, they found
that the phase inversion temperature (abbreviated as PIT or Ty g) was linearly dependent on the
HLB number of the surfactant. One of the points of paramount importance concerning this
method is that unlike the HLB number defined by Griffin, PIT depends on experimental

conditions, such us temperature, oil-water ratio, concentration of the emulsifier, additives, etc.t®

To understand why inversion occurs we should consider first the effect of temperature on the
curvature of the adsorbed monolayer at the oil-water interface. It is well known that the
hydration between the hydrophilic poly(oxyethylene) part of the surfactant and the water
diminishes at increasing temperature. Initially, surfactant aggregates have convex curvature
towards water, as can be appreciated in Figure 1-11(a). The gradual dehydration produced by
further increase of temperature, leads to concave curvatures towards water.* The PIT is defined
as the temperature at which the hydrophilic-lipophilic properties are just balanced. At this given

temperature, phase inversion from O/W to W/O emulsion occurs.

A schematic phase behaviour diagram, including the curvature of surfactant aggregates and the
variation of volume fractions of the different phases, is included in Figure 1-11(a). Nonionic
surfactant dissolves in water forming normal micelles at low temperature. When temperature is
increased, the solubilisation of oil inside the micelles increases rapidly, and is followed by an
increase of micellar size. As temperature approaches the PIT, solubilisation capacity increases
and large amounts of both oil and surfactant can be solubilised. Close to the PIT, the aqueous
phase changes continuously to the surfactant phase (denoted as D in the Figure). Therefore, at
the PIT three phases coexist: surfactant phase, and water and oil separated phases, with an
almost negligible amount of surfactant.*" ** It must be remarked that at this temperature the
solubility of both water and oil in the surfactant is remarkably high. Above the PIT temperature,
the reverse process occurs, since separated water increases gradually, and finally an important

fraction of water is dissolved in reverse micelles.
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Figure 1-11. (a) Schematic diagram showing the influence of temperature on the poly(oxyethylene) based
surfactant aggregates, and the volume of the different phases (O indicates oil, W indicates water and D
indicates surfactant phase). At low temperatures hydrophilic micelles are formed, whereas at high
temperatures oleophilic micelles appear (reproduced from Shinoda and Kunieda).** (b) Interfacial tension
versus temperature for the system shown in (a). Very low values are attained at the phase inversion
temperature (adapted from Saito and Shinoda).*?

Another important aspect is the characteristic low interfacial tension attained at the region
where the three different phases coexist.” The respective interfacial tensions between the
micellar solutions (direct and reverse) and the separated water and oil phases, respectively,
drastically fall when approaching to the PIT. This is shown in Figure 1-11(b) in the left and
right side of the PIT region, respectively. This can be explained by the bicontinuous structure of
the D phase in which both the oil and water domains are swollen.* Due to the low interfacial
tensions at the PIT, emulsions prepared at this temperature possess rather smaller droplet sizes
than those prepared by high-energy methods.** ™ However, care should be taken because
droplets coalesce very rapidly at the PIT, leading to extremely unstable emulsions, due to the
low rigidity of surfactant interfaces. For that reason, in order to obtain stable emulsions, they are
prepared at the PIT, and then quickly cooled or heated (so-called PIT method).

|,44

In a further investigation carried out by Kunieda et. al,™ a relation was established between the

PIT and the HLB number (N, ; ), for pure polyethylenglycol n-alkylethers nonionic surfactants.
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1-16
PIT = KoiI(NHLB - Noil)

where N, is a parameter that depends on the “degree” of the hydrophobicity of the oil, and

K, is a constant equal to 17 °C for most oils. For instance, the N for the aliphatic

oil

hydrocarbons heptane and hexadecane are 8.9 and 10.0, respectively. K and N can easily

oil

be determined from the slope and the intercept on the y-axis of the straight line of the PIT

vs. N, 5 plot. Therefore, the use of this equation allows predicting the PIT of a system.

It should be pointed out that in contrast to pure surfactants, PIT for technical grade ethoxylated
surfactants depends on composition, such oil-water ratio or surfactant concentration.*® * This is
due to the unequal distribution of surfactant at the interface. Commercial surfactants are usually
composed of a mixture of homologs or isomers. Herein it is expected that the calculations made

from the equation 1.15 slightly deviate from experimental results.** %

1.2.2 Formulation of Emulsions Stabilized with Colloidal Particles

Although the stabilization of emulsions by solids alone was first reported by Ramsden in
1903,* the credit is usually given to Pickering, who in 1907 conducted the first systematic study
on the topic.*® As a consequence, particle-stabilized emulsions are generally known as Pickering
emulsions. Despite Pickering emulsions were described long time ago, this topic has been the

4955 and books®® have

focus of great attention only during the last 20 years. Several reviews
recently appeared, which cover the studies conducted in order to explain how particles can
promote emulsion stabilization from both experimental and theoretical points of view. Aspects
such as the basic stabilization mechanisms and the different parameters that influence emulsion

formation are comprehensively discussed.

Pickering emulsions have many technological applications. Particles, sometimes in combination
with surfactants, are present in many types of emulsions (or foams), and are important in the
food, cosmetic, pharmaceutical, petroleum, mining and agrochemical industries.* It is worthy
pointing out that undesirable emulsions are also produced by the presence of particles. For
instance, in bitumen processing clay particles can contribute to the formation of water-in-
bitumen emulsions during bitumen extraction. Removing the particles is necessary in order to

demulsify the emulsions and further recovering the bitumen fraction.
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1.2.2.1 General aspects

It is well established that in analogy with surfactant molecules, colloidal particles (covering
from nano- to micro- range) can spontaneously adsorb at interfaces and consequently stabilize
emulsions. However, to achieve efficient emulsion formation and stabilization, the hydrophilic
and lipophilic properties of the particle surfaces must be balanced. As it will be described
below, the wettability of the solids is primarily dictated by the three-phase contact angle, i.e. the
contact angle that particles make with the water-oil interface. Such contact angle might be seen
equivalent to the HLB parameter for surfactant molecules, which is the most important

parameter in determining whether the surfactant resides in either water or oil.**

Surfactants and particles, however, differ in the physicochemical aspects related to
emulsification. This is basically due to the fact that conventional particles, which usually show
homogeneous chemical composition along their surfaces, do not possess two parts with
completely different affinity for one solvent, as in the case of amphiphilic molecules. Herein,
particles are considered to be surface-active, but not necessarily amphiphilic. This implies that
particles, unlike surfactants, do not (at least significantly) reduce the free energy of a liquid-
liquid interface by reducing the interfacial tension.”™ Since surface (or interfacial) tension is
not reduced, it is more difficult to make Pickering emulsions with smaller droplet sizes. By
contrast, the surface energy can be reduced when a particle become attached to an interface as
the surface area of such interface is reduced.”® ® It should be mentioned that another type of
particles, known as Janus particles (after the two-faced Roman god of doorways), show two
different surfaces regions which make them amphiphilic. However, they are out of the scope of

this work.

Besides the interfacial tension effect, another controversial fact is that in most of the reports
dealing with the formation of Pickering emulsions, the presence of the particles is seen at the
interface after shaking and carrying out the emulsification, but is not clear if the particles would
previously diffuse spontaneously to the interface.”® What is clear is the preference of particles to

reside at liquid-liquid interfaces rather than in the bulk phase as it will be described below.

The free energy of detachment (AG, ) of a small spherical particle from an oil-water interface

(Figure 1-12) into the bulk of one of the two fluids is equal to:**>!

AGy =71, You(l£COS b, ) 1-17
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where the sign in the bracket is positive for removal into oil and negative for removal into

water. In the equation, r, is the particle radius, y,, is the interfacial tension between the water

and the oil phases, and 4,, is the contact angle that the nanoparticle makes with the interface.

This equation assumes that the interface remains planar up to the contact line with the
nanoparticle, but is also applicable for curved interfaces if the particle radius is much smaller
than emulsion droplet radius. Another consideration that should be taken into account is that
gravity force is neglected. Calculations made for Dong and Jonson® showed that this
assumption is generally valid in the case of small particles (less than few microns). For larger

particles, gravity would pull such particles down from the interface.

(@) (b) (©)

OIL OIL OIL
Intermediate wettability Lipophilic
particle
Particle gow

0,,~180°
ow Hydrophilic

particle
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Figure 1-12. Contact angle (6,,) that a particle with radius r, makes with the oil-water interface, with
respect to its wettability: (a) particle of intermediate wettability (&, = 90°); (b) lipophilic particle (8, =
180°); (c) hydrophilic particle (,, = 0°) (adapted from Binks and Horozov).*®

According to eq. 1-17, Figure 1-13(up) shows the influence of &, on the energy (relative to
keT, where kg is the Boltzmann constant and T is the temperature) required to detach
nanoparticles (of r, = 10 nm) from an interface at 25°C. In this example, the interfacial tension

between both phases is 36 mNm™.% The first conclusion that can be drawn is that the contact
angle is a key parameter when dealing with solid particles at the interfaces. It follows that

particles are most strongly held at the interface for 6,, = 90°. Eq. 1.17 also reveals that the free
energy of detachment into water is lower for hydrophilic particles (8,, < 90°) than into oil, and

inversely, hydrophobic (&,,> 90°) particles are more easily detached into oil than into water.

Besides that, data in Figure 1-13(up) suggests that the detachment energy for particles with 6_,
= 90° (or around this contact angle) can be several orders of magnitude larger than thermal
energy (kgT ). This implies that once the particles are adsorbed at the interface, the attachment

could be considered as irreversible.”® The existence of an energy barrier leads to steric repulsion
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between droplets, and therefore preventing coalescence. Another consequence is that at 6,, =

90° or around this value, the particle adsorption is strongly favoured and spontaneous. This is
not the case for nanoparticles with contact angles near 0 or 180 °. It should be mentioned that
different interaction forces between particles may play an important role in particle adsorption
and in the particle-stabilization mechanisms at emulsion interfaces. However, the simplified
model discussed above does not enter into these details, and considers the contact angle as the
main parameter.®” ® Therefore particle-particle interactions are neglected.
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Figure 1-13. (Top) Contact angle vs. required energy to detach a spherical particle ( r =1-10® m) from
the interface (relative to kT ) according to equation 1-17. The interfacial tension between the water and
the oil phases is 36 mN/m™ (reproduced from Binks and Lumsdon).”® (Bottom) Particles that are
preferentially wetted by water (6, < 90°) tend to stabilized O/W emulsions and inversely, W/O

emulsions are stabilized by particles with &, > 90.

This behaviour is significantly different from surfactant molecules, which adsorb and desorb in
a relatively short time scale. Once emulsification has been produced, Pickering emulsions are
considered in some cases to be more stable than surfactants-based systems. The other important
parameter not represented in Figure 1-13 is the particle radius. It is known, and experimentally
demonstrated that thermal energy can induced the displacement of sufficiently small

nanoparticles (few nanometers in size).®* *

Finkle et al.%® was the first in relating the three-phase contact angle with the emulsion obtained.
In that work it was stated that the phase that preferentially wets the particles is the continuous

phase. A further work developed by Shulman et al.®

quantitatively described the effect of the
contact angle of BaSO, nanoparticles on benzene-water emulsions. The contact angle was

systematically varied by adsorbing surface-active molecules (e.g. carboxylic acids) onto the
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particles. As illustrated in Figure 1-13(down), W/O emulsions are obtained when solids with
contact angles made with the interface were higher than 90° whereas particles with contact
angles lower than 90° stabilize O/W emulsions. Other parameters that might influence particle
wettability, leading to contact angle hysteresis, are the particle shape or the particle roughness.>

According to Young’s equation (eq. 1-18) contact angle is a function of the surface free

energies, i.e. interfacial tensions as follows:

cosd = Yoo~ Vpw 1-18
7/0W

where y ., 7, and y,, are the interfacial tension at the particle-oil, particle-water and oil-
water interfaces. While for hydrophilic nanoparticles (y,, >7,,), ¢ < 90° for hydrophobic
nanoparticles (y,, <7,,), @ is higher than 90°. Only in the case that y,, > (7, —7,,) particles

will tend to situate at the liquid-liquid interface. If y,, =y, then the contact angle is 90°,

which is the most stable situation.
Many kinds of particles (in the micro- or nano- scale), including either organic or inorganic, and

either synthetic or naturally-occurring, have been employed as emulsion stabilizers. Several
examples are given in Table 1-2.
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Table 1-2. Some examples found in the bibliography describing the use of finely-divided solids as
emulsifiers. ¢ indicates internal phase volume fraction.

Particles @ (vol% )? Emulsion Comments

type

O/W or Particles of several hundred nm. Contact angle tailored

BaSO, 50 W/O by adding surface-active molecules.®®

Nanoparticles (3 and 5 nm) coated with Tri-n-octyl-
CdSe Diluted wW/O phosphine-oxide. Larger nanoparticles replace smaller
consistently with their adsorption energies.® &

Emulsion type dictated by wettability of different

O/W or degree of silane-modified nanoparticles (5-30 nm).?
67-71

SiO; 5-90 W/O

Emulsions stabilized with anatase nanoparticles (6 nm).
TiO, 20 oW Optimum stability with solids in a state of incipient
flocculation.”

O/W or Magnetic nanoparticles (=10 nm) coated with oleic

FesO. 50 W/0 acid. Emulsion inversion induced by changes in pH."”
Poly(NIPAM)- 30 oW Emulsions stabilized by pH and temperature stimuli-
co-MAA? responsive particles (150-250 nm)."™

Surface-active chitosan nanocrystals. Remarkable
Chitosan 10 o/w stable emulsions: dense coverage at the interface and
presence of a 3D network in the continuous phase.”

Tiliroside, rutin and naringin particles used as
Flavonoids 20 oW Pickering emulsifiers, simulating human digestion
conditions.™

# Poly(N-isopropylacrylamide) co-polymerized with methacrylic acid.

1.2.2.2 Emulsion stabilization mechanisms

The basic requirements for the formation of solid-stabilized emulsions are now well established

in the bibliography, and are as follows:* "’

i) the size of the particles used as emulsifiers should
be considerably lower than the size of the emulsions droplets. ii) particles must be wetted by the
two immiscible phases, and the continuous phase of the emulsion will generally be the phase
that preferably wets the solids. iii) Some degree of interparticle interaction may be required for

effective stabilization.

Interparticle interactions are especially important in nanoparticles that at certain conditions of
pH or electrolyte concentration are too hydrophilic (or hydrophobic) to migrate to the interfaces
and prefer to remain dispersed in the water (or oil) phases.” " For instance, SiO, nanoparticles
at extreme pH, in which particles are highly charged and electrostatic repulsion become

important. From early studies, a dense coverage layer of solids at the interface was recognized
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to be the responsible for the stability of emulsions. Furthermore, some authors suggested that

only particles partially flocculated could build up such layer.®®

Figure 1-14 outlines the main stability configurations (i.e. interfacial structures) that may be
responsible for the stabilization of Pickering emulsions, consequently impeding emulsion
coalescence. By far, complete coverage of droplets with particles, (Figure 1-14(a)) is the
configuration most often encountered in experimental studies.®* 3 The formation of particle
dense layers is a result of the attracting forces which dominates the particle interactions at
interfaces.”® The fact that one or more layers might be attached on the droplet surfaces strongly
depends on the concentration and nature of nanoparticles. In this sense, the concentration used
to stabilize the Pickering emulsions is frequently larger than that required to cover the droplets
with a monolayer. One example of such bilayer stabilization is shown in the confocal
microscope picture in Figure 1-15(a). In such picture, water droplets in a dodecane medium are
stabilized with a closed-packed monolayer of micron-sized poly(methylmethacrylate) spheres.
The particles were previously labelled with a fluorescent dye.®® One of the potential applications
that has been explored during last ten years is the use of droplets as sacrificial templates on
which particles are assembled into a large structure. The high stability rendered by particles
adsorbed at interfaces is a key feature for the preparation of tailored materials. One example are
the so-called colloidosomes (by analogy with liposomes) which are semi-permeable capsules

86, 87

with higher potential as encapsulating and drug delivery systems.

Figure 1-14. Interfacial structures at droplet surfaces, responsible for the stabilization of particle-
stabilized emulsions: (a) bilayer; (b) bridging monolayer; (c) aggregated particles forming a 2-D
structure; (d) droplets sparsely covered; (e) 3-D particle network in the continuous phase (adapted from
Lopetinsky et al.).°
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Besides the energy of particle detachment commented earlier, which neglects interparticle
interactions, other stabilization mechanisms have been proposed to explain the remarkable
stability against coalescence of some Pickering emulsions. Tambe et al. * argued that lateral
displacement of particles away from the drop-drop contact region was likely the main
mechanism of particle removal, facilitating coalescence as uncovered surfaces become closer to
each other. The magnitude of steric repulsion considers the energy of interaction between
particles in the contact regions (i.e. electrostatic, van der Waals and structural components of
the interaction forces) and also the energy required to rearrange the particles again on the
droplets. As the energy required for the lateral displacement is much lower than that required for
particle detachment (the latter is unlikely to be achieved in practice) they conclude that lateral
displacement was partially responsible for the stability of emulsions. This mechanism also
assumes that particles in the extreme cases of being either completely deflocculated or
completely flocculated, those particles may not be effective stabilizers.* This model does not

explain, however, the stabilization of sparsely covered Pickering emulsion droplets.

Figure 1-15. Three possible configurations of particles at water-oil interfaces: (a) water-in-dodecane
emulsion stabilized with a monolayer of micron-sized poly(methylmethacrylate) spheres; (b) confocal
microscope image of a water in oil emulsion stabilized with a bridging monolayer of silica particles 975
nm in size; () 1 pum polystyrene spheres partially covering a poly(dimethylsiloxane) droplet. The
emulsion is stable, despite having regions lacking of particles. Images are reproduced from (a) Thijssen et
al.®® (b) Leeetal.®®and (c) Tarimala and Dai.*

Regarding particle-particle interactions, it is well known from the studies dealing with
nanoparticle monolayers at planar oil-water interfaces that such forces (e.g. long range Coulomb
and dipole-dipole repulsion) can greatly influence the structure of the nanoparticle layers, the

particle-interface attachment as well as emulsion stability.>

Ivanov and co-workers were the first in attributing the stability of Pickering emulsions to the
presence of capillary pressure, preventing the thinning of the liquid in the continuous phase.*
Such pressure can be defined as the pressing force required to bring two droplets (or bubbles) to
coalescence. It can be also defined as the pressure difference between the droplet and the

separating film. Actually, it is considered that as emulsion droplets approach, the film thins until
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a critical thickness is reached. At this point, the film breaks and droplets can coalesce. The

pressure (P, . ) associated with the coalescence event can be given by the relationship:**

,max

P _ 2¥,n —C0OS O

. max or 1-19

p
where r, is the particle radius, b is a constant dependent on the packing exhibited by the

particles, ., is the interfacial tension and & is the particle contact angle. It should be pointed

out that the model predicts lower values for contact angles near 90°, which does not agree with
the energies for particle detachment discussed in section 1.2.2.1. Therefore, the two theoretical
approaches (theory of capillary pressure and theory of particle detachment) must be taken in
combination.*® In any case, the model based on capillary pressure is limited to densely packed

layers.

It should be remarked that both theories do not take into account the influence of interfacial
rheology on the stability of the thin film of continuous phase between droplets. Such mechanism
has been studied by other authors.*

Coming back to the interfacial structures in Pickering emulsions, bridging monolayer (Figure
1-14(b)) is an alternative to the classical bilayer structure. This mechanism was first reported in
experiments dealing with fluid interfaces loaded with particles.®** Interestingly, when a water
droplet stabilized with hydrophobic polystyrene latex particles (few micrometers size) in an oil
medium was slowly approached to a flat oil/water interface, with or without particles, the two
water/oil interfaces were suddenly bridged by a stable particle monolayer, leaving a thin oil film
separating two aqueous phases, thus preventing coalescence. Attempts to pull away the droplet
from the interface resulted in the bridging monolayer holding the two interfaces.* Stable films
were only observed when the particle wettability fulfils the condition for stable particle bridges,
i.e. particles preferentially wetted by oil will tend to stabilize W/O emulsions and inversely. In
this interesting case, particles protruding from one droplet can simultaneously adsorb to another
droplet (or water/oil interface) and bridge them with a particle monolayer. Consequently, the
two extremes of the particles are wetted by the phase forming the droplet, but a major

proportion of the nanoparticle is still wetted by the continuous phase.

The number of studies describing bridging monolayers in real emulsions, however, is very
limited. One example of a W/O Pickering emulsion gel stabilized with a bridging monolayer of
silica particles is depicted in Figure 1-15(b).* A parameter that should be considered is that

particles should possess a minimum size, which implies that most of the nanoparticles used in
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Pickering emulsion studies (up to 100-200 nm) are too small and unlikely to form such bridges.
A pioneer study carried out by Binks and Horozov showed the remarkable differences in the
ability of both hydrophilic and hydrophobic SiO, particles (3 um of diameter) to adopt such
configuration.”® Consistent with the results obtained previously in octane/water planar
monolayers,* hydrophobic nanoparticles (6,, = 152°) gave ordered monolayers at the interface

due to the existence of long-range Coloumbic repulsion forces through the oil phase due to
charges at the particle-octane interface. In a W/O emulsion, nanoparticles were able to remain at
the touching droplet contact points forming a dense-crystalline disk bridge between the two
droplet surfaces. Stable emulsions were observed, even with areas outside the contact regions,
barely covered by particles. By contrast, as repulsion was absent in the case of more hydrophilic

nanoparticles (6,, = 65°), lateral mobility was greater, and consequently the nanoparticles were

easily dragged away from the emulsion contact areas. Therefore, emulsion stabilization (O/W)

by bridging monolayer was not observed.*®

Although Pickering emulsions with a particle bilayer configuration habitually show a
homogeneous dense packed particle arrangement, emulsion stabilization is not attributed to
individual nanoparticles, but to aggregates of particles. This has been described in works with
silica particles.® * Further definition of the particle network at the oil/water interface is a
general encountered problem due to the great difficulty to observe the particle network at the
nanoscale. Besides that, it must be stressed that particle-particle interactions before
emulsification can be counterbalanced by the energy associated with emulsion formation and
also that particles may undergo rearrangement when they attach to the interfaces.>® Furthermore,
it is rather difficult to distinguish particles adsorbing individually or in flocs, or also, if they
adsorb simultaneously or progressively. In order to gain insight into the interfacial structure of
Pickering emulsions, advanced microscope techniques, such as freeze-fracture TEM* or SEM®

have been recently used.

Despite the difficulty to classify the range of particle structures at low particle concentration, the
following division can be made: a) formation of a 2-D structure of aggregated particles on
droplet surfaces and b) stabilization of emulsion droplets by sparsely covered domains (Figure
1-14(c-d)). Both cases have been observed experimentally, described at low coverage
conditions.®® ® # " One example of an oil emulsion droplet partially stabilized with 1 pm
polystyrene spheres with an hexagonally-closed packed structure, but with other completely
uncovered areas, is shown in Figure 1-15(c).* Despite the not uniform distribution of particles,
the emulsion was stable to coalescence. In this line, Vignati et al.*®® has also reported the

stabilization of O/W emulsions with silica particles (500 nm in size) with surface coverage as
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low as 5 % (compared to a packed monolayer). Striking optical microscope observations
revealed particle rearrangement and further accumulation at the touching points between
droplets, forming a bridging monolayer.

The last configuration included in Figure 1-14(e) consists in the presence of a 3-D network of
particles in the continuous phase of the emulsions and it constitutes a secondary structure that
improves emulsion stability.® ® This stability mechanism has been described for triglyceride

crystals providing long-term stability in food emulsions.>

1.2.2.3 Factors influencing emulsion stability

(a) Particle surface properties

As pointed out earlier, the type of resulting emulsion is primary dictated by nanoparticle
wettability. In turn, the wettability of given nanoparticles can be easily controlled by
nanoparticle functionalization. For instance, O/W-type emulsions (at a certain oil-water ratio)
stabilized with partially hydrophilic particles can invert to W/O by simply addition of small
amounts of stearic acid.”” The fatty acid, which is dissolved in the oil phase before
emulsification, adsorbs at the nanoparticle surface, thus rendering the nanoparticle surfaces
more hydrophobic and altering its contact angle. Likewise, surface grafting with molecules with
terminal alkyl chains which modifies particle wettability, can be applied to favour the
adsorption at the water-oil interfaces of very hydrophilic nanoparticles. Apart from fatty acids,**

1% several low-molecular-weight surfactants have been used with the same purpose.’® %% 1%2

An existing alternative procedure consists in varying the lyophilicity of the solids through prior
chemical surface treatment (e.g. silanization of silica particles). Interestingly, Binks and co-
workers observed that emulsion phase inversion (see Figure 1-6 in 1.1.2.4) from W/O to O/W
emulsions occurred in systems stabilized with SiO, nanoparticles at different water volume

fractions (¢, ), depending on the silanol content on nanoparticle surfaces.” Specifically, the
#,, at which phase inversion occurred increased with particle hydrophobicity. However, for the

particles with the lowest silanol content, the emulsions remained W/O up to 0.9 of internal

phase volume (i.e. highly concentrated emulsions).
Finally, an attractive approach of clear technological applications is the use of stimuli-

responsive particles for the stabilization of Pickering emulsions. Particles that are swollen by

certain solvents (e.g. polystyrene based) and/or particles that are sensitive to temperature (as
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poly(N-isopropylacrylamide, known as poly(NIPAM)) gives scope for variation of emulsion
stability (or type) by external stimuli such as pH or temperature.”* One example is the
incorporation of carboxylate groups, which may lead to pH-sensitive particles. Carboxyl groups
are ionized at increasing pH, and particles are thus expected to be more hydrophilic.'®

(b) Particle size and concentration

The effect of reducing particle size on the enhancement of emulsion stability is well known, and
it is recognised that smaller particles give higher packing efficiency.” ' It is considered,
however, that the effectiveness of the particles as emulsifier reaches a limit until a minimum
particle size is attained. Below this critical size, Brownian motion becomes significant and
thermal energy may produce particle detachment from the interface. However, particle-particle
interactions, which eventually determine the stability of the dispersion, should also be

considered.

Concerning the particle concentration, it has been previously found that the higher amount of
particles, the smaller emulsion droplet.”” ® This can be explained by the fact that more
interfacial area is covered, and consequently smaller droplets can be stabilized. This tendency is
also observed in surfactant-stabilized emulsions, whereby an increment of surfactant
concentration leads to a progressive reduction of the droplet size. However, when using

surfactants, smaller droplet sizes are favoured by interfacial tension reduction.

Contrary to surfactants, when particle concentration is larger than that required to cover the
surface of the droplets with a monolayer, particles can often remain disperse in the continuous
phase as small aggregates’® or forming a 3-D network surrounding the droplets.’® In some cases
it has been reported that, even with particle concentrations lower than the interface saturation,

nanoparticles remained in the continuous phase instead of being adsorbed at the interface.®® '

Masliyah et al.'”’

stated that in the case of particles which had been previously surface-
modified, some of them could have become more hydrophobic or hydrophilic than others due to

a non-homogeneous functionalization.

(c) Interactions between particles and surfactants

Often, in particle-stabilized emulsions, surfactant molecules are added to particles to enhance
particle attachment.®? 1% 1% Even though the inherent ability of surfactants to modify the
particle wettability has been studied to some extent, systematic studies of emulsions stabilized

with mixtures of both emulsifiers, have generated considerable interest during the last five
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years.”® 8 19111 Genperally, interactions between particles and surfactants with respect to

emulsion stability can be classified in two types, namely synergistic or antagonistic.

The first case is typically observed when particle adsorption at the interface is induced by
modifying its wettability, as in the study pointed out earlier carried out by Tambe et al.” Such
adsorption not only might improve emulsion effectiveness, but also might cause particle
aggregation and network arrangement at the interface. For instance, Binks and co-workers
observed synergistic stabilization when low concentrations of SDS'® or CTAB' surfactants
(below the CMC) were mixed with positively or negatively SiO, nanoparticles, respectively.
Emulsions of gel-like texture were found to be more stable to coalescence when the particles
were flocculated, i.e. conditions of zero charge. In these studies, surfactants and particles, both
hydrophilic, were mixed in the aqueous phase. However, the synergistic effect has been also
described when hydrophilic particles (e.g. Laponite, clay) and hydrophobic surfactants (e.g.
Span 80) were mixed for separate, each one in the corresponding phase.'® *° Both emulsifiers
are therefore able to interact at oil-water interfaces. In this context, it is well known that the

preparation method has a significant effect on the resultant Pickering emulsions.**?

Besides adsorption, the addition of surfactant concentration (below CMC) can also contribute to
lower the interfacial tension, therefore facilitating the emulsification and allowing both
surfactant and particles to adsorb simultaneously at the oil-water interface. This can impart
long-term emulsion stability.® In an interesting work, Wang et al.>” found that the interfacial
tension between the oil (containing an ionic surfactant) and the aqueous phase was greater
reduced (more than 10 mNm™) by the presence of oppositely charged kaolinite particles,
initially dispersed in water. Such reduction was attributed to the ability of the particles to attract
the surfactant at the interface, which then adsorbed at the interface in a greater extent than
without nanoparticles. As outlined at the beginning of section 1.2.2.1, nanoparticles do not
reduce the free energy of a system by reducing the interfacial tension. However, a small
reduction in interfacial (or surface) tension has been reported in some systems. Such reduction
has been attributed to partial particle crystallization of hydrophobic particles™ or to the effect
of low concentrated dispersions of charged TiO, nanoparticles on surface dynamics.®
Nonetheless, in most of the reports, the presence of nanoparticles did not change the interfacial

tension values, > 78 114

Ravera and coworkers™* ** have made a systematic study of the interaction between particles
and surfactant at interfaces by means of interfacial tension, ellipsometry and dilational
viscoelasticity measurements. Results showed that the interfacial properties remained almost

unchanged by the presence of only nanoparticles. Interestingly, partially hydrophobized
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nanoparticles via CTAB or palmitic acid adsorption accumulate at the water-oil interface driven
by Brownian motion. After particle attachment at the interface, surfactant redistributed between
the surface of the nanoparticles and the interface, and consequently interfacial tension values
decreased. This reduction is illustrated in Figure 1-16(a). From the graph it can be seen that
palmitic acid concentrations above 5-10° M provide a driving force for particle attachment.
Therefore, higher fatty acid concentrations above a threshold value lead to segregated particles
at the surface (air-water). It can be also seen that the adsorption is a dynamic process that
requires long times to reach equilibrium. Similar results describing particles moving to

interfaces as surfactant carriers have been observed by Akartuna et al.*

(a) (b)
B0
70 b = i
= ®  Silica Twi% + PA 2e-5M
ol Silica Twt% + PA 5e-5M
o Silica Twt% + PA Be-5M
= Silica Twt% + PA 1e-4M
£
= s0k
E
Ea
40k
ant
a)
2'] P | 1

0 1000 2000 3000 4000 5000

time (s)

Figure 1-16. (a) Dynamic surface tension for silica dispersions (1 wt%) with different concentrations of
palmitic acid (PA in the legend) adsorbed onto their surfaces. Reproduced from Ravera et al.;*** (b) Two
confocal fluorescence images that shows the displacement of silica (12 nm) nanoparticles from the
interface of a O/W Pickering emulsion (up), induced by addition of 0.1 M of SDS (down). Rhodamine B
dye was attached to the nanoparticle prior emulsification. Initial concentration of silica was 0.54 wit%.
Scale bar corresponds to 50 um. Reproduced from Vashisth et al.*®

On the contrary, antagonistic interactions can take place when both particles and surfactants
compete each other for adsorption at liquid-liquid interfaces. Generally, surfactants adsorb in
preference to particles, and consequently surfactant concentrations larger than CMC can
produce a desorption of particles from the interface to the continuous phase of emulsions.™*’ For
example, Vanisth et al."'® looked into the effect of adding SDS to already-formed O/W
emulsions stabilized with partially hydrophobized silica nanoparticles (slightly negatively
charged). Complete displacement was attained at the CMC of the surfactant. The sequence is

shown in Figure 1-16(b). It should be noted that emulsion droplet size is significantly reduced
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when surfactant takes the place of nanoparticles. Pichot et al.'® furthered these findings in
systems stabilized with mixtures of silica nanoparticles and both hydrophilic and hydrophobic
surfactants. Due to stronger competition for adsorption, they observed particle released from the
interface in O/W emulsion only when hydrophilic surfactants were used. On the contrary,
Pickering stabilization was maintained when a hydrophobic surfactant was incorporated.
Therefore, in the first case a transformation from a Pickering emulsion to a surfactant-stabilized

one was observed.

1.2.2.4 Preparation of inorganic oxide nanoparticles

This study has investigated the incorporation of two well studied types of inorganic
nanoparticles, namely iron oxide (magnetite, FesO,) and titanium dioxide (TiO,), in the
polymeric walls of macroporous nanocomposites made from W/O highly concentrated
emulsions. Both inorganic oxides are naturally occurring minerals on earth. Magnetite is a
ferromagnetic mineral while certain crystallographic titanium dioxide phases are
photocatallytically active. The integration of such inorganic compounds within polymeric
structures is a research field of growing interest due to the potential applications of the resultant

functional materials.

1.2.2.4.1 Synthesis of magnetic nanoparticles

The synthetic methods used for the preparation of magnetic nanostructrued materials with nano-

scale dimensions can be divided into two main categories:''®

synthesis from molecular
precursors, as with most chemical methods such as sol-gel reactions, aerosol/vapor or
electrochemical methods, and synthesis by processing of bulk precursors, as for example in
mechanical attrition. Among all the techniques available, the classical synthesis by

coprecipitation is the simplest and most efficient chemical pathway.*®
The coprecipitation method is based on aging a stoichiometric mixture of ferrous and ferric salts

in aqueous medium, in order to obtain iron oxides (either FesO, or y-Fe,Os). In the case of

Fe;0,, the reaction can be written as follows:**

Fe* +2Fe* +80H ™ — Fe,0, +4H,0
With a stoichiometric ratio of 2:1 (Fe**/Fe®") in a non-oxidizing oxygen environment, complete

precipitation of Fe;O, should occur at pH between 8 and 14, taking into account the

thermodynamic of the reaction.*®
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Despite the control of particle size distribution is difficult because the growth of the crystals is

controlled by kinetic factors,'?

this method allows synthesizing large amounts of product.
Another factor that should be taken into account is that magnetite (Fe;O,) is sensitive to oxygen
and can transformed into maghemite (y-Fe,0;). Generally, particles from 2 to 17 nm can be
obtained, and both the particle and shape of the nanoparticles can be somehow controlled by

efficient adjustment off temperature, pH, nature of the salts or ratio between Fe**/Fe®* 121122

Superparamagnetic iron oxide nanoparticles

From the magnetic point of view, materials can be divided in five different types: diamagnetic,

paramagnetic, antiferromagnetic, ferromagnetic and ferrimagnetic.'?®

Magnetic effects
manifested by the three first types are very weak, though may be detected using the appropriate
characterization techniques. On the other hand, ferromagnetic and ferrimagnetic exhibit
magnetism to a higher degree. Examples of extensively used ferromagnetic and ferrimagnetic
materials are vy-Fe,O; and Fe3O4 respectively. As it will be discussed below,
superparamagnetism is a purely-finite size effect, which occurs below a critical diameter in

which ferromagnetic and ferrimagnetic nanoparticles become single-domain.*?* 2

Both ferro- and ferrimagnetic materials are characterized by holding spontaneous

magnetization, even in absence of any magnetic field. Such magnetization disappears when the
material is heated above the Curie temperature (T ), and the material becomes paramagnetic

because of the randomization of the spin magnetic moments.'?® Besides that, in order to explain
the unusual dependence of the magnetization (M ) with the applied magnetic field (H)
observed for ferromagnetic materials, Pierre Weiss postulated that such kind of materials were

127 \Within each domain, the direction of M is the same, but the direction

formed by domains.
varies between domains. It should be noted that average of M may be 0 if parallel and
unparallel domains are balanced. The motion of domains under an applied magnetic field of
indistinctly, ferro- or ferrimagnetic materials, is schematically shown in Figure 1-17, in which a

typical case of M as a function of H is plotted.'?®
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Figure 1-17. Typical magnetization (M ) vs. applied magnetic field (H) hysteresis loops for
ferromagnetic and ferrimagnetic materials. The insets represent schematically the domain structure and
the arrows indicate the spins orientations along the hysteresis curve. Magnetization saturation, remanence
and coercive field are denoted as M, My and H, respectively. Reproduced from Carter and

Norton.*?
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The experiment starts with the material unmagnetized (1). In a first stage, the process is
reversible, as M increases just slightly with H . Consequently, M returns to zero if H is

removed. When further increasing H , the oriented domains grow more easily (2) until the
saturation magnetization (M) is reached, and thus all moments are aligned (3). In this region,

if the field is removed the process is not reversible anymore, and there is a resistance to domain

wall motion."® This results in a material acting as permanent magnet. The residual
magnetization at zero H is known as remanence (Mg, point 4). If H is applied in the
opposite direction, M continues diminishing until zero magnetization is reached again (5). The

H at which domains are completely randomized is known as the coercive field (H ). Finally,

M is reached in the opposite direction if H is increased (6). It should be remarked that the
curve is completely reproducible at consecutive cycles, and that the area inside the hysteresis
loop is equal to the energy consumed in the M vs. H cycle. According to the curve, magnetic
materials can be divided in namely soft or hard magnets when H is lower than 10° A/m or

much bigger than this value, respectively.*?

In 1949, Neel demonstrated that thermal fluctuations could change the orientation of the

magnetic moments in single-domain particles when the anisotropic energy is smaller compared

129

with KgT , where Kg is the Boltzmann constant and is the T temperature.” Therefore, while
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magnetic field tends to align magnetic moments, thermal fluctuations tend to misalign them and
the magnetic moment of each nanoparticle fluctuates rapidly with no preferred orientation. This
behaviour is essentially the same than that shown by a normal paramagnet, except for the
relatively higher value of magnetization of ferro- or ferrimagnetic nanoparticles. This is the
reason why such kind of nanoparticles were called superparamagnetic.**

The relaxation time (7 ) that it takes for a nanoparticle magnetization to randomly flip as a

result of thermal fluctuations, is given by the following Arrhenius equation: %

Ea
r:TOeXp(ij 1-20
B

where 7, is a time constant characteristic of each material (values normally between 10”° and
10" seconds), and Eg is the energy anisotropy barrier which separates the two equilibrium

states. Following eq. 1-21, such energy barrier is proportional to the particle volume (V) and

to the uniaxial magnetic anisotropy (K, ):"®

aVp

It is important to stress that one system will be superparamagnetic depending on the
characteristically experimental measured time (7, ). For 7,,>>7, the relaxation occurs

faster and magnetization will flip many times during the measurement. Consequently,

nanoparticles reach the thermodinamical equilibrium and the system will behave as a
paramagnet, with zero average magnetization. On the other hand, for = >>r,, , the relaxation is

slower and the whole magnetic moment is blocked.**? The temperature that separates these two

different states is known as the blocking temperature (T, ), and it is defined as the temperature
at which 7= 7,,."* Since the blocking temperature is associated to the energy barrier, the

higher the volume particle, the higher the T, . Therefore, the following expression can be drawn:

K.V,

Ke |n(TMj
TO

For 7,, =100 s, which is the typical measuring time when using a superconducting quantum

T, = 1-22

interference device (SQUID), In(z'M /z'o) is 25.
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This implies, that for high temperatures or particles extremely small, the nanoparticle relaxation
time (7 ) is much lower than any measuring time (z,, ), and therefore the particle system is in
the superparamagnetic state. As aforementioned, in the magnetization versus applied magnetic
field (M vs. H) experiment, ferro- and ferromagnetic materials show hysteresis, coercitivity
field and remanence. In the case of superparamagnetic particles, this is also observed below the
T, in which the whole magnetic is blocked, and thermal fluctuations are not enough to
overcome the anisotropy energy. Therefore, the magnetic state depends on previous system
conditions. On the other hand, above T,, moments of each nanoparticle fluctuate rapidly with
no preferred orientation and the energy barrier is overcome thermally. As a consequence,

demagnetization in superparamagnetic particles occurs without coercitivity. This is because

demagnetization is caused by thermal energy, rather than by the action of a magnetic field.**®

Apart fromthe M vs. H curves, measurements of superparamagnetic particles as a function of
temperature are important and can give additional information about its behaviour.™® *** Among
them, probably the most widely used are the zero-field cooling (ZFC) and the field cooling (FC)

cycles. From this curves, one can obtain with exact precision the average T, and also a profile

of the particle size distribution.

In the ZFC experiment (Figure 1-18(a)), the nanoparticles are cooled down to ca. OK under
H =0."* At this given conditions, the magnetic moments are randomly oriented and M =0.
Then, a magnetic much lower than a field able to generate any preferential direction is applied

and simultaneously, temperature is increased. Initially, thermal energy is not sufficient to

overcome Eg, and the magnetic state is the same than at the starting point (line 1). For a
modisperse system, the thermal energy satisfies the relation 7= 7, at the T,. As a result,
particles with volume V,, become magnetized as magnetic moments align to the direction of the

magnetic field. As temperature is further increased, the random fluctuations from thermal

energy begin to dominate and the macrospins become randomly oriented once again (line 2).**

In the ZC experiment (Figure 1-18(b)), the same H than in the ZFC experiment is first applied,
and then the system is cooled down to ca. OK. As clearly seen in the plot, the initial
magnetization is not zero and it remains constant until the system reaches the T, (line 1).

Further temperature increment produces the same effect than in the ZFC, i.e. a magnetization

reduction.
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Figure 1-18. Theoretical curves as a function of temperature under (a) zero-field cooled (ZFC) and (b)
field cooled (FC) of monodisperse non-interacting magnetic nanoparticles with uniaxial anisotropy. ZFC
and ZC curves are plotted together in (c). The average blocking temperature and the irrersivility

temperature are denoted as T and T;,,, respectively.

Figure 1-18(C) shows a typical curve of the whole ZFC-FC experiment. Two characteristic

133,135

temperatures can be defined: the average blocking temperature (T;), and the irreversibility

temperature (T,,).”*> **" Comparing the T, in both Figure 1-18(a) and Figure 1-18(c), we can
clearly see that in the last case the peak is broader than in the first case. This can be attributed to
the presence of particle polydispersity, which results in a distribution of T,."** Regarding T, , it
should be remarked that it is always above T,, and is defined as the temperature at which

bifurcation between ZFC and ZC occurs.”® Such temperature is linked to the transition from

the blocked to the superparamagnetic state of the larger nanoparticles.

Logically, the real systems are much complicated as particles typically have distinct sizes and
morphologies. Moreover, particle interactions must be also considered. It is well-documented
that nanoparticle interaction (dipole-dipole and exchange interactions) modifies the anisotropy

energy barrier (E,), altering the magnetic behaviour of fine particle systems."* ** In most of

the cases, the blocking temperature (T, ) decreases with weaker interparticle interactions.™ *3*
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Nanosized superparamagnetic iron oxide nanoparticles are attracting much attention in last
years because their potential applications in among others, targeted drug delivery™*, magnetic

Y1 or self-heating processes.'”? The absence of remanence when an external

storage media
magnetic field is switched off as well as the quick response to such magnetic fields are two of

the most remarkable features of superparamagnetic nanoparticles.*®

1.2.2.4.2 Synthesis of titanium dioxide nanoparticles by mechanochemical methods

One interesting alternative synthesis method for inorganic oxides is the mechanochemical
activation of solid-state reactions. The mechanical treament of powder solids in high-energy
mills significantly increases the number of defects in the solid structure, leading to much less
crystallinity, smaller crystallite size and large surface area.'”® During the high energy ball-
milling reaction several types of impact between reactants, balls and container walls of the can
occur. An schematic drawing of such possible impacts is depicted in Figure 1-19.

g the Imp#Rt

Figure 1-19. Three examples of possible manners by which flying balls in a mill can collide: (a) head-on
impact; (b) oblique impact; (c) multi-ball impact. Reproduced from Zhang.**?

In this way the reactivity of the activated solids is remarkably enhanced. This methodology has
been used from some decades as a synthesis tool for different materials, such as special alloys,

143 An attractive variation of this method

nanocrystalline powders or metal-ceramic composites.
allows obtaining nanometric powders of simple metallic oxides by solid-state reaction between
a metallic salt (Lewis acid) and a base. The mechanochemically activated reaction produces low
crystallinity oxides immersed in a water soluble salt by-product, which is ulteriorly removed by
means of a simple washing procedure.*** *** Different oxides (Gd,0s, CeO,, TiO,, etc.),****®
and inclusive metallic nanopowders'*® have been obtained by this technique. In comparison with
the most conventional preparative routes, the main advantages of the mechanochemical method
are the possibility of obtaining relatively large amounts of product, simplicity of the process,

low-cost raw materials and total absence of organic solvents.
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Titanium dioxide

The 95 % of titanium that is commercialized over the world is in the form of titanium dioxide
(TiO,). Due to its chemical stability, low cost and availability and a remarkable high refraction
index (ca. 2.4), TiO, is widely used in paints, cosmetics and in the food industry. Since 1972,
when Fujishima*® and Honda discovered the photocatalytic splitting of water on titanium
dioxide electrodes, TiO, constitutes the archetypical photocatalyst in heterogeneous

photocatalysis due to its relatively high efficiency and chemical stability.™

Among the three
most important TiO, polymorphs, i.e. anatase (tetragonal), rutile (tetragonal) and brookite
(orthorhombic), only anatase and rutile have demonstrated an appreciable photocatalytic
activity. Although all of them are found in nature, rutile is the most abundant and the only

thermodynamically stable.™

In the laboratory, anatase is often obtained by synthesis at low
temperature (below 400 °C), and rutile frequently starts to appear at moderate temperatures,

becoming the prevalent phase after annealing at higher temperatures.™

Due to the presence of a small amount of oxygen vacancies, TiO; is an n-type semiconductor.
The valence band of this oxide is mainly formed by the overlapping of the oxygen 2p orbitals,
whereas the lower part of the conduction band is mainly constituted by the 3d orbitals of Ti**
cations. The band gaps, i.e. the void region which extends from the top of the filled valence
band to the bottom of the vacant conduction band, are 3.2 and 3.0 eV for anatase and rutile,
respectively.™™ > Therefore, TIO, is active under near ultraviolet light (UVA band, from ca.
3.0 to 3.9 eV). These large values avoid the absorption of a significant fraction of visible light,

resulting in poor solar-to hydrogen conversion efficiency.

Heterogeneous photocatalysis belongs to the group of Advanced Oxidation Processes
(abbreviated as AOP) which refers to procedures to remove organic pollutants (or also
inorganic) from water through reactions involving hydroxyl radicals. Specifically, the process of
photocatalysis (either in a gaseous or in agueous medium) is initiated by light energy equal or
greater than the band gap of the semiconductor. As a consequence, an excitation of an electron
from the valence band to the conduction band is produced, thus generating electron(e’sc)-
hole(h*sy) pairs in the semiconductor material, as illustrated in Figure 1-20 in the case of a TiO,
particle. Such electron-hole pairs possess an extremely high capacity to oxidize, thus being able

to completely mineralize a large variety of both organic and inorganic chemicals.

The lifetime of such electron-hole pairs is in the nanosecond regime."*® This is sufficient for the
created pair to undergo charge transfer to adsorbed species on the semiconductor surface from
solution or gas phase contact. However, the electron-hole can also recombine with the release of

heat. This process can occur either at the surface of in the particle bulk, and it actually competes
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with the charge transfer. Recombination depends on parameters such as degree of

crystallinity.'*°

At the surface, the semiconductor can donate electrons to reduce the oxygen,
which is common electron acceptor in aerated solutions.” On the other side, the holes can
combined with electrons given by the donor species. Two main oxidative paths are nowadays
recognised:*** in the first the holes might directly oxidize the adsorbent compounds, while in the
second they might oxide adsorbed water or the hydroxyl groups to form radicals -OH which

eventually are the responsible for the mineralization of the adsorbed species.

IRRADIATON
UV A < 400 nm

Guctlon band \ f Adsorption (Q;)
BC \

"V Reduction {0}/
3.2eV |
v valence band ™ ﬁ{& Adsarption (H+HO-)
Adsorption (H,0)

E Pollutant adsorption

M

|\ Pollutant oxidation

Figure 1-20. Different processes that can undergo in a semiconductor TiO, particle under near-UV light
irradiation. Adapted from Linsebigler et al.*®

It should be pointed out that the heterogeneous processes are efficient only when the pollutant
concentration is relatively low (up to hundred ppm). Moreover, the reaction is enhanced if the
donor species are pre-adsorbed onto the catalyst surface. The performance of a TiO,
photocatalyst is strongly dependent on crystal phase, particle size, and surface structure (like
surface hydroxyl, oxygen vacancy, specific surface area, etc.)."*® In this way the preparation
method and process of the photocatalyst have a great influence on the physicochemical
properties, which would affect the photocatalytic activity. Heterogeneous photocatalysis show
some advantages with respect to other AOP processes such as the efficiency in eliminating toxic
halogenated chemicals, the fact that additives are not necessary and that the photocatalyst

remains intact after the reaction.
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1.3 HIGH INTERNAL PHASE EMULSIONS AS
REACTION MEDIA

1.3.1 High Internal Phase Emulsions

High internal phase emulsions (HIPES), also referred in the literature as high internal phase ratio

emulsions® 1°

or gel emulsions™ are an interesting class of emulsions having an internal phase
volume fraction higher than 0.74, which is considered the maximum compact packing ratio for
monodisperse, spherical droplets.” *°. The typical aspect of one HIPE (indistinctly O/W or W/O)

is shown in Figure 1-21.

k’{: *‘b“ Microemulsion
= *g $
Sk T

MContinuous

phase

?gl SE
S|

3‘.“.‘: Liquid crystal

Figure 1-21. Aspect and representative optical microscope picture of a highly internal phase emulsion.
Reproduced from Esquena et al.’®* Two pictorial illustrations of the possible configurations, i.e.
microemulsion and liquid crystal, in the continuous phase of a HIPE are included.

The structure resembles to gas-liquid foams, and consists of close-packed dispersed droplets
separated by a thin layer of continuous phase. Due to the large dispersed phase content, such
emulsions are characterized by possessing high viscosities. Specifically, HIPEs are non-
Newtonian fluids that can be characterized by a yield stress, i.e. the shear stress required to
induce flow of the emulsion.*® Depending on composition, and factors such as the temperature,
HIPEs rheological behaviour range from elastic (solid-like) to viscoelastic.'®® Despite HIPEs are
commonly opaque, the preparation of transparent has been reported by matching the refracting
indexes of both dispersed and continuous phases.'® Generally, the droplet size distribution of
HIPEs is relatively wide. Droplet polydispersity is rather high because it allows a dense packing
with less droplet deformation. Since deformation is reduced the energy associated to the
bending of interfacial films is also reduced. Therefore, polydispersity is thermodynamically

favoured.

45



INTRODUCTION

All these features, specially the ability to encapsulate huge amounts of liquids, make HIPEs of
great interest for a variety of applications, and their use in many industrial applications has been
explored since long ago. Clear examples in daily applications include food emulsions (e.g.
mayonnaise) or gel formulations in cosmetics or drug delivery systems.'® An alternative
application that has received a considerable research effort over the last 30 years is the use of
HIPEs as templates for the preparation of macroporous polymers.'®® **. A brief review of the

work that has been done so far is included in next section.

Many different surfactants (nonionic and ionic) have been used to prepare HIPEs. However,
nonionic ethoxylated surfactants have been extensively used, because these surfactants are high
versatile (different chain lengths are available) and allow both O/W and W/O emulsions.
Specifically, systematic works using polyoxyethylene type nonionic surfactants were carried out
by the research groups of Kunieda and Solans.* '** **®7° These works focused on the stability
and formation of HIPEs by using detailed phase behaviour studies of the ternary water/nonionic
surfactant systems. For instance, it is possible to form W/O HIPEs with very low surfactant

168 1t has also been

concentration (i.e. 0.5 wt%) and with water concentrations as high as 99 wt%.
shown that the continuous phase of HIPEs can have different nanostructures. For instance, it is
known that this phase can be a microemulsion,’® and a liquid crystalline phase.'” These
configurations have been thoroughly characterized by means of several techniques, such as
169

nuclear magnetic resonance (NMR)'™ or small angle X-ray scattering (SAXS).'"? Both
microemulsion and liquid crystal configurations are represented in Figure 1-21 between two

internal phase droplets.

Other surfactants frequently used to stabilize HIPEs include the nonionic hydrophobic (W/O

173 8,174

emulsifiers) sorbitan fatty esters™** (e.g. Span 80) or block copolymers (e.g. combinations of
poly(ethylene oxide) and poly(propylene oxide) units). In addition, the use of ionic surfactants,
such as CTAB, for the preparation of O/W HIPEs has been also described.'” Finally, it should
be mentioned that recently, highly concentrated emulsions have been prepared by using

29,176 ;

particles as stabilizers, in absence of surfactants. This topic will be discussed below.

1.3.1.1 Formation and stability

Basically, preparation methods to obtain HIPEs can be divided as follows: the most common
used procedure, also called conventional or classical method, consists of dissolving or
dispersing the chosen emulsifier, a surfactant(s) or finely-divided solids in the phase continuous

phase of the emulsion, followed by dropwise addition of the dispersed phase under stirring. One
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emulsion prepared by this method is depicted in Figure 1-21. It should be pointed out, that
droplet size and polydispersity depends on agitation. Another method is based on mixing all
components together in a container and then shaking vigorously at controlled temperature.'®
This method is called the multiple emulsification method because the system passes through

various steps, involving a multiple W/O/W emulsion in a certain moment.

These methods involve the use of mechanical devices to emulsify. However, HIPEs can also be
prepared by low energy methods, based on phase transitions that induce emulsion formation.
For example, the phase inversion method (PIT), already described in section 1.2.1.3, allows
obtaining emulsions with droplet sizes smaller than the other two methods mentioned above as
well as lower polydispersity values. Regarding the starting point in the formation of HIPEs by
the PIT approach, two different strategies have been followed: first, HIPEs have been
successfully prepared by heating up or cooling down an isotropic mixture (O/W or O/W
microemulsion) from a temperature lower or higher than the PIT to a temperature above or

below, respectively.’”

This was attained without mechanical stirring input. The second strategy
can be the use of a multi-phase system (e.g. diluted O/W emulsions) as the starting point to
obtain the final emulsion (e.g. W/O HIPE) by phase inversion. It must be stressed that in this

case an energy input is then required.'”®

As other type of emulsions, HIPEs are thermodynamically unstable and their stability is
dependent on composition factors, such as the oil/emulsifier weight ratio, temperature or
internal phase volume fraction. Another parameter that should be considered is the nature of the
oil. Generally, the larger the differences in polarity between water and oil phases, the higher the
stability of the HIPE. For instance, it has been recognised that aromatic molecules (such as the
relatively polar styrene) can modify the properties of emulsions, reducing their stability, due to
its penetration into the surfactant monolayers.*” Concerning the addition of electrolytes, one
conclusion that can be drawn from the studies is that the emulsion stability can be dramatically
enhanced by adding certain salts."® In particular, in O/W HIPEs stabilized with nonionic
poly(oxyethylene) surfactants, the addition of salt produces a dehydration of the oxyethylene
chains in water (and reducing the HLB temperature) and the interactions between surfactant and
water are weakened.'® Herein, molecular interactions between surfactants are very important

and the interfacial rheology of the film greatly influences stability.
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1.3.2 Macroporous Foams made from Highly Concentrated
Emulsions

1.3.2.1 General aspects

Since the registration of the first patent on the subject, registered by Unilever in 1982, an
extensive research into the synthesis, characterization and exploration of potential applications
of macroporous polymers using HIPEs as templates, is being developed. Macroporous polymers
are usually obtained by the polymerization of a monomer(s), plus frequently a crosslinker, in the
continuous phase of a HIPE."® 1" 182 The resulting materials are referred in the literature as
polyHIPEs,'® which is an abbreviation of polymerised HIPEs. Both terms (macroporous
polymers and polyHIPES) will be used indistinctly through this work. It is worth recalling that
the same principle can be also applied for the preparation of inorganic macroporous foams (e.g.
SiOz).lBa' 184

A representative scanning electron microscopy (SEM) image of a polyHIPE material is shown
in Figure 1-22(a).

noA

20 um

Figure 1-22. Representative (a,c) SEM and (b) TEM images of a polyHIPE. The arrows in (b) indicate
pore throats between adjacent pores; polyHIPE in (a) is made of polystyrene, while (b) and (c) shows a
gelatine-methacrylate polyHIPE made from a O/W HIPE with a 25 vol% of gelatine in the aqueous phase.
(2) Reproduced from Ikem et al.,**® (b) and (c) reproduced from Barbetta et al.**® Scale bars in (b) and (c)
indicate 40 um.

As it can be observed, the material consists of individual cells or voids, i.e. macropores, which
in fact are a negative exact replica of the initial HIPE droplets (see Figure 1-21).¥" If we have a
closer look into the pore structure, some pore throats (also denominated windows or pore
connexions) connecting neighbouring pores can be seen. These connexions are clearly visible in
the transmission electron microscope (TEM) image of a polyHIPE cross-sectional cut, shown in
Figure 1-22(b) (pointed with black arrows). The origin of such interconnectivity will be
discussed later on. The open-porosity facilitates the extraction of the internal phase (either water

or oil) which remains inside the pores after the polymerization. This allows obtaining materials
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with characteristic low densities (typically less than 0.1 g/cm®). Depending on the exact system

as well as its stability, the morphology of the pores may be either spherical or polyhedral.

By far, the most widely used polyHIPE base material has been polystyrene (PS), frequently
cross-linked with divinylbenzene.'®” This is because styrene is easy to polymerize. Such model
system has been used to assess emulsion stability with respect to numerous composition
parameters, such as internal phase volume fraction, emulsifier concentration (typically
surfactants) or salt concentration. Likewise, the effect of all these parameters on porosity and on
porous morphology of the resulting macroporous foams has been exhaustively investigated.'*®
188191 Since these monomers are hydrophobic, W/O emulsions have been used to prepare the
polyHIPEs materials. Taking this system as a model, other monomers/cross-linkers have been
included to confer new functionalities to polyHIPEs, such as polyethylene glycol dimethacrylate
(PEGDMA)*? or 2-ethylhexyl methacrylate’®® which impart more elasticity. Other examples
described in the literature are the monomer 4-vinylbenzyl chloride, that provides chloromethyl
functionalities,'” and glycidyl methacrylate, which reacts readily with nucleophilies, such as
amines™. In this line, Piperazine derivatized PolyHIPEs have been applied in water

decontamination processes.'®

On the other hand, O/W emulsions have also been described, but the number of publications is
considerable lower because most of the monomers are lipophilic. For instance, some authors
have investigated hydrophilic biocompatible and/or biodegradable polyHIPEs as potential tissue
engineering scaffolds by polymerization within the continuous phase of O/W emulsions.
Examples are 2-Hydroxyethyl methacrylate (HEMA),'* or gelatine-based'®® (Figure 1-22(c))
polyHIPEs. Alternatively, Silverstein and co-workers have published a number of studies into
the successful preparation organic-inorganic polyHIPEs by incorporating polysiloxanes in the

polymeric matrix of the HIPEs,"’

and also into the polymerisation in both water (dispersed) and
oil (continuous) phases of hydrophilic and hydrophobic monomers, respectively, leading to
polyHIPE with remarkable ability to reversibly dry and hydrate.®® In addition, polyHIPEs
constitute a powerful route to synthesize nanocomposites, which typically consist of a
polymeric matrix possessing embedded particles (e.g. magnetic) with at least one characteristic

length in the nanometer range.'****"

All these works have one aspect in common: precursor emulsions were stabilized with
surfactants. More recently, Ngai and co-workers and Bismarck and co-workers described the
production of polyHIPEs from particle-stabilized HIPEs templating using organic (e.g. PS-co-
MAA, Figure 1-23(a))®* ?® and inorganic (e.g. nano-SiO,, Figure 1-23(b))** #* particles,

respectively. Therefore, they took advantage of the ability of the particles to strongly adsorb at
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liquid-liquid interfaces. This approach presents some important advantages with respect to
surfactants-based systems: the first one is that no time-consuming surfactant removal is needed.
Secondly, any functionality coming from the solids can be imparted to the pore walls of the
resulting materials, and can lead to a variety of further applications. This approach allows for
instance to easily emulsify monomers of intermediate hydrophobicity, such as methyl
methacrylate (MAA) which has proven difficulty in surfactant-based systems.’®’ Interestingly,
poly(MAA\) particles stabilized water-in-MAA emulsions.”®. In other cases, particles that are
initially stabilizing the emulsions become the continuous polymeric films after removing the
liquid non-polymerizable continuous phase.?®® Thus, low initial particle concentrations (e.g. 5

%) might give rise to sufficiently rigid polyHIPEs, as the one depicted in Figure 1-23(a).

Figure 1-23. (a) PolyHIPE made from a W/O HIPE stabilized with 5 wt% microgel particles (PS-co-
MAA). Such particles become the polymer walls after emulsion processing and drying. Image reproduced

from Li and Ngai.”® (b) polyHIPE made from a HIPE (74 vol% of internal phase volume) stabilized with

surface-modified SiO, ( 3wt%) nanoparticles. It should be note that its structure is closed-cell and pores
are much larger than those shown in Figure 1-22(a). Reproduced from Ikem et al.'® (c) TEM image of a
cross-sectional cut of a polyHIPE made from a HIPE stabilized with functionalized SiO, nanoparticles.
The particles are located at the resulting polymer-air interface in a multilayer arrangement. Reproduced
from Gurevitch and Silverstein.?®

Regarding inorganic nanoparticles, Bismarck et al. has described the stabilization of HIPEs with
high internal phase volume contents (up to 92 vol% internal phase) by using SiO,'* and TiO,
nanoparticles.”® 2°" After the polymerization of the template, macroporous nanocomposites with
high porosities, containing nanoparticles embedded in the walls, were obtained. However, two
main drawbacks exist when particles are used instead of surfactants: first of all, droplets (i.e.
further pores) possess rather larger sizes because particles do not greatly reduce the interfacial
tension. Secondly, the porous structure is generally closed-cell, as shown in Figure 1-23(b). This
fact can be understood in terms of the thickness of the stabilizing layer, as the relative physical
size of particles is much bigger than that of surfactants. Therefore, a close-packed layer of
particles, especially in the case of multilayers, is expected to impede the thinning down of the
polymer film between original emulsions droplets. One example of such a nanoparticle

multilayer at the interface is shown in the TEM image included in Figure 1-23(c), whereby it
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can be clearly seen that nanoparticles remain at the polymer-air interface after polymerization
takes place. Even though these materials are not permeable to gases, small amounts of
surfactants might lead to the formation of pore throats on the pore walls."® Other research

99, 208

groups, in particular Silverstein et al.*® %% are currently working on the topic and exploring

new possible applications for this kind of macroporous polymer nanocomposites.

Regarding the formation of pore throats between neighbouring pores, it is generally accepted

that connectivity is linked to two main parameters: the type of emulsifier in the precursor

166 166

emulsion and the internal phase volume fraction.™ Williams and Gobrelsky™" observed that
surfactant concentration higher than 5 wt% was required to obtain interconnected open-cell
macroporous polymers. It seems reasonable to think that it is crucial the thickness of continuous
phase around the area of nearest contact between adjacent droplets.® This is normally
accomplished by droplet size reduction, i.e. increasing surfactant concentration. In this line,
Cameron et al.?!' pointed out the importance of the reduction of the polymerizable film
thickness to obtain permeable materials. In particular, it was demonstrated that the pore throats
started appearing as a result of wvolume contraction (well known phenomenon in
polymerization), on conversion of the monomer styrene into polymer. Moreover, as deduced
from Figure 1-22(a), polymerization takes place mainly in the emulsion plateau borders, i.e. the
area between three adjacent droplets, which is filled by bulk continuous phase.'®? Other reasons

for the formation of pore throats have been proposed.**

These include mechanical action during
the drying step. In some cases, this is induced by the creation of weak points in the polymer
walls, as surfactant is pushed to the interface due to the progressive reduction of its solubility in
the oil phase as polymerization is taking place. Finally, the connectivity degree also depends on
the concentration of the polymerizable monomer in the continuous phase of the HIPE (see

Figure 1-22(c)).

1.3.2.2 Physical characterization

(a)  Porous structure

Conventional polyHIPEs have typically pore sizes ranging from 1 to 50 um."®" As pointed out
earlier, such values directly depends on the droplet sizes obtained in the precursor emulsions,

which in turn basically depends on emulsion composition and preparation conditions.?*? In this

186

line, larger sizes can be achieved by destabilizing the emulsions to some extent,™ or on the

other hand, rather smaller sizes as well as lower polydispersity values can be attained by using

178

the PIT method for emulsion preparation~"". The morphology and size of the macroporous in the
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polyHIPEs are normally characterized by SEM, while the pore wall structure is commonly

studied by TEM of cross-sectional polymeric slides cut by ultramicrotomy.

Regarding porosity, two distinct densities can be used to define macroporous polymers: skeletal
and envelope (also called foam) densities. The first one refers to the ratio of the mass of discrete
pieces of solid material to the wall volume including closed (blind) pores. Such density is
generally determined on polyHIPE crushed samples, whereby small closed pores/spaces can
remain within the polymer walls. Therefore, this parameter should not be confused with the
absolute density which does not take into account the closed pores. Regarding envelope density
(also denoted as bulk density), it is defined as the mass divided by the total volume, thus
including the solid material plus all types of porosity. PolyHIPEs have typically envelope
densities as low as 0.02 g/cm?® and porosities up to 99%.8% 18213 gych factors are influenced by
the nature of the polymer as well as the internal phase volume fraction in the initial emulsions.
Another two parameters characteristic of all porous materials are its surface area and its
permeability. Since the pores exhibited by polyHIPEs are relatively large, surface areas are
often lower than 20 m%g."®" However, different approaches have been successfully applied to
increase these values, such as the incorporation of porogen agents (increasing up to 550 m%/g)*®®
21 or via hypercrosslinking®® (up to 1100 m?/g). The second parameter, i.e. permeability, is the
measure of the ease of fluid flow passing through the medium under an applied pressure

gradient*®

. Generally, the permeability is somewhat limited by the small pore sizes found in the
materials,*™ but can be tailored to some extent through the control of both pore and pore throat
sizes.™ 2" Such permeability values are one of the aspects to consider for the industrial

application of polyHIPEs.

(b)  Mechanical properties

Generally, polyHIPEs follow a stress-strain curve in compression like that included in Figure
1-24. 1t should be pointed out that the mechanical properties of such materials are similar to that
exhibited by gas-blown polystyrene foams, but polyHIPEs normally posses higher crush
strengths values due to its smaller pore sized and increased spherical symmetry of such pores.™®
The curve is divided in three regions: an initial linear elastic region at low strains, the slope of
which is defines as the Young’s modulus, then a stress plateau region and finally a densification
region with a steep increase in stress. The crush strength is fixed as the maximum value of the
stress-strain curve at the end of the initial linear region. On the other hand, the most common
studied polyHIPEs, which are based on divinylbenzene cross-lined polystyrene, are rather brittle
and chalky owing to the relatively high glass transition temperature (T,) of such polymers.'*

This is explains why some polyHIPEs do not show the third compression region. Foams first
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crack and then break up catastrophically at certain strain. To overcome this, some elastomeric
monomers or cross-linkers, such as polyethylene glycol dimethacrylate®® or 2-
ethylhexylacrylate,'*® have been also added to the precursor emulsions. This led to more flexible
polyHIPEs since the overall T, was reduced and the mechanical properties (i.e. Young modulus
and crush strength) of the polyHIPEs were also improved. It is relevant to mention the necessity
to incorporate a minimum amount of cross-linker into the precursor emulsion formulation.
Otherwise the polymeric foam would collapse into a dense material or disintegrate into a

powder during polymerization and/or drying.
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Figure 1-24. Representative stress-strain curve (under compression) of polymeric macroporous foam.
Reproduced from Williams and Wroblesky.**®

On the whole, it is known that the mechanical performance of polyHIPEs is dependent on
several factors. On one hand, materials show better properties when their have smaller and
narrower pore size distributions,'” and also when they have thicker polymer walls between
neighbouring pores.’® * By contrast, low foam density, which is accomplished by increasing

217, 219
or

the internal volume fraction of the initial emulsions®*®, high material interconnectivity
large pore size distributions inversely affect foam integrity®® and polyHIPEs tend to fail
quicker. In a recent work, Wong et al.*’ described the synthesis of hierarchical macroporous
polymers from HIPEs stabilized using nanoparticles and surfactants together, with improved
mechanical properties, despite the presence of interconnectivity. It was argued that the pores

packed more efficiently.

Another way to improve the mechanical properties of the polymers, such as the hardness or
tensile strength is the incorporation of inorganic fillers?® or by cross-linking silsesquioxane
groups with the polymer network.??* Specially, various groups have recently focused on the
addition of inorganic oxide (e.g. silica) nanoparticles,®* carbon nanotubes®* or clays®* to the
external phase of W/O HIPEs. In the majority of such studies, the filler is added in the
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continuous phase of the HIPEs. In order to improve the compatibility between the polymer and
the filler the inorganic components are generally surface modified, e.g. by organo-sylanation.?**
In this line, it is well known that effectiveness of the reinforcement depends mainly on particle
size and shape and polymer-filler interactions.?”> ?*® The reinforcement should even prove more
effective if the nanoparticles have double polymerizable double bonds that can react with the
monomers forming the oil phase of the HIPEs. Using this approach, Wu et al.?** achieved a
crush strength increase of up to 600 % by incorporating 20 wt% of silica nanoparticles. It should
be noted that is of paramount importance that the fillers do not affect emulsion stability. In an

interesting work developed by Lepine et al.?

they found that the mechanical performance of
styrene-based polyHIPEs improved by increasing the amount of clay (up to 20 wt%). Despite
this improvement, they observed clay aggregates within the polymer walls above 10 wt% which
resulted in chalky and brittle materials. Materials with lower concentrations were rather elastic.
Moreover, the standard deviation of the different measurements increased upon clay
concentration increment which was attributed to an unequal dispersion of the clay layer

aggregates.
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2.1 OBJECTIVES

The design of nanocomposites, which typically consist of polymeric matrices with embedded
particles having at least one characteristic length in the nanometer range, has recently been the
focus of great attention. Nanocomposites, in a large variety of morphologies and distinct
compositions, have many technological applications. Examples are micro-optic devices, optical
sensors and reinforced plastics such as polyolefin nanocomposites in the automotive industry.?’
In this context, the construction of novel porous nanocomposites, exhibiting hierarchical
structures, will allow the development of innovative advanced materials with promising

applications in many fields: catalysis, gas/liquid storage, gas purification, subsea oil pipe, etc.

The use of highly concentrated phase emulsions (HIPES) as templates is an effective route for
the preparation of macroporous polymers. Specifically, the use of suitable surface-modified
inorganic oxide nanoparticles as emulsions stabilizers (preparing Pickering emulsions in
absence of surfactant) provide an alternative approach to the classical surfactant-based systems,
to obtain hybrid organic-inorganic nanocomposite porous materials. Thanks to the ability of
finely-divided solids to adsorb spontaneously at liquid-liquid interfaces, any functionality
coming from the nanoparticles can be imparted to the materials, in a single-step preparation
method.

It has been described that the resulting macroporous nanocomposites, obtained in Pickering
highly concentrated emulsions, typically exhibit closed-cell structures and rather large pore
sizes.’® 2% These drawbacks are frequently overcome by combining simultaneously surfactants
and particles. Nevertheless, there is a lack of systematic study on how the interactions between
these two emulsifiers influence the final physicochemical properties of the materials. For
instance, contrary to what is often expected, the addition of particles to a surfactant-stabilized
emulsion or inversely, the addition of surfactant to a particle-stabilized emulsion can negatively

influence its stability, rather than enhance it.

The main objective of this research work was to investigate the formation of polymeric
macroporous nanocomposites with embedded functional nanoparticles, using W/O highly
concentrated emulsions as templates. For this purpose, two kinds of nanoparticles with

interesting functionalities have been used:

= Superparamagnetic iron oxide nanoparticles

= Titanium dioxide photocatalytic nanoparticles
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Styrene and the crosslinker divinylbenzene are used in the emulsion continuous phase, as a

model monomer system. Macroporous materials are obtained by free-radical polymerization in

the continuous phase of W/O HIPEs. In all cases, nanoparticles are incorporated to the

emulsions, and three different types of HIPEs are studied using different approaches:

(a) HIPEs stabilized with surfactants and prepared by the phase inversion method, containing

(b)

(©)

nanoparticles in the continuous phase (section 1.1).

HIPEs stabilized with nanoparticles, in absence of surfactant (section 4.3) and prepared by
the drop-wise addition method. The use of Pickering HIPE emulsions to obtain
nanocomposite materials constitutes a very novel approach, recently described for the first
time.'"®

HIPEs stabilized primary with nanoparticles with increasing amounts of surfactant

molecules, prepared by the drop-wise addition method (section 4.4).

The main objective implied the following partial objectives:
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Selection of the appropriate surfactant systems, in order to prepare the surfactant-
stabilized emulsions by the PIT and the drop-wise addition methods.

Preparation and surface modification with oleic acid of the nanoparticles to be used as
W/O stabilizers.

Evaluation of the individual contribution of either nanoparticles or surfactants on the
(in)stability of the resultant highly concentrated emulsions, and investigation of the
precise role that each emulsifier plays, focusing on their interactions and the emulsion

stabilization mechanisms.

Study of spatial distribution of nanoparticles in the resulting porous nanocomposites,
with respect to several parameters such as particle size or surfactant concentration.
Study of the influence of such arrangement on the pore interconnectivity of the

materials.

Comparison of the main physical properties, such as porosity or mechanical strength, of

the polymeric macroporous hanocomposites.
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6. Study of the magnetic properties and photocatalytic activity of the nanocomposite
materials, which contain either iron oxide or titanium dioxide nanoparticles,

respectively.

2.2 WORK PLAN

To achieve the above objectives the following work plan was carried out:

1. Preparation and characterization of different types of iron oxide nanoparticles with

controlled average sizes.

2. Preparation of titanium dioxide nanoparticles using a mechanochemical-activated solid-

state reaction.

3. Surface modification of the resulting hydrophilic nanoparticles with oleic acid, which

provides partial hydrophobicity to nanoparticles surface.

4. Selection of the surfactant system in the ternary water / nonionic ethoxylated surfactant
/ oil (containing styrene and divinylbenzene) systems, by studying the phase inversion

temperatures.

5. Study of the interactions between iron oxide nanoparticles and a hydrophobic nonionic

surfactant, by interfacial tension determinations and emulsion stability experiments.

6. Emulsification by the phase inversion temperature method using nonionic ethoxylated
surfactants, and by the drop-wise addition method, using functionalized inorganic oxide

nanoparticles and/or nonionic surfactants as stabilizers.

7. Polymerization of the external phase of the W/O highly concentrated emulsions

(HIPES) to obtain macroporous hanocomposites.
8. Structural and morphological characterization of the polymeric macroporous

nanocomposites. The physical properties of the materials are evaluated as a function of

several emulsion composition parameters. The following techniques are used:
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10.

= Electron microscopy to study the porous structure (scanning electron microscopy)
and nanoparticle distribution within the polymeric materials (transmission electron
microscopy).

= Picnometry to characterize the porosity of macroporous materials.

= Compression tests to study the mechanical properties of the materials (compression
strength and Young modulus).

= Permeability measurements using a homebuilt pressure rise device.

Evaluation of the magnetic properties (magnetization saturation and blocking
temperature) of the magnetic macroporous polymers containing iron oxide
nanoparticles as a function of nanoparticle concentration and nanoparticle distribution
within the polymeric walls of the materials. Magnetic properties are compared with

those observed for raw nanoparticles.

Determination of the photocatalytic activity of the macroporous polymers containing

titanium dioxide nanoparticles through a photo-oxidation experiment.
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3.1 MATERIALS

The materials have been classified in three groups: surfactants, reactants, solvents and other

chemicals. If not otherwise stated, chemicals received were used without further purification.

3.1.1 Surfactants

Commercial grade nonionic poly(ethylenglycol) n-alkylethers surfactants (abbreviated as
Rn(EO),) were obtained from Croda, United Kingdom (previously known as Unigema). m is the
alkyl chain length (R) of the hydrophobic part and n is the number of ethylene oxide groups
(EO) per molecule (Figure 3-1(a)). Surfactants used were: Renex 30 (Cy,.14(EQ)4), Synperonic
A5 (Cy3.15(EO)5), Renex NENA (Cy3.15(EO)¢) and Synperonic 10/3 (Cy1o(EO)s3).

The triblock copolymer surfactant Synperonic PE/L-64 (poly(ethylene glycol)—poly(propylene
glycol)—poly(ethylene glycol) (Figure 3-1 (b)) abbreviated as (EO).3, (PO)s0, (EO)13) Was also
obtained from Croda.

Nonionic surfactant Hypermer 2296 (Hydrophilic Lipophilic Balance number = 4.9) was kindly
supplied by Croda (USA). This surfactant is a blend of sorbitan ester (Figure 3-1 (c)) and
polyisobutylene succinic anhydride (PIBSA) based derivative (Figure 3-1(d)). Such surfactant is

an efficient W/O emulsifier and is widely used in the oil industry as a dispersive agent.

(a) (b)

(©)

OH

Figure 3-1. (a) Nonionic poly(ethylenglycol) n-alkylether surfactant, where n is the number of ethylene
oxide groups and m is the alkyl chain length (R); (b) poly(ethylene glycol)—poly(propylene glycol)—
poly(ethylene glycol) triblock copolymer Synperonic PE/L-64; (c) Sorbitan monoester, where R is
typically an alkyl chain of 12-18 carbon units; (d) polyisobutylene succinic anhydride (PIBSA), where x
is the number of isobutylene units.
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3.1.2 Reactants

The monomers styrene (>99%), acrylic acid (>99%), and the cross-linker divinylbenzene
(technical grade, 55%) were purchased from Sigma-Aldrich. All were purified before use by
passing through neutral chromatographic aluminium oxide in order to remove polymerization
inhibitors. Three different initiators were selected in order to carry out the polymerizations: the
water-soluble potassium persulfate (K,S,0g, Merck, >99%), and the oil-soluble o,a’-
azoisobutyronitrile (AIBN, Merck, >96%) were used in emulsion polymerization, whereas the
oil-soluble 2,2’-Azobis-(2,4-dimethyl) valeronitrile (ADVN, courtesy of DuPont Iberica S.A.,
Spain) was used for bulk polymerization. Iron(lIl) chloride hexahydrate (FeClz-6H,0, >98%),
and anhydrous iron (11) chloride (FeCly,, >99%) were provided by Sigma-Aldrich. Titanium (1V)
oxysulfate (TiOSO,, >99.5%) was acquired from Riedel de Haen.

3.1.3 Solvents

Decane (CioH,, >99%), tetradecane (Ci4Hie, >99%) and hexadecane (CisHzs, >99%) were
obtained from Sigma Aldrich. Pure ethanol (>99.5%) and toluene (>99.5%) were supplied by
Merck. Water was first passed through a reverse osmosis unit and then a Milli-Q reagent water

system.

3.1.4 Other chemicals

Oleic acid (C1gH340,, >90%) and sodium hydroxide (NaOH, >98%) were obtained from Sigma
Aldrich while sodium carbonate (Na,COs, >99.9%), ammonium hydroxide (32 wt% NH3) and
methylene blue [(C1H1sN3CIS), >97%)] were purchased from Merck.

3.2 METHODS AND EXPERIMENTAL TECHNIQUES

3.2.1 Preparation and Functionalization of Iron Oxide Nanoparticles

Three kinds of iron oxide nanoparticles (NPs) have been employed in this work. A fully
physical characterization will be given in section 4.1.1. NPs are abbreviated hereafter as NPy,
where X is the average size of the nanoparticles. In all cases oleic acid was used as a capping
agent to confer hydrophobicity to the NPs. On one hand, iron oxide NPs (NP3) were synthesized

using water-in-oil (W/O) microemulsion droplets as templates following the literature.?”® Larger
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NP were prepared using a coprecipitation method as reported by Ramirez et al.® Specifically,
NPg were coprecipitated from an aqueous solution of Fe**/Fe?* salts (in a 3:2 molar ratio) using
excess ammonium hydroxide (NH,OH). To prevent nanoparticle aggregation, oleic acid was
added as a capping agent.

Additionally, as-received commercial magnetite CNP3, nanoparticles (Fe;sO4 nanopowder, <50
nm size, from Sigma) were also functionalized as described in the literature.*®® 1’ First, CNPa,
were dispersed in a mixture of chloroform/oleic acid (1:2 molar ratio), stirred for 3 h, and
precipitated from solution with methanol. The excess oleic acid was then removed by repeating
the dispersion of nanoparticles in chloroform and precipitating again with methanol prior to
drying at 70 °C.

3.2.1.1 Characterization of iron oxide nanoparticles

The weight content of oleic acid attached to the nanoparticle surfaces was determined by
thermogravimetric analysis (TGA). The measurements were performed in a TGA/SDTA 851
unit (Mettler Toledo, USA) in a temperature range of 25-550 °C, at a heating rate of 10 °C/min
in a N, atmosphere. Samples were placed in 100 uL aluminum crucibles. Scanning (SEM) and
transmission electron microscopy (TEM) images were taken in order to determine the shape and
the size of the different type of nanoparticles. For NP3 and NPg, a JEM 1010 and a JEM 2011
TEM instruments (both from JEOL, Japan) were used, respectively. Diluted samples were
prepared by evaporating a droplet of the dispersion of iron oxide nanoparticles in heptane on a
standard TEM copper grid covered with Formvar polymer. On the other hand, a Gemini LEO
1525 field emission GSEM (Carl Zeiss, Netherlands) was used for CNP3, characterization.
Particle size average and polydispersity were calculated from microscopy images; for improved
statistics, at least 500 NPs were measured using the ImageJ software. To confirm the presence
of oleic acid on nanoparticle surfaces, samples were analysed by Fourier transform infrared
spectroscopy (FTIR) with a Nicolet 510 spectrophotometer (Thermo Scientific, USA). Spectra

were collected at 4 cm™' resolution with 64 averaged scans.

Finally, X-ray diffraction (XRD) spectra of the nanoparticles were obtained using a PANalytical
X’Pert PRO MPD 0/0 Bragg-Brentano diffractometer with CuK, radiation (A = 1.54A). The
angle range was 20 = 5-120°. Nanoparticles were finely ground and loaded in a grooved cut
silicon substrate. The average crystal size of the nanoparticles was determined according to

0

Scherrer equation,? using the full width at half maximum of peaks after correcting the

instrumental broadening,
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091 3-1
pcosé

where D is the size of crystalline domain, A is the wavelength of CuK, radiation (A = 1.54A),

[ is the corrected peak width (in radians) and @ is the diffraction angle.

The magnetic properties of the nanoparticles were studied using an MPMS XL superconducting
guantum interference device (SQUID) magnetometer (Quantum Design, USA) at fields ranging

from 20 to 20 kOe and at temperatures ranging from 2 to 300 K.

3.2.2 Preparation and Functionalization of Titanium Oxide
Nanoparticles

As pointed out in the Introduction, titanium dioxide (TiO,) nanoparticles were synthesized using
a mechanochemical method. Reactive solid mixtures were prepared according to the
stoichiometry of the two following reactions:

TiOSO, -2H,0 + Na,CO, — TiO, + Na,SO, +2H,0+CO, (1)
TiOSO, -2H,0+ 2 NaOH + Na,SO, — TiO, + 2Na,SO, +3H,0 (2)

Taking into account that the second reaction is highly exothermic, Na,SO, was added (33.3% of

the total mixture) in order to avoid excessive increase in the reaction temperature.

Solid mixtures (6 g) were mechanochemically activated in a Fritsch Pulverissette 7 planetary
ball-mill (Germany). ZrO, vials were rotated at 1500 rpm, each one containing 7 ZrO, balls of
15 mm in diameter and 6 g of sample, resulting in a ball-to-powder ratio of 13. Pictures of the
equipment used are shown in Figure 3-2. The mechanochemical milling was interrupted at
different times (e.g. 15, 30 min) and a small powder sample was then taken for XRD analysis.
After reaction, resulting materials were dried at 80°C for 30 minutes and then calcined in air for
30 minutes at temperatures between 300 and 700 °C (GHA 12/450, Carbolite, UK). In order to
remove the water-soluble by-products, samples were washed twice with distilled water in an
ultrasound bath for 15 minutes, filtered and then dried at 80 °C. TiO, nanoparticles were
functionalized with oleic acid using the same method described for iron oxide nanoparticles
(CNP3y).
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Figure 3-2. Planetary ball-milling (left) used to carry out the solid-state reactions. Picture on the right
shows the vial and the milling-balls, both made of ZrO,.

3.2.2.1 Characterization of titanium dioxide nanoparticles

Evolution of the mixture composition was followed by XRD using a PW 1830/40 diffractometer
(Philips, Netherlands) at 40 kV and 30 mA, with CuKa radiation (A= 1.54 A). Crystallite size

was determined from the peak width using the Scherrer equation (eg. 3-1).

Both the morphology of the aggregates and the nanoparticle size were assessed by high-
resolution TEM (300 KV Philips CM30, The Netherlands). Powder materials were analyzed by
FTIR (Nicolet 6700 Spectrometer, Thermo Scientific, USA) using Attenuated Total Reflectance
(ATR) mode. Spectra were collected at 4 cm™' resolution with 64 averaged scans.

Nitrogen adsorption/desorption isotherms were measured at 77 K using an adsorption
porosimeter (Quantachrome Autosorb-1-MP, USA). The samples were degassed in vacuum at
423 K during 4 hours prior the sorption experiments. Specific surface areas (S,.,) were
calculated by applying the multipoint model to the adsorption isotherm.®" The total mesopore
pore volume was determined also from the adsorption isotherm at relative pressures of 0.94.

The S,., values were used to estimate the particle size of TiO, nanoparticles. The average

particle diameter ( D, ) can be related to Sger through the equation:

6
Di=0——— 3-2

Seer Prio,

assuming that nanoparticles are well dispersed, spherical and non-porous. The density of

anatase phase ( oy, ) Was taken as 3.9 g/cm®.**

In order to test the efficiency of the TiO, nanoparticles, a photo-oxidation experiment was
carried out in a jacketed photoreactor of 100 mL volume. About 1 wt% dried TiO, powder was

dispersed in 75 mL of 35 ppm (aqueous) methylene blue solution. The reaction mixture was
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stirred for 1 hour at 25°C. Subsequently, the dispersion was irradiated with a light bulb (H125-
BL 125 W, lwasaki Electric, Japan), with a maximum emission wavelength of ca. 360 nm (weak
ultraviolet light region). Samples (3 mL) were collected for analysis at different intervals of
time, and then ultracentrifugated at 19000 r.p.m during 40 minutes to separate the supernatant
solution from the precipitated catalyst. The degradation reaction was monitored by measuring
the absorbance (A = 664) of the samples using a UV-visible scanning spectrophotometer (Varian
Cary 300 Bio, USA).

3.2.3 Determination of Phase Inversion Temperature

The so-called hydrophilic lipophilic balance (HLB) or PIT temperature of the water / nonionic /
oil systems was determined by conductivity measurements as a function of temperature, in a 50
mL reaction vessel with constant agitation using a magnetic stirrer device. A conductivity meter
equipped with Pt electrodes (Crison 525, Spain) was used in the experiments. This method is
feasible for surfactants in a narrow range of HLB numbers. As exemplified in Figure 3-3, an
abrupt reduction (or increment) in the conductivity can be associated to changes from O/W to
W/O (or from W/O to O/W) emulsions due to the change in the preferential affinity of the
poly(ethylenglycol) n-alkylethers nonionic surfactants from water to oil as temperature is risen,
or inversely, from oil to water when temperature is decreased. Therefore, high and low

conductivities indicate O/W and W/O emulsions, respectively
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Figure 3-3. Example of conductivity as a function of temperature in the aqueous 10°M NaCl / Cys-
15(EO),) / tetradecane system, at 80 vol% water and 4 wt% surfactant concentration.

Temperature has been modified from 0 to 70 °C and 0.02 M of salt (NaCl) has been added to

emulsions for the purpose of increasing the conductivity signal. In all experiments, the HLB
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temperature was calculated as the medium point in between the highest and the lowest

temperatures observed within the narrow PIT region.

3.2.4 Interfacial Tension Determinations

This method allows evaluating the individual contribution of either nanoparticle or surfactant (at
very low concentration) to the overall decrease in interfacial tension. Therefore, it is a useful
method to quantify both the free surfactant that remains in solution and the surfactant that

adsorbs on nanoparticle surfaces.

The oil-water interface tension was assessed by two different methods, depending on surfactant
concentration: in absence or at low surfactant concentrations, interfacial tension were measured
using the Du Noly ring method, while at higher surfactant concentrations, tension
determinations were carried out by the droplet-volume method. All measurements have been
carried out at 25 ° C with distilled water and toluene as the lighter and heavier phase,
respectively. Toluene was passed twice through chromatographic alumina to remove impurities.
It is important to recall that toluene was used instead the monomers that actually formed the
continuous phase of the emulsions, i.e. styrene and divinylbenzene. The reasons were its lower

toxicity, its easier manipulation in the laboratory, and their similar chemical structures.

In the interfacial tension determinations, three types of Fe;O, nanoparticles have been used:
oleic acid surface-modified NPg and NP3, and untreated CNP3,. Before the measurements,
nanoparticles (1.5 wt%) were dispersed in toluene, containing different concentrations of the
nonionic surfactant Hypermer 2296 (0-4 wt%), in an ultrasonic bath for 10 minutes, and then
agitated in a water shaking bath (Memmert, Shawaback, Germany) for 60 min. At this point two

different approaches were followed, depending on nanoparticle type:

» NPg: interfacial tension measurements could be performed with NPg dispersed in the
lighter (toluene) phase due to the stability of nanoparticle dispersions. Therefore,
contribution of these nanoparticles to the overall decrease in interfacial tension could be

evaluate.

» CNP3, and NPs,: since both were unstable in the solvent due to fast aggregation, they
were separated by simple centrifugation (3000 rpm for 5 min) before the measurements.
Otherwise, measurements would have been inaccurate due to the distortion of the

interface by nanoparticle sedimentation. This fact implied that interfacial measurements
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were made on solutions without nanoparticles, and just the free surfactant contribution

could be evaluated.

Prior the measurements, sample densities (25 °C) were determined by using a densimeter
DMA4500M from Anton Paar (Austria). Determinations were repeated 5 times for each sample.

3.2.4.1 Du Nouy ring method

This method is based on directly measuring the interfacial tension using a microbalance.”® A
Tensiometer K12 from Kruss (Germany) was used for the experiments. It is a simple, quick and
high precise alternative to the well-known Wilhelmy plate method. The rectangular plate used in
the latter is changed by a wire ring usually made up of platinum or platinum-iridium alloy with
a typical radius (r) of 2-3 cm. The wire ranges had a radius which range from 1/30 to 1/60 of
that of the ring.>*

As shown in the picture in Figure 3-4(a), the measurement starts by dipping the ring in the
heavier phase (water ). Then, the ring is pulled through the interface while measuring the force
exerted on the ring (Figure 3-4(b). It is important to ensure a perfect wettability of the surface of
the ring (contact angle (&) ca. 0). Common error sources come from ring surfaces that are not
well-cleaned or rings that do not remain parallel to the plain of the interface. To avoid this, the
ring was rinsed first with ethanol and later with water before flaming to red heat, after each
measurement. In addition, the surface tension of pure water was checked before each

measurement to ensure a good cleaning of the ring surface.
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Figure 3-4. (a) Picture showing a Du Nolly ring holding from a microbalance, and dipped into the heavier
phase (water), before starting an interfacial tension measurement Light phase is a 1.5 wt% NPg toluene
dispersion. (b) Schematic drawing that illustrates the ring method (modified from Drelich et al.)*** (c)
Graph representing the force exerting on the ring surface vs. time as the ring is pulled through the
interface. Red arrows indicate direction of the force measured.
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One advantage compared to the drop-volume method is that non-transparent phases can be
measured (see Figure 3-4(a)). As represented in Figure 3-4(c), when the ring is lifted through
the surface, the force starts to increase until a maximum force is reached. At this particular

point, the force of the vertical constituent is directly proportional to the interfacial (7 ) tension.

Both are relate through the equation:**

_F
pcosé

/4 fy 3-3

where F is the weight converted to force by the electronic balance, p is the three-phase
contact line perimeter, which is twice the circumference of the ring (42R), & is the contact
angle of the liquid on the ring, and f is a correction factor. The contact angle is assumed to be
0, and as seen in Figure 3-4 (c), this occurs when the maximum force is attained. Unfortunately,
a correction factor should be incorporated due to the volume of liquid hanging from the ring as
it is pulled above the surface. This explains why values measured without applying the
correction factor are generally higher. The correction factor ( f, ) can be incorporated directly in

the software, and can be calculated by using the following approximate equation developed by

Zuidema et al.;>*®

1.679
Rir

0.01452 y

2

U
T(pH -p)

fy =0.725+ +0.04534 — 3-4

where U is the wetted length, p,, and p,_ are the densities of the heavy and light phases, and

R and r are the ring and wire radius, respectively.

Another point that should be considered is that interfacial tension can be determined without
breaking the interface. As can be observed in Figure 3-4(c), the lamella does not break when the
maximum force is attained. It should be remarked that in presence of surfactant, the ring should
be slowly pulled through the interface because the lamella could break due to the initial
maximum force might be too great. Therefore, it is necessary to lower the ring into the liquid to
relieve the force and then repeat the measurement several times until reached values are

constant.

The mean of at least 3 measurements has been used for the calculations of interfacial tension.
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3.2.4.2 Droplet-volume method

This method is based on analysis of the balance between capillary effects and gravity forces,
and is among the oldest surface tension measurements methods in use.”®> %" Actually, is a
modification of the drop-weight method described by Harkins et al. in 1919.”® Such
modification consists in the incorporation of a graduated micrometer attached into the syringe in
order to achieve an accurate volume of the droplet. Accurate measurements of static interfacial
tension may be made when surfactants are present so that adsorption equilibrium at the interface
is only slowly attained.

First of all, a vessel is filled with the lighter phase, while the heavier is placed into a 1 ml
syringe (Hamilton, Switzerland). Care should be taken to remove any bubble that might be
present inside the syringe. Then, the tip of the needle is submerged into the lighter phase, and
the droplet of the heavier phase is created by turning the micrometer screw. It should be noted
that for correct measurements the tip should be immersed in the liquid to a depth of about 0.5
cm. It also important to manipulate the micrometer screw carefully in order to create the droplet
slowly (from 30 to 60 seconds). The droplet should remain attached to the needle from 2 to 5
minutes, which is sufficient in most cases to attain adsorption equilibrium. Such a droplet may
be slowly enlarged until detachment occurs. The measurement finishes when the droplet is
released, and its volume can be calculated by comparing the final and the starting point in the
micrometer readable scale. Although this method is highly recommended for low interfacial
tension values, it is recognised that in cases, where interfacial tension is high and/or when the
two phases have quite similar densities, the use of a bigger tip diameter, e.g. > 0.60 mm, could

be required. Consequently, a syringe with larger volume must be employed.

Interfacial (or also surface) tension ( , mN/m) can be calculated from the balance between the

drop weight (VpApg ) and the force (27rf, ) that interfacial tension is exerting on the perimeter

of the needle, in the exact moment when the drop is falling from the capillary:

_VoArg 35
27y

where V, (cm®) is the droplet volume when it breaks away, r (cm) the outside needle radius,
Ap (g/lcm®) the density difference between oil and aqueous phases and g the gravity

acceleration (9.81 cm/sec?). A correction factor ( f,) is required because a fraction of droplet
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remains at the tip of the capillary after detachment, as it is illustrated in Figure 3-5(a). The

factor is function of r/V3'"® and was taken from Harkins et al.**®
(@) 2R
+—>
! wW ! U
o O
Figure 3-5. (a) Drawing showing the drop detachment sequence from a droplet-volume experiment to
determine the oil(O)-water(W) interfacial tension. A fraction of the droplet remains at the tip of the

capillary after detachment. Consequently, a correction factor is required. (b) Picture showing a water
droplet holding from a syringe (0.1050 cm of radius) in a NPg toluene dispersion.

Interfacial tension measurements were performed by forming a drop of water inside an
amphiphile (Hypermer 2296) toluene solution (from 0 to 4 wt%) with and without the presence
of iron oxide nanoparticles. The mean of at least 8 measurements has been used for the

calculations of interfacial tensions.

It should be pointed out that the measurements with NPg proved difficult due to the dark colour
of the dispersions (see Figure 3-4(a)). Since it was confirmed that NPg did not modify the
interfacial tension values (using the Du Noiy ring method), NPg toluene dispersions were
introduced in 15 mL tubes in a DynaMag™-15 (Invitrogen, USA) to remove most of the
nanoparticles by magnetic attraction. Consequently, the transparency of the iron oxide
dispersions greatly improved, and these solutions were therefore used in the tension

determinations (Figure 3-5(b)).

3.25 Preparation of Highly Concentrated Emulsions

As pointed out in the objectives and work plan section, different emulsions have been studied in
this PhD thesis. Following the approaches described in page 58, highly concentrated emulsions
(HIPESs) have been prepared using two different methods, namely phase inversion temperature

method (PIT) and dropwise addition method.
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3.2.5.1 Phase Inversion Temperature (PIT) method

This method of preparation pertains only to results section 4.2.3 and exact emulsion
compositions will be given there. After mixing all components, diluted O/W emulsions were
first cooled down to 0 °C by placing 20 mL glass containers into ice. The temperature was then
quickly increased to 70 °C by placing the samples into a water bath at such temperature, with
constant and vigorous manual agitation (Figure 3-6). A sudden increase in viscosity was clearly
noticed when temperature passed through the PIT, indicating a transition from a diluted
emulsion (O/W) to a highly concentrated emulsion (W/O). The phase inversion temperature
(PIT) was adjusted experimentally using the conductivity test described in section 3.2.3.

The internal phase volume fraction (water) of emulsions varied from 80 to 90 %, and the
continuous phase (oil) contained styrene (ST) and the cross-linker divinylbenzene (DVB) in a
weight ratio of 4:1. Divinylbenzene was used as a cross-linker to increase the mechanical
strength of nanocomposites prepared later on. It should be pointed out that two kinds of iron
oxide nanoparticles (NPs; and NPg) were incorporated in the oil phase of the emulsions.

PHASE INVERSION TEMPERATURE METHOD

© 00 c00.0 .yNanoparticIes

: 0 00, o2%° .
AQUEOUS PHASE: WATER + SURFACTANTS 0% % .. :... o.o: Oil phase

and
OIL PHASE: (ST/DVB) + TETRADECANE + NPs
[ Aqueous
Mixing below the PIT hase
R P

| DILUTED O/W EMULSION | \
Abrupt increase of T @ <PIT -
passing through the PIT

with agitation
§ §
§§ >PIT v+

Figure 3-6. Schematic representation showing the formation of highly concentrated emulsions (HIPES)
by the phase inversion temperature (PIT) method. Nanoparticles (NPs) are incorporated in the continuous
(oil) phase of the emulsions. ST and DVB indicate styrene and divinylbenzene, respectively.

| WOHPEGPIT) |

Polymerization using
KPS at 70 °C for 24 h

PolyHIPE
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3.2.5.2 Dropwise addition method

Here we summarize the various methods used for preparing HIPESs in sections 4.3 and 4.4. A
schematic representation of the dropwise addition method is depicted in Figure 3-7. This
method is based on gradual addition of the internal phase of the emulsion (here water) to the

continuous (oil) under constant stirring.

(a) Emulsions stabilized with nanoparticles, in absence of surfactant (Pickering emulsions)

Before emulsification, similar to that described elsewhere,’® #* dried nanoparticles (either
Fe;O,4 or TiO,) at different concentrations were dispersed in the oil phase (formed by ST:DVB
in 1:1 by weight) of the emulsion using a sonication bath for 10 min. Afterwards, the internal
phase formed exclusively by water was added dropwise to the continuous phase under gentle
and continuous stirring for 5 min, until the desired volume fraction was reached, with the help
of a Vortex Topmix FB15024 (Fisher Scientific, U.K.). Final internal phase volume fraction
was varied from 75 % to 92.5 %. The viscous water-in-oil (W/O) HIPEs were prepared directly
in either 15 mL or 50 mL standing polypropylene centrifuge (Falcon) tubes.

DROPWISE ADDITION METHOD

OIL PHASE: i Diluted
ST/DVB + EMULSIFIER (SURFACTANT! AND/OR NPs?) o O o
I o [o) 0
Drop-wise addition of water ° 5
under constant stirring o o o o
o o o
| woHPE | o o %o
I— Internal 090000,
Polymerization using o0
AIBN at 70 °C for 24 h phase © 0%0 oo:oo o

volume 020 £ 2°°%,
0© ooo% © 1
fo) o oo £

PolyHIPE

or

TITITITS
T

m

2

Figure 3-7. Schematic representation showing the formation of highly concentrated emulsions (HIPES)
by the dropwise addition method. The internal phase volume is added dropwise under constant stirring.
The emulsions are stabilized by surfactants (case 1) or by nanoparticles (case 2). ST and DVB indicate
styrene and divinylbenzene, respectively.
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(b) Emulsions stabilized with mixtures of nanoparticles and nonionic surfactant

The only difference compared with the emulsions stabilized solely with nanoparticles described
above, is that before emulsification, different amounts of the surfactant Hypermer 2296 (from 0
to 4 wt% with respect to monomers) were mixed with Fe;O4 nanoparticles in the oil phase,
formed by the styrene and the cross-linker divinylbenzene mixture ( weight ratio of 1:1).

3.2.6 Characterization of the Type, Drop Size and Stability of the
Emulsion

The type of emulsions (W/O or O/W) was inferred by the drop test and conductivity
measurements. The first method is based on observing what happens when a droplet of
emulsion is added to either pure water or pure oil. Oil-in-water (water-in-oil) emulsions
dispersed in water (oil) and remain as emulsion droplets in oil (water). Therefore is a simple
method to know which type of emulsion is.

In order to determine the size of emulsion droplets, images of emulsions were captured using a
Reichert Polyvar 2 microscope (Leica, Germany), equipped with a digital camera Sony CCD-
Iris. It should be pointed out that an USB horizontal microscope (VMS-001, Veho, UK) was
also used for observing HIPEs stabilized mainly or exclusively by nanoparticles. These
emulsions were directly imaged inside the tubes, due to attempts to place them in microscope
slides resulted in emulsion phase separation. This is explained by the large size of the droplets

and their relatively low resistance to any shear stress applied.

The stability of emulsions to creaming or sedimentation was assessed by measuring the height
of the emulsion volume fraction (Figure 3-8(a)). Stability to coalescence was evaluated by

measuring the heights of resolved water and oil, and residual emulsion over time (Figure 3-8).

(a) WO oW (b) WO oW
O
oo
olL (90 CREAMED oI oI
SRRl EmuLsion
SEDIMENTED 008 80(3 -~ P P
EMULSION 88%80 008 008 -
5988 O O RESIDUAL
\ 00 RESIDU. O O EMULSION
WATER emuLsion IR W

Figure 3-8. Schematic illustration showing W/O and O/W emulsions that have experienced distinct
instability processes: (a) sedimentation or creaming; (b) coalescence.
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3.2.7 Preparation of Polymeric Macroporous Nanocomposites

Macroporous polymers were obtained by the polymerization of the monomer mixture (styrene-
divinylbenzene) in the continuous phase of highly concentrated emulsions (last step in Figure
3-6 and Figure 3-7). As pointed out in the Introduction (section 1.3.2.1), the resulting materials

are referred in the literature as polyHIPEs.*™

Polymerization of the external phase of highly concentrated emulsions prepared by the PIT
method (Figure 3-6) was carried out at 70 °C during 48 hours using the water-soluble initiator
K>S,0g (KPS). Such initiator is widely used as a free-radical polymerization initiator in
emulsion systems. After polymerization, macroporous solid foams were carefully extracted
from the 20 mL glass containers and handled cautiously due to the fragility of the materials at
this stage. The materials were then washed thoroughly with water and subsequently purified by
soxhlet extraction in ethanol for 12 hours to remove surfactants and unreacted monomer.
Finally, macroporous polymers were freeze-dried at -75 °C and 0.01 mbar for 24 h (Alpha 1-2
Christ instrument, Germany). Shrinkage in porous materials is generally avoided using freeze-

drying due to the absence of capillarity forces acting during water sublimation. .

Regarding emulsions prepared by the dropwise addition method (Figure 3-6), the standing
polypropylene centrifuge (Falcon) tubes containing the emulsions were placed into an oven for
polymerization at 70 °C for 24 h to yield macroporous polymers (polyHIPES). In this case, the
oil-soluble initiator for free radical polymerization, AIBN, was added (1 wt% with respect to
monomers) to iniate the polymerization reaction in the continuous phase of the emulsions. It
should be remarked that in these emulsions the weight ratio between the styrene and the
crosslinker divinylbenzene was increased from 4:1 (emulsions prepared by the PIT method) to

1:1 in order to increase mechanical strength of polyHIPEs.

After polymerization the macroporous polymers made from emulsions stabilized with particles
were rinsed with ethanol to remove unreacted monomers, and then dried until constant weights
were reached, using a vacuum oven (Heraeus VT5036, Heraeus Instruments, Germany) at 120
°C for 12 h. No purification was needed, since emulsions did not contain surfactant. On the
other hand, macroporous polymers obtained from highly concentrated emulsions stabilized with
mixtures of surfactants and nanoparticles were appropriately purified by soxhlet extraction in

ethanol for 12 hours.
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3.2.8 Preparation of Nonporous Nanocomposites

For the preparation of monolithic, free-standing non-porous nanocomposites (see 4.2.1), oleic-
acid surface-modified iron oxide nanoparticles (NP; and NPg) were dried at 50 °C and then
dispersed with a vortex mixer in a mixture of styrene and divinylbenzene (volume ratio 4:1). To
improve the compatibility of iron oxide nanoparticles with respect to the polymer matrix,
acrylic acid was added to the monomer mixture (nanoparticles/acrylic acid mass ratio = 3:1). A
1 wt% (with respect to the total monomer weight) of the polymerization initiator ADVN was
then dissolved. Samples were kept in glass test tubes at 40 °C for 24 h allowing polymerization
to complete.

The same polymerization reaction was carried out within the internal phase of a diluted O/W
emulsion (see 4.2.2). A sodium dodecyl sulfate (SDS) aqueous solution (1.2 wt% surfactant
respect agueous phase) and the same monomer phase described above, containing iron oxide
nanoparticles (NPs), were weighted into a 20 mL glass vessel. Then, an O/W emulsion was
prepared by mixing the solution with an Ultraturrax (lka, Germany) T25 homogenizer (0.7 cm
head) at 9.500 rpm for 5 min. Final emulsion had a internal (oil) phase volume fraction equal to
0.05. During polymerization, the emulsion was kept under agitation using a magnetic stirrer
device.

3.2.9 Characterization of Polymeric Nanocomposites

3.2.9.1 Pore structure: scanning and transmission electron microscopy

Scanning electron microscopy (SEM) micrographs of polyHIPEs were acquired using either a
TM-1000 tabletop instrument (Hitachi, Germany) at 15 kV or a JSM-5610 LV microscope
(JEOL, Japan) at 20 KV. For observation, samples were coated with a gold layer (ca. 60 nm
thick) in an argon atmosphere inside a ScanCoat Six (Edwards Ltd.,U.K), to achieve the
necessary electrical conductivity. Pore size distribution of macroporous polymers was
determined by measuring at least 500 pores from different regions of the sample using ImageJ

software.

For the transmission electron microscopy (TEM) observations, the polymeric samples were first
finely divided (few mm in size) and then embedded in a Spurr epoxy resin of low viscosity (60
cps) during 24 hours at 4 °C. The composition of such a resin was the following: 10 g of ERL
4206 (4-vinylcyclo-hexene dioxide epoxy resin), 6 g of DER 736 (epichlorohydrin-polyglycol
epoxi resin, flexibilizer), 26 g of NSA (2-nonenyl succinic anhydride, hardener), 0.4 g of
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DMAE S-1 (2-dimethylaminoethanol, accelerator) and 0.8 g of DBP (dibutyl phthalate,
plasticizer). Samples were then transferred to a mould and incubated at 65 °C for 48 hours, to
allow polymerization. Afterwards, thin slices (=400 nm) were cut with freshly-broken-glass
knives. The obtained slices were inspected by optical microscopy and the desired areas were
selected and marked. Ultrathin sections (about 60 nm) of selected areas were cut with a diamond
blade using an ultramicrotome (Leica Ultracut UCT, Austria). Finally, these slices were
transferred to a holey copper grid coated with a carbon film. The thickness of the samples is
sufficiently small and the polymer becomes transparent to the electron beam. The addition of a
contrast agent was not required for the observation of the metal oxide nanoparticles. TEM

observations were performed on a JEM 2011F (JEOL, Japan) instrument, working at 200 kV.

3.2.9.2 Determination of skeletal density, foam density and porosity

Skeletal density ( p,) and foam or envelope density (o, ) of the macroporous polymers were

determined using pycnometry. A pycnometer is a vessel with a precisely known volume.
Despite a pycnometer is used to determine density, or specific gravity, it actually measures
volume. As outlined in the Introduction, foam density takes into account the solid material plus
all types of porosity (including open and closed pores), while skeletal density only considers the
solid fraction and closed pores, which can remain in the polymer walls of the materials. In ideal
conditions, the skeletal density of a polystyrene-based macroporous polymer would exactly
correspond to the density of polystyrene.

First, skeletal density was obtained using a helium pycnometer (Accupic 1330, Micromeritics,
U.K.) based on a gas displacement technique. A gas pycnometer operates by detecting pressure
changes as a result of gas displacement by a solid object. Such solid is placed into a sealed
chamber of known pressure (P,) and volume (V,). A isolated reference chamber (V,) is then
charged with the same gas, reaching a greater pressure (P,). Finally, a valve that is connecting
the two chambers is opened and consequently the pressure in the reference chamber falls. Then,

pressure in the system is allowed to equilibrate (P,,). Applying the gas law PV=nRT, the

volume of the solid (V) can be calculated by the equation,

_ (Psysvs + Psys r PsVs B Prvr) 3-6

V,
(Ps - Ps)

ys
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Skeletal density (o, ) can be easily calculated by dividing the known sample weight by V. The

accuracy of the measurements is high but relies greatly in the absence of air moisture.
Moreover, the sample must also be free of volatiles. Helium is generally used in this technique
because is able to penetrate readily into the very fine pores. It should be pointed out that prior
determinations, macroporous polymer samples are manually ground to break the macroporous

structure.

The next step was to determine the foam density of macroporous polymers by means of an
envelope density analyzer (GeoPyc 1360, Micrometrics, U.K.). This instrument determines the
volume of a solid with known weight, by the displacement of a solid medium composed of

small and rigid spheres that close pack efficiently around the object (Figure 3-9).

Solid volume

-
Baseline a i

Contribution
(h)
Plunger Sample
Dry solid
medium

Precission gas
bore cylinder

Figure 3-9. Volume determination by displacement of a dry medium in an envelope density analyzer.

First, a plunger compresses a powder (dry solid medium) without sample. The compression
force is selectable. If the sample (around 3 cm?®, divided in 3-5 pieces) is incorporated inside the
solid medium during compression, a difference in compression length (h) appears as a result of
the volume occupied for the sample. This distance (h) is used to calculate the exact volume of
the sample. Since the solid medium formed by rigid spheres the do not invade pores of the
samples, and conform closely to the surface during consolidation, the envelope volume can be

calculated in a controlled manner, according to:

V =r’h 3-7

where V is the volume displaced of height h and radius r. Envelope density (o) can be

obtained by dividing can be easily calculated knowing the known sample weight by V .
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Knowing both skeletal and foam densities, porosity (P ) can be obtained using the following

equation:

pP= (1_ &J 3-8
Ps

At least three replicas of each sample were analyzed in the envelope density measurements to
obtain statistically relevant data.

3.2.9.3 Mechanical characterization: compression test

Compression tests were performed using a universal Lloyds machine (Lloyds EZ50, Lloyds
Instruments, Fareham, UK) equipped with a 50 kN load cell to investigate the mechanical
properties of macroporous polymers. At least three samples, which were 10 mm in height and
25 mm in diameter, were cut from the same macroporous polymer monolith. The surface of the
samples was smothered using a band saw. Samples were loaded between compression plates at
a speed of 1 mm/s until a displacement of half the original sample height was reached. The

strain in the stress-strain curves was calculated as follows:

Strain = i—d 39

0

where d is the displacement and h, is the initial monolith height (10 mm).

The Young’s modulus (MPa) is defined as the initial linear slope of the stress—strain curve, and
the crush strength (MPa) is the maximum value of the stress—strain curve at the end of the initial
linear region. The specific crush strength (MPa-m®-Kg™) was calculated dividing the crush
strength by the foam density. Specific crush strength is used because it is a normalized value,

allowing a better comparison of different materials.

3.2.9.4 Magnetization measurements

The magnetic properties of both polyHIPEs and iron oxide nanoparticles were studied using an
MPMS XL superconducting quantum interference device (SQUID) magnetometer (Quantum

Design,US) at fields ranging from -20 to 20 kOe and at temperatures ranging from 2 to 300 K.
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3.2.9.5 Permeability

The permeability to gases of the macroporous polymers was measured using a homebuilt

pressure rise apparatus as described in detail in Manley et al.**® Following the sample

174, 224
l,

preparation protoco precursor HIPEs were directly prepared in 15 mL polypropylene

centrifuge (Falcon) tubes (Figure 3-10(1)) and then polymerized.

Figure 3-10. Sequence of sample preparation for the permeability test: (1) 15 mL polypropylene tube
used as template; (2) resulting polyHIPE after being coated with the first layer of adhesive resin; (3)
polyHIPE after coating with epoxy Araldite 2020®; (4) transversal view of the cut sample (25 mm
diameter) containing the polyHIPE (15 mm diameter), which is ready for permeability studies.

After purification and drying steps, resulting cylinders of 15 mm in diameter were first coated
with a nonpermeable layer of fast curing epoxy resin and allowed to cure at room temperature
for about 20 min (Figure 3-10(2)). This is a crucial point in order to avoid the possibility of
cross-flow during further permeability determinations. It should be noted that the intrusion of
the resin into the porous structure is prevented not only by the high viscosity of the epoxy resin,
but also by the characteristic dense skin layer on polyHIPE surface that is formed during

polymerization.?*

Afterwards, due to the geometrical requirements of the sample cell in the
permeability instrument, the already-coated cylinder was inserted in a poly(tetrafluoreoethylene,
PTFE) mould, previously sprayed with a silicon. Then, a two component epoxy adhesive
Araldite 2020® was poured into the mould and left at room temperature for 24 h to cure (Figure
3-10(3)). Before the permeability test, the already coated and sealed samples were carefully cut
and sand to reach final dimensions of 25 mm in diameter and 31 mm in height (transversal view

in Figure 3-10(4)). All different sample preparation steps are shown in Figure 3-10.
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A schematic drawing of the permeability instrument is shown in Figure 3-11.

N, Inlet Exhaust
—» )—Dlﬂi—bﬂ—h

|_.l

Sample Cell

Vessel

Figure 3-11. Scheme of the homebuilt pressure rise instrument used in this work to determine the
permeability of macroporous polymer samples. Reproduced from Manley et al.*

First, the sample is introduced in the sample cell. Once the chamber is sealed, both the sample
cell and a vessel of known volume are kept at low pressure (ca. 10 Pa) with the help of a
vacuum pump. Meanwhile, the pressure at the other side of the sample is kept constant (e.g. 0.4
bar, N, inlet). It should be noted that the gas used in all experiments was pure nitrogen (free of
oxygen and water vapour). When low pressure is attained, the valve between the sample cell
and the N inlet is opened and therefore the gas permeates through the porous sample from the
high to the low pressure side (vessel). The gas that permeates thorough the sample is collected
in the vessel and accordingly the pressure gradually increases. It should be noted, that during

gas permeation, pressure at the high pressure side is kept constant (N, inlet).

The rate of pressure rise at the low pressure side is recorded to determine the viscous

permeability (k ) of the samples, as governed by Darcy’s law. The permeability coefficient (K )

can be defined as follows:***

K:szzL:V(dpz/dt)L:kp“ﬂKo [8RT 3-10
ApA A 7 3 M

where Q, is the volumetric flow rate at the outlet (low pressure side), p, is pressure on the
outlet side of the sample, L is the sample length, A is the sample cross-sectional area, Ap is
the pressure difference across the sample, V is the fixed (known) volume of the vessel that

collects the gas that permeates through the porous material, dp, /dt is the rate of pressure rise,
p, is the pressure on the inlet high pressure side of the sample, 4 the gas viscosity, p, is the
mean pressure ( p,/2 as p, is near 0), K, is the Knudsen permeability coefficient, R is the gas

constant, T is the temperature and M is the molar mass of nitrogen.
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In order to make the calculations, p, is plotted vs. t. The relation is linear, thus the slope
dp, /dt is constant. Generally, dp, /dt is recorded for 4 or 5 different values of initial p,. The
range of p, (e.g. from 0.4 to 1.4 bars measuring in intervals of 0.2 bars) depends on porous
structure of each sample, so that the higher permeability, the lower p, that should be fixed.
Knowing dp, /dt, the permeability coefficient (K ) can be calculated as V, L, p, and A are

known. Finally, permeability (k) can be obtained from the linear relationship of K vs. p,
with k slope and ﬂK0 /ﬁ intercept.
y7 3 M

In order to obtain relevant statistical data, measurements were performed on 2 different
polyHIPE samples measured from both sides. Determinations were repeated three times per
each sample side. The permeability SI units are m®. However, the most often used unit is the
Darcy (D), with an equivalence of 1 D = 10" m%
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RESULTS AND DISCUSSION

4.1 PREPARATION, CHARACTERIZATION AND
FUNCTIONALIZATION OF NANOPARTICLES

This section includes a complete description of both iron oxide and titanium dioxide
nanoparticles that will be used in next chapters, either as simple fillers in macroporous polymers
(section 4.1) or as emulsifiers to stabilize high internal phase emulsions (sections 4.3 and 4.4).

4.1.1 Iron Oxide Nanoparticles

Three kinds of iron oxide nanoparticles with different average sizes and distinct content of oleic
acid attached to their surfaces have been used throughout this work. The main characteristics of
these nanoparticles are summarized in Table 4-1. Samples of nanoparticles are abbreviated

hereafter as NPy, where X is the average size of the nanoparticles:

» NP3 nanoparticles prepared by coprecipitation of iron salts in a water-in-oil
microemulsion.”® The microemulsion provides a confinement that limits particle
nucleation and growth.

> NPg: nanoparticles prepared by coprecipitation of iron salts in aqueous medium.?

»  NPa3,: nanoparticles acquired from Sigma-Aldrich. To avoid any confusion while
reading the text, as-received commercial NP3, will be denoted as CNPs;, while NP3,

will always refer to oleic-acid surface modified nanoparticles.

Table 4-1. Main characteristics of the iron oxide nanoparticles used in this work. Crystalline phase was
determined by X-ray diffraction. Average particle size was calculated by direct counting from TEM
images. Surface area was calculated from N, adsorption isotherms applying the BET theory. Oleic acid
content was obtained from TGA curves. Oleic acid surface adsorption was calculated using the oleic acid
content on nanoparticles, the nanoparticles surface area and the iron oxide density (see text).

. Average Oleicacid  Oleic acid surface
Crystalline . - Surface area .
Sample hase particle size (m?/g) content adsorption
P (hm) g (Wt%) (molecules/nm?)
Maghemite/
NP3 Magnetite 3 Not measured 45 5.9
NPg Magnetite 8 Not measured 124 +16 25
CNP3, Magnetite 32 48+1 0 0
NP3, Magnetite 32 Not measured 42+0.2 2.1
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Transmission electron microscopy (TEM) images of both NP3 and NPg nanoparticles are shown
in Figure 4-1 (a) and (b), respectively, while the SEM image of as-received CNPs; is shown in
Figure 4-1(c). In all cases, the nanoparticles are almost spherical. However, they had rather
distinct sizes, since the size of NP; and NPg were between 1-4 and 5-12 nm, with dominant
populations at 2 and 8 nm, respectively, whereas the size of CNP3, was in the range 10-70 nm,
with an average size of 32 nm (see inset graphs in Figure 4-1). The average sizes (x) were
calculated as follows:

P (%)- D,
XzZ (%) D 4-1
100

where P (%) is the frequency of each nanoparticle population with a characteristic diameter
(D).
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Figure 4-1. TEM images for (a) NP3 and (b) NPgand (c) SEM picture for commercial (CNP3,) iron oxide
nanoparticles, respectively. The inset graphs show the particle size distributions for the corresponding
samples.
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Because of the small size of NP3, X-ray diffraction (XRD) peaks were very broad, making it
difficult to differentiate between maghemite (Fe,Os) or magnetite (Fe;O,) iron oxide phases.**
On the other hand, XRD peaks for NPg could be indexed as the face-centered magnetite (Fes0,)
phase (JCPDS 19-629).% The crystalline size for NP; and NPg was estimated to be 2.8 and 7.3
nm, using the Scherrer equation.” This is in fair agreement with the TEM observations, which
points to single-domain crystalline nanoparticles (Table 4-1). CNP3;, nanoparticles were also
assigned to the same magnetite phase (Fe;O4) than NPs. XRD patterns corresponding to the
three kinds of nanoparticles are included as supporting information in Appendix 1 (Figure
10-1).

One of the aims of this work is to incorporate the nanoparticles in hydrophobic polymers. For
that reason, nanoparticles were surface-modified with oleic acid in order to increase their
hydrophobicity. Oleic acid is a biocompatible monosaturated fatty acid with low melting
temperature. For NP; and NPg the fatty acid was incorporated during the preparation step,
whereas commercial CNP3, were functionalized as described in section 3.2.1. It is important to
recall that more than one preparation batch was used in the case of NPg and several
functionalization experiments were performed on CNP3,. Despite conditions were maintained as
uniformly as possible, the amount of oleic acid on nanoparticle surfaces slightly varied for
different batches, which explains the small error presented in Table 4-1. Oleic acid content in
NP; was 45 wt%.?® Regarding NPg nanoparticles, thermogravimetric analysis (TGA) (Figure
4-2(a)) revealed that after the purifying step, the total content of oleic acid attached to the
surface of the nanoparticles was 12.4 + 1.6 wt%. Two different steps of weight loss were
detected between 100 and 260 °C, and from 260 and 450 °C. This suggests that oleic acid is

presumably attached to the particles in multilayers.?”®
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Figure 4-2. Thermogravimetric analysis for oleic acid surface-modified (a) NPg, (b) CNP3, and NP3, after
several washing cycles. Oleic acid content is indicated above each curve.
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Figure 4-2(b) shows the corresponding TGA curves for as-received CNP3, and for NP3, after
several washing cycles. After addition of oleic acid and the first washing cycle, NP3, contained
8.9 wt% of oleic acid. Similar to that observed for NPg, the TGA plot also showed two different
steps of weight loss. Probably, adsorption occurs again in multilayers. Successive washing
cycles further reduced the content of the fatty acid. NP3, after two washing cycles, showed only
one TGA step weight loss, suggesting that oleic acid molecules are arranged in a single
monolayer. In contrast with the other two nanoparticles evaluated, the content of oleic acid
attached on NP3, surface was easily modified by applying washing cycles, which could mean

that the fatty acid adsorption on NP3, was weaker than for NPg and NPs.

The surface area per molecule (&, in nm?/molecules) of the primary layer of oleic acid was
estimated for the different nanoparticles. For that purpose, the residual organic fraction
determined by TGA, the density of iron oxide (5.16 g/cm® ),**® and the average particle size

obtained from TEM images were taken into account. «, was calculated following the

equations:
S
q, = —2werage 42
na.o
P(%)-4rr?
Saverage = z— 4-3
100
where S ... IS the normalized surface area of a nanoparticle, n,, is the number of oleic acid

molecules attached to the surface of such nanoparticle, and P(%) is the frequency of each

nanoparticle population with a characteristic surface (4 r?). In order to calculate the surface
coverage two crude assumptions were assumed: first, that nanoparticles are completely

spherical, and second that nanoparticles are nonporous.

The calculated o, ranged from 0.19 (NP3) to 0.47 nm?*molecule (NP3,). The value for NP;

(0.19) is very close to the cross-sectional area observed in monolayer films with packed
straight-chain fatty acids on water (0.20-0.22 nm?*molecule).?*® This implies that NP; are
surrounded by a compact monolayer shell. At variance with NP3, the calculated surface area per
molecule in the case of NP3, was 0.47, which implies that the surface of NP3, nanoparticles is

not fully saturated with oleic acid, and therefore a dense monolayer has not been obtained.
The inverse of surface area per molecule is surface adsorption (molecule/nm?). We have used

this parameter to compare the content of oleic acid attached to each kind of nanoparticle.

Accordingly, NP5 showed the higher surface adsorption (5.9 molecules/nm?), followed by NPg
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(2.5 molecules/nm?®) and NP3, (2.1 molecules/nm?, Table 4-1). As it will be seen in sections 4.3

and 4.4, the degree of surface hydrophobicity is one the factors that most influences the ability

of nanoparticles to act as emulsion stabilizers.

Oleic acid surface-modified nanoparticles were also characterized by Fourier Transform
Infrared (FTIR) spectroscopy. Figure 4-3(a) shows the FTIR spectra of NP3. The spectra for NPg

and for NP5, nanoparticles, before and after functionalization, are plotted in Figure 4-3(b).
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Figure 4-3. FTIR spectra of oleic acid surface-modified (a) NP5, (b) NPg and NP3, after two washing
cycles. The oleic acid content was 45, 12.4 and 4.4 wt%, respectively. In (b), the spectra corresponding to
as-received CNP3, and to NP3, after one washing cycle (8.9 wt% oleic acid), were also included as a
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Three intense and characteristic peaks at 2924 (vs. (CHy)), 2853 (v, (CH3)) and 2956 (v, (CHy))
cm™ are assigned to C-H stretching, indicating the presence of oleic acid on the surface of
nanoparticles. The two peaks with higher intensity were also detected in the case of NPg and
NP3, (1 cycle of washing). For NP3, after two washing cycles (4.4 wt% oleic acid), peaks at
2924 and 2843 cm™ practically disappeared. Actually, spectra for as-received CNP3, and after
two cycles of washings were essentially the same. Although it was difficult to detect the
presence of oleic acid in this sample, this was confirmed by TGA determinations (Figure

4-2(a)). Water adsorption in as-received CNPs, was attributed to the peak at ~ 1620 cm™.

The absence of a peak at 1740 cm™ ((C=0) stretching) in the spectra for NP3 (Figure 4-3(a))
suggests that no free oleic acid was on the particles. Interestingly, such a peak splits to the broad
asymmetric v, (COOY) and to the symmetric v, (COO) bands, at 1525 and 1430 cm™,
respectively, which reveals the existence of adsorbed oleic acid as carboxylate on the particle
surfaces.?** 2% This signal was also appreciated in the NPg nanoparticles, but missing in the case
of NP, (Figure 4-3(b). It should be pointed out that when only one cycle of washing was
applied to NP3, the peak at 1740 could be assigned to free oleic acid. It is reasonable to
presume that one more cycle of washing was necessary to eliminate all the excess of oleic acid,
as demonstrated by the decline in oleic acid content from 8.9 to 4.4 wt% by TGA (Figure
4-2(a). Another characteristic peak (3006 cm™), assigned to the double bond of the oleic acid
was distinguished for NP;. Finally, a strong vibration corresponding to the Fe®*'-oxygen

stretching was observed at lower wavenumber region (= 580-600 cm™) in all samples.?*

Finally, nanoparticles were characterized with respect to their magnetic properties. At first,
magnetization versus applied field (M-H) was measured for NPg and for as-received NP3, at
300 K. The maximum magnetic field applied was 50 KOe. The plot for NPg (Figure 4-4(a), red
line) showed that these nanoparticles, as expected, were superparamagnetic, as indicated by the
lack of a hysteresis loop and coercivity (nanoparticles do not retain magnetization in the absence
of a magnetic field) and the high magnetization saturation (M) value reached. M_,
represented in emu per gram of magnetic material (12.4 wt% of the sample was oleic acid) was
58.4 emu/g. Such M, is appreciably lower than that for theoretical M, value for bulk
magnetite (90-100 emu/g).**" Reduction of total magnetization partially arises from reduction of
particle size, which increases surface spin disorder.™** Despite the fact that the non-magnetic
contribution from the coating organic layer has been subtracted, it is also known that the
coordination by non-magnetic layers of polymers or organic molecules with the iron cations

might attenuate the net charge on particle surfaces.””® **° Therefore, apart from the major
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reduction caused by the small size of NPg nanoparticles, the capping agent (oleic acid) can also

has an effect on the M| value.
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Figure 4-4. (a) Magnetization (M) vs. applied magnetic field at 300 K and (b) field-cooled (FC) and zero
field-cooled (ZFC) curves measured at 50 Oe for NPg and CNP3, nanoparticles. The inset in (a) shows the
same results on a larger scale; a hysteresis can be observed in the case of non-superparamagnetic CNP3,.

Coercive field, remanence and blocking temperature are denoted as H, My and T, respectively.

On the other hand, the M, for CNP5, was 76.2 emu/g (Figure 4-4(a), black line), which was

higher than for NPg because of its larger size. Moreover, in the case of CNPs,, a hysteresis loop

was observed in the M-H curves (coercive field (H ) and remanence (M ¢ ) were 0.08 kOe and

8.7 emu/g, respectively). The hysteresis is clearly seen in the corresponding inset graph.
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To detect the transition to the superparamagnetic state, we measured the field-cooled (FC) and
the zero field-cooled (ZFC) magnetization versus temperature at a field of H = 50 Oe (Figure
4-4(b)). Confirming the results obtained in M-H plots, no blocking temperature (T, ) could be
detected for CNP3; (black line), which demonstrates that CNP3, do not show superparamagnetic
behaviour at room temperature. As seen above, the coercitivity for CNP3, opened up below the
blocking transition. On the contrary, a maximum in the ZFC magnetization was observed at 230
K for NPg nanoparticles (Figure 4-4, red line), which could be attributed to the presence of a
Ts 2% As mentioned in the Introduction (1.2.2.4), one of the properties of single-domain
superparamagnetic nanoscopic iron oxide particles is its dependency on temperature.”®! FC and

ZFC curves fell on top each other and are reversible, with irreversibility setting the T,. Such a
temperature separates the blocking state (below T,) from the nanoparticle superparamagnetic
state (above T, ), where thermal energy induces rapid fluctuations of the magnetic moments. It

is hence evident that the different magnetic behaviours of NPg and CNP5, are associated with

their different particle sizes. M, and T, are summarized in Table 4-2.

Table 4-2. Magnetization saturation (M ) at 300 K and blocking temperature (T ) at 50 Oe for NPg and
for CNP3, nanoparticles.

M T,
Sample s .
(emu/ g magnetite) (K)
NPy 58.4 230
CNP3, 76.2 >300

4.1.2 Titanium Dioxide Nanoparticles

Titanium dioxide nanopowders were synthesized via mechanochemical solid-state reaction. It is
well known from the literature, that metal salts (e.g. FeCls?*? Na,Cr,0,) can undergo
reactions with hydroxides or carbonates in low temperature ball-milling reactions, leading to
nanocrystalline powders.** More recently, the same approach has been followed in the
synthesis of TiO, nanoparticles, starting from a mixture of a Lewis acid (TiOSO,4, metallic salt)

and a base. &

. Generally, these mechanochemically activated reactions produce low
crystalline oxides immersed in a water soluble salt by-product which is later removed by means

of a simple washing procedure.'*
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As detailed in the experimental section 3.2.2, titanyl sulphate (TiOSO,) was used as titanium
precursor, and Na,COz; and NaOH were the bases selected. Figure 4-5 shows the XRD patterns
of mixtures, initially formed by TiOSO, and Na,COs, processed at different ball-milling times
(from 15 to 60 minutes). In all experiments, both the initial mass (6 g) introduced in the
planetary ball-mill containers (45 cm®) and the ball-to-powder ratio (13) were kept constant.
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Figure 4-5. XRD patterns of TiOSO, - Na,CO3; powder mixtures milled at different times. The ball-to-
powder ratio was 13:1. The curve for the sample milled at 60 min and then washed is also included. The
arrow indicates a peak possibly ascribed to a ZrO, impurity.

As seen in the figure, after 30 min of mechanochemical treatment, the diffractions signals
corresponding to the titanium dioxide precursor (peaks at 17.4 and 21.4°) have almost
completely disappeared, indicating that the chemical reaction occurred in a steady-state
manner.**" This was also confirmed by the absence of peaks attributed to the Na,CO; salt in the

XRD curve at 30 minutes.

Due to the chemical reaction between TiOSO,and Na,CO3; compounds, Na,SO, was formed and
peaks assigned to this salt could be observed from the early stages of the process. Longer
processing times (30-45 min) produced NaSO, with enhanced crystallinity. As a result, the
width of the peaks became narrower and the intensity was higher, indicating a growth of the

crystal (or grain) size. This is obvious if curves at 30 and 45 min are compared. On the other
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hand, XRD pattern for even longer mill processing times (60 min), ultimately led to a new
decrease in the intensity of such peaks, which became again broader. This means that excessive
milling time can microstructurally reduce the crystal size of the Na,SO, salt. It is well known
that both grain size and crystallinity are influenced by the mechanochemical reaction conditions,

such as milling time or size of the milling-balls.?*®

Apart from that, no peaks corresponding to
any TiO, phase were detected, suggesting that although the reaction has occurred, the TiO, had
and amorphous structure. This result is in agreement with that reported by Billik et al.**¥, who

indicated that activation conditions prevent the crystallization of TiO,.

Therefore, the peaks observed at 60 min of ball-milling were mainly attributed to Na,SO;, salt,
which is a by-product of the reaction. This salt could be removed by washing with water. The
XRD spectrum of the resulting material is shown at the bottom in Figure 4-5. A small peak at
30.5° was detected on each occasion (see black arrow in Figure 4-5), which most likely comes
from a ZrO, impurity from the milling media. It should be remembered that both, container and

milling-balls were made of ZrO.,.

As a conclusion, it has been demonstrated that the reaction can be described as follows:

TiOSQ, -2H,0 + Na,CO, —» TiO, + Na,SO, +2H,0+CO,

Afterwards, aiming at reducing milling times, we decided to change Na,CO; for a stronger base,
i.e. NaOH. The first experiment resulted in an abrupt increase of temperature of the container
walls after few minutes of ball-milling, because the reaction was highly exothermic. It was also
observed that sample fractions remained adhered to the ceramic walls during ball-milling. This
could influence the nanostructure formation.®* In order to reduce this adhesion, a diluent
(Na,SO,4) was added in the initial powder mixture. On one hand diluents can adsorb the collision
and heat energies generated during the milling, and simultaneously reduce the collision-rate by
increasing the distance between reactants.** Furthermore, diluents are generally included with

the aim of reducing the effective particle volume fraction, thus hindering hard aggregation.”®

The reaction could proceed as follows:

TiOSO, - 2H,0 + 2 NaOH + Na,SO, — TiO, +2Na,SO, +3H,0

Interestingly, reaction was found to be almost completed after only 15 min of milling (Figure

4-6, curve on top) since peaks corresponding to initial precursors were not observed. This was
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attributed to the strong solid-state acid-base interaction. From the figure it can be seen that after
the washing step, the peak attributed to the ZrO, impurity was also present (=30.5°).
Surprisingly, a peak (=25.3°), that could be assigned to the crystalline anatase TiO, phase, was
also observed in the XRD pattern. Despite being a broad signal with rather low diffraction
intensity, it should be remarked that this has not been reported by other authors studying
formation of TiO, under mechanochemical processing.”® %' In these works, TiO, nanoparticles
made from mechanochemical-activated solid-state displacement reactions were amorphous,

containing occasionally a small fraction of rutile crystalline phase.'*
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Figure 4-6. Comparison of XRD patterns of the system containing the precursor TiOSO, and the salt
NaOH for different ball-milling times (5 and 15 min). The system also contains Na,SO, as a diluent. The
arrow indicates the peak possibly ascribed to a ZrO, impurity.

Since it was demonstrated that the reaction had finished after 15 min of milling, the reaction
was shortened to 5 min. The XRD (not shown here) profile of the as-milled mixture was exactly
the same to that shown in Figure 4-6(up), indicating that 5 min milling were enough to complete
the very fast reaction. After washing the sample with water, the corresponding XRD pattern (see
curve at the bottom in Figure 4-6) did not show any anatase peak, revealing that the TiO, is
amorphous. Furthermore, the sample was found to be free of impurities. As seen in the figure,

the XRD curve is absolutely flat. All further studies will be based on this system.
Since the TiO, obtained so far is amorphous and thus without photocatalytic resulting

properties, a calcination treatment was required to obtain the photocatalytic anatase phase. As-

milled TiOSQ, -2H,0 +2NaOH + Na,SO, powder mixture was calcined at temperatures
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ranging from 300 to 700 °C, and subsequently washed. The XRD patterns, displayed in Figure
4-7, show the influence of the treatment temperature on the crystallographic composition of the
powders. As clearly seen, a progressive TiO, crystallization, producing anatase, starts at
approximately 400 °C. When the annealing temperature was further increased, an increment in
the diffraction intensity as well as a decrease of the anatase peaks width is observed. This
indicates a higher degree of crystallization and larger grains sizes, as it will be described below.
From the curves, it is also evident that the main peak corresponding to the rutile phase (27.5°,
assigned to the 110 lattice plain) is observed at temperatures beyond 650 °C. Such
crystallographic phase sequence has been widely studied in the last three decades and is well
known that both anatase and brookite phases, irreversibly transforms to rutile at ca. 600 °C.**
Even though rutile is, under ambient temperature and pressure conditions, the
thermodynamically TiO, stable phase, anatase and brookite polymorphs can also be

thermodynamically stable for sufficiently smaller particle sizes.'** 2
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Figure 4-7. X-ray diffraction patterns of the as-milled and subsequent washed TiO, + 2Na,SO, + 3H,0
powder mixture, before and after calcination at different temperatures.

The anatase crystallite or grain size presents in each sample was estimated from the XRD peak

broadening using the Scherrer equation (eq. 3-2, page 66). The values ranged from 6 nm for the
powder calcined at 400 °C to 20 nm for the sample treated at 700°C (Table 4-3).
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Table 4-3. Influence of calcination temperature on the phase composition and particle size of the TiO,
nanopowders obtained by mechanochemical processing. Crystalline size was determined using the
Scherrer equation. Particle diameter was estimated from TEM images. Surface area was derived from the
N, adsorption isotherms applying the BET theory. BET particle diameter was calculated from the BET
surface area considering spherical monodisperse particles.

sample Phase Crystflr:::]r;e size Particl(er:1 gni;ﬂmeter Sur(friczjzg?rea d?aErIeltDea:'rE:::rlr?)
As-milled Amorphous - 2-4 298 5
400°C Anatase 6 6-11 170 9
500 °C Anatase 10 Not measured 121 13
600 °C Anatase 13 8-15 78 20
700°C Anatase/Rutile 20 Not measured 35 44

TEM observations were performed to investigate the nanostructure of the as-synthesized

powders. Figure 4-8 shows two representative images of the as-milled TiO, sample.

Figure 4-8. TEM images at different magnification of the TiO, as-milled powder after washing.

The powder consisted of aggregates 50-500 nm in size, which were actually formed by
crystallites 2-4 nm in size. As discussed above, the TiO, was amorphous before heat treatment,
so that no diffraction peaks were appreciated in the XRD pattern. It should be remarked that in
mechanochemical solid-state processes, very fast reactions take place since the nanometer

crystallite sizes increases the reaction kinetics.?*

The reason of the large aggregates formed during ball-milling can be due to several factors:

first, the diluent weight fraction (65 % of Na,SQ,) in the final mixture may not have been high

d.146

enough to prevent TiO, crystallites to be interconnecte second, the high thermal energy
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generated by the reaction can also be responsible for the formation of such aggregates.*’
Logically, both factors are strongly linked, because a higher diluent fraction incorporated
implies a reduction of the temperature in the system while reaction is taking place.

TEM images of the calcined (600 °C) and subsequently washed TiO, powder is shown in Figure
4-9. These TiO, nanoparticles are also aggregated. However, individual nanoparticles with
irregular shapes can easily be distinguished. As clearly observed, particles are in contact with
each other and in some cases are sharing faces (black arrows in Figure 4-9(a)), but it seems that
nanoparticles are not fused and they maintain their individuality. If pictures in Figure 4-8 and
Figure 4-9 are compared it is obvious that crystals have grown during the heat treatment. The
crystal size of the nanopowders before calcination was around 2-4 nm (Table 4-3), and it
increased up to 8-15 nm after calcination at 600 °C. The values extracted from TEM images are
in general in fairly agreement with those calculated from the XRD peaks broadening,

corroborating that nanoparticles are monocrystalline.

Figure 4-9. TEM images of the as-milled TiO, powder after calcination at 600 °C and following washing.
Black arrows indicate particles sharing faces.

Figure 4-10 contains the nitrogen adsorption-desorption isotherms for the TiO, powders, before
and after calcination at different temperatures. All isotherms show essentially the same
behaviour, with the only difference of the amount of adsorbed gas. The higher calcination
temperature, the lower amount of adsorbed gas. The isotherms belong to the type Il, with no
hysteresis at low pressures, which is characteristic of non-porous materials.?®® However, the
isotherms presented a hysteresis loop at high pressures, which resembles a type H3.%*° Such
hysteresis is ascribed to aggregates (loose assemblies) of plate-like particles leading to slit-
shape pores. Generally such loops do not flatten at high p/p,.2** The final adsorbed volume at
high relative pressures is attributed to capillary condensation in voids between grains. With
regards to the morphology of the nanoparticles, is difficult to assess whether they posses a plate-
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like shape just by a closer look to their nanostructure in the TEM images. However, it is rather

common to obtain such morphologies in nanoparticles synthesized by mechanochemical
262, 263

processing.
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Figure 4-10. Nitrogen adsorption/desorption isotherms for the TiO, nanopowders before and after
calcination at 400 and 700 °C. The inset includes an example of a BET plot of the sample without
calcination for relative pressures up to 0.20. This plot allowed calculating a surface area of 298 m?/g.

Based on the TEM observations, one could expect that aggregation could reduce the exposed
surface area of the nanoparticles. However, the surface area values determined by the BET
theory were considerably high (Table 4-3). As clearly seen, the surface area shows a strong
dependence on calcination temperature. The higher calcination temperature, the lower surface

area. This can be explained by the growth of the crystals.

Taken the BET surface area values, we calculate the theoretical nanoparticle diameter
corresponding to spherical particles. This theoretical size was similar to that observed by TEM.
While the BET surface area for the as-milled sample was ca. 300 m*g, corresponding to a BET
particle size of 5 nm, the crystallite size determined from the TEM images was in the range of
2-4 nm (Table 4-3). Since particles were partially agglomerated, the BET area is therefore
slightly lower than it would correspond to well-dispersed and isolated nanoparticles.

Nevertheless, the high surface area suggests that there is still a certain extent of nanoparticles
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surface that is accessible to the nitrogen gas. The same trend was observed for the calcined
samples with anatase as the only phase. It should be noted that there is a difference between the
particle size observed by TEM and that calculated from the BET surface area, for the sample
calcined at 700 °C (Table 4-3). This discrepancy could be attributed to the fact that the sample
contained larger rutile grains, which can be the responsible for giving lower surfaces areas (35
m?/g).

In conclusion, the results indicate that the nanoparticles are crystalline and non-porous and that

the total surface area is related to the external area of the nanocrystals.

4.1.2.1 Photocatalytic activity

Titanium dioxide is a semiconductor photocatalyst able to initiate the formation of surface

radicals under near UV wavelengths®®

(its band gap energy is around 3.2 eV). In this section,
the colour-fading of methylene blue (MB), as a model molecule, was monitored in order to
evaluate the photocatalytic activity of the nanopowders synthesized by mechanical processing
and subsequent calcination. However, MB adsorption on nanoparticles also may contribute to
reduce its concentration. Therefore, prior to evaluate the photocatalytic efficiency, we quantified
the amount of dye that nanoparticles can adsorb in the absence of UV radiation (see Table 4-4).
In this experiment, the TiO, nanoparticles, calcined at temperatures ranging from 400 to 700 °C,
were dispersed in an aqueous solution containing 35 ppm MB with the aid of an ultrasonic bath,
which partially disrupted particle aggregates. Concentration of TiO, was 1g/L in all cases. After
one hour of mechanical agitation, the nanoparticles were separated by centrifugation and the

concentration of MB in the supernatant was measured using UV spectroscopy.

Table 4-4. Effect of calcination temperature on the efficiency of titanium dioxide (TiO,) nanoparticles to
adsorb and to degradate methylene blue dye (MB) by a photocatalytic reaction under UV radiation. The
concentration of TiO, and MB were 1 g/L and 35 ppm, respectively.

Sample Adsorption % Initial adsorption  Reaction constant
(calcination T)  (mg dye/mg TiO,) (Wt%) (min-Y)

400°C 0.020 56.0 0.0018

500°C 0.018 48.7 0.0103

600 °C 0.011 30.2 0.0244

700 °C 0.006 153 0.0170
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The % initial adsorption, calculated as the weight fraction of adsorbed methylene blue on TiO,
nanoparticles with respect to the initial concentration of MB dye in solution, dropped from 56 to
15.3 wt% when calcination temperature was increased from 400 to 700 °C, respectively (Table
4-4). Such values are particularly high, being the adsorption greater than 50 wt% for the sample
calcined at 400 °C. Although the extent of adsorption is frequently omitted, it needs to be taken
in consideration because adsorption is not negligible respect to degradation. This high
adsorption seems to be related to the high surface areas that nanoparticles possess, as surface
area also decreases when increasing calcination temperature (Table 4-3). Another important
parameter that can influence adsorption capacity is the hydrophilicity of TiO, surfaces. The
hydrophilic properties of TiO, surface can be assessed by FTIR spectra, as shown in Figure
4-11.
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Figure 4-11. FTIR spectra of the as-milled TiO, samples before and after calcination at different
temperatures. For clarity, the transmittance (in arbitrary units) has been multiplied by arbitrary factors.

The curves strongly indicate the presence of hydroxyl groups, especially for samples treated at
lower temperatures. While the band at 1637 cm™ corresponds to O-H bending modes of water
molecules, the broad-band peak at 3200-3500 cm™ is attributed to the O-H stretching of
physisorbed water. It has been recognized that surface hydroxyl groups play an important role in
the efficiency of the photocatalysts.”®. Therefore, the reduction of dye adsorption can be
associated to the reduction of both surface area and pore volume between aggregates and also to

the loss of hydroxyl groups as a consequence of the increase of calcination temperature.

Figure 4-12 shows the evolution curves of photocatalytic degradation of MB on various TiO,

calcined samples at different temperatures. As detailed in the experimental section, the solution
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was kept under mechanical stirring and was continuously irradiated with a UV lamp of

maximum emission wavelength of 360 nm.
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Figure 4-12. Methylene blue (MB) degradation (25 °C) under UV radiation as a function of time, for
samples containing 1g/L of TiO, calcined at different temperatures. The initial MB concentration was 35
ppm. The dispersion was stirred in a hot plate at 1100 r.p.m.

Methylene blue degradation is expressed with respect to the initial MB concentration in
solution, so that the quantity adsorbed onto the nanoparticles has been already subtracted. It
should be mentioned that prior to that, we conducted a blank without TiO, nanoparticles. In this
experiment, it was confirmed that MB was not oxidized in the absence of photocatalyst. As
clearly seen from the Figure 4-12, the higher response to UV was reached with the sample
calcined at 600 °C. It should be pointed out that just after 5 min of reaction, a 30 % of the MB
had been degradated and more than 90 % was eliminated at the end of the reaction (120 min).
Such values were significantly much higher than the values reached for the sample calcined at
400 °C, which was the sample with lowest activity (4 and 63% degradation at 5 and 120 min,
respectively). Even though the final concentration of MB in the case of nanoparticles treated at
400 and 500 °C was nearly the same, the degradation ratio was faster for the latter, as deduced

from the slope in the first region of the graph.

Since it was demonstrated that the surface area of the nanoparticles dropped upon increasing
calcination temperature, one could expect a reduction of the photocatalytic activity if this would
be the only parameter playing a role in the activity of the TiO, photocatalyst. Nevertheless, it is

well known that a higher degree of crystallinity enhances the efficiency of the photocatalytic
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reactions.™® 2 Photogenerated electron-hole pairs can recombine in trapping sites before being
transferred from TiO, to methylene blue molecules. For a given material, the higher

24 Almost certainly, this is the

crystallinity, the lower trapped sites within the crystal lattice.
reason for the highest activity of the sample calcined at 600 °C, which possesses a mean

crystallite size of 13 nm, determined by XRD peak broadening, and a surface area of 78 m?/g.

However, a decrease in catalytic activity was observed from 600 °C to 700 °C. As observed in
the XRD patterns (Figure 4-7), rutile phase appeared at calcination temperatures of ca. 650 °C.
This phase, less active than anatase, is present in the sample calcined at 700 °C, as expected.
This may be responsible for the lower activity of this sample, compared to that reached for the

sample calcined at 600°C, even though rutile phase was in very minor proportion.

With regards to the samples calcined at lower temperatures, it must be underlined that for
sufficiently small particles, recombination of electron-hole pairs becomes the predominant
effect, which can also have an influence in the lower photocatalytic efficiency showed by these
two samples. In one hand, nanoparticles have high surface areas (170 m?g for the TiO, calcined
at 400 °C), but on the other hand, its crystallinity is rather low.

In the present case, the methylene blue degradation was considered to follow a first order

C
In| — |=—kt -
(COJ o

where C, is the initial concentration, C is the concentration as a function of time (t), and k

kinetics, following the equation: 2> %7

(min) is the reaction constant. The k for the samples calcined at different temperatures, was
calculated from the slope in the In(Cy/C) vs. time plots, as shown in Figure 4-13(a). It is evident
that the highest catalytic efficiency corresponds to the sample calcined at 600 °C, though the
MB degradation rate for this sample slightly deviated from the model. This indicates that it may
not follow a first order reaction. The correlation coefficients were, however, acceptable in the

other cases. For better comparison, reaction constants (k ) are plotted in Figure 4-13(b).
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Figure 4-13. (a) First-order kinetics of methylene blue degradation using TiO, nanoparticles calcined at
different temperatures. The reaction constants (k (min™)) plotted in (b) were obtained from the slopes of

the curves shown in (a).

Noticeably, the rate constant (k ) of the sample calcined at 600 °C is 3.5 times higher than that
showed for the sample calcined at 400 °C. As mentioned above, further calcination at higher

temperatures (700 °C) reduced the photocatalytic activity of the nanoparticles.
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4.2 INCORPORATION OF IRON OXIDE PARTICLES IN
POLY(STYRENE-DIVINYLBENZENE) MATERIALS

As mentioned in the Introduction (section 1.3.2), the use of highly concentrated emulsions (also
denoted high internal phase emulsions, HIPES) as templates, has been shown to be an effective

route for the preparation of macroporous polymers (referred as polyHIPEs)."®

Over the past two
decades, the research has been mainly focused on controlling the open-cell structure of such
materials and providing them with new chemical surface functionalities. More recently, several

d" or palladium®®

reports have proposed the integration of metal nanostructures (such as gol
nanoparticles) in already formed polyHIPEs. Following a different approach, inorganic oxide
nanoparticles were successfully incorporated into the polymer walls of polyHIPES, by taking
advantage of the ability of nanoparticles to stabilize emulsions.’*> 2 2% However, little
attention has been paid to the control of the dispersion of nanoparticles in the polymeric
hosts.?® 1t is well known that dispersion of nanoparticles in polymer matrices has proven
difficulty, often resulting in phase separation or particle-clustering. Hence, particles are
generally surface-modified with ligands, which markedly influence particle arrangement within

polymer matrices.?®

229, 270-274 275-277

Even though polymeric particles and colloidosomes with magnetic behaviour have
deserved increasing attention, little work has been done concerning magnetic macroporous
polymeric materials.”®" 2® 2" In this chapter, surface-modified iron oxide nanoparticles have
been incorporated in poly(styrene-divinylbenzene) based materials. The schematic

representation in Figure 4-14 illustrates the three different steps adopted for this purpose.

4.2.1 Bulk Polymerization

In a first preliminary step (point 1 in Figure 4-14), non-porous free-standing nanocomposites
were synthesized to evaluate the degree of particle dispersability of two different oleic acid
surface-modified iron oxide nanoparticles (NP; and NPg, section 4.1.1) in polymeric materials.
At first, proof-of-concept experiments were carried out with the aim of selecting a desired oil
soluble initiator for the conventional free-radical polymerization of the monomers. For this
purpose, either o,a’-azoisobutyronitrile (AIBN) or 2,2°-Azobis-(2,4-dimethyl) valeronitrile
(ADVN, used in low temperature polymerizations) were solubilised into the monomer mixture
(styrene:divinylbenzene ratio of 4:1 by weight) and then placed into a bath at 60 or 40 °C,
respectively, for 24 hours. Thermal decomposition to two free radicals per initiator molecule is

strictly controlled by temperature.
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PRELIMINARY EXPERIMENTS
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Figure 4-14. Scheme of the three steps developed in this chapter for the synthesis of nanocomposites by
incorporating oleic acid surface-modified nanoparticles in poly(styrene-divinylbenzene) based materials.
Interparticle spacing (d) is indicated in 1.
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While transparent polymers were obtained when ADVN was used, rather turbid materials were
observed for AIBN-initiated polymerization. Therefore, ADVN was chosen to initiate the bulk

polymerization reactions.

Later on, NP3 and NPg were dispersed in the monomer mixture at different concentrations, and
then polymerized at 40 °C during 24 hours. The appearance of monoliths containing 0.6 and 3.1
wt% NP; is shown in Figure 4-15. The optical homogeneity of the sample with lower NP,
concentration indicates the absence of macrophase separation. Furthermore, it also demonstrates
the good dispersability of the nanoparticles. It should be mentioned that acrylic acid was added
into the initial nanoparticle suspension (nanoparticles -acrylic acid ratio 3:1 by weight) to
enhance the polymer-particle compatibility. Samples with no acrylic acid appeared opaque and
turbid due to macroscopic phase separation. Apart from iron oxide nanoparticles, gold and silver
nanoparticles have been also included in polystyrene-based non-porous materials using similar
approaches. Some of the results obtained are included as supporting information in the
Appendix (Figure 10-2 and Figure 10-3).

Figure 4-15. Polystyrene-divinylbenzene non-porous monoliths containing 0.6 and 3.1 wt% of NPs.
Acrylic acid was added to increase the polymer NPs-compatibility (ratio NPs-acrylic acid 3:1 by weight).
Optical homogeneity of the sample with 0.6 wt% NP5 indicates absence of macrophase separation.

A comparative analysis of samples with 16, 29 and 46 wt% NP; (determined by TGA) was
carried out by TEM (Figure 4-16). Samples were previously sliced to the same thickness (ca. 60
nm) using an ultramicrotome. As seen in these images, the organic polymer is transparent to the
electron beam and particles can be easily distinguished. When NP5 content was relatively low
(Figure 4-16(a)), well-dispersed and homogeneously distributed nanoparticles with low extent
of aggregation were observed. It is clear that in the present case, the oleic acid in combination

with acrylic acid allowed preventing nanoparticle aggregation.
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Figure 4-16. Representative transmission electron microscopy images of non-porous nanocomposites
with (a) 16 wt%, (b) 29 wt% and (c) 46 wt% NP3 nanoparticles.

Further increase of NPs; concentration (29 wt%, Figure 4-16(b)) gave raise to partial
aggregation, and a certain degree of clustering forming segregated domains was observed in the
entire sample examined. However, it is reasonable to think that oleic acid can act as a physical
spacer that prevents sticking of the particles.”® In this context, it has been described that despite
the fact that nanoparticles may physically touch each other, there is still no exchange coupling

between them.?*

As a result of the arrangement adopted by NP5 at high nanoparticle concentration, a correlation
peak appeared in the small angle X-ray scattering (SAXS) intensity profile for the sample with
29 wt% NP3 (red curve in Figure 4-17). Such sample led to a correlation distance of 5.6 nm.
When nanoparticle concentration was increased to 49 wt%, the distance slightly decreased to
5.0 nm, on account of reduction of interparticle distance.

110



RESULTS AND DISCUSSION

/'.\ /
-) 5.0nm 49 Wt%
<
>,
=
(7]
c
o
.
£
29 Wt%
L 0 wt% 9 wtdh

005 010 015 020 025  0.30
-1
q (A7)
Figure 4-17. Small X-ray scattering (SAXS) spectra for the non-porous nanocomposites, containing

distinct NP5 concentrations. Correlation peaks associated with interparticle distances are indicated next to
the SAXS intensity curves.

Non-porous nanocomposites were also prepared by integration of larger nanoparticles (NPg). It
should be remarked here, that materials with NPg concentration higher than 25 wt% could not be
prepared as they become very soft and fragile. Figure 4-18 shows TEM images for the
nanocomposites containing (a) 10 and (b) 25 wt% NPg. In contrast with the nanocomposites
containing NP3, a homogeneous (random) distribution was observed, with no evidence of micro-
segregation. As a consequence, the SAXS results did not show correlation peaks within the
experimental g-range for materials containing NPg (Figure 4-18(c)). Nevertheless, the
possibility that a correlation peak may appear at q values beyond the range of the instrument
cannot be ruled out.

The exact reason of cluster formation (Figure 4-16(b,c)) in systems containing NP3 is not clear.
However, weak van der Waals interaction forces may influence such segregation more strongly
in the case of smaller and less polydisperse nanoparticles. A major requirement in polymer
composites is that the protective nanoparticle coating layer and the polymer should be
chemically compatible. In the present work, particle stability is controlled by adsorption of oleic
acid on particle surfaces. Generally in the literature, interparticle distance is commonly
modulated by either manipulation of the coating layer of self-assembly nanoparticles®®” or by

using entities (such as dendrimers)®

that space and regulate the spacing between nanoparticles.
Furthermore, selective dispersion can be achieved by using diblock copolymers; nanoparticles
can present high affinity to one specific domain leading to selective dispersion.?®* ** Other
methods found in the literature are based on functionalization of both parts with complementary
recognition units, providing efficient specificity.”® In all of them lowering the nanoparticle size

dispersity is considered to be of paramount importance.
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Figure 4-18. Transmission electron microscopy images of non-porous nanocomposites containing (a) 10
wt% and (b) 25 wt% NPg; (c) SAXS spectra of the nanocomposites shown in (a) and (b); as a comparison
one spectra without nanoparticles is also included. No correlation peaks were observed.

4.2.2 Polymerization in the Internal Phase of O/W Diluted
Emulsions

Following the procedure described in the experimental section (3.2.8), 10 wt% NP5 (respect to
oil phase) were integrated within polymeric microparticles, via the polymerization of the
internal phase of a diluted O/W emulsion (point 2 in Figure 4-14). The emulsion was stabilized
with 1.2 wt% sodium dodecyl sulphate surfactant, and the internal phase (5 wt%) consisted of a
mixture of styrene:divinylbenzene with weight ratio of 4:1. The resulting polymer particles,
containing NP3 nanoparticles, were then dried, purified and examined by scanning electron
microscopy (Figure 4-19). The sample is composed by polydisperse microparticles with sizes
ranging from 0.5 to 7 pm, approximately. Such polydispersity arises from the method used to
prepare the precursor emulsion, i.e. ultra-turrax homogenizer. As a result of the embedment of
the magnetic particles within the polymeric matrix, the material can be attracted and dragged
using a strong magnet, as illustrated in the inset in the same figure.
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Figure 4-19. Poly(styrene-divinylbenzene) microparticles resulting from the polymerization of the
internal phase of a diluted o/w emulsion. The initial monomer weight content in the emulsion was 5 wt%
and the surfactant concentration (sodium dodecyl sulfate) was 1.2 wt% with respect to the water content.
The inset shows the particles being attracted and dragged using a strong magnet. Magnetic behaviour
comes from the presence of 10 wt% NP3 within the polymeric particles.

The arrangement of NP within the polymeric particles has been proved by TEM observations
(Figure 4-20).

Figure 4-20. TEM images of cross-sectional slices from the same polymeric microparticles.
Nanoparticles (NPs) are preferentially located at the polymer-air interfaces (a,b), but they are
homogeneously distributed inside small (below 500 um) polymer microparticles (c).
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Now, the powdered samples were first embedded in a Spurr resin and then carefully cut with an
ultramicrotome, as described in detail in the experimental part (3.2.9.1). In Figure 4-20(a,b), a
predominant pattern is clearly identified. Remarkably, rather than be dispersed in the bulk of the
particles, NP; were found to be preferentially placed near the polymer-air interfaces. Such an
arrangement is most likely due to a partial affinity of the nanoparticles for the interface. The
ability of surface-active nanoparticles to migrate spontaneously to water-oil interfaces, and
consequently stabilize emulsions is well-documented and has been extensively described since
firstly reported more than one hundred years ago.*” *® These observations raised the question if
oleic acid surface-modified iron oxide nanoparticles are able to act as emulsifiers by themselves.

This assumption will be explored in further sections.

In any case, the TEM images clearly demonstrate that nanoparticles arrange themselves forming
a thick layer around the interface. The thickness of these layers was estimated to be between 40
and 120 nm. The difference between similar particles can be attributed to the different regions
of the particles from where the cuts were made, so that the particle areas which are
approximately parallel to the cut plane may give the impression of thicker areas. Despite the
affinity for the interface, well-dispersed nanoparticles were also observed in the core of these
microparticles. Interestingly, the distribution of NP3 seems to be more homogeneous in small
polymer microparticles. This case, which is exemplified in Figure 4-20(c), confirms that the
oleic acid capping prevents aggregation and formation of nanoparticle-clustering. As in non-
porous monoliths (Figure 4-16), nanoparticle individuality was preserved.

4.2.3 Polymerization in the Continuous Phase of W/O Highly
Concentrated Emulsions prepared by the Phase Inversion
Temperature Method

The preparation of macroporous poly(styrene-divinylbenzene) materials (polyHIPES) using
highly concentrated emulsions (HIPEs) as templates, by the phase inversion temperature (PIT)
method was firstly reported by Esquena et al.'”® Resultant macroporous polymers were
characterized by possessing smaller and less polydisperse pores than others prepared from
HIPEs by conventional methods (i.e. dropwise addition). In that work, pure poly(ethylenglycol)
n-alkylether non-ionic surfactants were used. However, these pure surfactants are rather
expensive and large quantities are not commercially available. Because of the low cost and

easier scale production, alternative commercial surfactants of the same type were searched.
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4.2.3.1 Selection of surfactant system

As outlined in the introduction (section 1.2.1.3), ethoxylated nonionic surfactants change their
preferential solubility from water to oil at the hydrophilic-lipophilic balance (HLB) temperature
(also called PIT). This allows transforming an initial O/W into a W/O emulsion, by heating up
the system across this temperature.

1,18 several surfactant candidates were

Taking as a reference the work undertook by Esquena et a
initially selected (Table 4-5) aiming to reach a HLB number near 11.4. The respective HLB

numbers were determined using the equation developed by Shinoda and Kunieda,*

PIT = KO” (HLB' NO") 4-5

which relates the phase inversion temperature (PIT) to the HLB number of pure poly(ethylene
glycol) alkyl ether type surfactants. Kq; is a constant equal to 17 °C and the parameter N
indicates the degree of oil hydrophobicity. This equation relates three parameters (PIT, HLB
and N;). If two of them are known (e.g. PIT and N,;), one can calculate the value of the third
one (e.g. HLB). For a given system, the lower surfactant HLB number (i.e. more hydrophobic),
the lower PIT.

Table 4-5. Experimental PIT and calculated HLB numbers, using the eq. 4-5, for 3 different nonionic
ethoxylated surfactants. Water-tetradecane volume ratio and surfactant concentration in emulsions were
80:20 and 4 wt%, respectively.

Experimental Calculated

Surfactant System PIT (°C) HLB number

C12-14(EO)4 31.0 9.7

Ci3-15(EO)s 53.8 10.9

C13-15(EO)s > 100 Unknown
C13.15(EO)s/C13.15(EO)s = 70/30 by Wt% 63.0 11.4

In these preliminary studies, the PIT of systems with water / nonionic surfactant / tetradecane
(Noil = 7.85)* was determined, by keeping the water-oil ratio (80:20 by volume) and surfactant
concentration (4 wt%) constant. Then, surfactant HLB numbers were calculated using eq. 4-5.
For that purpose, conductometric measurements as a function of temperature were carried out in

a 50 mL reaction vessel with constant agitation (700 r.p.m), using a magnetic stirrer device. A
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clear example was given in Figure 3-3 (page 68), in which the increase in temperature induces a
three orders-of-magnitude decrease in conductivity. The region with high conductivities
corresponds to O/W emulsions, while the region with much lower conductivities, which appear
above the PIT, corresponds to W/O emulsions. As a rule, the PIT is taken as the average
between the minimum and the maximum values of conductivity. The PIT values were
calculated from both the heating and the cooling cycles. Table 4-5 contains the PIT
temperatures and the corresponding HLB numbers calculated for the surfactants Ci,.14(EO),
(Brij 30 NENA) and Cy3.15(EO)s (Synperonic A5). Due to the fact that the PIT of the system

containing Cy3.13(EO)s (Renex NENA) was higher than 100 °C, its determination was not made.

In such experiments, a W/O highly concentrated emulsion (80 vol% water) was obtained above
the PIT of the system, starting from a diluted O/W emulsion (20 vol% oil). Mechanical agitation

was required*’

because the starting point was not a one-phase region (i.e. microemulsion) in the
phase diagram.’”” Moreover, the PIT could not be determined for surfactant concentrations
lower than 4 wt%. In contrast to pure surfactants, the PIT for technical grade ethoxylated
surfactants depends on composition, such the oil-water ratio or the surfactant concentration,*® *°

due to the unequal distribution of surfactant species at the interface.*

Among several possible combinations, a surfactant mixture composed by 70 wt% Ci315(EO)s
and 30 wt% C,345(EO)s was chosen initially (Table 4-5). Such a mixture possesses an
experimental PIT equal to 63 °C and a calculated HLB value of 11.4. At this stage, the monomer
mixture of styrene and divinylbenzene (ratio 4:1 by weight) was progressively incorporated in
the continuous phase of the emulsions, since the main objective here is the obtention of
polystyrene-based macroporous polymers. One factor that should be taken into account is that
aromatic hydrocarbons have relatively higher solubilities in water. Therefore, they show values
of Ngi (13.8 for styrene) higher than the values shown by aliphatic hydrocarbons.*”® This
implies that such monomers tend to reduce the PIT, and more hydrophilic surfactant and/or the
addition of aliphatic hydrocarbons is therefore required. This is the reason by which a surfactant
mixture with an initial PIT of 63 °C was selected. According to eq. 4-5, a theoretical PIT of
around 5 °C is expected when the monomer concentration in the continuous phase of the
emulsions is 60 wt%. For higher monomer concentrations, theoretical PIT become negative and
therefore phase inversion could not be achieved. However, we need to bear in mind that systems
containing commercial surfactants are difficult to be predicted with absolute precision because

of the unequal partition of species at the interface.*

Therefore, monomer concentration in the continuous phase was progressively increased, and as

a consequence a reduction of the PIT was expected. A typical set of runs obtained by heating is
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depicted in Figure 4-21. As clearly seen, the higher monomer concentration, the lower PIT. It
should be noted that in the curves without and with 10 wt% monomers in the continuous phase
of the emulsions, a secondary peak before the sharp decrease in conductivity is observed. This
could be attributed to the presence of surfactant liquid crystalline phases at certain
temperatures.” Interestingly, when monomer concentration was 40 wt%, phase inversion
occurred at approximately the same temperature than for 30 wt% (PIT of 29.7 and 29.9 °C
respectively), and phase inversion was not observed when monomer concentration was further

increased to 50 wt%.
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Figure 4-21. Conductivity as a function of temperature in the aqueous 10° M NaCl / surfactant /
tetradecane + monomer systems. Surfactant concentration was 4 wt% (70 % Ci3.45(EO)s - 30 % Cia.
15(EQ)e) and the water/oil volume ratio was 80/20. NaCl was added to the aqueous phase to increase the
conductivity signal. Emulsions were stirred with a magnetic stirrer device at 700 r.p.m. The values
included in the legend indicate the monomer weight fraction in the oil phase of the emulsions.

Figure 4-22 shows the comparison of the experimental and theoretical (calculated) PITs
temperatures for the systems described above, containing the surfactant mixture 70% Cis.

15(EO)5— 30%C13.15(EO)e. These values are also summarized in Table 4-6.

50-s
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Figure 4-22. Calculated (PIT) and experimental PITs (P1T.), as a function of initial monomer content
(up to 50 wt%) in the oil phase of the emulsions evaluated in Figure 4-21. Experimental PITs were
calculated from the heating cycle.
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It can be seen that both, calculated and experimental PIT (determined from the heating cycle)
are in good agreement up to 30 wt% monomer content in the continuous phase of the emulsions.
Nevertheless, predicted phase inversion temperatures do not agree with PITs determined

experimentally above 30 wt% monomer.

Table 4-6. Calculated and experimental phase inversion temperatures for emulsions containing 4 wt% of
surfactant (70% Ci5.15(EO)s . 30% Ci5.15(EO)s). Experimental PITs were determined from both heating
and cooling cycles.

Monomersin -y rati Agitation SRR P () Calculated
the continuous (vol%) (rpm) PIT (°C)
phase (wt%o) 0 P Heating cycle  Cooling Cycle
10 80/20 700 49.6 49.6 50.2
30 80/20 700 29.7 29.7 30.1
40 80/20 700 29.9 29.9 20.1
50 90/10 700 45.0 7.4 10.1
50 90/10 1100 35.0 10.2 10.1

As mentioned above, phase inversion with 50 wt% of monomer in the continuous phase of the
emulsions was not achieved. It has been recognised that aromatic molecules (such as styrene)
can modify the properties of emulsions, reducing their stability due to its penetration into the

surfactant monolayers.'”

We reasoned that with the surfactant system employed, a larger
energy input might be required to achieve the desired inversion. Another alternative would be to
reduce the monomer content in the overall emulsion by changing the water-oil volume ratio

from 80/20 to 90/10, keeping the surfactant concentration constant.

Two new conductometric experiments were performed on emulsions having W/O volume ratios
of 90/10, to evaluate the influence of agitation speed (Table 4-6). Two stirring rates were used,
700 and 1100 r.p.m. Concentration of monomers in the oil phase was kept constant at 50 wt%.
Both heating (filled symbols) and cooling (empty symbols) cycles are shown in Figure 4-23.
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Figure 4-23. Conductivity as a function of temperature on heating and cooling in the aqueous 10% M
NaCl / surfactant/ tetradecane + monomer systems. The effect of agitation speed applied during the
experiment is shown. Surfactant concentration was 4 wt% (70% Ci3.15(EO)s - 30% C3.15(EO)s), water/oil
volume ratio was 90/10 and monomer concentration in the oil phase was 50 wt%. A hysteresis is
observed between both heating and cooling cycles.

In these cases, the inversion from diluted O/W emulsions to W/O HIPEs is clearly observed.
The results obtained indicate that:

I. Inversion is favoured in emulsions with water-oil volume ratios of 90/10 (Figure 4-23),
possibly due to the reduction of total monomer amount in the overall emulsion.
Interestingly, a marked hysteresis was detected between the heating and cooling cycles.
As a general trend, the higher the stirring velocity, the lower the extent of hysteresis.
Another interesting point is that the PIT determined on the cooling cycle agreed with
the theoretical PIT calculated using the eq. 1-5 (values included in Table 4-5). This

phenomena, firstly described by Esquena et. al,*’®

is thought to arise from the different
mechanisms involved in the emulsions transitions on heating and cooling respectively.
While the inversion from a W/O HIPE to a dilute O/W emulsion can be simply induced
by coalescence of water droplets, the opposite requires a bigger energy input. However,
such phenomenon was not observed in emulsions with smaller contents of monomer

(below 40 wt%) in the continuous phase of the emulsions.
Il. The hypothesis that agitation played an important role is beyond doubt confirmed.

Besides that the higher agitation speed, the lower hysteresis between heating and

cooling cycles, it is also evident that lower conductivity values are attained when
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increasing the stirring rate. This is rather evident by comparing the heating curves in

Figure 4-23, and suggests a more efficient emulsification for the emulsion stirred at
1100 r.p.m.

Both the presence of hysteresis cycles and the high energy-input requirements of the systems
with high monomer contents, made the preparation of HIPEs rather difficult, either by
mechanical stirring or by hand-shaking. Therefore, at this point we decided to change the Cy,.
14(EO)s surfactant for the more lipophilic surfactant Cy,.14(EQ)4, in order to favour the formation
and stabilization of W/O HIPEs, at lower inversion temperatures. Using the surfactant mixture
C1.14(EQ)s - Ci315(EO)s (1:4 by weight), and keeping all the rest emulsion composition
parameters constant, a PIT of 36.8 °C was obtained. This corresponds to a surfactant HLB
number of 10.0. As in the previous emulsion system, monomer concentration in the continuous
phase of emulsions was progressively increased. Figure 4-24(a) compares calculated (black line)
and experimental PITs (red line) for monomer concentrations ranging from 0 to 60 wt%.

According to eq. 4-5, one could expect a negative PIT of -23.2 °C for monomer concentrations
of 60 wt%.
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Figure 4-24. (a) Calculated (PITc) and experimental (P1T,,) PITs as a function of monomer content in
the oil phase of the emulsions. The water-oil volume ratio was 90/10 and the surfactant concentration was
4 Wt% (25% Ci15.14(EOQ), - 75% Cy3.45(EO)¢). Experimental PIT was calculated from the heating cycles
shown in (b), in which the conductivity is plotted as a function of the temperature. Differences between
both heating and cooling (not shown here) cycles were not detected. L-64 (included in the legend) is a

nonionic block copolymer surfactant added to enhance the stability of the HIPEs at high temperatures.
Emulsions were stirred at 700 r.p.m.

Surprisingly, inversion occurred in all systems in the range of temperatures studied, up to of 60
wt% monomer concentrations. The corresponding conductometric curves are depicted in Figure
4-24(b). The increase of monomer content led to a reduction of the PIT values, decreasing its

value from 36.8 to 4.5 °C for emulsions without and with 60 wt% monomer, respectively.
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However, this reduction was far below from the theoretical reduction determined using eq. 4-5.
This strongly indicates that the behaviour of emulsions stabilized with commercial ethoxylated
surfactants and containing aromatic molecules is difficult to predict using such equation.
Moreover, hysteresis cycles were not observed in the whole range of monomer concentrations,
suggesting that the addition of a more hydrophobic surfactant, Cy,.14(EO),, in substitution of the
more hydrophilic Cy315(EO)s, facilitates and favours inversion from a diluted O/W emulsion to

a W/O highly concentrated emulsion.

Next step consisted in selecting the appropriate monomer concentration. It is important to
mention that polymerization between styrene and divinylbenzene is carried out at 70 °C.
Therefore, it is of paramount importance that emulsions are stable at this temperature. Although
emulsions with 55 wt% of monomer in the oil phase, were stable in a wide range of
temperatures, they experienced phase separation in a short time, at temperatures above 65 °C.
This is supported by the sudden rise in conductivity values above such a temperature, and can
be attributed to fast coalescence (green-filled triangle curve in Figure 4-24(b)). In order to
increase stability, a nonionic block copolymer surfactant (Synperonic PE/L-64), 5 wt% with
respect to the total surfactant amount, was included into the formulation. The corresponding
conductivity vs. temperature curve was similar to that without PE/L-64 up to 60 °C (green open
curve in Figure 4-24(b)). However, according to conductivity values, the stability of the
emulsion containing the block copolymer improved substantially up to temperatures slightly
above 70 °C. Therefore, stable W/O highly concentrated emulsions, containing 55 wt% of
monomer in its continuous phase, could be obtained at 70 °C. This system was selected for

further studies on the obtention of macroporous polymeric foams.

Highly concentrated emulsions (HIPEs) were prepared in this system, with a composition H,O /
K5S,0g / C15.14(EQ), / Ci345(EQ)s / Synperonic L-64 / styrene / divinylbenzene / tetradecane
(89.9/0.1/095/285/0.2/288/0.72 / 2.4). Figure 4-25(a,b) shows two representative
optical microscope images corresponding to a (a) dilute O/W and a (b) W/O highly concentrated
emulsions below and above the phase inversion temperature (PIT) of the system (ca. 10 °C),
respectively. The exceptional small droplet sizes observed in the HIPE (picture b) makes
difficult to distinguish the individual droplets. This is a clear advantage of this emulsification
method, based on the PIT principle: much smaller sizes can be obtained.'”® *” This can be
explained by the ultralow interfacial tensions attained at the HLB temperature (e.g. 107
mN/m).®"  For comparison, a typical HIPE, prepared by conventional agitation methods is

shown in the introduction section (Figure 1-21, page 45).
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(8) o diluted emulsion (<PIT) (D) WO HIPE (>PIT)

Figure 4-25. Optical microscope images of the emulsions obtained by the PIT method, with compaosition:
H,0 / K;S,0g/ C15.14(EO),4/ Cy3.15(EO)s / Synperonic L-64 / styrene / divinylbenzene / tetradecane (89.9 /
0.1/095/285/0.2/288/0.72 / 2.4); (a) O/W diluted emulsion below the PIT; (b) W/O highly
concentrated emulsion at room temperature above the PIT.

4.2.3.2 Macroporous polymers

Macroporous polymers were obtained by polymerization of the external phase of the highly
concentrated emulsion (HIPE) depicted in Figure 4-25(b). As pointed out in the introduction,
these materials are generally referred in the literature as polyHIPEs. The free-radical
polymerization reaction, initiated by the water soluble K,S,0g, was carried out at 70 °C during
24 hours in cylindrical glass vials. Proof of concept experiments carried out, showed that the
minimum monomer (styrene-divinylbenzene weight ratio of 4:1) concentration required in the
continuous phase of the emulsions was 50 wt%. Materials prepared with concentrations below
this value collapsed, and consequently shrank.

It is interesting that materials can be molded in any shape, just depending on the geometry of
the container (Figure 4-26(a)). The pore structure of the monolithic material is seen in Figure
4-26(b), which is characterized by possessing pores ranging from 1 to 5 um in size. Despite the
fact that such pores are smaller than others from different materials found in the literature, if we
compare Figure 4-26(b) and Figure 4-25(b), it is clear that emulsion droplets that act as a

template experienced a slight increase in size.

It should be pointed out that materials exhibit high degree of interconnectivity, with spherical
pore throats from 0.1 to 2 um in diameter. This high porosity could be associated with the
presence of tetradecane (45 wt%) in the continuous phase, acting as a porogen agent.’®. The
total pore volume of the monoliths (20.5 + 0.8 cm®g) was calculated by saturating several
pieces of the materials with decane. Taken into account the foam density determined by
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mass/volume measurements (0.05 g/cm?), the porosity of the material was estimated to be

approximately 95 %.

Figure 4-26. (a) Macroporous polymers prepared in glass vials of 1.3 cm in diameter at 70 °C. (b) SEM
image, revealing the pore structure of the material. It is to be noted that once water is removed, 95 % of
the total volume is air. The arrow indicates a pore throat, interconnecting neighbouring pores.

Polymerization of the external phase of the HIPEs was also carried out at 60 and 65 °C (Figure
4-27).

Figure 4-27. SEM images of macroporous polymers prepared from HIPEs with the same composition
than that shown in Figure 4-25(b). Polymerization of the external phase of the emulsions was carried out
at (a) 65 and (b,c) 60 °C. Pore structure depends on polymerization temperature.
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Interestingly, if we have a closer look to the microstructure shown in the SEM images (Figure
4-27), it is evident that the porous morphology has experienced appreciable changes. Instead of
possessing defined macropores with thin polymer walls, the polymer tends to be located around
the so-called pore throats when the polymerization temperature is reduced, and foams are
formed by rather polymeric rings (pictures b and c in Figure 4-27). Undoubtedly, the
comparison of such rings and the pore throats observed in Figure 4-26(b) confirms that all have
the same dimensions and presumably all correspond to initial connexions between neighbouring
pores during the polymerization reaction. In all cases, materials could be obtained as monoliths
and did not shrink during purification and drying steps. This strategy constitutes an attractive

route to obtain materials with different porous structures and interconnectivies.

The surface area of the macroporous polymers was calculated from the adsorption isotherms
obtained by means of nitrogen adsorption measurements. All values were around 50 m?/g, with
no significant differences among the isotherms (Table 4-7). It must be stressed that values of
surface areas for conventional polyHIPEs (macroporous polymers made from HIPES), are
generally lower.'®” ?** This can be explained by several factors: first, the size of the macropores
is smaller than generally described in the literature, and this could increase surface area. Second,
tetradecane, apart from controlling the PIT, might act as a porogen, as previously described in
the literature.’® ?* Besides that, the micropore total volume is probably rather low, because of
little adsorption at low relative pressures, as expected for strictly macroporous polymers.

Table 4-7. Textural parameters derived from the N, adsorption isotherms for the macroporous polymers
obtained at different polymerization temperatures. Sger is the total surface area and V, is the total pore
volume, taken as the maximum adsorbed volume in the isotherms at relative pressure 0.975.

Polymerization

SgeT Vi
temperature
0 (mlg)  (em’lg)
70 49 0.09
65 52 0.11
60 43 0.09

A representative adsorption/desorption isotherm for the material obtained at 70 °C is included in
Figure 4-28. According to the International Union of Pure and Applied Chemistry (IUPAC)
terminology, this is a type Il isotherm, which is characteristic of non-porous or macroporous

materials.
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Figure 4-28. N, adsorption/desorption isotherm for the macroporous polymer synthesized from a HIPE
at 70 °C.

4.2.3.3 Polymeric macroporous nanocomposites
4.2.3.3.1 Preparation of macroporous hanocomposites

NP and NPg were dispersed in the continuous phase of the emulsions with a composition H,O /
K5S,0g / C12.14(EO)4 I Cy3.45(EO)s /Synperonic L-64 / styrene / divinylbenzene / tetradecane
(89.9/0.1/0.95/2.85/0.2/2.88/0.72 / 2.4), and then these emulsions were processed into
polymeric macroporous nanocomposites (point 3 in Figure 4-14). Polymerization in the
continuous phase of emulsions was identical to that used in previous section. At first, to ensure
that the presence of nanoparticles does not affect the PIT of the system, the conductivity vs.
temperature of an emulsion containing 7 wt% NPg (respect to monomer weight) was compared
to that in absence of nanoparticles. Figure 4-29 shows the two curves for the systems with and
without nanoparticles. As clearly seen, these curves are very similar. This means that NPg do not
change the PIT of the system. Therefore, it is confirmed that nanoparticles do not influence the
ability of poly(ethylene glycol) alkyl ether type nonionic surfactants to induce inversion from an
O/W to a W/O emulsion when temperature is increased. Moreover, emulsions containing NPg

were also stable at high temperatures.
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Figure 4-29. Conductivity as a function of increasing temperature in the H,O / NaCl (10%M) / Cy,.
14(EO)4/ C13.45(EQ)g / Synperonic L-64 / styrene / divinylbenzene / tetradecane (90.0 /0.95/2.85/0.2/
2.88/0.72 / 2.4) systems. Surfactant and monomer concentrations were 4 wt% and 55 wt% (with respect
to continuous phase). In one case, 7 wt% NPy was added in the continuous phase of emulsions. Pictures
illustrate the emulsification process. The brown colour comes from the iron oxide nanoparticles.

4.2.3.3.1 Characterization of porous structure

Macroporous nanocomposite materials were obtained by polymerization at 65 °C of the
continuous phase of the W/O HIPE shown in Figure 4-29. From Figure 4-30 to Figure 4-32 it
can be observed that polymeric macroporous nanocomposites were successfully prepared, and
that NP3 and NPg were effectively incorporated into the polymer walls of the materials after
polymerization. The final loading of both kinds of nanoparticles was 6.4 wt% with respect to the
polymer, as confirmed by TGA. Figure 4-30 shows two SEM images of the porous structure of
a macroporous polymer containing NP;. Pores from 3 to 8 um were distinguished in the entire
sample examined, and the material exhibited also a high degree of pore connectivity. In Figure
4-30(b), a SEM image at higher magnification shows typical characteristic elements commonly
found in polyHIPEs, as pore throats (indicated as P) and plateau border regions (indicated as B).
The texture of the walls indicates the presence of a fine texture, which is difficult to observe
clearly by SEM. Despite this texture, the monoliths neither collapse nor shrink after purification
and drying processes.
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Figure 4-30. SEM images of macroporous polymers made from a highly concentrated emulsion of
composition: H,0 / K,S,0g / C15.14(EQ), / C13.45(EQ)s / Synperonic L-64 / styrene / divinylbenzene /
tetradecane (89.9/0.1/0.95/2.85/0.2/2.88/0.72 /] 2.4). The polymer walls contain 6.4 wt% NP3,
which were dispersed in the oil phase of the precursor emulsion. The inset in (a) shows the aspect of the
macroporous nanocomposite. In (b) P is a pore throat and B is a plateau border region.

Several TEM images of the materials were taken and are shown in Figure 4-31. Undoubtedly,
nanoparticles are located within the polystyrene walls, forming some small size clusters.

Figure 4-31. TEM images of cross-sectional slices made from the polymeric macroporous
nanocomposites depicted in Figure 4-30. Small clusters of NP3 are dispersed inside the polymer walls of
the material. Black arrows in (c) indicate the secondary pore structure generated within the polymer walls,
which could be attributed to the presence of tetradecane.
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No characteristic peak was detected in the SAXS curves, possibly due to the lower NP3
concentration compared to the NP5 concentration in non-porous monoliths prepared in section
4.2.1. Another point that must be underlined is that NP; were not located at the polymer-air
interface. This is clearly observed having a closer look at the interface region in Figure 4-31(b),
in which a grey-thin layer with no nanoparticles can be distinguished. This is in good agreement
with the fact that NPg did not modify the PIT of the initial emulsion, and more importantly, did
not affect its stability.

Moreover, the TEM images strongly confirm that the walls of the polymeric foams posses a
secondary pore structure (arrows in Figure 4-31(c)), which could be the same fine texture
observed by SEM. These small pores inside polymer walls might have appeared by the presence

of tetradecane, acting as a porogen.

Polymeric macroporous nanocomposites were also prepared with NPg nanoparticles. The
macroporous structure of polyHIPEs as well as the NPy spatial distribution within the polymer

walls of the materials are shown in Figure 4-32.

Figure 4-32. (a) SEM and (b) TEM images of a macroporous polymer containing NPg, made from a
highly concentrated emulsion with the same composition than the system included in Figure 4-30, but
with NPg instead of NPs.

The porous morphology is rather similar to the structures obtained for the system with NP;
(Figure 4-30). However, NPg were not only concentrated just in some parts of the polymer walls
of the materials, but also formation of nanoparticle clusters was more evident. It could be that
the emulsification procedure to prepare the porous hanocomposites favours particle aggregation.
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4.2.3.3.2 Characterization of magnetic properties

Magnetic properties of the nanocomposites are of outmost importance for any possible
commercial application. First, magnetization (M ) versus applied magnetic field (H ) at 5 K,
has been measured for non-porous nanocomposites containing 10 wt% NPg (Figure 4-33). The

maximum field applied was 20 kOe.
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Figure 4-33. Magnetization (M ) versus applied magnetic field (H) at 5 K, for non-porous

nanocomposite containing 10 wt% NPg. Maximum applied field was 20 KQOe. The insets show the
materials being attracted to a permanent magnet.

Saturation magnetization (M, ) reached a value of 52 emu/g (Table 4-8). This is a normalized
value dividing M, by the Fe;O, weight, thus the nonmagnetic contribution from the organic
part has been subtracted; if not otherwise stated, M values will be given per gram of pure iron-
oxide nanoparticles. The M, determined for the non-porous nanocomposite (52 emu/g) is
appreciably lower than M_ measured for as-synthesized NPg (77.7 emu/g) at 5 K (Table 4-8).
Surface effects from polymer matrix and from the organic coating layer, and oxidative processes
occurring during polymerization could be claimed as the reason for further reduction of
nanocomposite M, values. The M -H loop for the macroporous nanocomposites, containing
6.4 wt-% NPgwas identical to that observed for the non-porous nanocomposite. Therefore, M,

of nanocomposites with NPg was the same (52 emu/g) regardless of porosity (non-porous and
macroporous). Since both materials are made with the same polymer composition, it is

reasonable to assume that surface effects should affect in the same way. TEM images showing
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the spatial distribution of NPg in both non-porous and porous nanocomposites were shown in

Figure 4-18(a) and Figure 4-32(b), respectively.

Table 4-8. Magnetic properties of nanoparticles and polymeric nanocomposites (hon-porous and
macroporous). M is the magnetization saturation at 5 K, H_ is the coercivity field also at 5 K and T,
denotes the blocking temperature at 50 Oe.

Material Nanoparticles (\[/\l/\:fl;])) (emul g x;gnetite) (gé) (-[(B)

NPg - 78 285 230

Non-porous NPg 10 52 300 75

Macroporous NPg 6.4 52 350 105
Non-porous NP3 16 - - 3
Macroporous NP3 6.4 - - 8

Coercive fields (H_) measured for nanocomposites are also shown in Table 4-8. Values of H,

for NPg are similar to that for 10 nm magnetite nanoparticles at 5 K reported by another

129

group.”®® Coercivity disappears above the blocking temperature (Ty)™ and, therefore, all these

nanocomposites show superparamagnetic behaviour at room temperature. This transition will be
described below. As magnetic properties were imparted to the polymers, both porous and non-
porous nanocomposites containing NPg are attracted to a strong permanent magnet (see insets in
Figure 4-33).

Field-cooled (FC) and zero field-cooled (ZFC) magnetization (M ) versus temperature, for NP,
at a field H = 50 Oe, were measured previously (Figure 4-4(b), page 93). Blocking temperature
(T,) was estimated in 215 K from the maximum exhibited in the ZFC curve. The same
measurements were also carried out for non-porous and porous nanocomposites containing
either NP3 or NPg (Figure 4-34).
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Figure 4-34. Magnetization (M ) versus temperature (T ) curves of non-porous (a,b) and macroporous
nanocomposites (c,d), containing either NP5 or NPg. Zero field-cooled and field-cooled experiments were
carried outat H =50 Oe. Solid lines are only visual guides.

As outlined in the introduction, T, is directly related to the volume of particles. Therefore,

bigger nanoparticles will become superparamagnetic at higher temperatures. This is rather
evident by comparing (c) and (d) graphs in Figure 4-34, for example. For a given nanoparticle

content in the polymer, i.e. 10 wt%, T, increases from 8 K to 105 K when increasing the

nanoparticle average size from 3 to 8 nm. However, other factors should also be considered. It is

289, 290

well known that interactions between particles (dipole-dipole), and both the size and

polydispersity of nanoparticles can significantly influence T,.”* In this context, Figure 4-34
shows that porous nanocomposites (b and c) exhibit a higher T, than those exhibited by non-
porous nanocomposites (a and b). We can interpret that the increase of T, is associated with a
higher contribution of particle—particle interactions. Saturation below T, as well as the

proximity between T, and the FC-ZFC branching temperature also point to stronger interactions
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in the case of porous nanocomposites ((b) and (d) in Figure 4-34).*" It could be that the
emulsification procedure to prepare the porous nanocomposites favours some particle

aggregation.

It should also be noted that T, for NPg-containing nanocomposites are lower than T, for as-
synthesized NPg (Table 4-8). T, was significantly reduced from 230 K (as-synthesized NPg) to

75 K (non-porous nanocomposite), indicating less nanoparticle-interactions when NPg are
embedded within the polymer matrix.

Summarizing, surface-modified iron oxide nanoparticles have been incorporated in
poly(styrene-divinylbenzene) based materials. In particular, nanoparticles were first included in
non-porous monoliths. Then, such nanoparticles were embedded in polymeric microparticles
and finally in the polymer walls of macroporous polymers by polymerization in diluted and in
high internal phase emulsions, respectively. The resultant nanoparticle dispersion within the
polymer matrices has been evaluated. At variance with common emulsion preparation
procedures, which are based on high-energy methods, here HIPEs were obtained by the phase
inversion temperature approach (PIT). This method offers an attractive alternative route and is

based on phase transitions produced during the emulsification process.
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4.3 MACROPOROUS POLYMERS OBTAINED FROM
HIGHLY CONCENTRATED EMULSIONS
STABILIZED SOLELY WITH NANOPARTICLES

The main purpose of this section has been to obtain macroporous polymers using W/O high
internal phase emulsions (HIPEs) as templates, stabilized solely with either Fe;O, or TiO,
nanoparticles. As mentioned in the Introduction, emulsions stabilized with particles, in absence
of surfactant(s), are known in the literature as Pickering emulsions.® Therefore, HIPEs
stabilized with particles will be abbreviated hereafter as Pickering HIPEs.

For the preparation of Pickering emulsions, it is required that the particles have balanced
hydrophilic-hydrophobic properties, between the oil and the aqueous phase. Usually, balanced
properties can be achieved by surface functionalization. For this reason, both kinds of
nanoparticles were surface-modified with oleic acid, as described in detail in the experimental
part (3.2.1). It is well established that particles that are more wetted by water than by oil can
stabilize O/W emulsions, and inversely, particles preferentially wetted by oil can be good
emulsifiers for W/O emulsions.®® Therefore, the contact angle that the nanoparticles exhibit at
the oil-water interface plays an important role in the stability of Pickering emulsions. Among
the factors that affect this contact angle, the most important are the surface chemistry of
particles and the nature of the oil. Here, the surface of the particles has been modified with oleic

acid, providing hydrophobicity in order to optimize the stability of W/O Pickering HIPEs.

In this context, Ikem et al. has described the stabilization of Pickering W/O HIPEs with high
internal phase volume contents, using small amounts of SiO,'® and TiO,'"® ?** nanoparticles,
which were surface-modified with oleic acid. After polymerization of the template,
macroporous nanocomposites with high porosities, and containing nanoparticles incorporated

within the walls, were obtained. Although a large variety of inorganic nanoparticles have been

66, 72, 292, 293 100, 206

used to stabilize diluted or concentrated emulsions, only a few types (SiO,,
TiO,*® and more recently Fe;0,° Nanoparticles) have been used to stabilize Pickering HIPEs
in order to obtain macroporous polymers. Despite being a research of growing interest, there are
still numerous aspects that have not been studied in detail. For instance, there is little evidence
about the role that interfacial tension plays in the stabilization of these emulsions. In addition,
the spatial distribution of nanoparticles within the resultant macroporous polymers has not been

deeply investigated.
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In the present section, close attention is paid to all these novel aspects. Furthermore, the main
properties of the resultant macroporous polymers have been characterized as a function of oleic
acid content and concentration of nanoparticles, and as a function of the internal phase volume

in the original HIPEs. The functional nanoparticles used as emulsifiers have been:

- NP3, and NPg Fe;O,4 nanoparticles, both surface-modified with 4.4% and 12.4% of oleic
acid, respectively (4.1.1).

- TiO, nanoparticles synthesized by the mechanochemical solid-state method described in
4.1.2.

4.3.1 Preliminary Studies: Influence of Oleic Acid Functionalization
and Interfacial Tension Measurements

Initially, proof-of-concept experiments were carried out to verify the important role of oleic acid
onto the surface of nanoparticles. For this purpose, stabilization of Pickering emulsions was
studied using either CNP3, (unmodified NP3,) or NP3, (with 4.4 wt% oleic acid). In such
experiment, water at neutral pH was added slowly to the oil phase (styrene and divinylbenzene
ratio 1:1 by weight), containing 1.5 wt% either CNP5, or NP, . Nanoparticle concentrations do
not include organic coatings and are expressed as a function of the total monomer weight. The
emulsions were prepared using a vortex mixer. Two completely different results were obtained
for systems with 75 vol% of water. While in the case of the as-received CNP3,, an O/W
emulsion was formed, a W/O highly concentration emulsion was obtained in the case of
surface-modified NPs,. This clearly demonstrated that the nature of the emulsion (O/W or W/O)

was dependent on particle functionalization.

Photographs of the emulsions, 15 minutes after preparation, are shown in Figure 4-35(a).
Formation of a O/W emulsion (tube 1) is consistent with the hydrophilicity of CNP3,
nanoparticles.?® Even though this emulsion creamed rapidly, it did not experience phase
separation, at least for 1 month. By contrast, the W/O HIPE formed in the oleic acid modified
NP3, system (tube 2 in Figure 4-35) must be due to the partial hydrophobicity of the NPs,
nanoparticles. Figure 4-35(b,c) shows two representative optical microscope images of both
emulsions. As seen in both samples, emulsion droplet distributions are quite polydisperse,
ranging from 30 to 500 pum. Interestingly, a closer look to the W/O HIPE image (Figure 4-35(c))
allows observing some particle aggregates on emulsion surfaces. Undoubtedly, this is a first
indication of the ability of the nanoparticles to migrate to oil-water interfaces. The stability

mechanisms involved in Pickering emulsions will be discussed in detail below. Likewise, W/O
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Pickering HIPEs were also successfully prepared using NPg as emulsifiers, which were
previously surface-modified with 12.4 wt% oleic acid (tube 3 in Figure 4-35(a)).
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Figure 4-35. a) Photographs of samples consisting of 75 vol% water, 25 vol% oil (monomer mixture) and
1.5 wt% of (1) as-received CNP3,, (2) 4.4 wt% oleic acid-modified NPs,, and (3) 12.4 wt% oleic acid-
modified NPg. For comparison, sample (4) did not contain nanoparticles, and only 0.2 wt% oleic acid was
added in the oil phase, and sample (5) was prepared using as emulsifier as-received CNP3,, mixed with
0.07 wt% oleic acid. The pictures were taken 15 min after mixing. Sample (1) is a diluted O/W emulsion
while samples (2), (3) and (5) are W/O emulsions. b) and c) are optical microscopy images of the samples
(1) and (2), respectively.

Bearing in mind these results, one hypothesis could be that the oleic acid, desorbed from
nanoparticle surfaces, would be the responsible for the successful emulsification. To discard this

possibility, emulsions with the same compositions were prepared, but modifying the emulsifier:
I. First, the same amount of oleic acid attached on NPg surfaces was added alone, in
absence of nanoparticles. It must be stressed that the pH of the aqueous phase was

around 6. Tube 4 in Figure 4-35 shows that, after sample preparation, the system
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separated very quickly into two phases (monomer and water), indicating that emulsion
was extremely unstable. Herein, the stability of the W/O emulsions observed in tubes 2
and 3 can be mainly attributed to the surface-modified nanoparticles.

1. Second, instead of using surface-modified NP3,, unmodified CNP3; and oleic acid were
added separately, at the same concentration. Both components were mixed in-situ
together in the continuous phase, just before emulsification. In this case, a W/O was
obtained (tube 5 in Figure 4-35). However, the emulsion underwent quick
sedimentation and phase separation. Moreover, emulsion droplet size was much larger
compared to the sample stabilized with surface-modified NP3, (tube 2). Such droplets
are visible to the naked eye. It can be therefore inferred that oleic acid added just before
emulsification, can partially adsorb onto NP3, surfaces, slightly modifying their
wettability (as seen when comparing tubes 1 and 5). Nevertheless, such adsorption is by

far less efficient than that showed by the 4.4 wt% oleic acid modified NPs,.

In conclusion, the ability of nanoparticles to act as emulsifiers is, no doubt, merely due the
effective adsorption of oleic acid onto the surface of the nanoparticles, which renders the
nanoparticle surface partially hydrophobic.

Such assumption has been qualitatively supported by contact angle observations. In the

292. 294 or the gel trapping technique,”® have

literature, some methods, such as the Washburn,
been used to estimate the contact angle that individual sub-micron size particles make with an
oil-water interface. However, the most employed method in the bibliography, and also used in
this work, involves the measurement of the contact angle of a liquid drop on the surface of a
powder pellet.®® " #° The same method may also be used to determine the contact angle that the
nanoparticles make with an oil-water interface, if the liquid drop is surrounded by another liquid
phase. This method might allow to estimate the efficiency of nanoparticles to act as
emulsifiers.'® The main limitation of this approach is that contact angle depends on the
compression of the material. Therefore, the control of film roughness is a critical parameter.
Here, compression conditions were maintained constant while preparing flat pellets of CNP3,,
NP3, and NPg, by compressing the respective nanoparticle powders. A droplet of water was then
placed on their surfaces. As seen in the images included in Figure 4-36, water wets the CNP3,
film (confirming its hydrophilicity), whereas the contact angles observed for NP3, and NPg are
near to 180°. It is thus demonstrated that oleic acid adsorption turns the surface of both NP3, and

NPg nanoparticles more hydrophobic.
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Figure 4-36. Water droplets on (a) CNP3,, (b) NP3, and (c) NPg films.

From the first studies dealing with Pickering emulsions it was generally accepted that only fine-
grained structures could act as emulsifiers.”® Moreover it is known that the ability of particles to
adsorb on the interface largely depends of factors such its size or state of dispersion of the
solids.”” For this reason, the stability of nanoparticle suspensions was evaluated in the mixture
styrene/divinylbenzene (ratio 1:1 by weight), which will be the continuous phase of the
emulsions in further experiments. NPg and NP3, were dispersed in a sonicator bath for 10

minutes. The appearance of the dispersions after that time is presented in Figure 4-37.

S

NP3,

.

NPg

Figure 4-37. Visual aspect of NP3, (left vial) and NPg (right vial) in a mixture of styrene/divinylbenzene
(ratio 1:1 by weight) after ten minutes of sonication. The solid content is 1.5 wt% with respect to weight
monomers.

Even though both types of nanoparticles were hydrophobic, they show a remarkable difference

in terms of dispersability in the monomer mixture. As clearly seen, NP3, experienced
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sedimentation in a very short period time (<10 minutes), indicating a high degree of particle
aggregation. On the contrary, NPg remained stable without any sedimentation, as discussed in
section 4.2.1. The same trend was observed when nanoparticles were dispersed in either
aliphatic (e.g. heptane, decane) or aromatic (e.g. toluene) hydrocarbons.

Interestingly, regardless of these differences, oleic acid functionalized NPg and NP3, are both

efficient emulsifiers to stabilize W/O HIPEs, as it will be shown below.

In an attempt to understand the stabilization mechanisms operating in Pickering emulsions,
interfacial tension measurements were performed using the Du Noly ring method. For these
measurements, the monomer mixture styrene-divinylbenzene (1:1 by wt%) was replaced by
toluene due to its lower toxicity, similar chemical structure and easier manipulation in the
laboratory. Preliminary experiments showed that systems with toluene emulsified very similar
as do the monomer mixture, and no differences in emulsion drop size and emulsion stability

were observed. Values of interfacial tension determined are listed in Table 4-9.

Table 4-9. Interfacial tension values (25 °C) obtained using the Du Noly ring method. Both the average
and the standard deviation were calculated over 3 different measurements. NPg (1.5 wt%) remained
dispersed in the toluene phase during the measurements. NP3, were removed from toluene solutions (1.5
wit%) before determinations.

Interfacial tension Surface tension

System (mN/m) (mN/m)

Toluene // Water 36.2+0.2 -
Toluene + NPg /[ Water 35.7+0.2 -
Toluene + 0.07 wt% oleic acid // Water 320+£0.3 -
Toluene + 0.2 wt% oleic acid // Water 29.8+0.2 -
Toluene + NP3, // Water 36.4+£0.3 -

Toluene // Air - 28.3+0.2

Toluene + NPg /[ Air - 27.7+0.2

The interfacial tension between water and toluene (36.2 £ 0.2 mN/m), was in fairly agreement to
the literature values).”” Then, this value was compared to that in presence of 1.5 wt% NP in the

toluene phase. The addition of NPg nanoparticles decreased very little the oil-water interfacial
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tension (35.7 £ 0.2 mN/m, Table 4-9). In addition to that, surface tension measurements of
toluene, with and without particles, were in agreement with that described above, and no
reduction of the tension was observed when NPg were dispersed in toluene (Table 4-9). It should
be remarked that NPg were coated with oleic acid during the synthesis step. It could be possible
that part of the oleic acid detached from the surface of the nanoparticles during sample
processing, in a similar way to what occurred during the washing cycles described in section
3.2.1.

In order to account for the individual contribution of NPg and oleic acid, interfacial tension of
the toluene-water system in the presence of free oleic acid was also measured (Table 4-9). This
was accomplished by measuring water and toluene containing oleic acid concentrations
equivalent to the amount of oleic acid adsorbed on NPg (ca. 0.21 wt%). The results show a
reduction in the interfacial tension values from 36.2 (pure toluene) to 29.8 mN/m. Interfacial
tension for even lower oleic acid concentrations (0.07 wt%) was also determined (32.0 mN/m).
These results imply that most of oleic acid molecules remained adsorbed on NPg surfaces, since
reduction of interfacial tension in the presence of oleic acid functionalized NPg was not
observed. It is worth pointing out that a previous step of sonication was applied to disperse the
nanoparticles in the organic solvent. Therefore, one can conclude that sonication does not pull
out oleic acid from the particles surface.

Afterwards, the interfacial tension between water and toluene, the latter having been in contact
with NP3,, was also measured. Due to the instability of NP3, in such solvent (Figure 4-37), NP3,
were first dispersed using a sonicator and then removed before the measurement. Therefore, the
corresponding interfacial tension measurements could not be carried out in the presence of such
NP3,. Otherwise, the measurements would have been inaccurate due to the distortion of the
interface by nanoparticle sedimentation. The value (36.4 £ 0.3 mN/m) was identical within error
to the pure water-toluene interfacial tension, confirming the absence of free oleic acid in the
toluene phase. In analogy with NPg, it can be therefore inferred that oleic acid remained almost

completely attached to the surface of NP5, particles.

These results rule out the possibility that the main stabilization mechanism in Pickering
emulsions stabilized with NPg is the reduction in interfacial tension, and are consistent with
other works in the bibliography, which demonstrate that the presence of the particles has a
negligible influence on tensions.®® " ™7 In the present case, it can be therefore assumed that
particles do not replace molecules of water and oil at the interface, in contrast to surfactant

molecules.
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4.3.2 Emulsion Formation: Effect of Size, Oleic Acid Content and
Concentration of Nanoparticles

The maximum internal phase volume fraction of W/O Pickering emulsions that could be
reached for various concentrations of surface-modified NPg and NP3, is plotted in Figure
4-38(a). Emulsions consisted in water droplets dispersed in the monomer mixture containing
nanoparticles. Emulsion type (W/O) was inferred from conductivity measurements. It was
observed that with 3 wt% NP3, the maximum internal phase volume was 92.5 %. Recently, in a
similar study, Ikem et al.'® reported the stabilization of W/O HIPEs with a 92 % internal phase
volume using oleic acid-modified silica nanoparticles. The value corresponding to NPg (89 %
using 5 wt% of NPs) was slightly lower than that found for NPs,.

(@) (b)

Coalescence NP,

Maximum volumen
internal phase (%0)

80 Stable emulsions
75
704
0 1 2 3 4 5

[NP] (Wt%)

Figure 4-38. (a) Maximum internal phase volume percentage reached in W/O emulsions stabilized with
either oleic acid surface-modified (m) NPg or (m) NP3y, at different nanoparticle concentrations. Lines are
simply drawn to guide the eye. The oil phase was formed by a mixture of styrene and divinylbenzene with
ratio 1:1 by weight. (b) Images of a Pickering HIPE with an 82 % internal phase volume stabilized with
only 0.25 wt% NPsg.

Concentrations of water above the curves depicted in Figure 4-38(a) led to droplet coalescence
and fast phase separation. For both types of nanoparticles, the maximum water content reached
a constant value at ca. 2 wt% nanoparticle concentration, suggesting that this is the particle
concentration required to cover the surface of the droplets. It was attempted to obtain stable
emulsions at higher nanoparticle concentrations (e.g. 10 wt%), but the emulsions could not be
formed because of high viscosity of the external phase, containing the nanoparticles.'® It is
known that Pickering emulsions with large droplets are not very stable under shear, and thus,

high shear cannot be applied during emulsification.”*®
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Figure 4-38(a) clearly shows that the maximum volume of internal phase increases with
concentration of nanoparticles. Obviously, a larger amount of nanoparticles can cover a bigger
surface area, and thus more concentrated emulsions are obtained. An example of a Pickering
highly concentrated emulsion (Pickering HIPE) stabilized at low NPg concentration (0.25 wt%)
is shown in Figure 4-38(b). Due to the low nanoparticle concentration, large emulsion droplet
sizes, visible to the naked eye, were obtained. While 0.25 wt% NPg was enough to stabilize
emulsions with 82 % internal phase volume, 0.5 wt% NP3, was necessary to stabilize HIPE
emulsions with 70 % internal phase volume. However, it is evident from the results that NP3,
were more effective, i.e. more internal phase incorporated in the emulsions, when the

nanoparticle concentration was increased.

Before emulsification, nanoparticles were dried and redispersed in the oil phase using
sonication. As expected, particle suspensions containing NPg were significantly more stable
than those containing NPs,. Large aggregates of nanoparticles due to colloidal aggregation were
observed in the case of NP3, leading to quick sedimentation. Such aggregates can adsorb to the
oil-water interface, greatly influencing Pickering emulsion stabilization,”* and as consequence
preventing droplet coalescence. On the other hand, probably smaller NPg, which are less
aggregated, can cover a much larger interfacial area, thus stabilizing emulsions more efficiently

at lower nanoparticle concentrations.

Another point that should be taken into account is the wettability of the nanoparticles. A higher
content of oleic acid covering NPg surface (12.4 wt%) may induce a preferential dispersion in
the oil phase rather than a preferential adsorption in the oil-water interface. This could reduce
the ability to stabilize emulsions with higher contents of water compared to NP3, (4.4 wt% oleic
acid) when the concentration of nanoparticles is high enough. TEM observations (discussed in
next section) will provide evidence for different distributions of both types of nanoparticles

between the interface and the oil phase.

W/O Pickering HIPEs with a 1.5 wt% NP3, concentration (respect to monomer) were selected
for a systematic study. Figure 4-39 shows an image of the emulsions, 15 min. after
emulsification, as a function of water volume fraction. These Pickering HIPES were prepared by
dispersing water in the monomer mixture, which contained the nanoparticles. The higher
internal phase volume (up to 90 vol%), the larger droplet size for a constant nanoparticle
concentration in the oil. This was expected because the total concentration of nanoparticles
decreases upon increasing the internal phase volume. Consequently, an extra oil-water interface
cannot be covered with a sufficient number of adsorbed particles. As seen from the figure, at 95

vol% internal phase, emulsion undergoes complete phase separation.
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75% 80% 85% 90%

Figure 4-39. Influence of internal phase volume fraction on emulsion stability for Pickering highly
concentrated emulsions stabilized with 1.5 wt% NP3, (respect to monomer).

Water droplets in emulsions with 75 and 80% internal phase volumes partially sedimented over
time and a thin layer of supernatant oil was observed (Figure 4-39). There was no evidence of
the presence of particles into the oil released, indicating most likely a complete adsorption of
nanoparticles at the oil-water interface. Above 80 vol% water, emulsions were stable against
sedimentation. This is due to the high packing of emulsion droplets upon raising the internal-
phase volume fraction.® Furthermore, when NPs, concentration was increased to 3.0 wt %,
W/O Pickering HIPEs did not experience sedimentation in the course of time (Figure 10-4 in the
Appendix). This feature is common in Pickering emulsions and is generally attributed to the fact
that viscosity of the continuous phase increases, retarding or suppressing sedimentation of water
drops in the case of W/O emulsions.?* Meanwhile, the viscosity also increases owing to the

reduction in droplet size.

In samples stabilized with 1.5 wt% NPg, emulsion sedimentation was also not observed. This
result was in good agreement with the observations made by Binks and Lumsdon.’® In their
work, a decrease in particle diameter partially hindered sedimentation of W/O Pickering
emulsions. Despite this, emulsions prepared with either NPg or NP3, were stable to coalescence

for over 3 months.

Figure 4-40 shows three optical microscopy images corresponding to W/O Pickering HIPEs
containing a 75% internal phase volume and stabilized with (a) 1.5 and (b,c) 3.0 wt% NPs. Both
emulsions possessed a wide droplet size distribution ranging from 10 to 300 pm, but droplet size
slightly decreased when increasing nanoparticle concentration to 3 wt%. Similar to the emulsion
shown in Figure 4-35(c), which was stabilized with oleic-acid surface modified NP3,, some NPy

aggregates were observed on the oil droplets (Figure 4-40(c). However, an important difference
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was found between the two systems. In NPg stabilized emulsions, some nanoparticles were
distinguished not only at the interface, but also in the continuous phase. This was observed
when the sample on the microscope slide started to dry, and one example can be seen in the
background behind the emulsion droplets in Figure 4-40(b). This is in fair agreement with the
assumption that NPg can partially be dispersed in the continuous phase due to its higher
dispersability and hydrophobicity.

P02 2%

- o .
' .
» .' .
G

Figure 4-40. Optical microscopy images of Pickering HIPEs, having 75% internal phase volume, and
stabilized with (a) 1.5 and (b,c) 3 wt% NPs.

In Pickering HIPEs, the process that is considered to control droplet size at low-particle-
concentrations is the so-called limited coalescence process. Arditty et al.? studied the formation
of Pickering HIPEs with low particle concentrations, describing that smaller droplets coalesce to
form larger droplets until a certain limit is reached in which interfacial area between oil and
water is totally covered with nanoparticles. Moreover, they also found that the polydispersity of
the resultant large droplets was relatively narrow. This could be the case of the emulsion shown
in Figure 4-38(b), and could also explain the big droplet sizes observed in Figure 4-40.
Generally, droplets in Pickering emulsions, containing similar contents of water and oil, are in
the range of 0.2 to 50 pm.®" " '** 2 However, at low particle concentrations or at high internal
phase volume fractions, droplets become bigger.
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It should be pointed out that in all emulsions stabilized using either NPg or NP3, (with 12.4 and
4.4 wt% oleic acid, respectively), catastrophic phase inversion® (from W/O emulsion to O/W
emulsion) did not occur during addition of the internal phase. As described in the literature,
such an inversion is expected to take place in emulsions stabilized with particles indistinctly
partially hydrophilic or partially hydrophobic. This inversion can be controlled in most cases by
modulating the hydrophobicity of particles surface, or by modifying pH,” temperature®® or

electrolyte concentration®.

To evaluate the degree of NP3, hydrophobicity, emulsions were prepared by varying the oleic
acid content on NP3, surface while keeping all other parameters constant. NP3, covered with a
smaller amount of oleic acid (2.2 wt% instead of 4.4 wt%) were used. Such oleic acid
concentration was achieved after five washing cycles (TGA curve in Figure 4-2(b), page 89).
From TGA analysis, the surface area per molecule was estimated to be 71.8 A%molecule.
Interestingly, a phase inversion from a W/O to an O/W emulsion was observed when
approximately 70% of internal phase volume was added, which was consistent with the results
reported by Binks.*” Here, phase inversion took place when the volume fraction (70 %) of
dispersed water was near the close-packing condition, which is 74 %. This value is the limit for
monodispersed spherical droplets.* *° Figure 4-41 shows the product of a diluted polymerized
O/W Pickering emulsion resulting from catastrophic inversion and leading to cross-linked

polystyrene microparticles.

Imperial 5.00kV 9.6mm x200 SE 200um

Figure 4-41. SEM image of a polymerized sample after catastrophic inversion from a concentrated
Pickering W/O to an O/W diluted Pickering emulsion. Oleic acid content on NP3, surfaces was 2.2 wt%
and the inversion was observed at 70 % internal phase (water) volume fraction.

Consequently, formation of both W/O Pickering HIPEs and O/W diluted Pickering emulsions

can be controlled by adjusting the oleic acid coverage on nanoparticles (NPs,) surface.
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Despite the good stability exhibited by Pickering emulsions, the presence of a permanent
magnetic field has been shown to induce phase separation in systems stabilized with magnetic
nanoparticles.*® This experiment was similarly reproduced by placing Pickering emulsions,
stabilized by either NP3, or NPg, into a DynaMag™-15, which can hold tubes and is designed
for efficient cell magnetic isolation. Figure 4-42 shows two images of the samples inside the
magnet after five minutes and 24 hours. After five minutes, it is seen that the droplets (visible to
the naked eye) start to diffuse sidewards. After one day, almost all internal phase (water) has
been released, and nanoparticles have been stripped from the interfaces, remaining adhered at
the test tube walls, as a result of magnetic attraction. It has been argued that phase separation is

induced by droplet compression.®*

24 hours

Figure 4-42. Pickering high internal phase emulsion (Pickering HIPE) inside a cell isolation magnet after
five minutes (left) and 24 hours (right). The emulsion is stabilized with 1.5 wt% NPg (respect to
tmonomers) and has a 80:20 water-monomer volume ratio.

One of the interesting points of this experiment is that emulsion droplet alignment can be
induced using such magnetic fields. Further work is needed to explore the effect of factors as
the type and concentration of particles.

4.3.3 Magnetic Macroporous Polymers Obtained from Pickering
High Internal Phase Emulsions

4.3.3.1 Preparation and characterization of the porous structure

In this section, we evaluate the influence of several synthesis parameters, such as nanoparticle
concentration or internal phase volume fraction in the highly concentrated emulsions (HIPES),
on the physical properties of the macroporous polymers. Details regarding original composition

of HIPEs and main physical properties of the macroporous materials are provided in Table 4-10.
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Table 4-10. Internal phase volume (¢) and nanoparticle concentration (NP wt%, respect to the

continuous phase) of Pickering HIPEs prepared in this section and skeletal density ( p, ), porosity (P) and

average pore diameters corresponding to the smaller and the larger size populations of macroporous
polymers, obtained after the polymerization of the continuous phase of the HIPEs.

¢ NP [NP] p. (glem) P (%) Average pore size [pm]

Sample (vol%) (w/w%o) Population 1 Population 2
1 75 NPg 0.5 1.09+0.01 83.2+53 21+12 436 + 108
2 75 NPg 15 1.09+0.01 78.8=x22 22+16 154 + 38
3 75 NPg 3.0 1.13+0.01 79520 18 + 13 124 + 38
4 75 NP3, 3.0 112+001 794+23 3722 237 + 92
5 85 NP3, 3.0 113+001 889+19 3222 310 + 83
6 925 NP 3.0 113001 94.0%13 27£15 669 + 189
7 85 NP3, 5.0 1.13+0.01 86.9+05 3019 287 + 75
8 85 NPg 5.0 1.13+0.01 87506 24+ 15 378 + 98

Following the method described in the experimental section (3.2.7), macroporous polymers
were obtained by free-radical polymerization in the continuous phase of W/O Pickering HIPEs,
composed of a mixture of styrene and divinylbenzene (1:1 by weight). Polymerization was
induced by adding a initiator (AIBN, 1 wt% respect to the monomer) and heating at 70 °C for 24
h. As a result, macroporous polymers with no significant shrinkage were obtained after drying.
No time-consuming purification was needed because the emulsions did not contain any
surfactant. The appearance of the materials is shown in Figure 4-43(a). It is important to
mention that the homogeneity of the brown colour along the sample is a first indication of the
good dispersion of nanoparticles in the polymer matrix. Furthermore, the dried foams were

easily attracted to a magnet, suggesting that materials had a relatively high magnetic moment.

The image shown in Figure 4-43(a) presents the sample sequence 1-3, in which the NPg wt%
concentrations were 0.5, 1.5, and 3.0, respectively, keeping the internal phase volume fraction
constant (75 %, Table 4-10). The larger pores can be clearly seen, especially in the sample made
with the lowest nanoparticle concentration. Bulk density and porosity of the same samples were
determined by means of pycnometry. The skeletal density increased from 1.09 to 1.13 g/cm®
upon increasing nanoparticle concentration. Such densities were higher than that of pure
polystyrene (1.05 g/cm®) because of the incorporation of inorganic nanoparticles into the

polymer structure. Porosities (P) were always higher than the internal phase volume fractions
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(¢ ) added in the original emulsions, which were the same for all of them (75%, Table 4-10).

This fact could be due to two possible reasons:

I. An increase in skeletal density during polymerization due to monomer (o of styrene
0.91 g/cm®) to polymer volume contraction (o of polystyrene 1.05 g/cm?), that vinyl
monomers undergo on polymerization.?* Accordingly, for macroporous polymers
obtained after polymerization of the continuous phase of emulsions, containing 75, 80
or 85 vol% internal phase, their porosities will be 78.3, 82.6, or 87 %, respectively
(porosity equation, eq-2-6, page 81).

Il. Anincomplete conversion of monomers to polymer can also contribute to cause a small

increase of the porosities values.

Figure 4-43. (a) Photograph of macroporous polymers synthesized from Pickering HIPEs containing a 75
vol% internal phase (water) and stabilized with 0.5, 1.5 and 3.0 wt% NPg. (b-d) SEM images of the
macroporous polymer shown in (a). The scale bars indicate 500 pm.

The same samples shown in Figure 4-43(a) were also characterized by SEM to examine their
macroporous structure. The morphologies displayed in Figure 4-43(b-d) are quite similar to
other macroporous polymers made from Pickering emulsions described in the literature.*® %%
206 These macroporous polymers have a close-cell structure. It is widely accepted that a dense
film layer is formed by the nanoparticles at the oil-water interface, creating a rigid film between
adjacent droplets in the emulsions. After polymerization, thick polymer films between

neighbouring pores are thus obtained, which hinder formation of pore connexions.
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In comparing images in Figure 4-43(b-d), it is clear that when nanoparticle concentration is
increased, pore size gradually decreased because of the stabilization of a larger interfacial area.
The average pore diameter of larger pores decreased from 450 um in the case of the sample with
0.5 wt% NPg (Figure 4-43(b)) to 125 um for sample with 3 wt% nanoparticles (Figure 4-43(d)).
These diameters correspond to the pore population 2 in Table 4-10.

Apart from nanoparticle concentration, the other important parameter influencing droplet size in
Pickering emulsions is the volume fraction of the internal phase. The influence of this
parameter, studied in macroporous polymers made from Pickering HIPEs stabilized with NP3,
is shown in Figure 4-44. In this experiment, emulsions with 75 vol% (sample 4, Table 4-10), 85
vol% (sample 5), and 92.5 vol% (sample 6) water were prepared by keeping NP5, concentration
constant (3 wt%).

(c) 85 vol% sooum | (d) 92.5 vol%

Figure 4-44. SEM images of macroporous polymers synthesized from Pickering HIPEs containing 3.0
wt% NP3, and having (a,b) 75, (c) 85, and (d) 92.5 % internal phase volumes. (b) is a higher-
magnification image of (a).

As clearly seen in the figure, the higher internal phase volume, the higher pore size. This is

because the total nanoparticle content in the emulsions decreases gradually as water (internal
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phase) fraction increases. Regarding microstructure, SEM images shown in Figure 4-44
revealed that the features observed for poly-Pickering HIPEs made from HIPEs stabilized with
NP3, were essentially the same as those stabilized using NPg (Figure 4-43). It is noteworthy that
the integrity of macroporous structure was not affected, even though the size of the NP3, is
significantly larger than for NPg. In all cases, SEM images showed a considerably larger number
of smaller pores, in line with optical microscope observations of the original HIPEs. A
magnified image of the smallest pores of the macroporous polymer shown in Figure 4-44(a) is
depicted in Figure 4-44(b). Closed small pores are placed at the plateau borders of larger pores
in the materials, and they are separated by polymer walls that are about 1-15 um thick. As
pointed out before, the closed-cell structure is typical of macroporous polymers prepared from
Pickering emulsions. The absence of pore throats between neighbouring cells is generally
attributed to thicker biliquid films in particle-stabilized systems, in comparison to biliquid films

stabilized with surfactants. Pore interconectivity will be discussed in detail in section 4.4.3.2.

The resulting values of bulk density and porosity (Table 4-10) of the samples containing 3 wt%
NP3, were consistent with the values calculated for poly-Pickering HIPEs containing NPg. First,
skeletal density values remained constant at 1.13 g/cm® when using the same nanoparticle
concentration. Second, porosities were again slightly higher than the internal phase volume
fraction of the initial emulsions. Because the sample prepared from a HIPE with 92.5 vol%
internal phase (sample 6) was too brittle and broke during the measurement, the porosity of this
sample could not be determined using pycnometry. However, the porosity was estimated to be
94% by measuring the weight and approximate volume of three pieces corresponding to one

sample.

Emulsion droplets and pores in the macroporous polymers were similar in size, demonstrating
that no destabilization occurred during the polymerization step. As aforementioned, two distinct
pore populations were clearly observed, indicating a bimodal pore size distribution of
macropores. A quantitative analysis of the pore size distributions was carried out, using the
direct pore counting method from SEM images. The pore number distributions are shown in
Figure 4-45. Two maximums, which correspond to the distinct populations are observed. The

corresponding average sizes for small and large pore populations are listed in Table 4-10.
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Figure 4-45. Pore size distributions for (a) macroporous polymers synthesized from Pickering HIPES
containing the same internal phase volume fractions (75 %), showing the influence of nanoparticle (NPg)
concentration, and for (b) samples in which the nanoparticle (NP3,) concentration (3 wt%) is kept
constant, showing the influence of the internal phase volume (water).
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Figure 4-45(a) shows that the average size of the population with larger pores, which are easily
observed in Figure 4-43(b-d), dropped from values near 420 to 120 um when the nanoparticle
concentration increased from 0.5 wt% to 3 wt%, at constant 75 % emulsion internal phase
(Table 4-10). This means that the extent of limiting coalescence in the emulsions decreased
gradually, and consequently pore size distribution becomes narrower. Therefore, the size of the
larger pores can be used as a qualitative measurement of emulsion stability.

It should be noted that smaller pores are much more numerous than larger pores. Moreover, the
size of the smaller size population (maximum peak observed at about 10-15 um, Figure 4-45(a))
is practically the same in all samples, and it does not depend on nanoparticle concentration. On
the other hand, a small fraction of large pores can have most of the total pore volume, and then,
it can negatively affect the mechanical integrity of the materials, as will be discussed in detail

later on.

Figure 4-45(b) shows the influence of the internal phase volume fraction on pore size
distributions of the same macroporous polymers shown in Figure 4-44, which contained NPs,.
Even though the number of small pores (most of them are from 15 to 35 um size) is
considerably higher in all cases, the size of the large pores shifts to higher values when the
internal phase volume increased from 80 to 92.5 vol%. Pores with large sizes, greater than 1000
um, were found in the sample with 92.5 vol% internal phase, leading to the brittleness of the
sample. As expected, the higher water volume fraction, the higher pore size.

As a general trend, pore size distributions of macroporous foams, prepared from HIPEs
containing either NPg or NP3,, exhibited similar patterns. However, average sizes of the smaller
pore populations of macroporous polymers containing NPg, were in all cases smaller than those

determined for the materials containing NP3, (Table 4-10).

In order to study the internal structure of the macroporous polymers walls, TEM images of
sample thin sections embedded in an epoxy resin were taken. First, a macroporous polymer
prepared from a Pickering HIPE with 85 vol% internal phase, and stabilized with 5 wt% NP3,
was examined (Figure 4-46(a-c). The figure shows representative examples with all of the

different regions observed in the ultramicrotome slides.
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(b) 5 Wt% NP3,

Closed pore
Closed pore

1.5 wt% NP3, (d)

Figure 4-46. Representative TEM images of ultramicrotome slides (around 60 nm thick) showing the
distribution of nanoparticles (NPs,) in the polymer matrix of a macroporous polymer. Macroporous
polymers were obtained from Pickering HIPEs with an 85 % internal phase volume and stabilized with
(a-c) 5 wt% and (d) 1.5 wt% NPs,, respectively. PS indicates polystyrene wall..

These TEM images show that several micrometer-sized pores are surrounded by polymer walls
(indicated in the figure as PS), which is in agreement with the SEM micrographs depicted in
Figure 4-44(b). Iron oxide nanoparticles are clearly visible at the pore-polymer interface. It is
important to note that the pores are not always filled with the epoxy resin used before the
cutting process, and air remained trapped inside closed pores. The low permeability of the
materials with respect to such a resin could be explained by the characteristic close-cell

structure of the macroporous polymers.

TEM images undoubtedly revealed that aggregated NP3, were located exclusively on the
polymer surface, which was the former W/O interface in the Pickering highly concentrated
emulsions (HIPE) template (Figure 4-46(a-c)). The fact that nanoparticles are aggregated
explains why the amount of nanoparticles required for stabilization, was higher than the
concentration needed to form a single monolayer.
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An interesting point is that hardly any NP3, could be found deep inside the pore wall. Therefore,
the nanoparticles did not change their wettability during polymerization. Even though NP3, were
partially aggregated, they could be easily singled out from TEM images (Figure 4-46 (c-d)). It is
well known that nanoparticle aggregation might improve the stability of Pickering emulsions.
The arrangement exhibited by these nanoparticles was consistent with recent observations made
by Gurevitch.?® 2%

For comparison, Figure 4-46(d) shows a TEM image of a macroporous polymer made from a
Pickering HIPE stabilized with 1.5 wt% NPs,, rather than with 5 wt%. Similar degree of surface
coverage was observed despite the lower nanoparticle concentration used. As discussed
previously, pore size of macroporous polymers increases when decreasing nanoparticle
concentration. This occurs in a way that particle surface coverage seems to remain

approximately constant (Figure 4-46(d)).

The same TEM observations were carried out for samples prepared with NPg nanoparticles,
which were previously surface-modified with 12.4 wt% oleic acid (Figure 4-47). Even though
most of NPg were located at the polymer-air interface (Figure 4-47(a,b)), there was a significant
number of NPg embedded within the polymer walls (Figure 4-47(c)). This behaviour is
significantly different than that observed for NPs,. Inside the polymer, NPg were individually
and homogenously dispersed. This evidence indicated that some NPg had a higher affinity for
the continuous phase of the W/O HIPEs and they could be effectively dispersed into the oil
phase. Therefore, it can be assumed that a higher content of oleic acid produced more lipophilic
particles and prevented its aggregation within the polymer. Another difference between NP3,
and NPg nanoparticles is that due to the smaller size of NPg, the number of nanoparticles for a
given volume of solid material is considerably higher compared to NPs,, i.e. almost 84 times
larger. This could explain that the thickness of the several layers trapped at the interface in some

regions of the sample is higher in the case of NPg (compare Figure 4-47(b) and Figure 4-46(c)).
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Figure 4-47. Representative TEM images of a macroporous polymer obtained from a Pickering HIPE
with an 85% internal phase volume, and stabilized with 5 wt% NPg (sample 8, Table 4-10), showing that
most nanoparticles are located at the interface (a,b) although many are embedded in the polymer matrix

(©).

These results strongly confirm previous observations during formation of the highly
concentrated emulsions (HIPES). The ability of NP3, to absorb more effectively at the W/O
interface (compared to NPg) is most likely the reason for the better capacity to incorporate larger
internal phase volumes in the emulsions. It should be remarked that regardless of the initial state
of dispersion of both solids (NP3, and NPg) they could act as efficient emulsifiers. Based on
these experimental findings, it can also be concluded that the stabilization mechanism in these
Pickering emulsions is most likely provided by steric (mechanical) hindrance to droplet
coalescence,* attributed to the complete surface coverage of droplet surfaces by dense particle

layers.

4.3.3.2 Mechanical Properties

Crush strength (o) and Young modulus ( E ) of macroporous polymers were determined under
compression load at room temperature. Mechanical properties were characterized with respect
to the internal phase volume and type and concentration of nanoparticles in the original HIPEs.

154



RESULTS AND DISCUSSION

Mechanical properties and initial emulsion compositions are listed in Table 4-11. The average
and the standard deviation values of Porosity (P), o and E were obtained from at least 6

measurements of different parts of two different macroporous polymer monoliths.

Table 4-11. Internal phase volume (¢ ) and nanoparticle concentration (Cp, respect to the continuous

phase) of Pickering HIPEs, and porosity (P ), crush strength (o), specific crush strength (o) and

Young (elastic) modulus (E) of the macroporous polymers obtained after polymerization of the
continuous phase of the HIPEs.

Sample ¢ NP C P o . E
(vol%o) (Wiw %) (%) (MPa) (MPa-m*Kg')  (MPa)
1 75 NPg 0.5 83.2+53 1.2+0.8 0.006 + 0.002 29+£23
2 75 NPg 15 788122 3.4+0.6 0.015 + 0.001 83+11
3 75 NPg 3.0 795+ 1.1 3.9+07 0.017 +0.002 94 + 21
9 80 NPg 15 837+25 12406 0.007 + 0.003 26+8
10 80 NP; 3.0 83.4+13 15+0.3 0.010 + 0.001 32+ 13
11 85 NPg 15 87.7+24 07203 0.005 + 0.001 14+3
12 85 NPg 30 88.8+0.9 1.020.1 0.007 + 0.001 20+8
8 85 NP; 5.0 87.5+0.6 1.0£0.3 0.007 + 0.002 20+8
4 75 NP3, 3.0 79.4+23 3.1+05 0.013 £ 0.001 67 + 19
13 80 NP3, 3.0 846+3.1 1.3+£05 0.007 £ 0.002 31+14
5 85 NPy 3.0 889+19 05202 0.004 + 0.001 7+3

Representative stress-strain curves are plotted in Figure 4-48(a). The stress represents the load,
i.e. force applied to the monoliths, and the strain represents deformation, which is expressed as
twice the displacement respect to the initial sample height. The curves show an initial elastic
region, from which Young modulus was calculated, as detailed in the experimental section
(3.2.9.3). At higher strain values, the macropororous structure collapses, and the maximum
stress at the end of the linear region is taken as the crush strength. The three curves correspond
to samples 1-3, in which the concentration of NPg in the original Pickering HIPEs (75 vol%
water) was increased from 0.5 to 3 wt%. As seen in Table 4-11, the increase of nanoparticle
concentration from 0.5 to 3 wt% leads to an increase of crush strength from 1.2 to 3.9 MPa,
respectively. This is probably due to a reduction of the average pore diameter corresponding to
the larger size population, when nanoparticle concentration is increased. The pore size

distributions as a function of nanoparticle concentration (NPg) can be found in Figure 4-45(a). It
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is accepted that foams with wide pore size distributions, specially those possessing larger pore
sizes are most likely to experience mechanical failure, than those with less polydisperse
populations.'’ #® Apart from that, particles might act as polymer reinforcement.
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Figure 4-48. (a) Representative stress-strain curves for samples 1, 2 and 3 under compressive load. The
samples were prepared from Pickering HIPEs containing 75% internal phase volume (water) and
stabilized with different amounts of NPg. (b) Relative standard deviation (%RSD) of Porosity as a
function of NPg concentration for macroporous polymers made from HIPEs containing internal phase
volume fractions of 75 (samples 1-3, Table 4-11), and 85% (samples 8,11 and 12).

It is relevant to note that both, crush strength and Young modulus standard deviations are quite
high, especially in the samples with lower nanoparticle concentrations (Table 4-11). This is
mainly due the rather inhomogeneous foam density across the monolithic-shaped macroporous
polymers. To examine this effect, the densities of the three (i.e. top, middle and bottom) disks
used in the mechanical characterization test, were determined using mass/volume
measurements. The porosities (%) of such samples were then calculated taking into account the
skeletal densities previously measured using Picnometry (eq. 3-8, page 81). The relative
standard deviation (%RSD) of porosity values of macroporous polymers, made from Pickering
HIPEs, containing from 0.5 to 5.0 wt% NPg and 75 or 85 vol% water are plotted in Figure
4-48(b). As observed in the figure, there is a dramatic decrease in the RSD between replicas of
the same material upon increasing nanoparticle concentration. Such a difference dropped from
around 6.5% (sample 1) to approximately 0.6 % (sample 8) in the range of NPg concentrations
studied (0.5-5 wt%). Furthermore, it was found that for the same nanoparticle concentration
(e.g. 1.5 wt%, samples 2 and 11) similar variations were found, regardless of the internal phase

volume fraction added to the original emulsions.

It is evident from the results that the large variations (RSD) in porosities observed in the

macroporous polymers, are mainly due to the drainage of the organic phase when
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polymerization of the continuous phase of the emulsions is taking place. This drainage produces
a decrease of continous phase from top to bottom, as time elapses. However, Figure 4-48(b)
indicates that such process is minimum for initial emulsions stabilized with 5 wt% NPs.

As a consequence of drainage, it seems plausible that samples have different crush strengths
values along the sample height. For a sample with homogeneous pore size distribution and
nanoparticle concentration, but with inhomogeneous foam density (i.e. porosity), the wall
thickness separating neighbour pores will be different along the monolith height. Herein, the

higher foam density, the higher toughness will be.

In order to overcome this, crush strength values were normalized by dividing the crush strength
by its foam density. As a consequence, standard deviations of the normalized specific crush
strength are significantly lower than those observed for crush strength values. Normalized
specific crush strength and Young modulus values of samples 1-3 are plotted in Figure 4-49 as a

function of nanoparticle (NPg) concentration.
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Figure 4-49. Normalized specific crush strength (o, m) and Young modulus ( E , o), for macroporous
polymers prepared from Pickering HIPEs containing 75 % internal phase volume (water) and stabilized
with different loads of NPg (samples 1- 3, Table 4-11). o, and E were determined under compressive
load.

As expected, there is an increase in specific crush strength as well as in Young modulus from
0.006 to 0.017 MPa-m*-Kg™ and from 29 to 94 MPa, respectively, when nanoparticle increased
from 0.5 to 3.0 wt%. As mentioned before, almost certainly, such increment is due to the fact

that pore size distribution becomes narrower as NPg concentration increases (see Figure
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4-45(a)). It should be noted that standard deviations in the normalized specific crush strength

values are smaller than the standard deviations for Young Mudulus.

Figure 4-50 (up) shows the effect of the internal phase volume fraction of Pickering HIPEs
stabilized with NPg, on the specific crush strength of the resultant macroporous polymers.
Obviously, the higher internal phase volume fraction, the higher porosity of materials, which
inversely affects foam strength. As a result, specific crush strength dropped from 0.015 to 0.005
MPa-m®.Kg™, for macroporous polymers prepared from emulsions having internal phase
volume fractions of 75 and 85%, at fixed NPg concentration (1.5 wt%, samples 2 and 11). It
should be noted, that reduction is much more important from 75 to 80 vol% than from 80 to 85
vol%. Moreover, in line with the results described above, the higher NPg concentration, the
higher specific crush strength in the whole range of internal phase volume fractions studied (75—
85 vol%).
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Figure 4-50. Normalized specific crush strength values for macroporous polymers under compressive
load as a function of internal phase volume fraction in the Pickering HIPEs. The samples were prepared
from HIPEs containing 75-85 % internal phase volume at different NPg concentrations (top). Comparison
between samples at fixed nanoparticle concentration (3 wt%) containing either NP3, or NPg is shown at
the bottom.

In the previous section, macroporous polymers containing either NPg or NP3, were compared. It

was argued that the corresponding pore size distributions exhibited similar patterns (Figure
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4-45). However, the average pore sizes of the smaller pores in the macroporous polymers
containing NPg, were in all cases smaller than those determined for the materials containing
NP3, (population 1 in Table 4-10). Moreover, differences in nanoparticle distribution after
polymerization were also observed. NP3, were located exclusively at the polymer-air interface,
whereas NPg were also found inside polymer walls.

Taking as whole these facts, differences in mechanical performance might be expected. Specific
crush strength values for samples with constant nanoparticle contents (3 wt% either NPg or
NP3,), at different internal phase volumes are plotted in Figure 4-50 (down). The toughness of
the materials containing NPg was higher than those containing NP5, in each sample examined.
Specifically, specific crush strengths values were about 30-40 % higher for NPg. It can be
therefore inferred that both the better dispersion of NPg within the polymeric walls, and the
presence of smaller pores, can play an important role in enhancing the mechanical performance

of macroporous polymers.

4.3.4 Macroporous Polymers Prepared from High Internal Phase
Emulsions Stabilized with TiO, Nanoparticles

4.3.4.1 Preparation and characterization of macroporous polymers

A detailed description of the titanium dioxide (TiO,) nanoparticles can be found in 4.1.2. Such
nanoparticles were also functionalized with oleic acid using the same method employed for the
iron oxide NP3, (see 3.2.1). According to that, oleic acid content was adjusted by controlling the
number of washing cycles. The TGA curves, corresponding to the as-milled nanoparticles and
also to those nanoparticles calcined at 600 °C, are included as supporting information in the
Appendix (Figure 10-5). It should be pointed out that, similarly to that observed for iron oxide
NP2,, oleic acid surface-modified TiO, nanoparticles experienced sedimentation in a short
period of time when dispersed in an organic solvent. This was attributed to the strong

aggregation they exhibited.

Initially, aiming at evaluating the role of oleic acid attached onto the TiO, nanoparticles, we
prepared a series of emulsions using as emulsifier nanoparticles with distinct amounts of the
fatty acid. Concentration was varied from 1.8 to 25.8 %, thus controlling the hydrophilic-
lipophilic properties of nanoparticles surface. This was accomplished by applying 3 and 1

washing cycles, respectively. As-milled nanoparticles (without oleic acid) were also tested as a
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comparison. The emulsions were prepared by drop-wise addition of the dispersed phase (water)
into the monomer phase (styrene and divinylbenzene weight ration 1:1) with the aid of vortex
mixer. The nanoparticle concentration and the final internal phase volume fraction were 3 wt%
and 80%, respectively. Photographs of the samples 15 min after preparation are shown in Figure
4-51.

Visual aspect

1 washing 2 washing 3 washing

As-synthesized cycle cycles cycles

Polymerization

Figure 4-51. Photographs (left side) of samples consisting of 80 vol% water, 20 vol% oil (monomer
mixture) and 3.0 wt% of as-milled TiO, nanoparticles. The concentration of oleic acid adsorbed on
nanoparticles is indicated in each picture. Pictures (right side) from top to bottom: image of the W/O
highly concentrated emulsion obtained using nanoparticles with 1.8 wt% oleic acid, optical microscopy
image of the same emulsion and picture of the resultant material after polymerization of the external
phase of the emulsion.

As one would expect, water cannot be emulsified with as-milled nanoparticles (tube on the left,
with absence of oleic acid) in the same way as with functionalized TiO, nanoparticles. Even
though coalescence was substantial, as deduced from the fraction of oil released, a residual O/W
emulsion (inferred by conductivimetrical measurements) was obtained by using untreated

nanoparticles. This is in good agreement with the hydrophilicity of TiO, surface.”

Polymerization of this sample was carried out at 70 °C by adding the oil soluble initiator AIBN
into the oil phase (1 wt%), to confirm wether monomers were constituting the dispersed phase.

The resulting powder was examined by SEM (Figure 4-52). The pictures clearly demonstrate
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the presence of polydisperse polymeric particles with sizes as big as 400 um. A large fraction of
particles was therefore visible to the naked eye. Inspection of the surface of the polymeric
particles indicates that TiO, nanopowder is strongly attached onto the polymeric surfaces
(Figure 4-52(b)). Microparticles were washed several times with water without detecting any
residual fraction of detached inorganic material. Undoubtedly, this is an indication of the strong
adhesion capacity of these TiO, nanoparticles.

. -

TiO,
" nanoparticles

Polymer
microparticle

Figure 4-52. SEM images of polymer microparticles prepared from an O/W emulsion, stabilized with 3.0
wt% of as-milled (without oleic acid) TiO, nanoparticles. The initial emulsion had a monomer-water
volume ratio of 1:4.

When more lipophilic nanoparticles obtained after one washing cycle were used (25.8 wt% oleic
acid), no emulsion was obtained. As seen in the corresponding image (Figure 4-51), the
nanoparticles remained dispersed in the monomer phase after phase separation. However, they
sedimented with time and ended up at the O/W interface. The excess of oleic acid, producing
too hydrophobic nanoparticles, may be the responsible for emulsification failure. Oleic acid
concentration was further reduced from 25.8 to 2.3 wt% with an additional washing cycle, that
presumably eliminated the excess of fatty acid. In this case, even though W/O emulsions could
be obtained shortly after mixing, emulsions were unstable and finally a two phase system

evolved.

The amount of oleic acid after three washing cycles (1.8 wt%) was nearly the same than after
two cycles (2.3 wt%), but the results obtained were completely different: W/O HIPES were now
successfully prepared. More importantly, W/O HIPEs exhibited an outstanding stability, which
is a typical feature encountered in Pickering emulsions stabilized with suitable nanoparticles. It
should be remarked that emulsion stability can be improved just by reducing 0.5 wt% oleic acid
concentration. As discussed previously for Fe;O, nanoparticles (section 4.3.1), the ability of
these TiO, nanoparticles to act as emulsifier is beyond doubt, merely due to the effective
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adsorption of oleic acid, which renders the surface of nanoparticles partially hydrophobic.
Several drops of the W/O HIPE were carefully placed on a microscope slide and then inspected
by optical microscopy. As seen in Figure 4-51, droplet size is quite large. Although further work
is needed, if we take into account the nanoparticle concentration used (3 wt%), it could be
inferred that the efficiency of TiO, nanoparticles was by far lower than that attained by the iron
oxide nanoparticles. It seems highly probable that this lower efficiency is a consequence of the
strong aggregation experienced by the TiO, nanoparticles. As shown in the same figure at the
bottom-right part, the material obtained after polymerization of the HIPE preserved the shape of
the container, but was rather chalky and brittle. The corresponding SEM image is shown in
Figure 4-53(a).

Figure 4-53(b,c) shows two SEM images at different magnifications of a sample made from a
Pickering HIPE, stabilized with 3 wt% of oleic acid surface-modified TiO, nanoparticles
(containing 2.9 wt% oleic acid), which were previously calcined at 600 °C. At such temperature

nanoparticles crystallized into the anatase phase (see Figure 4-7).
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Figure 4-53. Macroporous polymers made from highly concentrated emulsions (monomer-water 1:4 by
volume) stabilized with 3 wt% oleic acid surface-modified TiO, nanoparticles. (a) As-milled (without
calcination) nanoparticles; (b) anatase nanoparticles, previously calcined at 600 °C; (c) higher
magnification of image (b).
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The macroporous structure was identical to that obtained by using as-milled nanoparticles
(without calcination, Figure 4-53(a)). Macroporous polymers were characterized by possessing
numerous closed pores with exceptionally large sizes, i.e. up to 700 um (Figure 4-53(a,b)) and
few pores ranging from several to 20 um, mainly located at the Plateau border regions (Figure
4-53 (c)). The surface of the pores was totally covered by a dense layer of inorganic powder,
which evidently corresponded to the TiO, nanoparticles. This produced a high surface
roughness which is clearly visible at low magnification SEM. Even though the presence of
isolated nanoparticles or clusters within the polymer walls cannot be discarded, SEM images
indicate that the emulsifier was preferentially placed at the outer part of the polymer wall, i.e.
aqueous side of the O/W interface in initial emulsions. This fact raised the question whether the
nanocomposites containing TiO, nanoparticles (anatase) retained the photocatalytic activity
coming from anatase nanoparticles. It is important to reiterate that the aim was not only stabilize

2 or catalytic activity®® to the

the precursor emulsions, but also confer UV absorption®
macroporous polymers. In this context, TiO, nanoparticles are being investigated in recent years
because its ability to photodegradate synthetic polymers, such as polyethylene,** poly(vinyl-

chloride)*® or polystyrene,** %7

or to accelerate the degradation of biodegradable polymers
such as poly(L-lactic acid).*® However, these effects depend much on nanoparticle

characteristics and interactions between polymer and filler.>*

4.3.4.2 Photocatalytic activity

The photocatalytic activity of the nanocomposite containing anatase nanoparticles was
qualitatively evaluated by monitoring the colour-fading of methylene blue dye under UV light
(see experimental section, 3.2.2.1). In order to increase the surface area exposed to the UV
radiation the material was gently crushed with a mortar, obtaining polymeric pieces of few mm
in size. Then, the divided material was dispersed in a 5 ppm methylene blue aqueous solution
under continuous mechanical stirring. The concentration of TiO, nanoparticles was calculated to
be approximately 0.25 g/L. As the material is constituted by a hydrophobic polymer matrix, it
did not show a good dispersability in water. However, the material adsorbed an important
percentage of the hydrophilic dye after two hours of agitation because of the presence of TiO,
nanoparticles. The corresponding absorbance curve (in the visible range) for the initial
methylene blue solution (black line) and for solutions after different times of reaction under UV

light are shown in Figure 4-54. The maximum absorbance for methylene blue is at 664 nm.
From the figure it can be seen that the most important reduction of methylene blue
concentration occurs before starting the photocatalytic experiment (from the initial solution to

the 0 min curve). As mentioned before, this can be explained by dye adsorption on the
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macroporous material. Despite the degradation kinetics of the dye under UV irradiation is slow,
the results show that after 120 min, practically all methylene blue has been removed from
solution. The visual aspect of methylene blue solutions after UV treatment for different

irradiation times (from O to 120 min) is shown in Figure 4-54.
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Figure 4-54. Visible adsorption spectra of the initial 5 ppm methylene blue solution and of solutions after
different times of UV irradiation in the presence of a dispersed nanocomposite containing anatase
nanoparticles. The maximum absorbance for methylene blue is at 664 nm. The picture on the right shows
the visual aspect of the solutions at different UV irradiation times.

These results confirm that TiO, nanoparticles are accessible to UV irradiation since these
particles are located at the surface of the pores. Consequently, the nanocomposites containing

anatase nanoparticles are photocatallytically active.
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44 MACROPOROUS POLYMERS OBTAINED IN
HIGHLY CONCENTRATED EMULSIONS
STABILIZED WITH MIXTURES OF IRON OXIDE
NANOPARTICLES AND NONIONIC SURFACTANT

In the previous section, the preparation of polymeric macroporous nanocomposites with closed-
pore structures was described, which resulted in low connectivity and gas permeation. The
closed-pore structure was attributed to nanoparticle rigid films covering emulsion droplets. In

the present section, the procedure recently developed by lkem et al.'®

to obtain permeable
macroporous polymers has been applied. In that work, permeable materials were obtained by
addition of a nonionic surfactant (Hypermer 22296) to already-made Pickering HIPEs.
Hypermer 2296 is a nonionic surfactant used as W/O emulsifier,*** %2 because of its low HLB

value (4.9).

The present section is divided as follows: first, the influence of addition of different surfactant
(Hypermer 2296) concentrations to FesO, nanoparticle toluene dispersions has been studied.
Interfacial tension measurements were used to evaluate the degree of surfactant adsorption onto
the nanoparticle surfaces (section 4.4.1). Afterwards, highly concentrated W/O emulsions
(HIPEs) were prepared using mixtures of surfactant and nanoparticles (section 4.4.2). Then,
HIPEs were processed into macroporous polymers (denoted as polyHIPES) and then
characterized with respect to their pore structure and mechanical properties. Moreover,
magnetic properties of the macroporous polymers were evaluated for different nanoparticle

arrangements within the polymer walls of the materials (section 4.4.3).

Finally, the main features of the materials obtained using the two methods of preparation, i.e.

nanoparticles and surfactant mixed before or after emulsification, are compared (4.4.4).

4.4.1 Interfacial Tension Measurements

Interfacial tension determinations allow evaluating the individual contribution of either
nanoparticle or surfactant (at very low concentration) to the overall decrease in the interfacial
tension values. Therefore, it is a very precise technique to quantify and clearly differentiate both
the free surfactant that remains in solution and the surfactant that adsorbs on nanoparticle
surfaces. The evaluation of surfactant adsorption on SiO, particles by means of tensiometry has

been already described in other works dealing with Pickering emulsions.” 2
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Two different tensiometry methods, namely a microbalance with a platinum Du Nody ring and
the drop-volume method, were used to determine the whole interfacial tension curves in water-
toluene systems, at 25 °C. As pointed out in the experimental section (3.2.4), nanoparticles at
1.5 wt% in toluene, were mixed with Hypermer 2296 surfactant at different concentrations
(from 0 to 4 wt%). Three types of Fe;O, nanoparticles have been used in this study: oleic acid
surface-modified NPg and NP3, and untreated CNPs,. It is important to underline that in the
case of NPg, interfacial measurements could be performed with the nanoparticles dispersed in
the toluene, while NP3, and CNPs, were separated (with surfactant adsorbed onto their surfaces)

by simple centrifugation before the measurements, due to the fast aggregation they experienced.

At first, interfacial tension () between pure water and toluene was measured in absence of

surfactant, with or without 1.5 wt% of NPg. As mentioned in section 4.3.1, the value of
interfacial tension for pure toluene and water was consistent with that found in the literature
(36.2 mN/m).?" Further addition of oleic acid surface-modified nanoparticles NP; decreased
very little the oil-water interfacial tension (35.7 £ 0.2 mN/m). These results are consistent with
other works in the bibliography, which demonstrate that the presence of particles has a

negligible influence on tensions.*® & %

The interfacial tension () curves for all systems, as a function of surfactant concentration are

shown in Figure 4-55. The curve for the system without nanoparticles (only Hypermer 2296) is
also included as a reference. All values are summarized as supporting information in the
Appendix (Table 10-1).

As expected, in the system without nanoparticles, the toluene-water interfacial tension was
reduced upon increasing surfactant concentration (Figure 4-55, black squares). It is well known,
that surfactants adsorb gradually to the oil-water interface up the critical micelle concentration
(CMC). It seems that a constant value is reached at approximately 1 wt% surfactant (3.4
mN/m). The minimum value (2.8 mN/m) was achieved at the highest surfactant concentration (4
wit%).

Interestingly, quite large differences in interfacial tension were found in the particle-containing
systems compared to the Hypermer 2296 stock solutions, regardless of the type of nanoparticle
used. The addition of 1.5 wit% nanoparticles into the toluene phase increases the interfacial
tension values at every surfactant concentration up to 1.0 wt%. Such increment can be attributed
to the adsorption of surfactant onto the nanoparticle surfaces. Since a fraction of surfactant

molecules is adsorbed on nanoparticles, the free surfactant concentration in the toluene is
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reduced, and therefore the interfacial tension increases. These results confirm the depletion of

the surfactant solution due to strong Hypermer 2296 adsorption onto the nanoparticle surfaces.
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Figure 4-55. Toluene-water interfacial tensions (y) at 25°C as a function of Hypermer 2296

concentration in systems prepared with and without nanoparticles. Measurements in the NPg + Hypermer
system were carried out with 1.5 wt% of well-dispersed NPg in the toluene phase. NP3, and CNP3,, with
different surfactant concentration on their surfaces, were removed from toluene solutions (1.5 wt%) prior
the measurements. Error bars represent standard deviation. Lines are only given as a guide to the eye.

From the curves of the systems containing nanoparticles in Figure 4-55, it can be clearly seen
that the interfacial tension remains approximately constant at low surfactant concentrations.
indicating that initially, almost all surfactant molecules are adsorbing on nanoparticles, rather
than migrating to the toluene-water interface. At certain surfactant concentration (e.g. 0.05 for
CNP3,, red triangles curve), a sharp reduction in interfacial tension is observed. It can be
assumed that surfactant added above such concentration migrates preferentially to the oil-water
interface, possibly because the nanoparticle surfaces are already saturated with surfactant. It is
noteworthy that in the case of CNPs,, the surfactant concentration needs to be almost three
orders of magnitude higher, in order to reduce the interfacial tension, compared with the system

without nanoparticles.
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Regarding the region at high surfactant concentrations (above 1 wt%), the interfacial tension of
all systems become similar. It is accepted that the use of interfacial tension measurements does
not allow to find differences once the samples containing nanoparticles reach the constant value
at the CMC of the surfactant.”

Despite the similarities of the tension curves for particle-containing systems, the total amount of
surfactant adsorbed on the three types of nanoparticles examined is greatly different. In Figure
4-56, the differences of interfacial tension values () between the systems with particles and
the system without particles (only with surfactant) are plotted, as a function of surfactant
concentration. Such differences increase progressively until a maximum value is reached. The
maximum difference in tensions occurs at the same surfactant concentration in which interfacial
tension starts falling rapidly in the particle-containing systems (Figure 4-55). Clearly, the
highest difference ( yitnps — Zwithoutnps ) COrresponds to CNPgz; (27.3 mN/m at 0.05 wt%
surfactant), followed by NPg (24.4 mN/m) and by NP3, (19.8 mN/m at 0.03 wt% surfactant).
This indicates that surfactant is adsorbed more on CNPs3, nanoparticles, and the smallest

adsorption occurs on NPa,.
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Figure 4-56. Interfacial tension () differences between systems with particles and the system without
particles, as a function of Hypermer 2296 concentration. Tension values were taken from Figure 4-55.
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The fact that more surfactant is adsorbed on CNP3, than on NPg and NP3,, might be associated
to its untreated surface. Despite the surface of NPg and NP3, was already surface-modified with
oleic acid, the surfactant is still able to adsorb on those functionalized nanoparticles, as
demonstrated by the interfacial tension curves (Figure 4-55). Apparently, the bigger specific
surface of NPg nanoparticles could be the reason for the larger adsorption on these particles
compared to NP3,.

Taking as whole these facts, it can be concluded that the addition of FesO, nanoparticles
(functionalized or untreated) to surfactant solutions leads to higher interfacial tensions due to

surfactant adsorption on nanoparticles.

In addition to the interfacial tension experiment permorfed as a function of surfactant
concentration, other measurements were carried out keeping the surfactant concentration
constant (1 wt%) but modifying nanoparticle (NPg) concentration. The corresponding interfacial
tension curve (25 °C) is included as supporting information in the Appendix (Figure 10-6). The
resuls also indicate that addition of nanoparticles increases the interfacial tension, probably due
to surfactant adsorption on nanoparticles, which reduces the concentration of free surfactant in

solution.

4.4.1.1 Adsorption of surfactant on CNP3,

As mentioned in a previous chapter, CNP3, were not suitable to stabilize W/O emulsions due to
its very hydrophilic nature (see Figure 4-35 in page 135) Nevertheless, since CNPs, are not
surface-modified, they are a good candidate to evaluate the degree of adsorption on its “naked”
surface. As deduced from the values included in Figure 4-55, almost all Hypermer 2296 added
to the system up to 0.05 wt% is adsorbed on the CNPs, surfaces. Further addition causes a

reduction of the interfacial tension values.

In order to confirm the possible surfactant adsorption, thermogravimetric analysis (TGA),
determining the total organic content of the CNP3, samples extracted by centrifugation, were
undertook. The surfactant adsorbed on CNPs, (25 °C), as a function of Hypermer 2296

concentration, is plotted in Figure 4-57.
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Figure 4-57. Surfactant (Hypermer 2296) adsorbed on CNP3, iron oxide nanoparticles. The adsorbed
amount was determined by TGA applied to nanoparticles separated by centrifugation.

From 0 to 0.1 wt% surfactant, there is a sharp increase in surfactant adsorption, reaching values
of around 0.05 g of surfactant per gram of CNP3,. A constant surfactant adsorption value (ca.
0.068 g/g) is reached at approximately 0.5 wt% of surfactant. From these results, two main
conclusions can be drawn: first, it is confirmed that in a wide range of surfactant concentration
(0.1-0.5 wt%, see Figure 4-55), surfactant not only reduces the interfacial tension, but also
adsorbs onto CNP3, nanoparticles surface. Second, the constant surfactant adsorption value,
reached at 0.5 wt% surfactant, is in good agreement with the trend observed in the interfacial
tension differences shown in Figure 4-56. At such surfactant concentrations, the differences
between the system with CNPs, and the system without particles has been significantly reduced,
probably indicating that particle surface is already saturated with surfactant, and the addition of

more surfactant contributes only to reduce interfacial tension.

Finally, the same experiment shown in Figure 4-36 was reproduced. For that purpose, two
samples of untreated CNP3, nanoparticles, were extracted and dried from a toluene solution, in
absence or in presence of 4 wt% Hypermer 2296, respectively. Then, the resulting nanoparticle
powders were compressed to obtained flat films, and a water droplet was placed on them. The

corresponding images are depicted in Figure 4-58.
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Water
droplet

_ CNP3, + surfactant ‘

Figure 4-58. (a) Film made of untreated CNP3, on a cellulose support. (b) Film, on a cellulose support,
made of CNP3, nanoparticles extracted by centrifugation and further drying, from a 4 wt% Hypermer
solution in toluene. The adsorption of surfactant makes the particles hydrophobic, as deduced from the
different wettability exhibited by the water droplet on nanoparticle films.

It can be clearly seen that surfactant adsorption turns the surface of the nanoparticles
hydrophobic, which results in a larger contact angle towards water (Figure 4-58). Based on
these experimental findings, surfactant adsorption on nanoparticles is indeed confirmed.

442 W/O Highly Concentrated Emulsions Stabilized with Mixtures
of Hypermer 2296 and Fe;O, Nanoparticles

4.4.2.1 Emulsion stability

The above results have demonstrated that surfactant adsorption on nanoparticles leads to an
increase of interfacial tension. The stability of emulsions prepared with mixtures of surfactant
and nanoparticles is described in the present section. For this purpose, water-in-monomer highly
concentrated emulsions (HIPES) have been prepared, with the aim of polymerizing the external
phase of the W/O HIPEs. Emulsions were prepared with 80 vol% of water. The monomer
system (20 vol%) was a mixture of styrene and divinylbenzene, which was used as a crosslinker
(1:1 by weight). Nanoparticle (1.5 wt%) and surfactant concentrations (from 0 to 4 wt%) were
the same than those used in the interfacial tension experiments. In all sections, both

concentrations were expressed with respect to the continuous phase.
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For emulsification, water was added slowly to the monomers containing both particles and
surfactant, with the aid of a vibromixer. The visual aspect of emulsions 24 hours after
preparation is shown in Figure 4-59. As a comparison, the system without nanoparticles (only
surfactant Hypermer 2296) is also included (Figure 4-59(a)). As illustrated, the boundary line
between the emulsions and the separated phases allowed us to quantify and compare emulsion
stability. The stability of emulsions to creaming, sedimentation and coalescence was assessed

by measuring the heights of separated water and oil from the emulsions over time.

The results obtained for each system will be described as follows:

Emulsions stabilized with only Hypermer 2296, in absence of particles (Figure 4-59(a))

A two phase system evolved, consisting of separated monomer and aqueous phases at low
surfactant concentrations (up to 0.25 wt%). The progressive increase in emulsion stability when
increasing surfactant concentration is due to surfactant adsorption at the water-oil interface,
forming a surfactant monolayer around droplets that prevents coalescence. Despite some degree
of sedimentation, formation of W/O-type HIPEs was observed from 0.65 wt% surfactant
concentration. If surfactant concentration is further increased, sedimentation is completely
suppressed. This occurs at 2 wt% Hypermer 2296. Characterization of the emulsion droplet

sizes will be described in next section.

Emulsions stabilized with mixtures of untreated CNP3, nanoparticles and Hypermer 2296
(Figure 4-59(b))

It was demonstrated earlier that rather than stabilize water-in-oil (W/O), CNP3, poorly stabilized
oil-in-water emulsions (O/W). This was attributed to the hydrophilic character of its surface. As
seen in Figure 4-59(b), the volume of the residual O/W emulsion slighty increased when
surfactant concentration was also increased from 0 to 0.05 wt%. It should be mentioned that the
toluene-water interfacial tension curve (Figure 4-55) revealed that up to such a surfactant
concentration, all Hypermer 2296 incorporated into the system adsorbed on CNPs, surfaces,
leading to more hydrophobic CNP3, surfaces. Therefore, at low surfactant concentration,
surfactant adsorption slightly enhances the ability of CNP3, as O/W emulsifier, due to partial
surface hydrophobization. This finding is consistent with the literature, since one of the methods
to improve the efficiency of very hydrophilic nanoparticles (commonly SiO,) as O/W emulsifier

is the addition of amphiphile molecules in order to partially hydrophobize their surfaces.* ' 2%
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Figure 4-59. Visual aspect of emulsions 24 hours after preparation (25 °C) containing increasing
Hypermer 2296 concentrations (ranging from 0 to 4 wt%) in absence (a) and in presence of 1.5 wt% (b)
CNP3,, (€) NP3, and (d) NPg nanoparticles. Schematic drawings showing the same sequences are shown
next to each picture (O/W residual emulsions are shaded with grey colour, W/O are white, blue indicates
aqueous phase, yellow represents the oil phase and NPg nanoparticles are indicated as brown dots).
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If surfactant concentration is further increased (from 0.1 to 1%), emulsions eventually undergo
phase separation. Presumably, all or at least an important fraction of CNP3, has been displaced
from the interface at 0.1% surfactant concentration, because the particles are now too
hydrophobic. This is the same surfactant concentration in which a sudden decrease in interfacial
tension was observed (Figure 4-55). Despite surfactant starts adsorbing on the water-monomer
interface, there is still no enough free-surfactant to stabilize W/O highly concentrated
emulsions. Therefore, both stability experiments and interfacial tension determinations are in
good agreement. Similar silica particle displacement from the oil-water interface has been
recently monitorized by other authors in diluted and concentrated emulsions.*'* ¢ 7 However,
in that studies particle detachment is apparently produced by competition for adsorption at the

interface, rather by previous surfactant adsorption on nanoparticle surfaces.

Similar to that observed for the system without nanoparticles (Figure 4-59(a)), when surfactant
concentration is further increased, W/O highly concentrated emulsions (HIPES) are obtained at

approximately 1.5 wt% surfactant (Figure 4-59(a)).

Emulsions stabilized with mixtures of oleic acid surface-modified NP3, and NPg
nanoparticles and Hypermer 2296 (Figure 4-59(c,d))

As detailed in section 4.3.2, stable Pickering W/O HIPEs were successfully obtained by using
either functionalized NP3, or NPg as emulsifiers. The visual aspect of such emulsions (0 wt%
surfactant) is depicted in Figure 4-59(c,d). HIPEs, especially those stabilized with NP3,
experienced destabilization upon addition of low surfactant concentrations (sedimentation
caused by an increase in droplet size). In line with the emulsions stabilized with CNPa3,,
surfactant adsorbed on partially hydrophobic surfaces of NP3, and NPg. But now, such
adsorption turns the surface of the nanoparticles even more hydrophobic, and consequently the
efficiency of the nanoparticles to adsorb at the water-monomer interface is reduced. This results
in less stable emulsions. Particle detachment from interfaces of a W/O emulsion can be
understood in terms of an increase in the contact angle (see eq.1-17, page 23), which reduces the

energy required for particle detachment from the interface.

Emulsion instability increases dramatically at higher surfactant concentrations added to
Pickering emulsions, because again less particles are available to stabilize the emulsions. As a
consequence, emulsions experience phase separation (Figure 4-59(c,d)). It should be remarked
that emulsions stabilized with NPg were more stable than those stabilized NP3, and surfactant
concentration that produced phase separation for NPg (0.1 wt%) was twice higher than for NP3,

(0.05 wt%). Such surfactants concentrations were in fairly agreement with the interfacial
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tensions, at which surfactant starts adsorbing at the water-oil interface (Figure 4-55), thus
reducing abruptly interfacial tension. Interestingly, a clear distinct behaviour between both NPg
and NP3, was observed when respective emulsions underwent phase separation (Figure
4-59(c,d)): while NPg remain well-dispersed in the separated monomer phase, NP5, sedimented
with time and ended up at the O/W interface. Therefore, this demonstrates that NPg remain
stable at the continuous phase, regardless of the addition (and consequent adsorption) of
Hypermer 2296.

The fact that emulsions stabilized with NPg are more stable than those stabilized by NP3, can be
due to two different reasons: first, as aforementioned, the higher surface area (NPg), the larger
extent of surfactant adsorption. Therefore, higher surfactant concentrations are required to
displace nanoparticles from the water-monomer interface of the emulsions. Second, we have to
bear in mind that not all NPgwere placed at the monomer-water interface, but also an important
fraction was found dispersed within the continuous phase (Figure 4-47, page 154). It may be
argued that initial stages of surfactant adsorption on NPgdo not affect importantly its ability as
efficient emulsifier, since surfactant is also adsorbing on NPg that are not stabilizing the

emulsions.

Consistent with the systems studied earlier, transition to surfactant-stabilized emulsions was
also observed. Here, W/O HIPEs were obtained from surfactant concentrations of 0.65 and 1.0
wit% for NP3, and NPg, respectively (Figure 4-59(c,d)).

To summarize, the volumes of residual emulsions were measured for every system, and the
results are shown in Figure 4-60. Values above and below the zero value in the Y axis indicate
W/O and O/W emulsions, respectively. At low surfactant concentrations, three different results
were obtained: by one hand, the use of CNP3, (Figure 4-59(b)), in absence of surfactant, led to
O/W diluted emulsions. As seen in Figure 4-60, the O/W residual emulsion increased from 20.8
to 32.2 % when Hypermer 2296 surfactant concentration was also increased from 0 to 0.05
wt%. On the other hand, stable Pickering W/O HIPEs were successfully obtained by using
either functionalized NP3, or NPg as emulsifiers. HIPEs, especially those stabilized with NPs,,
experienced destabilization upon addition of low surfactant concentrations (sedimentation
caused by an increase in droplet size), as clearly seen in the volume of residual emulsions
plotted in Figure 4-60. Regarding the system without nanoparticles (only surfactant) emulsions

undergo phase separation since surfactant concentration is no enough to stabilized emulsions.
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Figure 4-60. Residual emulsions (vol%) as a function of Hypermer 2296 concentration for the systems
depicted in Figure 4-59, in the presence of 1.5 wt% nanoparticles (CNP3,, NP3, or NPg) and in the
absence (just Hypermer 2296) of nanoparticles in the continuous phase of emulsions. The emulsions were
kept at 25 °C during 24 hours. Values above and below the zero value in the Y axis indicate W/O or O/W
emulsions, respectively.

At intermediate surfactant concentrations (ca. 0.1 wt%) all emulsions containing nanoparticles
eventually undergo phase separation (Figure 4-60). Presumably, all or at least an important
fraction of the particles has been displaced from the interface at such surfactant concentration,

because the particles are now too hydrophobic.

Finally, regardless of the addition of nanoparticles, W/O highly concentrated emulsions are
obtained at higher surfactant concentrations. If residual emulsion curves for the systems with
Hypermer 2296 and with nanoparticles are compared, it is clearly seen that the surfactant
concentration necessary to achieve again stabilization of W/O HIPEs, shifts to higher surfactant
concentrations in the case of NPg and CNP3, containing systems. While 0.65 wt% surfactant
concentration was necessary to obtain such emulsions in the particle-free system, 1 or 1.5 wt%
was the minimum required for the NPg or CNPs,-containing system. This obviously

demonstrates that not all surfactant added into the system is acting as emulsifier. These results
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are consistent with the differences of interfatial tension values between the systems with
particles and the systems without particles (only surfactant) shown in Figure 4-56. Therefore,
Figure 4-60 also confirms that more surfactant was adsorbed on untreated CNP3, than on oleic
acid surface-modified NPs.

It is assumed that at higher surfactant concentrations, there is enough free surfactant in the
continuous phase of the emulsions to stabilize W/O HIPEs. However, microscope observations
(optical and electronic) are required to verify if all nanoparticles have been pushed out from the
water-monomer interfaces of such emulsions. Optical microscopy observations are described in

next section.

4.4.2.2 Characterization of emulsion droplet size

Due to the different stabilization mechanisms involved in Pickering and in surfactant-stabilized
emulsions, the use of either particles or surfactants (or both at the same time) can lead to
emulsions with characteristic drop sizes. It is well known that smaller drop sizes are obtained in
emulsions stabilized with surfactants due to the lower interfacial tensions attained. Therefore,
surfactant and particle-stabilized emulsions can be easily distinguished by using optical

microscopy images.

First, highly concentrated Pickering emulsions (HIPES) stabilized with only NPs, (Figure
4-61(a,b)), and the same emulsion with low surfactant concentration added (0.1 wt%, Figure
4-59(c)) were examined by optical microscopy. As pointed out in section 4.3.2, Pickering
HIPEs stabilized with either functionalized NP3, or NPg had very large droplet sizes, with wide
size distributions, from 10 to 500 um (Figure 4-61(a,b)). It is evident by comparing (a) and (c)
digital images that emulsion droplet size increases to very large values (up 800-900 um), upon
addition of 0.01 wt% surfactant. This increase is consistent with the progressive emulsion

destabilization observed in the stability experiments carried out earlier (Figure 4-59(c).
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Figure 4-61. Images of W/O HIPEs having 80 % internal phase volume, stabilized with (a,b) solely 1.5
wt% NP5, and with (b) a mixture of NP3, and Hypermer 2296 surfactant (0.01 wt%). Pictures (a) and (c)
were taken with an USB desktop digital camera, while (b) is an optical microscopy image.

Regarding the emulsions stabilized at higher surfactant concentrations, images of emulsions
stabilized with mixtures of 1.5 wt% NP3, and 1.5 or 4 wt% Hypermer 2296 are shown in Figure
4-62(a,b). It should be noted that emulsion droplet size is significantly lower than that observed
in the W/O HIPEs stabilized mainly by nanoparticles (Figure 4-61). This strongly confirms that
the emulsions shown in Figure 4-62 are mainly stabilized by surfactant. It is well-known that
surfactants reduce the oil-water interfacial tension, thus facilitating the obtention of emulsions
with rather small sizes. The range of drop sizes in the emulsions was relatively polydisperse
with a population of drops of few micrometers size and a population of larger drops sizes
ranging from 15 to 40 um. As expected, the increase of surfactant concentrations from 1.5 to 4
wit% decreased droplet size (Figure 4-62(b)). It should be remarked that the presence of NP3,
did not modify appreciable the droplet size distribution of the emulsions, compared to the
system stabilized with surfactant, in absence of nanoparticles (see supporting information in the
Appendix, Figure 10-8(a,b)).
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Figure 4-62. Optical microscope images of emulsions consisting of 80 % internal phase volume, and
stabilized with different concentrations of nanoparticles and Hypermer 2296 surfactant: (a) 1.5 wt%
surfactant and 1.5 wt% NP3,; (b) 4 wt% surfactant and 1.5 wt% NP3,; (¢) 4 wt% surfactant and 1.5 wt%
NPg. Black arrows indicate the presence of NP3, aggregates.

Interestingly, some NP3, particle aggregates (pointed out with black arrows in Figure 4-62(a,b))
of few micrometers size are seen in the continuous phase of the emulsions, between
neighbouring droplets, thus confirming the hypothesis that the particles are pulled out from the
interface by surfactant adsorption onto their surfaces. This fact was also observed in the W/O
HIPEs stabilized with mixtures of CNP3, and Hypermer 2296 at high concentrations, indicating
that the surface of CNPs,, originally hydrophilic, is rendered rather hydrophobic due to
surfactant adsorption, allowing them to transfer to the monomer phase (supporting information,
Figure 10-8(c)). The fast aggregation experienced by these two kinds of nanoparticles (NP, and
CNP3y) in the monomer solution might explain the presence of particle aggregates in the

continuous phase of the emulsions.

In analogy with NP3, nanoparticles, the presence of NPg nanoparticles did not modify the
droplet size distribution of the emulsions compared to the systems stabilized with surfactant
(Figure 4-62(c)). Nevertheless, nanoparticle distribution in the continuous phase was found to
be remarkably different. While big aggregates of NP3, appeared, NPg could not be distinguished
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as a result of its better dispersability in the monomer phase (Figure 4-62(c)). In turn, without
images at higher magnifications, the presence of some NPg at the monomer-water interface can
not be discarded. In next section, the spatial distribution of nanoparticles within the polymer
walls of the macroporous materials will be inspected by TEM.

As a conclusion, the images provide a clear distinction between both kinds of emulsion
stabilization mechanisms: on one hand, large droplets sizes were obtained in Pickering
emulsions (Figure 4-61). On the other hand, rather smaller droplet sizes were obtained in
emulsions at higher surfactant concentrations (Figure 4-62). Such droplets are from one to two
orders of magnitude smaller than those in particle-stabilized emulsions. Therefore, this study
provides support that systems “transform” from particle-stabilized emulsions to surfactant-
stabilized emulsions, passing for a wide range of surfactant concentrations in which the
emulsions experienced phase separation (Figure 4-59). This demonstrates that nanoparticles and

surfactant are beyond doubt acting antagonistically.

Figure 4-63 shows schematically the sequence proposed in this section, illustrating the influence
of surfactant addition on Pickering emulsions. In one case (1) the starting point is a W/O highly
concentrated Pickering emulsion stabilized with oleic acid surface-modified nanoparticles
(representing NPg or NP3,), while in the other (2) is an O/W Pickering emulsion stabilized with
hydrophilic untreated nanoparticles (representing hydrophilic CNPs,). If concentration of the
nonionic Hypermer 2296 surfactant is increased, surfactant adsorbs preferentially on
nanoparticles. This produces a progressive hydrophobization of the nanoparticles surface,
leading to a gradual detachment of the nanoparticles from the oil-water interface into the oil
phase of the emulsions. As a small number of particles are available to stabilize the interface,
drop sizes increase, which results in larger droplets curvatures (Figure 4-63). As mentioned
avobe, at certain surfactant concentration emulsions eventually undergo phase separation. If
surfactant concentration is further increased, surfactant-stabilized emulsions are obtained,
possessing rather smaller droplet sizes (greater droplet curvature). Therefore, particles initially
adsorbed at the oil-water interface, migrate to the continuous phase of emulsions as a result of
surfactant adsporption onto their surfaces. Interestingly, this process occurs for both

functionalized with oleic acid nanoparticles and untreated hydrophilic nanoparticles.
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Figure 4-63. Scheme showing the influence of Hypermer 2296 surfactant addition on (1) W/O or (2)
O/W Pickering emulsions at fixed nanoparticle concentration, initially stabilized with either oleic acid
surface-modified FesO, nanoparticles or hydrophilic untreated nanoparticles. Surfactant-stabilized
emulsions have greater droplet curvatures than Pickering emulsions due to smaller droplet sizes.

443 Macroporous Polymers made from HIPEs Stabilized with
Mixtures of Magnetic Nanoparticles and Hypermer 2296

This section describes the characterization of macroporous polymers, obtained by
polymerization of the continuous phase of W/O HIPEs, stabilized with mixtures of magnetic
nanoparticles and Hypermer 2296 surfactant. Transmission electron microscopy (TEM) is used
to determine the spatial distribution of nanoparticles and scanning electron microscopy (SEM)
is used to study the morphology of macropores. Moreover the physical and magnetic properties

of the materials have been examined.

4.4.3.1 Transmission Electron Microscopy characterization

The organization of particles at liquid-liquid interfaces and the synergistic effects between

nanoparticles and surfactants might be evaluated using microscope techniques, such optical,®® or
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freeze-fracture SEM.® However, nanoparticles with very small sizes, especially when they are
not aggregated, may not be resolved, and TEM is needed. Regarding macroporous polymers
materials (polyHIPEs), both SEM™® ¢ and TEM?? *!° can be used to observe pore and wall
structures of polyHIPE materials. However, only a few studies have devoted to study the spatial
distribution of nanoparticles in macroporous polymers made from Pickering emulsions.
Gurevitch et al.”® and Vilchez et al.*** have shown recently how nanoparticles were effectively
adsorbed on monomer/air interfaces after polymerization of the external phase of the original
Pickering HIPEs. In this section we have examined the internal wall structures by TEM, of

samples made from emulsions containing either NPg or NP3, nanoparticles.

Cross sections of polyHIPEs materials were cut with an ultramicrotome. Firstly, samples made
from emulsions containing NP3, (1.5 wt%) without and at low Hypermer 2296 surfactant

concentration were examined (Figure 4-64).
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Figure 4-64. Representative TEM images of ultramicrotome slides (around 60 nm thick) showing how
the nanoparticles (NP3,) are distributed in the polymer matrix of macroporous polymers. Samples were
obtained from HIPEs with an 80 % internal phase volume and stabilized solely with 1.5 wt% NP3, (a) and
with a mixture of 1.5 wt% NP3, and 10 wt% Hypermer 2296 (b-d).

Figure 4-64 shows that when no surfactant was used, i.e. Pickering emulsion as template, NP3,
were only found at the monomer/air interface (Figure 4-64(a)), confirming that emulsions are
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stabilized with nanoparticles, as already mentioned in section 4.3.3.1 (Figure 4-46, page 152).
Interestingly, NP3, aggregates as well as some individual particles were observed within the
polymer walls of the polyHIPE materials, as surfactant concentration was slightly increased to
10° wt% (Figure 4-64(b-d)). As pointed out before, surfactant adsorption on nanoparticle
surfaces led to less stable emulsions due to the progressive displacement of nanoparticles from
the monomer-water interface. Aggregates are easily seen inside the wall between pores depicted
in Figure 4-64(c). Although such images did not allow observing any increment of pore size, the
presence of the aggregates is obviously linked with the increment of droplet sizes observed in
Figure 4-61(c), because of the lower number of NP3, at the oil-water interface, acting as

emulsifiers.

Samples made from HIPEs stabilized with mixtures of 1.5 wt% NP5, and surfactant at higher
concentrations are shown in Figure 4-65(a-b) (1.5 wt%) and Figure 4-65(c-d) (4 wt%).
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Figure 4-65. Representative TEM images of macroporous polymers obtained from HIPEs with an 80 %
internal phase volume, and stabilized with mixtures of NP3, (1.5 wt%) and surfactant at 1.5 wt% (a-b) or
4 wt% concentration (c-d). Nanoparticles are not adsorbed on the polymer-air interface, and are located
inside the polymer walls forming large aggregates.
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These images do not show any NP, located at the polymer-air interface. They do, however,
show that NP3, aggregates are randomly dispersed inside the polymer walls. This fact could be
explained by displacement of NP, nanoparticles from the monomer-water interface. Surfactant
at low concentrations adsorbs onto NP3,, enhancing its surface hydrophobicity and therefore
reducing its ability to adsorb at the O-W interface. As a consequence, emulsion was less stable
and sedimentation occurred. As surfactant concentration is progressively increased, particles are
completely desorbed from the interface. At 1.5 wt% Hypermer 2296 (Figure 4-65(a,b)), all NP3,
are already pulled out from the interface, supporting optical microscopy observations (Figure
4-62(a,b)). No differences in nanoparticle distribution within the polymeric walls were found
when surfactant concentration was increased to 4 wt% (Figure 4-65(c,d)). It should be noted
that, a discontinuity in the polymer film appeared in picture Figure 4-65(a) (see black arrow).
This corresponds to a connexion (also called pore throat) between adjacent pores. Pore throat

formation will be described in detail in further sections.

As discussed in section 4.3.3.1, in absence of surfactant, although most of NPg were located at
the polymer-air interface of the resulting materials, there was a significant number of NPg
embedded within the polymer walls of the macroporous material (see Figure 4-47). This
behaviour was significantly different than that observed for NPs,, which had a bigger particle
size than NPg. This evidence indicated that some NPg had a higher affinity for the continuous
phase of the W/O HIPEs and they could be effectively dispersed into the oil phase. Figure 4-66
shows TEM images of a macroporous material, made from a W/O HIPE stabilized with a
mixture of 1.5 wt% NPg and 10”° wt% Hypermer 2296.
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)

Figure 4-66. Representative TEM images of macroporous polymers obtained from HIPEs with an 80 %
internal phase volume, and stabilized with mixtures of 1.5 wt% NPgand 10 wt% surfactant. The arrows
indicate the presence of NPg aggregates outside the interface.

From the figure, it can be clearly seen that a large fraction of NPg is adsorbed on the polymer-air
interface of the polyHIPE. However, some particle aggregates are found outside the polymer-air
interface (indicated with arrows in Figure 4-66(b,c)). This was not observed in macroporous
materials made from Pickering emulsions stabilized solely with 1.5 wt% NPg, in absence of
surfactant (supporting information in Appendix, Figure 10-9). Moreover, it seems that a larger
number of NPg is dispersed within the polymeric walls of the materials (compare Figure 4-66
(d) and Figure 10-9(d)). In this context, both individual nanoparticles and clusters of up to
approximately 80 nanoparticles were found inside the polymer walls. Consistent with that
observed in samples containing NPs,, it is highly probable that NPg are being gradually pulled
out from the interface when surfactant is added at low concentrations. In any case, NPg adsorbs

more on the interface than NP3,.

It is well known from the literature, that smaller nanoparticles have smaller adsorption energies,
thus being subject to displacement from oil-water interfaces by thermal energy.®® Therefore, it
was considered of interest to evaluate the influence of particle size. NPg nanoparticles (~8 nm)
are smaller than NP3, (=32 nm) and both results have been compared.
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In this context, Figure 4-67 shows representative TEM images of a macroporous polymer
synthesized from a W/O HIPE, stabilized with a mixture of 1.5 wt% NPg and 4 wt% surfactant.
The corresponding TEM images for the macroporous polymer containing intermediate
surfactant concentration (1.5 wt%), are included in Figure 10-10 as supporting information.

Figure 4-67. Representative TEM images of macroporous polymers obtained from HIPEs with an 80 %
internal phase volume, and stabilized with a mixture of NPg (1.5 wt%) and 4.0 wt% surfactant. Notice that
nanoparticles are in some cases located at the polymer-air interface, but mainly inside the polymer walls.
Pictures in (b) and (d) are higher-magnification zooms of the regions delimited with squares in (a) and
(c), respectively.
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From the TEM observations in Figure 4-67, it can be observed that the lowest NPg coverage
density was found in the surface of large pore sizes (Figure 4-67(a,b). Nanoparticles were
sparsely covering the polymer-air interface, as seen in Figure 4-67(b). However, in some cases
the NPg coverage density on both sides of larger pore walls was not symmetric. Since the resin
used in the ultramicrotome cutting process was successfully embedded in all pores of the
sample shown in Figure 4-67(c,d), the possibility that some NPg might have squeezed out from
the sample during the slide processing can be ruled out. Besides that, numerous small pores
were densely covered by several layers of NPg, whereas the surrounding larger pores were free
of them (Figure 4-67(g)).

In any case, it could be concluded that NPg nanoparticles are not totally pulled out from the
interface as surfactant concentration is increased up to 4.0 wt%. This behaviour is substantially
different from that observed for NP3, nanoparticles, which can be completely removed from the
interface at high surfactant concentrations (Figure 4-65). One possible explanation could be the
different size of nanoparticles. Smaller nanoparticles (NPg) have a larger surface area, which
probably requires a larger surfactant concentration to modify its surface properties. In this
context, it was shown that removal of particles from the interface occurs at higher surfactant
concentrations for NPg (Figure 4-59(d)) than for NP3, (Figure 4-59(c)).
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4.4.3.2 Characterization of pore structure and mechanical properties

Details regarding composition of the original HIPEs, as well as porosity, specific crush strength
and permeability values, are summarized in Table 4-12. If not otherwise mentioned, both the
internal phase volume fraction and nanoparticle concentration were kept constant at 80 % and
1.5 wit%, respectively.

Table 4-12. Composition of HIPEs and physical properties of the macroporous polymers after
polymerization of the continuous phase of the HIPEs. Porosity, specific crush strength (o) and nitrogen

permeability are indicated. The internal phase volume fraction and the nanoparticle concentration (respect
to the continuous phase) of the HIPEs were 80 % and 1.5 wt%, respectively.

Sample  Nanoparticles ?v}\;t?/\?\;’trx)r Porosity (%) . -OI'-TiS-kg'l) Perng;zg;ility
1 NPg Without 83.7+25 0.0066 + 0.0026 0
2 NPg 1072 85.2+3.2 0.0057 + 0.0004 0
3 NPg 15 82.8+0.7 0.0181 + 0.0031 0.38+0.01
4 NPg 2 822+0.4  0.0217+0.0004 .90+ 0.04
5 NP 4 82.8+04  0.0259+0.0007 (060+006
6 Without 4 829+11 0.0207 £ 0.0013 0.75+0.02
7 NP3, 4 84.1+0.1 0.0242 £ 0.0006  Not measured
8 CNPg3, 4 83.7+£0.2 0.0218 £ 0.0004 0.77 £+ 0.03

In line with the emulsion stability experiments, polyHIPEs (macroporous polymers prepared
from HIPEs) have been obtained using either Pickering emulsions, in absence or at low
surfactant concentrations, or surfactant-stabilized emulsions, at surfactant concentrations above
1.5 wt%. At first, the system containing NPg in the whole range of surfactant concentrations was
examined. Figure 4-68 shows two SEM images, corresponding to macroporous polymers made
from a Pickering emulsion (sample 1 in Table 4-12), and from an emulsion stabilized with a
mixture of 1.5 wt% NPg and 10 wt% Hypermer 2296 (sample 2 in Table 4-12).
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Figure 4-68. SEM images of macroporous polymers synthesized from a (a) Pickering HIPE and from a
(b) HIPE containing a mixture of NPy nanoparticles and surfactant (10 wt%). In both cases NPg
concentration and internal phase volume fraction in the emulsions was 1.5 wt% and 80 %, respectively.
The white circle indicate thin film regions.

Figure 4-68 shows a very large increase in pore size when slightly increasing surfactant
concentration to 10% wt%. Sample 2 (Figure 4-68(b)) have pores bigger than 500 um, much
larger than in sample 1, without surfactant (Figure 4-68(b)). Moreover, the walls in sample 2 do
not show any visible pore throat, which interconnect neighbouring pores. They did, however,
show some thin polymer films which probably correspond to droplet contacts in the original
HIPEs (indicated in Figure 4-68(b)). The presence of these thin polymer films, separating
neighbouring pores, is most likely associated to the detachment of some NPg nanoparticles from
the interface to the inner polymer wall, as a consequence of surfactant addition (10? wt%). This
also explains the big increase in pore size by comparing images (a) and (b) in Figure 4-68.
Moreover, cracks and flaws were detected within the polymer walls, which could be related to
this film thinning. However, permeability experiments verified that both samples 1 and 2 were
completely impermeable to nitrogen gas in the pressure range evaluated (up to 1.6 bars). It can

be therefore concluded that such materials have an entire closed-cell structure.

Figure 4-69 shows SEM images revealing the macroporous structure of macroporous polymers
prepared from HIPEs stabilized with mixtures of 1.5 wt% NPg and higher surfactant
concentrations, 1.5 wt% (Figure 4-69(a)) or 4 wt% (Figure 4-69(b,c)). In this case, the pore size
was reduced as surfactant concentration increased, confirming the observations made by optical

microscopy.

189



RESULTS AND DISCUSSION
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Figure 4-69. SEM images of macroporous polymers synthesized from HIPEs containing a mixture of NPg
nanoparticles (1.5 wt%) and Hypermer 2296 surfactant: (a) 1.5 wt%; (b) 4wt% and (c) 4 wt%, observed at
higher magnification. In all cases the internal phase volume fraction of the emulsions was 80 %.

Apart from pore size reduction, a dramatic change occurred in the microstructure of the pores as
surfactant concentration was increased. Small windows began to appear within polymer walls at
1.5 wt% Hypermer 2296 (Figure 4-69(a)). Both the size and the number of such connecting
windows increased as surfactant concentration was increased. This fact is evident when
comparing pictures (a) and (b) in Figure 4-69. Pore throats in sample 5 (4 wt% surfactant,
Figure 4-69(b,c)) had sizes from 0.7 to 5 um. This has already been described in the literature.
Wrobleski'®® first and later Cameron®'' pointed out the importance of the reduction of the
polymerizable film by addition of surfactants as emulsifiers to obtain such interconnectivity. In
particular, Cameron demonstrated that pore throats began to appear as a result of volume
contraction, on conversion of monomer to polymer at the gel point of the polymerization."* The
difference between the closed-cell structure observed in Figure 4-68 and the opened-cell
structure see in Figure 4-69 can be understood in terms of the stabilizing layer thickness, as the
size of particles is much bigger than that of surfactants. Therefore, a close-packed layer of
particles, especially in the case of multilayers, is expected to impede the thinning down of the
film between emulsions droplets.
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Pore size distributions of the polyHIPEs characterized above were determined by a direct pore
counting method using several SEM images (Figure 4-70) as described in the experimental
section (3.2.9.1). Very large pores were found in sample 2 (10 wt% surfactant, Figure 4-68(b)),
compared with those observed in sample 1 (without surfactant, Figure 4-68(a)). As
aforementioned, this fact is most likely a consequence of the emulsion destabilization induced
by small amounts of surfactant. Pores of this material (sample 2) were highly polydispersed,
ranging from several micrometers to approximately 600 um (blue open triangles in Figure
4-70).
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Figure 4-70. Pore size distributions for macroporous polymers prepared from HIPES, at constant internal

phase volume fractions (80 %) and NPg concentration (1.5 wt%), for different Hypermer 2296
concentrations. Such concentrations are expressed with respect to the monomer phase.

Pore size distribution shifted to large sizes when adding 10 wt% Hypermer 2296, but it moved
back to small sizes when adding larger amounts of surfactant (Figure 4-70). While in sample 3
(1.5 wt% Hypermer, indicated as red filled squares), pores with 200 um in diameter can still be
observed, the increase in surfactant concentration leads to a single, but polydisperse pore
population centered at around 10 um pore diameter (sample 5, 4 wt% surfactant, green filled
squares). These sizes are in good agreement with other polyHIPEs already described in the
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Regarding porosity, values varied from 82 to 85 % (Table 4-12). This again does not exactly fit

with the internal phase volume fractions added to the precursor emulsion. The difference

191



RESULTS AND DISCUSSION

between both values was attributed to the increase in skeletal density from monomer to
polymer, as explained in section 4.3.3.1. However, the large deviation showed by sample 2 (10
wt% surfactant, 85.2 % porosity, Table 4-12) cannot be only explained by that reason. As
mentioned above, sedimentation occurred during the polymerization of the emulsion in this
sample, which resulted in a separated polymer phase. Consequently, there is an increase of foam
density, and the porosity of the macroporous polymer is higher than it would be expected.

Similar results concerning pore structure and pore size distribution of polyHIPES containing
NPg have also been observed in polyHIPEs containing NP3, Some representative SEM images

of such materials are included as supporting information in the Appendix (Figure 10-12).

As regards mechanical properties, it was anticipated that the marked high polydispersity of pore
sizes exhibited by both samples 1 and 2 had a significant effect on their specific crush strength

values (o, ). These two samples, made from HIPEs without surfactant (sample 1) and with 107

wt% surfactant (sample 2) possessed the lowest values among the macroporous polymer
examined (Table 4-12 and inset in Figure 4-71). The influence of pore size polydispersity on
mechanical properties is in agreement with that described in the literature.'’® ** The higher
polydispersity, the lower crush strength. The specific crush strength was also determined for the
polyHIPEs at higher surfactant concentrations. In particular, it increased from 0.0181 (at 1.5
wt% surfactant, sample 3) to 0.0259 MPa-m*-Kg™ (at 4 wt% surfactant, sample 5). To better
highlight this increase, the specific crush strength values of the samples are plotted in Figure

4-71. These o, values are much larger than that showed by the macroporous polymers, made

from Pickering HIPEs, in absence of surfactant or at low surfactant concentration, basically due
to a reduction in pore size. It is important to recall that from 0.1 to approximately 1 wt%
surfactant, emulsions undergo phase separation. Therefore, macroporous polymers could not be

obtained in this surfactant concentration region, which is shaded in Figure 4-71.

Another important parameter that may be affected by the reduction of the pore size is the
permeability of the materials. The permeability of a macroporous polymer containing NPg (1.5
wt%), as a function of surfactant concentration in the initial emulsions, is also plotted in Figure
4-71. As discussed before, the two samples, made from HIPEs without (sample 1) and with 10
wit% surfactant were completely impermeable to nitrogen gas in the pressure range evaluated

(up to 1.6 bars), confirming their entire closed-cell structure.
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Figure 4-71. Specific crush strength and permeability for polyHIPE materials containing NPy
nanoparticles, as a function of surfactant concentration in the initial highly concentrated emulsions. NPg
concentration and internal phase volume fraction in the emulsions were 1.5 wt% and 80%, respectively.
The area shaded in the graph, corresponds to surfactant concentrations leading to unstable emulsions
(Figure 4-59). The inset graph shows a zoom of the specific crush strength for samples without surfactant
and at low surfactant concentration (10 wt%) on a larger scale.

Regarding macroporous polymers at higher surfactant concentrations, in principle, the larger
pore size, the higher permeability considering a constant number and size of pore throats.”’
Nevertheless, this assumption is not valid in this case, because the samples possessed different
degrees of interconnectivity as surfactant concentration increased (Figure 4-69). In Figure
Figure 4-69(a), it can be observed that, macroporous polymer made from an emulsion
containing 1.5 wt% surfactant, despite possessing the larger pores of the sequence at higher
surfactant concentrations, most of them were actually found to be rather closed-cell, indicating
still the presence of an important number of NPg at the interface. The permeability of this
sample was 0.38 Da (Figure 4-71). On the other hand, the highest value of permeability (0.90
Da) was reached for the macroporous polymer made from an emulsion containing an
intermediate surfactant concentration (2 wt%, sample 4). Further increment in surfactant
concentration (4 wt%, sample 5 in Figure 4-69(b,c)) led to a 33 % reduction in the permeability,
compared to sample 4 (Figure 4-71). This fact suggests that small pores with small pore throats
are limiting gas permeability. Actually, the TEM images in Figure 4-67(e), showed the presence
of some small pores densely covered by NPgin sample containing 4 wt% surfactant. This could
explain the lower permeability (0.60 Da) of this macroporous polymer compared to that
exhibited (0.75 Da) by the polyHIPE made with the same surfactant concentration (4 wt%), but
without NPg (sample 6 in Table 4-12).
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Finally, with the aim of assessing whether the mechanical properties of the polyHIPEs might be
influenced by the presence of nanoparticles within their polymer walls, macroporous solid
foams made from HIPEs stabilized with 4 wt% Hypermer 2296, and in the presence or absence
of 1.5 wt% nanoparticles, were prepared and tested, as described in the experimental section.

At this particular surfactant concentration, samples prepared without particles (see Figure
4-72(a)) as well as macroporous polymers containing NP3, and CNP3, (Figure 10-12 in the
Appendix) showed macroporous structures very similar to that containing NPg (Figure
4-69(b,c)). In particular, from Figure 4-72(b), it can be seen that the pore size distribution for
the sample without nanoparticles (sample 6 in Table 4-12) slightly shifted to lower values
compared to that also containing NPg. This allows ascertaining the individual contribution of

each kind of nanoparticles to the overall specific crush strength values.

Stress-strain analysis conducted for samples with and without NPg is shown in Figure 4-72(c).
As observed, and crush strength was increased by introducing 1.5 wt% oleic acid-capped NPg.
A 22 % higher stress was necessary to be applied to produce a 6 % decrease of the sample
thickness when the nanoparticles were acting as reinforcement. These results confirm that

particles can strengthen the macroporous polymers.
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Figure 4-72. (a) SEM image of a polyHIPEs synthesized from a HIPE stabilized with 4 wt% Hypermer
2294, in absence of nanoparticles. (b) Pore size distributions and (c) compression curve for polyHIPES
made from emulsions stabilized with 4 wt% Hypermer 2296 in presence or in absence of 1.5 wt% NPg.
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The values of specific crush strength are represented in Figure 4-73. It can be seen that the value
for the polyHIPE containing just 1.5 wt% NPg was 20 % higher than that measured for the
polyHIPE prepared from a conventional HIPE, stabilized with 4 wit% surfactant. These
observations are consistent with that already described in the literature. It is well known that the
addition of inorganic fillers enhances the mechanical properties of polymers and specifically
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Figure 4-73. Specific crush strength values of the polyHIPEs made from highly concentrated emulsions
(HIPEs), stabilized with 4 wt% surfactant in the absence or in the presence of 1.5 wt% NPg, NP3, or
CNP3,. From left to right, samples correspond to sample 6, 5, 7 and 8 in Table 4-12. The error bars
correspond to the standard deviation calculated over 6 samples measured in the compression test.

Interestingly, the extent of reinforcement seems to be slightly different for the different kind of
nanoparticles used. The higher specific crush strength value for the polyHIPE containing NPg
reinforces the hypothesis that is of paramount importance that nanoparticles are homogeneously
distributed and not strongly aggregated within the polymer. The specific crush strength for such
sample was 0.0259 MPa-m?-Kg™ while values for polyHIPEs containing NP5, and CNP,, were
0.0242 and 0.0218, respectively. This represents an overall difference of 7 and 16 % with
respect to the sample containing NPg. The presence of both NP5, and CNPs, aggregates,
confirmed by TEM observations, could produce such differences (Figure 4-65). Moreover, quite
large aggregates were found in the case of CNPs,, which could explain the large difference with
respect to NPg (Figure 10-11 in the Appendix, as supporting information). In any case, it is
worth mentioning that the yield strength of the polyHIPEs containing nanoparticles was higher

than the equivalent nanoparticle-free system, in all cases.

195



RESULTS AND DISCUSSION

4.4.3.3 Characterization of magnetic properties

The main objective was to impart magnetic properties to the polymeric nanocomposites. At
first, magnetization saturation (M,) of macroporous polymers, prepared from Pickering highly
concentrated emulsions (Pickering HIPEs), containing different NPg concentrations, was
evaluated as a function of the applied magnetic field at 300 K. The magnetization of polyHIPEs
was compared to the magnetization of neat NPg, which is already described in section 4.1.1
(Figure 1-4(a)). Previous results revealed that NPg are superparamagnetic nanoparticles,

reaching M, of 58.4 emu/g. Magnetization vs. applied field (M-H) curves for the macroporous

polymers are plotted in Figure 4-74. NPg data was likewise included as a reference.
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Figure 4-74. Magnetization vs. applied magnetic field for original NPg (green line) and for macroporous
polymers prepared from Pickering HIPEs containing a 80 % internal phase volume and stabilized with
either 1.5 (black line) or 5 wt% (red line) of NPg, in absence of surfactant. The inset graph shows a zoom
of the same results on a larger scale. The measurements were carried out at 300 K. The picture shows the
macroporous polymer containing 1.5 wt% superparamagnetic NPg being attracted to a permanent magnet.

As deduced from the hysteresis loop measurements shown in Figure 4-74, magnetization (emu)
per gram of material further decreased from 58.4 emu/g to 2.9 and to 1.0 with the encapsulation
of NPyg in the polymer, for macroporous polymers containing 5.0 and 1.5 wt% NPg, respectively.
This reduction is in very well agreement with the concentration of NPg in the sample. The
smaller nanoparticle concentration, the lower magnetization saturation. This result demonstrates

that magnetization of nanoparticles is not lost during polymerization. This is in fairly good
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agreement with other works that report the incorporation of magnetic nanoparticles in polymeric

matrices. % 2% 274312 |n sych studies, little influence of the polymer on nanoparticles M, is
observed, and M, per gram of material fits quite well with the corresponding weight fraction of

the nanoparticles inside the polymer.

Interestingly, the superparamagnetic behaviour was also retained by the macroporous polymers,
as indicated by the lack of hysteresis loop and coercivity (see inset in Figure 4-74). An example
of a macroporous polymer or polyHIPE material containing 1.5 wt% of NPg being attracted to a
magnet is also shown (Figure 4-74). It should be mentioned that the same trend in M-H results
were obtained for macroporous polymers made from HIPEs stabilized with mixtures of
nanoparticles (NPg) and 1.5 wt% surfactant. The corresponding M-H curve is included as

supporting information in the Appendix (Figure 10-13). This suggests that M, was not affected

by either particle aggregation or location around the oil-water interface. In conclusion,

magnetism saturation does not depend on particle spatial distribution.

On the other hand, it is well-documented that nanoparticle interactions may alter the magnetic
behaviour of fine particle systems, thus modifying the blocking temperature of the
nanoparticles. In this context, it was demonstrated earlier by TEM observations, that the spatial
distribution of NPg in the polymer could be partially controlled, by selecting the appropriate
concentration of nanoparticles and/or surfactant as emulsifiers. Specifically, aggregated
nanoparticles were adsorbed preferentially at the oil-water interfaces in absence of surfactant
(Figure 4-47). When Hypermer 2296 surfactant concentration was increased, nanoparticles were
progressively pulled out from such interfaces, and they remained well-dispersed within the
polymeric walls of the macroporous polymers (Figure 4-67). Therefore, it was considered that
such systems might be ideal to study the influence of surfactant addition on the blocking
temperature of the nanoparticles embedded within the nanocomposites. To ensure the reliability
of the results, the same kind of nanoparticles (NPg) at the same concentration (1.5 wt%) were
used in the experiment. Differences in magnetic response will indeed be, merely due to the

different nanoparticle spatial arrangement.

Figure 4-75 shows the curves of magnetization as a function of temperature, for three
macroporous polymers, prepared from HIPEs with different Hypermer 2296 concentrations, at
constant NPg concentration (1.5 wt%). The curves are characteristic of weakly interacting
systems of superparamagnetic nanoparticles.” Experiments were performed both under zero
field-cooling (ZFC) and field-cooling (FC) conditions, at H = 50 Oe. The curve corresponding

to neat NPg nanoparticles is also included for comparison (see inset).
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Figure 4-75. Magnetization vs. temperature for polyHIPEs, prepared from HIPEs stabilized with 1.5
wit% NPg and different Hypermer 2296 surfactant concentrations. Zero field-cooling (open symbols) and
field-cooling (solid symbols) measurements were carried out at H = 50 Oe. The surfactant concentrations
indicated in the legend are expressed with respect to the monomer phase weight in the initial emulsions.
Lines are only visual guides. The inset shows the same ZFC and FC measurements for neat NPg, for
comparison.

As indicated in the Introduction (1.2.2.4), the (average) blocking temperature (T,;) can be
ascribed to the maximum in the ZFC magnetization. T, for neat NPg was estimated to be 230 K
(see inset in Figure 4-75). As clearly seen in the figure, the concentration of surfactant in the
initial emulsions has a significant effect on the T, of the nanoparticles embedded in the
polymer. When the emulsion used as a template was solely stabilized with 1.5 wt% NPg, the T,

of the macroporous polymer was 105 K. Further surfactant addition progressively lowered the

T, to 85 and to 60 K for samples prepared from emulsions containing 2 and 4 wt% of

surfactant. The displacement of the NPg from the interface (Figure 4-76), where NPg are
strongly aggregated and in contact to each other, to the inner part of the polymer, decreases the
interparticle interactions and therefore reduces the temperature for the superparamagnetic

transition.
Moreover, in agreement with the progressive increase in the magnetic dipolar interactions,***

magnetization in FC tends to saturate at lower temperatures** as well as the maximum in the

ZFC become broader and exhibits low magnetic susceptibility.?®> *° The characteristic
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broadness of all curves, including that corresponding to NPg, most likely imply a broad particle-
size distribution of the nanoparticles.'*
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Figure 4-76. Schematic drawing that shows the spatial distribution of NPg as a function of surfactant
concentration in the macroporous polymers. Dipolar interactions are more important when nanoparticles
are concentrated at the oil-water interface stabilizing the original emulsions. Consequently, the blocking
temperature decreases when increasing surfactant concentration.

Apart from the effect of nanoparticle distribution as a function of surfactant concentration, the

influence of NPg concentration on the Tg, in macroporous polymers made from Pickering

HIPEs, was evaluated. The ZFC and FC curves for materials containing 1.5 and 5 wt% (same

samples that in Figure 4-74) are compared in Figure 4-77.
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Figure 4-77. Magnetization versus temperature plots of macroporous polymers prepared from HIPEs
stabilized with 1.5 and 5wt% NPg. Zero field-cooling (open symbols) and field-cooling (solid symbols)
measurements were carried out at H = 50 Oe. Lines are only visual guides. The pictures are TEM
representative images showing the nanoparticle spatial distribution at the polymer-air interface.
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For both samples, nanoparticles were located in layers at the surface of the pores, the only
difference being the thickness of that layers. The results suggest that more interactions are
induced by increasing NPg concentration. Magnetization clearly increased in the case of the

polyHIPE with higher nanoparticle concentration. Moreover, the T, slightly increased from 105

to 115 K.

The results are in agreement with well-known theory. As mentioned before, it has been
described that nanoparticle interactions (dipole-dipole and exchange interactions) modify the
anisotropy energy barrier (E,), influencing the magnetic behaviour of systems consisting of
small nanoparticles.'®® *** Specifically, the contribution of the exchange interactions in the oleic
acid surface-modified nanoparticles can be neglected and primary interactions are considered
from dipole-dipole coupling.™® In most cases, the blocking temperature (T,) decreases with
weaker interparticle interactions.*®* *** This normally occurs by increasing the particle-particle
distance either by dilution in liquid mediums®* or in solid matrices.?® For a particle of uniaxial

anisotropy, the T is directly related to the energy barrier (E, =K_,V,) through the equation

already described in the Introduction (section 1.2.2.4):*"

L KY, e
L———a'e

Ke |n(””j
z-0

where K, is the uniaxial magnetic anisotropy density, V, is the particle volume, k; is the

p
Boltzmann constant, z,, is the characteristically experimental measured time, and z, is a time
constant characteristic of each material. For z,, =100 s, which is the typical measuring time
when using a SQUID device, In(z',VI /z'o) is 25. Therefore the thermal energy required to
overcome E,, that separates the blocked from the superparamagnetic state, will be lower if this

anisotropy energy is reduced, by reducing the extent of particle aggregation.

444 Macroporous Polymers Prepared from Pickering HIPEs
Stabilized with Magnetic Nanoparticles and Subsequent
Addition of Surfactant

In the previous section, the preparation of polymeric macroporous nanocomposites, by using
HIPEs stabilized with mixtures of Fe;O, nanoparticles and surfactant, has been described. Such

materials exhibited superparamagnetic behaviour and were permeable to nitrogen gas. However,
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the small pore throats (0.7 to 5 um) connecting pores reduced gas permeability. As mentioned at
the beginning of section 4.4, an alternative approach for the synthesis of highly permeable
macroporous polymers was reported recently by Ikem et al.*** Such method consisted in the
addition of a nonionic surfactant (Hypermer 2296) to already-made Pickering emulsions,
stabilized with oleic acid surface-modified silica nanoparticles. Even though the materials were
successfully obtained using this route, the interactions between both emulsifiers were not
studied. The same approach was adopted here, based on mixtures of superparamagnetic
nanoparticles (NPg) and the same surfactant (Hypermer 2296), and a systematic work was

carried out, in order to understand the phenomena related to gas permeability.

Emulsions were synthesized using 1.5 wt% of NPgas emulsifier, and containing internal phase
volume fractions in the range of 75-85 %. Immediately after formation, 1 or 3 wt% Hypermer
2296 (with respect to the monomer phase) was added to the already-made Pickering HIPEs,
under gently stirring for a short period of time (10 seconds). Subsequently, polymerization of

the external phase of the HIPEs was carried out.

Both the composition of the initial HIPEs and the main physical properties measured for the

macroporous polymers are summarized in Table 4-13.

Table 4-13. Composition of HIPEs and physical properties of the resultant macroporous polymers after
the polymerization of the continuous phase of the HIPEs. Nanoparticle (NPg) concentration with respect
to the monomer phase was kept constant at 1.5 wt%. In sample 5, surfactant and NPg were mixed before
emulsification, as described in a previous section (4.4.2). ¢ indicates internal phase volume of the

emulsions and o indicates crush strength.

Sample ¢ (vol%) Hyi()vi:/r\?vetz /f )2 = Porosity (%) o (MPa) Pernzlgzg)ility
1 75 1 79.2+0.6 51+09 0.67 +£0.03
2 80 1 825+£0.3 3.3+£0.3 1.81+0.14
3 85 1 87.2+0.3 2100 240+ 0.32
4 80 0 83.7+£25 1.2+0.6 0
5 80 1 845+21 24 +0.7 0

First, the macroporous structure of macroporous polymers obtained from HIPEs having 80 vol%
internal phase, primarily stabilized with 1.5 wt% NPg and with subsequent addition of 1 or 3

wit% surfactant, was examined by SEM (Figure 4-78). For comparison, a SEM picture of a
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macroporous polymer prepared from a Pickering HIPE stabilized solely with 1.5 wt% NPg, in
absence of surfactant, was also included (Figure 4-78(a), sample 4 in Table 4-13). Such sample
exhibits the typical closed-cell structure due to the extremely stable films formed by several
layers of NPg. Hence, the sample was completely impermeable to nitrogen gas. Moreover, it
showed a bimodal pore size distribution, resulting from the limited coalescence process
described in section 4.3.2.

Figure 4-78. SEM images of macroporous polymers synthesized from HIPEs, primarily stabilized with
1.5 wt% NPgand having 80 % of internal phase volume fraction: (a) Pickering HIPE, without surfactant;
1 wt% (b) or 3 wt% (c) surfactant added after emulsification to already-made Pickering emulsions.

In fairly agreement with Ikem et al.,'®

quite large pore throats (up to 50 pm) appeared in the
wall regions connecting neighbour large pores in the samples with 1 wt% surfactant added
(Figure 4-78(b)). By comparing Figure 4-78(a) and Figure 4-78(b) it can be seen that despite the
presence of pore throats, the pore size distribution did not change substantially upon surfactant
addition. This is represented in Figure 4-79, in which the pore size distributions of samples with
the same composition, i.e. NPg concentration (1.5 wt%) and internal phase volume fraction (75
%), but one containing surfactant added at the end of the process, are compared. From this
figure it becomes evident that the addition of 1 wt% of Hypermer 2296 just led to a rather small
reduction of the size of the large pore population in combination with a major percentage of the

small pore size population centered at about 10 pm.
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Figure 4-79. Pore size distributions and corresponding SEM images for macroporous polymers prepared
from Pickering HIPEs, which contained the same internal phase volume fractions (75 %) and NPg
concentration (1.5 wt%), with the only difference that in one of the emulsions, 1 wt% of nonionic surfactant
Hypermer 2296 was added at the end of the process, just before polymerization took place. Scale bars in the SEM
images indicate 300 um.

The possible explanation for the appearance of pore throats lies on the effect of surfactant
addition. On one hand, the fact that pore size is not being drastically reduced as one would
expect if surfactant migrates to the O/W interface, suggests that Hypermer 2296 preferentially
adsorbs onto NPy surfaces, rather than at the O/W interface. However, we should take into
consideration that the short stirring time as well as the low surfactant concentration employed
do not contribute to droplet size reduction. This hypothesis was tested by increasing the amount
of Hypermer 2296 added to the precursor emulsion from 1 to 3 wt%. The corresponding SEM
image is shown in Figure 4-78(c). As clearly seen, the droplet size decreased significantly and
the porous structure was rather similar to that exhibited by samples with mixtures of NPg and
high surfactant concentrations (> 2 wt%), in which both emulsifiers were mixed together before
emulsification (Figure 4-69(b-c)). Therefore, the use of this method allows obtaining materials
with pore sizes similar to those obtained by using Pickering HIPEs as templates, but with open
porosity. One important point is that the required surfactant concentration is rather low.

To better elucidate the effect of surfactant addition on the spatial distribution of NPg in the
polymeric walls of the macroporous polymers, thin sections of the polyHIPE, made from a
HIPE primarily stabilized with 1.5 wt% NPg and subsequent addition of 1 wt% surfactant
(Figure 4-78(b)) were examined by TEM. Representative images are depicted in Figure 4-80.
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Figure 4-80. Representative TEM images of ultramicrotome slides (around 60 nm thick), in which the
distribution of the nanoparticles (NPg) within a macroporous polymer is shown. The sample (sample 2,
see also Figure 4-78(b)) was obtained from a HIPE stabilized with 1.5 wt% NPg having an 80 % internal
phase volume and subsequent addition of 1 wt% of Hypermer 2296. Arrows indicate a non-homogeneous
distribution of nanoparticles at the polymer-aire interface.

The pictures reveal a NPg spatial distribution with an intermediate behaviour, between that
found for macroporous polymers made from Pickering emulsions (Figure 4-47 in page 154) and
that for materials synthesized from HIPEs with surfactant and particles mixed before
emulsification (Figure 4-67, page 186). Interestingly, the nanoparticle coverage at the polymer-
air interface of the larger pores was not homogeneous, so that regions covered with several
layers of aggregated NPg coexisted with small regions completely free of NPg (see black arrows
in Figure 4-80(b)). Based on such findings, it may be assumed that part of NPg have been
presumably pulled out from the interface to the inner polymer phase due to surfactant
adsorption onto their surfaces. Meanwhile, enough NPg remained at the interface to stabilize the
initial HIPEs. Possibly, surfactant is also present (NPg free-areas), since both surfactant
adsorption onto NPg and surfactant adsorption at the interface can occur simultaneously.
Nevertheless, one can find examples in the literature of Pickering emulsions stabilized with very
low nanoparticle droplet coverage, i.e. less than 10 % of the surface.*® *'° In the hypothetic case

of surfactant at the interface, the gentle agitation after Hypermer 2966 addition may have
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hindered the reduction of the emulsion droplet size. Another important point that should be
stressed is consistent with that observed in Figure 4-67 (e), the surface area of some smaller
pores (few pum in size, see Figure 4-80(c)) was densely covered by NPg.

As stated earlier regarding pore connectivity, it is known that films between adjacent emulsion
droplets should be thin to obtain permeable polymers.'®® Besides from the already mentioned
volume contraction of monomer to polymer on polymerization, other reasons for the formation
of pore throats have been proposed. These include mechanical action during the drying step. On
some occasions this is induced by the creation of weak points in the polymer walls, as surfactant
is pushed to the interface due to the progressive reduction of its solubility in the oil phase as
polymerization is taking place.”® Pore throats in the pore walls of the same sample shown in
Figure 4-78(b) and Figure 4-80 (with 1 wt% surfactant added) can be observed in Figure 4-81.
The bigger pore throats correspond to the contact points of neighbouring droplets, where the
thickness of the polymer film is expected to be minimum. The particle-free areas at the surface
of the pores (Figure 4-80(b)) may facilitate film breakage since these contact points become
thinner. Connections between large pores are the responsible for the remarkable high
permeabilities measured for the macroporous polymers made from HIPEs in which the
surfactant was added to already-made Pickering emulsions (samples 1-3, Table 4-13). However,
there were few connections between small pores, due to the high NPg surface coverage.

Imperial 15.0kV 7.5mm x500 SE

Figure 4-81. SEM image of a macroporous polymer synthesized from a HIPE primarily stabilized with
1.5 wt% NPg and subsequent addition of 1 wt% Hypermer 2296. Big pore throats correspond to contact
points of neighbouring droplets in the precursor emulsion. It is to be noted that small pores remain,
however, rather closed.

Permeability (Da) and crush strength, as a function of internal phase volume fraction for
macroporous polymers prepared from Pickering HIPEs stabilized with 1.5 wt% NPg, and
subsequent addition of 1 wt% surfactant, are represented in Figure 4-82. As expected, the higher
the internal phase volume fraction (i.e. porosity) led to the highest permeability (2.40 Da, Table
4-13), and inversely, the lowest crush strength value (2.1 MPa). It should be noted that the
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polyHIPE with 80 vol% internal phase in the initial emulsion reached a permeability of 1.81 Da,
which is almost twice than the maximum permeability achieved (0.90 Da, Table 4-12) for the
macroporous polymers described in the previous section, which were made from HIPEs
stabilized with mixtures of surfactant and nanoparticles mixed before emulsification. The high
permeability can be certainly attributed to the large pore throats present in the macroporous
polymers (Figure 4-78(b)). Therefore, the results corroborate that the method that consist in the
addition of the surfactant to already-made Pickering emulsions, enhances importantly the pore

connectivity.
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Figure 4-82. Permeability and Crush Strength for polyHIPEs, prepared from HIPEs containing different
internal phase volume fractions. The emulsions were stabilized with 1.5 wt% NPy, and subsequently, 1
wt% Hypermer 2296 was added to the already-made Pickering emulsions. Error bars indicate the standard
deviation.

The key problem was to understand the influence of the order of addition in which both
nanoparticles and surfactant are incorporated. To conclude, the two distinct methodologies can

be summarized as follows:

Both nanoparticles (NPg) and surfactant mixed in the continuous phase of the emulsions,

before emulsification

Based on systematic interfacial tension measurements (Figure 4-55), emulsion stability tests
(Figure 4-59) and TEM observations (Figure 4-66 and Figure 4-67) carried out before, it was
demonstrated that NPg were progressively displaced from the interface upon surfactant addition.
As a consequence, three different results were obtained: first, closed-cell macroporous polymers
with large pore sizes were prepared at low surfactant concentration. Second, a region where

emulsion phase separation occurred, and consequently materials could not be obtained. Finally,
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macroporous polymers with rather small sizes and low permeabilities were obtained, at higher

surfactant concentrations.

Transition from particle-stabilized emulsions to surfactant-estabilized emulsions led to a drastic
reduction of the emulsions drop size, wich explains the low permeability values of the resultant
materials. It must be stressed, that even though most of the NPg were well dispersed within the
polymer walls of the macroporous materials, some NPg remained at the interface, even for high

surfactant concentrations (i.e. 4 wt%, Figure 4-67).

Surfactant added after emulsification to an already-made Pickering HIPE

In this approach, the starting point is a Pickering HIPE, stabilized solely with nanoparticles in
absence of surfactant, which possesses characteristic large drop sizes. The addition of small
concentrations of surfactant (1 wt%) directly to already-prepared Pickering emulsions, leads to
partial displacement of nanoparticles from the interface (Figure 4-80), with only minor changes
in drop size distribution of emulsions (Figure 4-79). Despite that not all nanoparticles have been
removed from the interface, some areas without nanoparticles allows the formation of pore
throats between large macroporous during polymerization. Therefore, this results in

macroporous materials with higher permeabities (Figure 4-82).
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The main conclusions and major achievements of this work are summarized as follows:

1. Preparation, characterization and functionalization of iron oxide nanoparticles

—  Two different types of superparamagnetic nanoparticles have been obtained following co-
precipitation methods described in the literature: NP3 and NPg, where 3 and 8 denote the
average size of the nanoparticles. Such nanoparticles, and NP3z, (purchased), were
successfully surface-modified with oleic acid. Distinct degrees of surface adsorption
(oleic acid molecules / nm? of nanoparticle) could be attained: 5.9, 2.5 and 2.1 for NP5,
NPg and NP3, respectively. NP3 and NPg were easily dispersed in organic solvents such
as decane or toluene, whereas NP3, showed rather poor stability.

2. Preparation, characterization and functionalization of titanium dioxide

nanoparticles

—  Anatase TiO, nanoparticles were successfully synthesized by means of a simple and
effective mechanochemical method. The reaction between the titanium precursor TiOSO,

and NaOH was almost completely ended after five minutes of ball milling.

- In the absence of calcination, poorly crystalline nanoparticles were obtained. The
nanoparticles were strongly agglomerated, forming flocs of 50-500 nm in size. The
anatase crystalline size increased from 6 to 20 nm upon increasing the calcination

temperature from 400 to 700 °C. Consequently, the specific surface area, S;.,, was

greatly reduced from 170 to 35 m?/g.
—  Nanoparticles calcined at 600 °C showed the best efficiency in the photocatalytic test with
a reaction constant of 0.0244 min™. The most important factor affecting the photocatalytic

efficiency of anatase nanoparticles was its degree of crystallinity.

—  TiO, nanoparticles were also functionalized with oleic acid, conferring hydrophobicity to

their surfaces. Oleic acid content could by adjusted by applying washing cycles.
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3.

4.

Incorporation of iron oxide nanoparticles (NP3 and NPg) in poly(styrene-

divinylbenzene) non-porous based materials

NP; and NPg were effectively incorporated (up to concentrations of 49 and 25 wt%,
respectively) in polystyrene crosslinked with divinylbenzene (ST-DVB) nonporous
materials, via free-radical polymerization. This was attributed to the effective
hydrophobization of the nanoparticles surface with oleic acid, which prevented an excess
of particle aggregation and the consequent phase separation upon polymerization.

Poly(ST-DVB) magnetic microparticles were also synthesized by polymerization of an
O/W diluted emulsion, which contained NP; in the dispersed phase. From the TEM

images it was inferred that NP5 might be contributing to stabilize the initial emulsion.

Incorporation of iron oxide nanoparticles (NP3 and NPg) in poly(styrene-
divinylbenzene) porous based materials, using highly concentrated emulsions
(HIPEs) as templates, prepared by the phase inversion temperature (PIT)
method

Selection of the surfactant system by HLB temperature (PIT) determinations in water /

ethoxylated nonionic surfactants / oil systems
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The initial PIT (61°C) of the water / 70% C13.15(EO)s — 30% Ci315(EO)s / tetradecane
system decreased upon increasing the monomer (ST-DVB) concentration in the oil phase,
which can be explained by the relative hidrophilicity of these monomers. Calculated and
experimental PIT were in good agreement up to 30 wt% of monomer in the continuous
phase of emulsions, which were stabilized with 4 wt% surfactant and had water-oil
volume ratios of 80:20. However, above 40 wt% of monomer in the continuous phase, a
marked hysteresis was observed between the heating and the cooling cycles, which was
ascribed to the different mechanisms involved in the emulsion transitions on heating and
cooling. Coalescence induces inversion from highly concentrated W/O to diluted O/W.
However, the inversion from diluted O/W to highly concentrated W/O emulsions is not

favoured.
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—  Phase inversion without hysteresis was observed when a more hydrophobic surfactant
was added to the surfactant system (Cy3.15(EO)4), and thus favouring the formation of
W/O HIPEs. Inversion occurred for monomer concentrations up to 60 wt% in the range of
temperatures studied. The droplet sizes of the W/O HIPEs obtained, were remarkably
small (1-5 um). This can be explained by the low interfacial tension values attained at the

phase inversion temperature.

Preparation and characterization of the macroporous polymers nanocomposites with

incorporated hydrophobic nanoparticles

—  These W/O HIPEs were used as templates to obtain macroporous polymers. Such
materials had large pore volumes (ca. 20.5 cm®/g) and low foam densities (ca. 0.05
glem®).

— Addition of either NP3 or NPg into the continuous phase of the HIPEs did not cause any
modification on the PIT of the system. It was inferred that nanoparticles did not migrate
to the water-oil interface, thus not affecting the ability of the nonionic ethoxylated
surfactant to stabilize the emulsions. After polymerization, it was found that both NP5 and
NPg were forming clusters in the polymer walls, but the dispersion was much more

homogeneous in the case of the smaller NPs.

—  Both the magnetization saturation (M) and the blocking temperature (T,) of the
polymeric nanocomposites, determined by magnetometry, were lower than those
measured for the as-synthesized superparamagnetic nanoparticles. The reduction in M.
was probably due to surface oxidation effects, while the T, reduction is explained by the
weaker interparticle interactions of the nanoparticles embedded in the polymer. The T,

for non-porous nanocomposites was lower than for macroporous nanocomposites. This
was associated to particle aggregation produced during the emulsification process to

obtain the macroporous materials.
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5. Macroporous polymers nanocomposites obtained in highly concentrated

emulsions stabilize with nanoparticles, in absence of surfactant

Highly concentrated Pickering emulsions stabilized with Fe;O, nanoparticles

W/O Pickering highly concentrated emulsions (Pickering HIPES) were successfully
stabilized using oleic acid surface-modified Fe;O, nanoparticles. The emulsions remained
stable over long periods of time. Emulsion formation was achieved because of the partial
hydrophobic surface of nanoparticles.

The adsorption of partially hydrophobic nanoparticles to the water emulsion droplets,
thus preventing drop-drop coalescence by steric repulsion, is most likely the mechanism
of emulsion stabilization. Tensiometry measurements strongly confirmed that the

emulsification using NPg was not favoured by reduction of the interfacial tension.

High internal phase volume fractions (up to 92.5 vol%) were incorporated to the W/O
HIPEs when using low concentrations of aggregated NPs, (3 wt% in the external phase).
Slightly lower values were attained when using NPg. It was hypothesized that a higher
content of oleic acid, covering the NPg surfaces, might reduce the particle adsorption on

the interface, limiting their ability as emulsifiers.

Characterization of the polymeric macroporous nanocomposites containing Fe;O,

nanoparticles
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The resulting polystyrene-based macroporous polymers had a close-cell structure, which
is a consequence of the dense film layer formed by nanoparticles at the interface.
Therefore, these materials were not permeable to gases despite of their high porosity
values (from 77 to 95%). Two well-defined pore populations were clearly observed: one
of several microns and the other ranging from 100 to 700 um. The larger pore size
population increased upon increasing the internal phase volume, but decreased with
increasing NP concentration. This pore size distribution was a replica of that observed in

the emulsions.

It has been demonstrated that NP3, were exclusively located at the polymer-air interface
of the obtained materials, forming thick nanoparticle aggregates. On the other hand, a

large fraction of NPg nanoparticles was effectively and homogeneously dispersed in the
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bulk polymer, regardless of nanoparticle concentration. This fact was attributed to the
greater affinity of NPg for the oil phase of the emulsions, due to the presence of the oleic
acid capping (12.4 wt%) onto their surfaces.

—  Mechanical strength and Young’s modulus of the macroporous polymers decreased with
increasing the internal phase volume fractions in the initial emulsions, but increased with
NP concentration. The mechanical performance of the materials containing NPg improved
remarkably with respect to those containing NP3, Such improvement possibly comes
from the presence of well-dispersed NPg inside the polymer walls, acting as a

reinforcement.

Polymeric macroporous nanocomposites containing TiO, nanoparticles

— The same approach was followed to synthesize macroporous polymers with
photocatalytic activity, by incorporating anatase TiO, nanoparticles. Formation of highly
concentrated Pickering emulsions was severely limited because of the strong nanoparticle
aggregation. However, materials with anatase nanoparticles at the surface of the pores
were obtained. Consequently, the materials retained part of the photocatalytic capacity of

the nanoparticles.

6. Polymeric macroporous nanocomposites obtained in highly concentrated
emulsions stabilized with mixtures of iron oxide nanoparticles and nonionic

surfactant

Formation of highly concentrated Pickering emulsions

—  Three different regions were observed when surfactant (Hypermer 2296) concentration is

progressively increased, at fixed nanoparticle concentration (1.5 wt%):

I. Low surfactant concentration: the surfactant preferentially adsorbed onto
nanoparticles surface, thus rendering the surface more hydrophobic. Therefore,
surfactant addition leads to particle desorption from the interface, and
consequently W/O Pickering emulsions become less stable than in complete

absence of surfactant.
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Il. Intermediate surfactant concentration: emulsions are unstable and phase
separation occurs at around 0.1 wt% surfactant in the continuous phase. At this
point, nanoparticles have been almost completely pulled out from the interface.
Further increase of surfactant concentration leads to a gradual reduction of the
interfacial tension values, as surfactant starts adsorbing to the oil-water interface.

I1l. High surfactant concentration: at surfactant concentrations of about 1 wt% in the
continuous phase, W/O conventional highly concentrated emulsions (stabilized
with surfactant) are obtained. This greatly decreases the droplet size down to
values in the range of 1-30 um. Therefore, an initial particle-stabilized emulsion

“transforms” to a surfactant-stabilized one.

Characterization of the materials
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It has been confirmed by TEM observations that at low surfactant concentrations, both
NPg and NP3, are progressively pulled out from the interface, as a result of surfactant
adsorption onto the nanoparticles surface. At higher surfactant concentrations, two
completely different behaviours were observed: first, NP3, were totally removed from the
interface, and aggregates of several microns in size, were found within the polymer walls.
By contrast, displacement of NPg was gradual, and even at the highest surfactant
concentration examined (4 wt%), some NPg remained at the pore surface, especially on
the smaller pores of the materials. Moreover, the NPg aggregation was substantially lower
than for NP3, This was attributed to the larger surface area of NPg nanoparticles, in

comparison to NP3,.

Pore throats (0.7-5 pum) were created in the macroporous polymers prepared from
surfactant-stabilized emulsions. Moreover, both the pore size and pore polydispersity
were reduced. The crush strength of the materials improved substantially due to reduction
of pore sizes. Interestingly, the crush strength was 20% higher in the materials containing
1.5 wt% of NPg than without, confirming the reinforcement effect of the nanoparticles in
the polymer. However, the small size of the pore throats limited the permeability of the

material to gases (maximum value achieved of 0.9 Da).

The magnetization saturation of the macroporous polymers was directly proportional to
the content of magnetic material (NP3 or NPg) inside the polymer, indicating the absence
of any polymer matrix effect. The ability to tailor the location of the superparamagnetic

NPg within the polymer, by an appropriate control of the NPg-nonionic surfactant
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Hypermer 2296 ratio, allowed modulating the blocking temperature of the nanoparticles.
Blocking temperature was lowered from 130 to 60 K due to lower contribution of
particle-particle interactions, by displacement of aggregated NPg from the interface, to the

bulk polymer.

Polymeric macroporous nanocomposites prepared from highly concentrated emulsions

stabilized with Fe;O, nanoparticles and subsequent addition of nonionic surfactant

—  Macroporous polymers with high crush strength values (2-5 MPa) and much higher
permeabilities (0.5-2.5 Da) were obtained, by adding 1 wt% of the nonionic Hypermer
2296 surfactant, to a pre-made Pickering W/O HIPE.. A thinning of the film in the areas
of nearest contact between droplets in the emulsions was caused by partial displacement
of the NPg. As a consequence, pore throats appeared between neighbouring pores.
Interestingly, the droplet size in the emulsions was not substantially reduced, possibly due
to the short duration of gentle agitation upon surfactant addition.
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SUGGESTIONS FOR FUTURE WORK

In this thesis, highly concentrated emulsions stabilized by different methods, have been used for
the preparation of macroporous polymer nanocomposites, with incorporated inorganic oxide
nanoparticles. Special emphasis has been given to the role of nanoparticles and to the
interactions between nanoparticles and surfactants, and their implications on emulsion
stabilization. However, some interesting aspects have not been covered in the present work. The

following aspects are recommendations for future research:

» Study of the possible technological applications of the materials, investigating the use
of superparamagnetic macroporous polymers in water decontamination treatments (e.g.

arsenic removal) and self-heating processes.

» A more quantitative study of the wettability of the nanoparticles by means of three-
phase contact angle measurements. This could give information about the different

hydrophobicity of nanoparticles with different degree of functionalization.

» Extending the work to other surfactants, to evaluate the influence of the HLB number
on the surfactant adsorption on nanoparticle surfaces, and consequently on emulsion

stability.

» Investigation of the rheological properties of emulsions containing different kinds of
inorganic oxide nanoparticles, located either in the interfacial region or in the
continuous phase of the emulsions. The influence of particle-clustering could be also

assessed.
» Investigation of the preparation of macroporous polymer nanocomposites with
nanoparticles incorporated in the polymer walls, but synthesized in single-step

processes during emulsification and/or polymerization.

» Investigation of tailored pore morphologies in magnetic macroporous foams induced by

magnetic fields.

» Extending the work to other biocompatible macroporous materials, such as polylactic or

gelatine-based materials.
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ABBREVIATIONS

ADVN
AIBN
AOP
BET
CMC
CNP3,
CTAB
DVB
FC
FTIR
HIPE
HLB
MAA
MB
NIPAM
NMR
NPs
NP3

NPg

NP3,
o/w
PIC
PIT
PS
polyHIPE
SAXS
SEM
SDS
TEM
TGA
uv
UVA
W/O

2,2’-Azobis-(2,4-dimethyl) valeronitrile

Oil-soluble initiator o,a’-azoisobutyronitrile

Advanced Oxidation Processes

Brunauer-Emmet-Teller

Critical Micelle Concentration

As-received commercial nanoparticles (average size is 32 nm)
Cetyl Trimethyl Ammonium Bromide

Divinylbenzene

Field-cooled

Fourier Transform Infrared Spectroscopy

High Internal Phase Emulsion

Hydrophilic-Lipophilic Balance

Methacrylic Acid

Methylene blue

N-isopropylacrylamide

Nuclear Magnetic Resonance

Nanoparticles

Oleic-acid surface modified nanoparticles prepared by a microemulsion method
(average size is 3 nm)

Oleic-acid surface modified nanoparticles prepared by a co-precipitation method
(average size is 8 nm)

Oleic-acid surface modified commercial nanoparticles (average size is 32 nm)
Oil-in-water

Phase Inversion Composition

Phase Inversion Temperature

Polystyrene

Polymerized High Internal Phase Emulsion

Small Angle X-ray Scattering

Scanning Electron Microscopy

Sodium Dodecyl Sulphate

Transmission Electron Microscopy

Thermogravimetric analysis

Ultraviolet radiation

Near ultraviolet radiation

Water-in-oil
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XRD
ZFC

SYMBOLS

(o
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X-ray Diffraction
Zero-field-cooled

Interfacial area / Molecular interactions / Cross-sectional area

Surface area per molecule

Constant dependent on the packing exhibited by the particles. Used in the
calculation of the maximum capillary pressure

Particle concentration

Surfactant concentration

Initial concentration

Solubility of the dispersed phase into the continuous phase

Diffusion coefficient / Surfactant phase / Size of the crystalline domain

Diameter of droplet or particle i

Arithmetic mean diameter

Droplet arithmetic mean size

Weight percent of the ethylene oxide group in a surfactant molecule / Young's
modulus

Magnetic anisotroy energy barrier

Force

Correction factors incorporated in the determination of interfacial tensions using
the droplet-volume and Du Noliy methods, respectively.

Gravity acceleration

Free energy of detachment of a small spherical particle from the interface into
(oil or water) the bulk phase

Free energy of emulsion formation

Additional surface free energy
Applied magnetic field
Coercivity field

Compression length
Permeability coefficient

Uniaxial magnetic anisotropy

Knudsen permeability coefficient
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Constant (17 °C) used in the determination of the Phase Inversion Temperature
Viscous permeability / reaction constant in a first order kinetics
Boltzmann’s constant

Sample length in the permeability test
Gas molar mass / Magnetization

Remanence

Saturation magnetization

Total number of droplets

Avogadro’s number

Hydrophilic-Lipophilic Balance humber

Constant that quantifies the lipophilic degree of a given oil. Used in the

determination of the Phase Inversion Temperature
Laplace Pressure / Percentage of droplets / Porosity

Maximum capillary pressure
Three-phase contact line perimeter of the Du Noly ring.
Pressures on the inlet high and outlet low pressure sides of the sample in the

permeability test

Mean pressure in the permeability test
Volumetric flowrate

Ideal gas constant / Du Nody ring radius
Needle radius / Du Nody wire radius

Droplet radius
Particle radius

Entropy

Specific surface area calculated using the BET method
Normalized surface area

Temperature

Blocking temperature

Glass transition temperature

Time

Hydrophilic-Lipophilic Balance Temperature or Phase Inversion Temperature

Wetted length of the Du Noly ring

Volume
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Vp Droplet volume
V., Molar volume of the solute
v, Particle volume
V, Total pore volume
V., Total micropore volume
w Work
W, Electrostatic repulsion potential
W, Steric repulsion potential
Waw Van der Waals potential
GREEK SYMBOLS
a, Surface area per molecule
yij Corrected peak width. Used in Scherrer equation
r Surface excess concentration
y ory,. Oil-water interfacial tension
Ve Interaction energy between a and b molecules

7 and y,, Interfacial tensions at the particle-oil and particle-water interface, respectively

n, Viscosity
% Contact angle / Diffraction angle

Contact angle that a particle makes with the oil-water interface

A Radiation wavelength

u Gas viscosity

v, Creaming or sedimentation velocity
P Density

py and p. Densities of the heavy and light phases
o Skeletal density
o3 Foam or envelope density

Standard deviation / Crush strength

Geometric standard deviation
o, Specific crush strength

Tm Characteristically experimental measured time
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Time constant for a given magnetic material
Internal phase volume fraction. W and O subscripts indicate water and oil,

respectively
Oswald ripening velocity
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SUMMARY IN SPANISH

1. INTRODUCCION

Las emulsiones son dispersiones coloidales, termodinamicamente inestables, constituidas por
dos fases inmiscibles, en que una de las fases (fase dispersa) se encuentra dispersa en forma de
gotas en la otra (fase continua). Las emulsiones forman parte de nuestra vida cotidiana, y
muchos productos alimentarios, como la leche y la salsa mayonesa, o productos cosméticos y de
higiene personal, son emulsiones. Como indica la definicion, las emulsiones son
termodinamicamente inestables, por lo que su formacién no es espontanea y una vez formadas,
tienden a la separacion de fases. Para retardar dicha separacion, se afiaden emulsionantes; los
méas frecuentes son, sin duda, los tensioactivos. Otros emulsionantes pueden ser

macromoléculas o particulas finalmente divididas.

Las emulsiones se pueden clasificar en funcion de la naturaleza de sus fases en agua en aceite
(W/O) o en aceite en agua (O/W). También se pueden clasificar segin la fraccion de volumen
de fase dispersa en diluidas, concentradas, o altamente concentradas para fracciones menores
del 20%, entre el 20% vy el 74%, y mayores del 74%, respectivamente (Figura 1-1). En el
presente trabajo se han empleado las emulsiones altamente concentradas para la preparacién de

materiales poliméricos macroporosos, como se detallard mas adelante.

Debido a que la formacién de emulsiones no es espontanea, es necesario aportar energia para su
formacion. En general, los métodos de preparacion suelen clasificarse en métodos de alta y de
baja energia, segin la energia se aporta mediante agitacion mecéanica 0 mediante energia
proveniente de la actividad quimica de los componentes de la emulsion, respectivamente. Otra
consecuencia de la inestabilidad termodinamica es que las emulsiones tienden a la separacion de
fases, que puede ocurrir mediante distintos mecanismos de desestabilizacion. Dependiendo de
diversos factores, las fases de las emulsiones pueden separar mediante: sedimentacion,
coalescencia, floculacion y maduracién de Ostwald. Cabe destacar que todos estos mecanismos
de separacion conducen a la completa desestabilizacién y separacion de fases. Dichos

mecanismos estan representados en la Figura 1-5.

Los tensioactivos son compuestos que presentan dos partes claramente diferenciadas (Figura 1-
7): la primera, generalmente denominada cadena hidrdfila, con afinidad a solventes polares, y la
segunda, conocida como cadena lip6fila, con afinidad a compuestos apolares. Debido a esta
propiedad, los tensioactivos son moléculas anfifilicas, ya que poseen afinidad por ambos tipos
de solventes. La capacidad de los tensioactivos de adsorberse espontaneamente en las interfaces

(aire-liquido, liquido-liquido, etc.) es responsable de la reduccion de la tension interfacial, que
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equivale a reducir la energia superficial. Dicha reduccién facilita el proceso de emulsificacion,
ya que reduce la energia necesaria para la formacion de gotas (ec. 1.1). Ademas, los
tensioactivos no sélo facilitan la emulsificacion, sino que, proporcionan estabilidad cinética
debido a la formacion de una monocapa en la superficie de las gotas. Otra caracteristica tipica
mostrada por los tensioactivos es su capacidad para formar agregados supramoleculares (por
ejemplo, micelas) a partir de concentraciones muy bajas de tensioactivo. De hecho, estas
estructuras pueden aparecer a la concentracion en la cual la superficie (o interfase) se satura de

moléculas de tensioactivo, como se ilustra en la Figura 1-10.

En el presente estudio se han empleado tensioactivos no ionicos etoxilados. Estos tensioactivos
se caracterizan por modificar su solubilidad en agua o en aceite dependiendo de la temperatura.
Al aumentar la temperatura se produce una deshidratacion de sus cadenas etoxiladas lo que
aumenta la hidrofobicidad del tensioactivo (Figura 1-11). La temperatura de inversién de fases
(o PIT) es la temperatura en la cual las propiedades lip6filas e hidréfilas se encuentran
equilibradas. De acuerdo con este principio, se pueden formar emulsiones con tamafios de gota
pequefios y homogéneos mediante un calentamiento (o enfriamiento) de una emulsion de tipo
O/W (o W/O), forméandose una emulsion de tipo W/O (o O/W) por inversién de fases. En este
método se pasa por una temperatura intermedia (T = PIT), donde las propiedades hidrofilas y
lipdfilas de los sistemas estan equilibradas, como se mencion6 mas arriba. Cabe subrayar que la
tension interfacial a la temperatura de inversiones de fases es minima (por ej. 10 mN/m), por lo
que empleando este método de emulsificacion se logra obtener gotas més pequefias que por

métodos convencionales de alta energia.

En este trabajo de investigacion también se han empleado nanoparticulas de 6xido de hierro y
de didxido de titanio como agentes emulsionantes. Aungue el descubrimiento de la capacidad de
estabilizar emulsiones con sélidos finamente divididos (denominadas emulsiones de Pickering)
fue descrito hace ya mas de 100 afios, la formacion y estabilizacién de estas emulsiones ha sido
estudiada extensamente durante los Gltimos veinte afios, sobre todo por el grupo de Bernard
Binks de la Universidad de Hull (U.K.). A diferencia de los tensioactivos, las particulas
generalmente no son anfifilicas, y por tanto no reducen la tension interfacial. No obstante, la
energia superficial total puede reducirse cuando una particula se adsorbe en la interfase v,
consecuentemente, el area superficial de esta interfase disminuye. Esta es la principal causa que
dificulta la obtencion de emulsiones de Pickering con gotas de pequefio tamafio. Se ha
demostrado que la adsorcion de las particulas en las interfases estd favorecida
termodinamicamente (ec. 1.17), y que la energia necesaria para la extraccion de una particula
desde dicha interfase a cualquiera de las dos fases (aceite o agua) puede ser de diversos grados

de magnitud mayor que la energia térmica del sistema. Por lo tanto, la adsorcion de particulas en
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la interfase puede ser practicamente irreversible si dichas particulas poseen propiedades
hidrdfilas y lipofilas equilibradas en el sistema. Tanto tedrica como experimentalmente, se ha
demostrado que las particulas presentan mayor eficacia en la estabilizacion de emulsiones

cuando sus angulos de contacto con la interfase (4,,) son cercanos a 90 °C (ver Figura 1-13).

Por tanto, es necesario que las particulas estén parcialmente mojadas por las dos fases. Como

regla general y en analogia con los tensioactivos, las particulas hidrofobas (8,,>90°) tenderan a
formar emulsiones W/O, mientras que las particulas hidréfilas (6,,>90°) favoreceran la

formacion de emulsiones O/W. Otro aspecto a destacar es que la energia térmica puede
desplazar a las particulas de las interfases si su tamafio es lo suficientemente pequefio (pocos
nandémetros). Por ello, la estabilidad de las emulsiones Pickering suele aumentar con el tamafio
de las particulas. Ademas, la estabilidad suele aumentar cuando las particulas poseen un

determinado grado de agregacion.

Debido a que la desorcion de las particulas puede ser dificil cuando el angulo de contacto es
proximo a 90°, las emulsiones Pickering pueden poseer mayor estabilidad que las emulsiones
estabilizadas con tensioactivos. Por otro lado, también se han observado emulsiones de
Pickering estables en las que Unicamente un cierto porcentaje de la superficie de las gotas esta
poblada por particulas. (Figura 1-15). Un aspecto importante estudiado en el presente trabajo de
investigacion es el estudio de la interaccion entre particulas y tensioactivos, ya que dichas
interacciones pueden aumentar o disminuir la estabilidad de los sistemas dependiendo de su
naturaleza. Como ejemplo de la mejora de la estabilidad, el tensioactivo puede adsorberse en la
superficie de las nanoparticulas confiriendo cierta hidrofobicidad y favoreciendo su adsorcion
en las interfases. Por el contrario, ambos emulsionantes pueden competir por la adsorcién en la
interfase agua-aceite, causando el desplazamiento de uno de los dos (normalmente particulas)

hacia una de las dos fases constituyentes de la emulsion.

Como se ha mencionado anteriormente, en esta Tesis se han estudiado emulsiones altamente
concentradas (HIPEs). Estas emulsiones poseen una fraccion de volumen de la fase interna igual
0 mayor al 74%, valor que corresponde al maximo empaquetamiento de esferas monodispersas.
El alto porcentaje de fase dispersa provoca que las gotas se deformen y se compacten. Por ello,
la estructura de estas emulsiones consiste en gotas poliédricas separadas por una pelicula
delgada constituida por la fase continua (ver Figura 1-21). Debido al elevado grado de

compactacion de las gotas, las emulsiones poseen una alta viscosidad.

Una de las posibles aplicaciones de las HIPEs es su utilizacion como plantilla para la

preparacion de materiales macroporosos poliméricos. Generalmente, este método se basa en
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incorporar uno o0 varios monomeros y/o entrecruzantes en la fase externa de dichas emulsiones
(generalmente del tipo W/O) y llevar a cabo la polimerizacion de los mondémeros. Un ejemplo
de un material polimérico macroporoso se presenta en la Figura 1-22, donde se observa la
textura macroporosa por microscopia electrénica de barrido (SEM). El material poroso,
semejante a una espuma, posee poros interconectados que son réplicas (mismo tamafio,
normalmente de 1 a 50 um) de las gotas de la emulsion inicial, obteniendo densidades muy
bajas de hasta 0,02 g/cm® y porosidades de hasta el 99%. La textura porosa depende
principalmente de la fraccion de volumen de fase interna, ya que el volumen contenido en las
gotas equivale al volumen de aire de los materiales resultantes. El sistema mas estudiado es el
formado por el mondmero estireno y el entrecruzante divinilbenceno, a pesar de que se ha
publicado sobre una gran variedad de monémeros (tanto hidréfilos como hidréfobos). Este

sistema modelo es, precisamente, el estudiado en este trabajo de investigacion.

Tradicionalmente, las emulsiones utilizadas como plantilla se han estabilizado con
tensioactivos. Recientemente, el mismo procedimiento ha sido adaptado para emulsiones
estabilizadas con particulas, tanto organicas como inorganicas. La Figura 1-23 muestra algunos
de los ejemplos de los materiales obtenidos empleando emulsiones de Pickering. Una de las
ventajas que esta propuesta conlleva es que cualquier funcionalidad que posean las particulas
pasa a formar parte de los materiales macroporosos resultantes, ya que las particulas
permanecen incorporadas en los materiales (Figura 1-23(c)). Como se puede observar en el
ejemplo de la Figura 1-23(b), los materiales presentan macroporos de gran tamafio y que suelen
ser cerrados, obteniéndose materiales de baja permeabilidad. Esto ultimo se puede explicar por
el mayor tamafio de las particulas con respecto a los tensioactivos, lo que produce que el film
polimérico que separa dos poros nunca llegue a estrecharse lo suficiente para abrir conexiones

entre los macroporos.
En el presente trabajo, se ha realizado un estudio en profundidad sobre estos aspectos, y se han

preparado materiales porosos nanocompuestos utilizando distintos tipos de emulsiones

altamente concentradas, como se describe en detalle en la seccién de objetivos y plan de trabajo.

2. OBJETIVOS

La preparacion de materiales constituidos por una matriz polimérica que contiene algun tipo de
elemento inorganico, como nanoparticulas o nanotubos, ha generado durante los Gltimos afios

un enorme interés cientifico. Existen numerosas aplicaciones de los nanomateriales, como por
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ejemplo sensores Opticos o poliolefinas reforzadas con arcilla en la industria automovilistica.
Uno de los campos més innovadores es la fabricacion de materiales porosos avanzados con
aplicaciones en campos tan variados, como el de membranas, purificacion de gases,

almacenamiento de liquidos/gases o el de soportes cataliticos.

El objetivo principal de esta Tesis es la formacion de nanocompuestos macroporosos con
nanoparticulas funcionales incorporadas, mediante el uso de emulsiones altamente concentradas

del tipo W/O como plantilla. Con este propésito, se han utilizado las siguientes nanoparticulas:

= Nanoparticulas superparamagnéticas de 6xido de hierro.

= Nanoparticulas fotocataliticas de dioxido de titanio.

La fase externa de las emulsiones estd formada por una mezcla de estireno (monémero) y
divinilbenceno (entrecruzante). Se ha llevado a cabo una polimerizacion por radicales libres en
la fase externa de dichas emulsiones. Se han estudiado tres tipos de emulsiones, siguiendo

diferentes metodologias:

(a) Emulsiones altamente concentradas (HIPES) estabilizadas con tensioactivos, y preparadas
por el método de temperatura de inversion de fases, conteniendo nanoparticulas en el seno
de la fase continua (seccion 1.1).

(b) HIPEs estabilizadas con nanoparticulas (Pickering HIPES), en ausencia de tensioactivo
(seccion 4.3). La obtencién de nanocompuestos macroporosos utilizando Pickering HIPES

como plantilla, constituye un método novedoso descrito por primera vez recientemente. '’

(C) HIPEs estabilizadas con mezclas de nanoparticulas y tensioactivo (seccion 4.4).

El objetivo principal implica los siguientes objetivos parciales:

1. Seleccion del sistema tensioactivo, para preparar emulsiones estabilizadas con

tensioactivos.
2. Preparacion y modificacion superficial de las nanoparticulas con acido oleico, para su

utilizacion en la estabilizacion de emulsiones de Pickering de tipo W/O, estabilizadas

con particulas.
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3. Estudio de la interaccion entre los dos emulsionantes empleados, nanoparticulas y

tensioactivos, y sus implicaciones en la estabilidad de las emulsiones altamente

concentradas.

Estudio de la distribucion de las nanoparticulas en los materiales macroporosos
obtenidos, en funcion de diversos parametros como el tamafio o concentracion de
nanoparticulas. Estudio de la influencia de dicha distribucién en la permeabilidad de los

materiales.

Comparacion de las propiedades méas importantes de los materiales, tales como textura

macroporosa o propiedades mecanicas.

Estudio de las propiedades magnéticas y de la actividad fotocatalitica de los
nanocompuestos, que contienen nanoparticulas de 6xido de hierro y de diéxido de

titanio, respectivamente.

Plan de trabajo

Para lograr los objetivos mencionados mas arriba, se ha llevado a cabo el siguiente plan de

trabajo:
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Preparacion y caracterizacion de nanoparticulas de éxido de hierro, con diferentes

tamafios medios de particula.

Preparacion de nanoparticulas de dioxido de titanio utilizando un método

mecanoquimico en fase sélida.

Modificacion superficial de las nanoparticulas con &cido oleico.

Seleccién de la mezcla de tensioactivos en el sistema formado por agua / tensioactivos

no iénicos etoxilados / aceite (conteniendo estireno y divinilbenceno).

Emulsificacion por el método de temperatura de inversion de fases utilizando
tensioactivos no idnicos etoxilados, y por el método de adicion sucesiva de la fase
interna, utilizando nanoparticulas (FesO4 y TiO,) y/o tensioactivo no i6nico como

emulsionantes.
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6. Preparacion de nanocompuestos macroporosos mediante la polimerizacion de la fase

externa de emulsiones altamente concentradas (HIPESs) del tipo W/O.

7. Estudio de la interaccion entre las nanoparticulas de Fe;O4y un tensioactivo polimérico

no iénico, mediante determinaciones de tension interfacial.

8. Caracterizacién estructural y morfoldgica de los nanocompuestos macroporosos. Con
esta finalidad, se han empleado diversas técnicas: microscopia electronica (SEM vy

TEM), picnometria, ensayos mecanicos y medidas de permeabilidad.

9. Evaluacién de las propiedades magnéticas (magnetizacién de saturacion y temperatura

de bloqueo) de los materiales que contienen nanoparticulas de Fe;0,.

10. Determinacién de la actividad fotocatalitica de los materiales que contienen

nanoparticulas de TiO..

3. EXPERIMENTAL

A continuacion se describen los tensioactivos y nanoparticulas utilizadas a lo largo del estudio,

asi como los principales métodos y técnicas de caracterizacion:

Tensioactivos no idnicos: polietilenglicol alquil éteres de grado comercial, abreviados como
RnEO,, donde m es el nimero de atomos de carbono de la parte hidr6foba, mientras que n es el
nimero aproximado de grupos de 6xido de etileno por molécula de tensioactivo. Estos
tensioactivos se utilizaron para emulsionar mediante el método de temperatura de inversion de
fases (método PIT). También se us6 un tensioactivo polimérico de tribloque, Synperonic PE/L-
64 (poli(etilenglicol)—poli(propilenglicol)—poli(etilenglicol)) para mejorar la estabilidad de las
emulsiones. Por otra parte, las emulsiones preparadas por el método tradicional de adicion
sucesiva de la fase dispersa sobre la fase continua se estabilizaron con el tensioactivo Hypermer

2296 (HLB=4.9), que es una mezcla de ester de sorbitan y poliisobutenil succinico anhidrido.

Nanoparticulas: en este trabajo se han empleado 3 tipos de nanoparticulas de 6xido de hierro,
abreviadas como NP,, en las que x indica el tamafio medio de particula. Todas ellas fueron
modificadas superficialmente con acido oleico para proporcionar las propiedades hidréfilas y

lipdfilas adecuadas: NP3 preparadas por el método de microemulsion, NPg sintetizadas por el
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método de coprecipitacion de sales de hierro, y NP3, que fueron adquiridas. Ademads, se
sintetizaron nanoparticulas de didxido de titanio (TiO,) por un método mecanoquimico de
molienda en un molino de bolas de ZrO, (ver Figura 1-19 y Figura 3-1).

Métodos: las emulsiones altamente concentradas se han preparado mediante el método PIT y
mediante el método clasico de adicion lenta, con la ayuda de un agitador tipo vortex. La PIT se
ha determinado a través de medidas de conductividad en funcion de la temperatura (ver Figura
3-2). Cabe mencionar que se han realizado mediciones de tension interfacial entre las dos fases
de las emulsiones gque contienen tensioactivo y/o nanoparticulas en la fase aceite, utilizando los

métodos de volumen de gota y del anillo de Du Nody.

Técnicas de caracterizacion: para caracterizar tanto las nanoparticulas como los materiales
porosos, se han utilizado principalmente técnicas de microscopia electrénica de barrido (SEM) y
transmision (TEM), picnometria (determinacion de porosidad), compresibilidad (resistencia a la
compresién), permeabilidad, difraccién de rayos X (DRX), dispersién de rayos X de bajo

angulo (SAXS), adsorcion de nitrogeno y magnetometria SQUID.

4. RESULTADOS, DISCUSION

4.1 FUNCIONALIZACION Y CARACTERIZACION DE LAS NANOPARTICULAS
4.1.1 Nanoparticulas de 6xido de hierro

En este apartado (ver 4.1.1) se ha llevado a cabo una extensa caracterizacion de los tres tipos de
nanoparticulas obtenidas: NP3, NPg y NPs,, con diametros medios de particula de 3, 8 y 32 nm,
respectivamente, y todas ellas con predominio de morfologia esférica (Figura 4-1). Respecto a
la estructura cristalografica, se ha confirmado mediante DRX que NPg y NP3, presentan
estructuras cristalograficas pertenecientes a la fase magnetita (Fes0,), mientras que en el caso
de NP3 no se pudo distinguir entre maghemita (Fe,O3) 0 Fe;0, debido a la baja resolucién de
ciertos picos de difraccion (ver Figura 10-1 en Apéndice). Para ser utilizadas como
emulsionantes, las nanoparticulas fueron funcionalizadas con distintas concentraciones de acido
oleico en su superficie. Para comparar el diferente grado de funcionalizacién, se calculd la
adsorcion superficial de moléculas de acido oleico a partir de la fraccion de materia organica

determinada por termogravimetria. Los valores de adsorcion superficial fueron de 5,9 (NP3), 2,5
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(NPg) y 2,1 (NP3,) moléculas/nm?, respectivamente (Tabla 4-1). Dicha adsorcion se confirmé

mediante espectroscopia infrarroja (Figura 4-3).

Tabla 4-1. Caracteristicas principales de las nanoparticulas de 0xido de hierro utilizadas en este trabajo.

Tamario Area Contenido Adsorcion
Muestra Fase medio de superficial  Acido oleico superficial de Dispersabilidad
cristalina? particula (ﬁnzl ) (wt‘y)d acido oleico en ST/DVB
(nm)® g & (mol./nm?)®
Maghemita
NP3 / Magnetita 3 - 45 59 Buena
NPy Magnetita 8 - 124+16 2,5 Buena
CNP3, Magnetita 32 48+1 0 0 Mala
NP3, Magnetita 32 - 42+02 2,1 Mala

& Obtenida por difraccion de rayos X (DRX). b Conteo directo a partir imagenes de microscopia
electrénica.® A partir de medidas de sorcion de nitrégeno (aproximacién BET). “ Obtenido a partir de
TGA. ¢ Calculado a partir de la densidad del 6xido de hierro, de la distribucion en tamafio de las
nanoparticulas y del contenido de acido oleico de las particulas determinado por termogravimetria.

Otro aspecto que se evalu6 cualitativamente fue la dispersion de las nanoparticulas en la mezcla
de mondmeros (estireno y divinilbenceno) que constituye la fase continua en las emulsiones
altamente concentradas. Se observo que las dispersiones de NP; y NPg se mantuvieron estables
durante un minimo de 24 horas, sin observarse sedimentacion. No obstante, tanto CNP3,
(hidréfilas) como NP5, (parcialmente hidréfobas), sedimentaron rapidamente, presentando una
baja estabilidad. Finalmente, se procedié a la determinacion de las propiedades magnéticas

(magnetizacion de saturacion (M. ) y temperatura de bloqueo (T,)) de NPg y NP3, utilizando
magnetometria SQUID (ver Figura 4-4 y Tabla 4-2). Ambos tipos presentaron M, elevadas a
300 K, correspondiendo 58.4 emu/g para NPg y 76.2 emu/g para NP3,. La disminucion de M| al

reducir el tamafio de nanoparticula se puede explicar por la pérdida de magnetizacion debido al
desorden de espines en la superficie. La ausencia de histéresis en el ciclo de magnetizacion

indica que NPg son superparamagneticas (T, de 230 K).

4.1.2 Nanoparticulas de o0xido de titanio

Para la sintesis de las nanoparticulas de TiO, se utiliz6 un método de reaccion mecanoquimico

en fase solida y posterior calcinacion. Dicho método constituye una alternativa rapida y eficaz a
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los métodos tradicionales en fase liquida. EI precursor de titanio utilizado fue el titanil sulfato
(TiOSQ,), y el procedimiento consistio en la reaccion de este &cido de Lewis con una base
(NaOH). Para controlar la liberacion de calor durante las reacciones A&cido-base muy
exotérmicas, se afiadié un diluyente sélido (Na,SO,). La reaccion se inicia por accion
mecanoquimica en un molino de bolas (ver Figura 3-1). En una reaccion tipica se obtienen
Oxidos de baja cristalinidad con cristales de pequefio tamafio insertados en una matriz de sal que

después se elimina mediante un simple lavado con agua.

Este proceso en fase solida sigue la siguiente reaccién modelo:

TiOSO, -2H,0 + 2 NaOH + Na,SO, — TiO, + 2Na,SO, +3H,0

El diéxido de titanio se obtuvo en fase amorfa, no observandose picos en el espectro de DRX
(Figura 4-6) de ninguna de las fases cristalinas del TiO, (anatasa, rutilo o broquita) al
completarse la reaccién. Debido a que el objetivo era obtener la fase fotocataliticamente activa
(anatasa) del TiO,, las muestras se calcinaron a temperaturas de hasta 700 °C. Los espectros de
DRX revelaron que la fase anatasa empieza a formarse a los 400 °C. Temperaturas mas altas
provocaron un aumento de la cristalinidad de las muestras que se refleja en el tamafio de cristal
determinado por la ecuacion de Scherrer (ec. 3.1). Dicho tamafio aumenté desde 6 hasta 20 nm
al subir la temperatura de calcinacion desde 400 hasta 700 °C (ver Tabla 4-3). Los tamafios de
cristal, calculados a partir de la ecuacion de Scherrer, fueron muy parecidos a los tamafios de
particula observados por TEM (Figura 4-8 y Figura 4-9), lo que implica que las particulas son
monocristalinas. Por otra parte, se determinaron las superficies especificas de las nanoparticulas.
Debido a la formacion de agregados de particulas con tamafios comprendidos entre los 50 y 500
nm, las superficies especificas obtenidas fueron ligeramente inferiores a las superficies teéricas
gue se hubiesen obtenido para muestras de nanoparticulas perfectamente dispersas y con toda su
superficie expuesta al gas adsorbato. Dicha agregacién fue causada probablemente por el
aumento de temperatura durante la reaccion mecanoquimica y por el elevado numero de
colisiones entre particulas. A pesar de ello, las superficies especificas fueron altas, obteniéndose
valores de 298 m?g para las nanoparticulas sin calcinar y 78 m?/g para las nanoparticulas

calcinadas a 600 °C.

Finalmente, se procedio a la evaluacion de la actividad fotocatalitica de las nanoparticulas en
agua mediante la eliminacion de un colorante modelo, el azul de metileno (Figura 4-13). El
factor mas influyente en la actividad catalitica fue la cristalinidad de la fase anatasa de las
nanoparticulas. La mayor actividad fue observada para el material calcinado a 600 °C (Tabla 4-

4). A pesar de que la superficie especifica de estas nanoparticulas (78 m?/g) fue menor que la de
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las calcinadas a 400 °C (170 m?/g), su mayor tamafio de cristal explica la mayor eficacia en la

degradacion del colorante.

Las particulas de TiO, también se modificaron superficialmente con &acido oleico para
conferirles hidrofobicidad y poder estabilizar emulsiones del tipo W/O.

4.2 INCORPORACION DE NANOPARTICULAS DE OXIDO DE HIERRO (NP3 Y NPg)
EN MATERIALES BASADOS EN POLIESTIRENO-DIVINILBENCENO

4.2.1 Polimerizacion en bulk

Debido a la buena dispersabilidad en solventes organicos, se eligieron las nanoparticulas de
oxido de hierro NP3 y NPg para ser incorporadas en matrices poliméricas de poliestireno
entrecruzado con divinilbenceno (mondémeros en proporcién 4:1). Antes de ser incorporadas
directamente en la fase externa de HIPEs del tipo W/O, las nanoparticulas se afiadieron a la
mezcla de monémeros. La polimerizacion de los mondmeros se realizé con el iniciador ADVN
(2,2’-Azobis-(2,4-dimetil) valeronitrilo) a 40 °C. Los resultados indicaron que las
nanoparticulas NP3 se incorporaron satisfactoriamente a las matrices poliméricas, y se
obtuvieron monolitos no porosos sin separacion de fases (ver Figura 4-15). Mediante
observaciones de TEM de cortes ultrafinos preparados con un microtomo, se aprecio una buena
dispersion de las NP5 dentro del polimero, con poco grado de agregacion. Esto se atribuye a la
estabilizacién mediante acido oleico, que evita la agregacion de las nanoparticulas hidréfobas
durante la polimerizacion. La concentraciéon de las NP3 se incrementd hasta el 49% en peso,
observandose en este caso una clara segregacion de las nanoparticulas en dominios (Figura 4-
16). No obstante, en dicha estructura las nanoparticulas conservaron su individualidad y
mediante SAXS se detect6 un pico atribuible a la distancia media entre particulas (Figura 4-17).
Este pico se desplazé a distancias mas cortas al incrementar la concentracion de NPs. En
cambio, cuando se repitieron los mismos experimentos con NPg, los resultados obtenidos fueron
distintos. Se alcanz6 una menor concentracion de NPg en el polimero (25%), ya que mayores
concentraciones dieron lugar a materiales muy fragiles. Esto se puede atribuir al mayor tamafio
de las nanoparticulas. Ademas, en contraste con NP3, no se detectaron picos de distancias de
repeticion en los espectros de SAXS. Se interpretd que la mayor polidispersidad de las

nanoparticulas impide cualquier ordenamiento de las nanoparticulas dentro de la matriz.
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4.2.2 Polimerizacion en la fase dispersa de emulsiones diluidas del tipo O/W

Las nanoparticulas NP3 fueron también incorporadas en la fase dispersa de emulsiones diluidas
tipo O/W (estabilizadas con tensioactivo) con la mezcla de mondmeros formando la fase
dispersa. De nuevo, las nanoparticulas mostraron una buena estabilidad en el seno de la fase
dispersa, y después de la polimerizacion se confirmd su presencia en las microparticulas,
resultantes de la polimerizacion de las gotas de la fase dispersa (Figura 4-19).
Sorprendentemente, las nanoparticulas se situaron preferentemente en la superficie de las
microparticulas (Figura 4-20). Posiblemente, las nanoparticulas se adsorben en la interfase,
contribuyendo a la estabilidad de las emulsiones iniciales. Basandose en estos resultados, se
estudid la estabilizacién de emulsiones con nanoparticulas Unicamente, experimentos que se

describen mas adelante.

4.2.3 Polimerizacion de la fase continua de emulsiones altamente concentradas (HIPES)

del tipo W/O preparadas por el método de temperatura de inversién de fases (PIT)

Se realizé la incorporacién de las nanoparticulas NPs y NPg en la fase externa de HIPEs del tipo
W/O. En una primera etapa se ajusto la composicion de la emulsion con el fin de controlar la
PIT del sistema. Como se menciond en la Introduccion, este método se basa en el incremento
brusco de temperatura de una emulsion inicial O/W (temperatura<PIT) para obtener una
emulsion W/O (temperatura>PIT), en sistemas formados por agua, aceite y tensioactivos no
i6nicos etoxilados. En el presente trabajo se han utilizado tensioactivos de pureza comercial,

que poseen polidispersidad en las longitudes de cadena de las partes hidréfila y lipdfila.

Inicialmente, se determind el ndmero HLB (balance hidrofilo-lipéfilo, N, ) de los

tensioactivos comerciales Ciy.14(EO)s, Ci3.45(EOs) ¥ Cis.45(EQ)s (Tabla 4-5) utilizando la
ecuacion desarrollada por Kunieda (ec. 4.4). El objetivo fue obtener una PIT ligeramente
superior 0 °C para poder manipular las emulsiones a temperatura ambiente y que las emulsiones
fueran estables a 70 °C, temperatura a la cual se llevarian a cabo las polimerizaciones. Las
medidas de PIT se realizaron mediante conductividad en funcién de la temperatura. La ecuacion

de Kunieda permite predecir la PIT conociendo el aceite (parametro N_ ) y las caracteristicas

oil
del tensioactivo (N, ), aunque para tensioactivos comerciales, los valores experimentales
pueden variar sustancialmente respecto a las predicciones teoricas. El hidrocarburo alifatico
tetradecano se afiadio a la fase externa junto con los mondmeros para aumentar el valor de la
PIT. Ello fue necesario ya que si la fase continua se hubiese constituido con un 100% de

mondmeros, la PIT habria sido inferior a 0 °C, y por tanto, no se podria realizar la inversion de
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fases. Se debe tener en cuenta, no obstante, que se requiere una concentracion minima de
monomeros, ya que los materiales resultantes después de la polimerizacion deben ser
suficientemente robustos para evitar que colapse su estructura. La concentracion de monémero

en la fase continua se fijé en un 55% en peso.

Se ha evaluado la influencia de distintos parametros considerando los tensioactivos utilizados:
concentracion de monomeros en la fase continua de las emulsiones, fraccion de volumen de la
fase dispersa y velocidad de agitacion del sistema (Figura 4-21 a Figura 4-24). Por ejemplo, dos

sistemas tensioactivos con N, similares, pero con distinta combinacion de tensioactivos (por

un lado 70% Ci315(EO)s - 30% Ci315(EO)s ¥ por otro 25% Cip.14(EO)s - 75% Ci3.15(EO)s
mostraron comportamientos muy distintos aplicando las mismas condiciones de agitacion.
Mientras que con el primer sistema no se pudo lograr la inversion de fases mas alla del 40% de
mondmeros en la fase continua de las emulsiones, la incorporaciéon de un tensioactivo mas
hidrofobo (Ci,.14(EO),) permitié alcanzar el 60%, demostrando que tensioactivos mas

hidréfobos facilitan la inversion de una emulsion O/W a otra W/O.

El sistema seleccionado para llevar a cabo las polimerizaciones fue el siguiente (las relaciones
se indican en peso): H,O / KyS,0g / C12.14(EO)s / Ci315(EO)s / Synperonic L-64 / estireno /
divinilbenceno / tetradecano (89.9/0.1/0.95/2.85/0.2/2.88/0.72/ 2.4). El tamafio de gota
de esta emulsion (Figura 4-25) fue mas pequefio que los tamafios obtenidos por métodos de alta
energia, debido a las bajas tensiones interfaciales que se dan a la temperatura de inversion.
Aunqgue el tamafio de gota aumentd ligeramente durante la polimerizacién, probablemente
debido a coalescencia, los tamarios de poro de los materiales obtenidos fueron pequefios, en el
rango comprendido entre 1y 5 um (Figura 4-26). En las paredes de dichos poros se observaron
conexiones (pore throats) (entre 0,1 hasta 2 um). Como resultado, el material present6 un
elevado grado de conectividad. El volumen total de poro de estos materiales fue de 20,5 cm®gy
la porosidad y densidad del material fueron 95% y 0,05 g/cm®, respectivamente. Las imagenes
de SEM mostraron que la morfologia macroporosa obtenida depende de la temperatura de
polimerizacién de la emulsion (60, 65 o 70 °C, Figura 4-27). Finalmente, también se caracterizd
la superficie especifica de las espumas. En todos los casos se obtuvieron valores cercanos a 50
m?/g (Tabla 4-7). Cabe destacar, que estos valores son superiores a los que poseen otros
materiales poliméricos macroporosos. Ello puede explicarse por el efecto de la adicion del
tetradecano en la fase continua de las emulsiones. Dicho compuesto actla como agente

pordgeno al quedar atrapado en la red polimérica de estireno entrecruzado con divinilbenceno.

Después de fijar la composicion de la emulsion estabilizada con tensioactivos, se procedi6 a la

incorporacién de las nanoparticulas utilizadas anteriormente (NPs y NPg) en la fase continua de

269



SUMMARY IN SPANISH

dichas emulsiones. Los ensayos se han efectuado con concentraciones de nanoparticulas
cercanas al 7% en peso respecto a la fase continua. El primer paso consistié en evaluar el efecto
que las nanoparticulas tenian sobre la PIT del sistema. Para ello se utilizaron las nanoparticulas
NPg. El resultado de las medidas de conductividad demostr6 que la inversion se produjo
practicamente a la misma temperatura (alrededor de los 9 °C, Figura 4-29). Por tanto, se puede
concluir que las nanoparticulas no influyen sobre el proceso de inversion y que no compiten con

el tensioactivo por la interfase.

Otro aspecto destacable, es que al incorporar nanoparticulas en el seno de la fase continua de las
emulsiones, la estructura macroporosa de las espumas no se vio alterada (Figura 4-30). La
distribucion de NP3 y NPg en las paredes de los polimeros macroporosos se estudiéo mediante
TEM, como en el caso de los materiales descritos previamente. De nuevo, se detectaron
diferencias entre ellos. Mientas la distribucion de NP3 fue homogénea en todo el material poroso
(Figura 4-31), observandose cierto grado de agregacion, la formacion de clusteres de
nanoparticulas fue méas evidente en los materiales que contienen NPg (Figura 4-32). Esto podria
indicar que durante el proceso de emulsificacion y/o polimerizacion la agregacion de NPg pudo
estar favorecida. Finalmente, se determind la magnetizacion de saturacion (M.) y la
temperatura de bloqueo (T;) de los nanocompuestos, tanto no porosos Como porosos, y se
compararon los valores con los obtenidos en las nanoparticulas (Tabla 4-8). Como resultado
importante cabe mencionar que el valor de M, por gramo de material magnético es
considerablemente menor en el caso de los nanocompuestos. Esto fue especialmente notorio en
el caso de los materiales magnéticos que contienen NP;. Este hecho fue atribuido a efectos
oxidativos y superficiales de la polimerizacion sobre la magnetizacion de las nanoparticulas de

oxido de hierro.

4.3 POLIMEROS MACROPOROSOS OBTENIDOS EN EMULSIONES ALTAMENTE
CONCENTRADAS ESTABILIZADAS UNICAMENTE CON NANOPARTICULAS

4.3.1 Estudios preliminares: influencia de la funcionalizacion con &cido oleico, y medidas

de tensidn interfacial

En esta seccion se ha estudiado en detalle la formacion y estabilizacion de emulsiones altamente
concentradas (HIPES) con dos tipos de nanoparticulas de éxido de hierro funcionalizadas con
acido oleico (NPg y NPs,). Estas se seleccionaron por poseer distintos tamafios y contenidos de

acido oleico, presentando comportamientos distintos en disolventes organicos, demostrando que
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las dispersiones de NPg se mantienen estables, mientras que NP, presentan poca estabilidad y
sedimentan répidamente (ver Figura 4-37). Pese a estas diferencias, ambas nanoparticulas

permitieron estabilizar emulsiones, como se vera a continuacion.

Inicialmente se realiz6 una serie de experimentos para verificar el papel que el 4cido oleico
adsorbido en la superficie de NPg y NP3, desempefia en la estabilizacion de las emulsiones. Se
demostré (Figura 4-35) que 1,5% en peso de NPg y NP3, (con respecto a la fase continua), con
12,4 y 4,8% en peso de acido oleico adsorbido en sus superficies, respectivamente, pueden
estabilizar emulsiones del tipo W/O. Las emulsiones se prepararon con un 75% de agua (fase
dispersa) y 25% de aceite (mezcla de estireno y divinilbenceno en proporcién 1 a 1 en peso).
Ademas, se demostrd que se requiere la adsorcién del acido oleico sobre las particulas, para
obtener emulsiones estables. Ello se confirmé al observar que emulsiones con la misma
composicién, eran inestables al utilizar Gnicamente acido oleico, en ausencia de nanoparticulas.
Paralelamente, se confirmé la adsorcion del acido oleico por medidas cualitativas de angulo de
contacto, demostrando que las superficies de NPg y NP5, son parcialmente hidréfobas. Por otra
parte, como cabria esperar, se obtuvieron emulsiones del tipo O/W cuando se utilizaron
nanoparticulas CNP3, como estabilizante (nanoparticulas NP3z, sin &cido oleico) debido a la
hidrofilia de su superficie. Todas las emulsiones se prepararon mediante el método
convencional de adicion gota a gota.

Antes de aumentar la fraccion en volumen de la fase dispersa (¢ ) de las emulsiones, se llevaron

a cabo medidas de tension interfacial utilizando el anillo de Du Nouy para identificar un posible
mecanismo de estabilizacion de las emulsiones. En sistemas compuestos de NPg dispersas en
tolueno (simulando la mezcla de monémeros) y agua se confirmd que las nanoparticulas
hidréfobas no modifican la tensién interfacial del sistema. Los valores de la tensién interfacial
entre el agua y el tolueno, con y sin nanoparticulas, fueron cercanos a los 36 mN/m, valor que se
corresponde con la tension interfacial entre el agua y tolueno puros (Tabla 4-9). Por tanto, se
pudo concluir que las NPg no favorecen la emulsificacién debido a una reduccion de la tensién

interfacial.

4.3.2 Efecto del tamafio, contenido de 4cido oleico y concentracion de nanoparticulas en la

formacion de las emulsiones
A continuacion, se evalud la méxima fraccion de volumen de la fase dispersa (agua) alcanzada

en las emulsiones (conocida como emulsion capacity, ver Figura 4-38), con diferentes

concentraciones de particulas (C, ). Se observaron dos regimenes claramente distintos a valores
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de concentracion de nanoparticulas inferiores y superiores a 1,5%, valor a partir del cual no se
observo un aumento apreciable de la emulsion capacity. Esto sugiere que a dicha concentracion
es probable que la superficie de las gotas esté saturada de particulas. A bajas concentraciones de
particulas, NPg se mostraron mas eficientes que NP3,. A modo de ejemplo, Unicamente con
0,25% de NPg se pudo estabilizar una emulsién W/O con el 82% en volumen de agua. Aunque
el tamafio caracteristico de gota fue extremadamente grande (del orden de milimetros), la
emulsion fue estable por largos periodos de tiempo (Figura 4-38 (b)). En cambio, NPg mostraron
una mayor eficacia a concentraciones de particulas mas altas, obteniéndose emulsiones con un
92,5% de fase dispersa con un 3% de NPs,. Debido a la buena dispersién de NPg en la fase
continua, se argumentd que a concentraciones de particulas bajas, la formacion de un menor
numero de agregados de nanoparticulas podria facilitar la estabilizacién de mayor superficie de
gotas. En cambio, al aumentar la concentracion de nanoparticulas, la formacién de agregados de
NP3, de mayor tamafio formando una red alrededor de las gotas, en combinacién con su menor
contenido de &cido oleico, podria favorecer la emulsificacion de mayores contenidos de fase
dispersa. Cabe subrayar que la presencia de agregados de NP3, en la superficie de las gotas se

confirmd por microscopia 6ptica (Figura 4-40).

Finalmente, se evalu6 sistematicamente la influencia del tamafio de nanoparticula en emulsiones
con distintas concentraciones de fraccion de volumen de la fase dispersa (de 75 a 92,5%, Figura
4-39). Como se ha descrito en la bibliografia, la disminucién de tamafio de particula mejoro la
estabilidad de las emulsiones con respecto a la sedimentacion. Es importante mencionar que,
debido al caracter magnético de las particulas adsorbidas en la interfase agua-aceite, dichas

emulsiones pudieron ser desestabilizadas rapidamente utilizando un iméan (Figura 4-42).

4.3.3 Preparacién de polimeros macroporosos a partir de emulsiones del tipo Pickering

estabilizadas con nanoparticulas de éxido de hierro (NPgy NP3,)

Las mismas emulsiones descritas en el apartado anterior se utilizaron como plantilla para la
sintesis de polimeros macroporosos mediante la polimerizacion de la fase continua de dichas
emulsiones. En esta ocasion, se utilizd el iniciador AIBN (o,a’-azoisobutironitrilo) al 1% en
peso con respecto al peso de los mondmeros. Como ya se sefialé en la introduccion, si la
mojabilidad de la superficie de las nanoparticulas se ajusta correctamente, las particulas pueden
quedar fuertemente adsorbidas en la interfase. En nuestro caso, se prepararon emulsiones con
distintos valores de fraccion en volumen de fase dispersa, estabilizadas con distintas
concentraciones de NPg y NP3, (Tabla 4-10). La buena estabilidad de las emulsiones durante la
polimerizacién permite la obtencion de materiales porosos con tamafios de poro equivalentes a

los tamafios de gota observados en las emulsiones (Figura 4-43). La presencia de nanoparticulas
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en el polimero se confirmd por la atraccion del material en forma de monolito a un imén. Una
de las ventajas de este método es la obtencion de monolitos con diversas formas, dependiendo

del molde en el que se llevan a cabo las polimerizaciones.

Los materiales obtenidos poseen distribuciones de tamafio de poro bimodales, con un
predominio de macroporos pequefios (de aproximadamente 20 um), pero con presencia de
macroporos mas grandes, desde 120 hasta 800 um. La poblacion de poros méas grandes
disminuye al aumentar la concentracion del emulsionante, tal como se puede apreciar en la
(Figura 4-45(a)). Cabe destacar que estos tamafios tan grandes (mayores de 100 um) suelen
observarse en emulsiones de Pickering descritas por otros autores.’®. En las emulsiones de
Pickering, el mecanismo que controla el tamafio de las gotas a bajas concentraciones de
particulas se denomina limited coalescence.”® En dicho proceso, las gotas mas pequefias
coalescen formando gotas mas grandes hasta que el area interfacial entre el aceite y el agua

gueda totalmente recubierto por particulas.

La caracteristica principal de los materiales obtenidos es que presentan una estructura de poros
cerrada (closed pores). A diferencia de los sistemas preparados a partir de emulsiones
estabilizadas con tensioactivo, no se observaron conexiones entre poros (Figura 4-44). Esto se
explica por la estabilidad de los films formados entre gotas adyacentes durante la
polimerizacién y por el mayor tamafio de las particulas en comparacion con los tensioactivos, lo
que produce un mayor grosor de las paredes entre macroporos. Esta estructura de poros cerrados
limita enormemente el flujo de gases o liquidos. La Tabla 4-10 presenta los parametros fisicos
mas importantes de los materiales sintetizados. Su porosidad (P ) es proporcional a la fraccion
de volumen de la fase dispersa inicial de las emulsiones, aunque los valores de P son siempre
ligeramente superiores. Esto se debe al aumento de la densidad de la fase continua durante la

polimerizacion. La densidad de las paredes (skeletal density (p,)) aumenta y por tanto P es

siempre algo mayor a la fraccion de volumen de fase dispersa inicial. Respecto a los valores de
la skeletal density, es interesante indicar que se obtuvieron valores (1,13 g/cm®) superiores a la
densidad del poliestireno (1,05 g/cm®). Sin duda, ello es debido a la incorporacion de las

nanoparticulas de 6xido de hierro.

La estructura interna de las paredes poliméricas se caracterizd por microscopia electronica de
transmision (TEM) en cortes ultrafinos (aprox. 60 nm) de los materiales. Los cortes se
realizaron mediante ultramicrotomia. Las imégenes obtenidas por TEM permiten observar la
adsorcion de las particulas en la interfase (polimero-aire) y su estado de agregacion. Llama la
atencion que se obtuvieron comportamientos distintos en los dos tipos de muestras estudiados.

Por un lado se encontr6é que NP3, (Figura 4-46) se localizan exclusivamente en la superficie de

273



SUMMARY IN SPANISH

los poros del polimero, lo que equivale a la interfase agua-aceite de la emulsion. A pesar del alto
grado de agregacion observado en las dispersiones de NP3, estas nanoparticulas son capaces de
situarse en la interfase formando una capa gruesa. En las muestras estudiadas (1,5-5% de
nanoparticulas) la configuracion encontrada siempre fue similar. Esto sugiere que, para lograr
tamafios de gota mas pequefios sean probablemente necesarias concentraciones muy altas de

NP3, y que la estabilizacién por monocapa sea improbable.

Por otra parte, aunque también se encontraron NPg en la interfase adoptando una estructura de
multicapas, se detectdé un numero elevado de particulas en el interior de las paredes, lo que
equivaldria a la fase continua de las emulsiones (Figura 4-47). Ello podria originarse por la
combinacion de varios factores: por una parte, debido a que las NPg poseen una mayor
hidrofobicidad, es probable que puedan mantenerse dispersas en la fase oleosa en lugar de
migrar a la interfase, reduciendo su capacidad como emulsionantes. Otra causa que explique la
presencia de NPg en el seno de la fase continua, es que las particulas de menor tamafio pueden
desorberse de la superficie con mayor facilidad.®® Otra hipétesis seria que la funcionalizacién de
la superficie de las NPg no hubiera sido homogénea, obteniéndose algunas particulas con mas
acido oleico que otras.

Por Gltimo, se estudiaron las propiedades mecanicas de los monolitos obtenidos. Se determiné la
resistencia a la compresion (o) y el médulo de Young de los materiales mediante el test de
compresién, en funcién de la concentracién y tipo de nanoparticula y de la fraccion en volumen
de la fase dispersa en las emulsiones (Tabla 4-11). En el analisis de los resultados de las curvas
de esfuerzo vs. deformacion, se observd que la desviacién estdndar de los valores era muy
elevada, especialmente en el caso de muestras preparadas con bajas concentraciones de
particulas. Esto se atribuy6 al drenaje de la fase continua durante la polimerizacion, por efecto
de la gravedad, obteniéndose grosores distintos de las paredes de los films a la largo del eje
vertical. Estas diferencias se minimizan cuando la concentracion de nanoparticulas en los
materiales es alta (5%). Debido a este hecho, se decidié tomar como referencia la resistencia a la

compresion especifica (o), calculada dividiendo o por la densidad del material en cada zona

estudiada. En relacién a la concentracion de nanoparticulas, se observé que al aumentar la

concentracion de NPg desde 0,5 hasta 3% en peso, o, aumentd desde 0.006 hasta 0.017

MPa-m?-Kg™ (Figura 4-49). Este aumento se debi6 principalmente a la reduccion del tamafio de
poro, lo que mejora el comportamiento mecanico de los materiales. En otro experimento Ilevado

a cabo, se mostré que los materiales preparados con NPg poseen valores de o, superiores (30-

40%) a los materiales preparados con las NP3, (Figura 4-50). Se concluy6 que la causa podria
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ser la presencia de un mayor nimero de nanoparticulas, asi como una distribucién no solo en la

interfase sino también en el interior del polimero.

4.3.4 Preparacion de polimeros macroporosos a partir de emulsiones del tipo Pickering
estabilizadas con nanoparticulas de dioxido de titanio (TiO,)

El mismo procedimiento de emulsificacion, basado en la adicion gota a gota de la fase dispersa
sobre la fase continua, fue adoptado en la obtencidén de materiales utilizando emulsiones de
Pickering con nanoparticulas de TiO,. Estas nanoparticulas fueron modificadas superficialmente
de forma andloga a las NP3, La concentracion de &cido oleico fue ajustada para obtener
emulsiones altamente concentradas (HIPES) del tipo W/O. Como se menciond anteriormente,
las nanoparticulas obtenidas mediante el método mecanoquimico, poseen un alto grado de
agregacién, formando clusteres de tamafios entre 50 y 500 nm. Se obtuvieron emulsiones
empleando nanoparticulas sin calcinar (superficie especifica cercana a los 300 m%g) y
calcinadas a 600 °C (80 m?/g de superficie especifica). A su vez, estas emulsiones se utilizaron

como plantilla para obtener los correspondientes polimeros macroporosos.

La elevada agregacion de las nanoparticulas parece limitar la efectividad emulsionante y no se
apreciaron diferencias significativas en el tamafio de poro de los materiales obtenidos. Las
imégenes de SEM (Figura 4-53) mostraron que los materiales estan constituidos por numerosos
poros de gran tamafio (alrededor de 700 um) con algunos macroporos de menor tamafio (1-20
um), situados en los Plateau borders. Comparando con otros resultados con la misma
composicion (3% de nanoparticulas y 80 vol% de fase dispersa), los materiales preparados a
partir de emulsiones estabilizadas con nanoparticulas de éxido de hierro presentaron tamafios de
poro mucho mas pequefios. Esto demuestra que dichas particulas (FesO4), con menor
agregacioén, son mas eficaces para estabilizar interfases aceite-agua. EI mayor tamafio de poro
causo que los materiales monoliticos con nanoparticulas de TiO, obtenidos fuesen fragiles Otro
aspecto a destacar observado en las imagenes de SEM, es que las nanoparticulas se sitdan en
preferencialmente en el exterior de los poros, quedando parcialmente expuestas en las paredes
de los materiales (Figura 4-53(c)).En conclusién, se puede afirmar que las particulas de TiO,
estudiadas poseen un grado de agregacién elevado y ello podria ser la causa de la baja

estabilidad de emulsiones de Pickering preparadas con estas particulas.

Como se demostr6 anteriormente, las nanoparticulas calcinadas a 600 °C estaban formadas por
cristales de anatasa de unos 13 nm (Tabla 4-3), por lo que dichas nanoparticulas mostraron una
alta eficacia fotocatalitica. Se realizaron los experimentos de degradacion del colorante azul de

metileno, utilizando los materiales macroporosos (Figura 4-54). Se comprobd que presentaban
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actividad fotocatalitica, aunque la cinética de degradacion fue méas lenta que en el caso de las

nanoparticulas solas.

4.4 POLIMEROS MACROPOROSOS OBTENIDOS EN EMULSIONES ALTAMENTE
CONCENTRADAS ESTABILIZADAS CON MEZCLAS DE NANOPARTICULAS DE
OXIDO DE HIERRO Y TENSIOACTIVO NO IONICO

Los resultados anteriores de obtencién de materiales porosos en emulsiones de Pickering, han
mostrado que se obtienen materiales con poros cerrados. Por ello, se exploré la posibilidad de
aumentar la interconectividad de los poros, afiadiendo bajas concentraciones de tensioactivo.
Esto se realiz6 mediante la adicion de de un tensioactivo no iénico (Hypermer 2296) en las
emulsiones iniciales de Pickering estabilizadas con nanoparticulas de 6xido de hierro (NPg y
NP3,). En esta seccion se describen dos estrategias: la primera ha consistido en preparar las
emulsiones mezclando ambos emulsionantes en la fase continua antes de la emulsificacion,
mientras que en la segunda el tensioactivo se ha afiadido sobre la emulsion de tipo Pickering

una vez formada.

4.4.1 Medidas de tension interfacial

En primer lugar, se procedio a la determinacion de las tensiones interfaciales entre las fases de
tolueno conteniendo el tensioactivo Hypermer 2296 a diferentes concentraciones (en presencia o
en ausencia de las particulas NPg, NP3, y CNP3,) y agua (Figura 4-55). La determinacion de las
tensiones interfaciales en la region de bajas concentraciones de tensioactivo se realiz6 con el
anillo de Du No6uy, mientras que para la regién de altas concentraciones se utilizé el método del
volumen de gota. El fundamento de ambas técnicas se haya descrito detalladamente en la parte
experimental. En el sistema sin nanoparticulas, GUnicamente con tensioactivo, se observé que la
tension disminuy6 desde un valor inicial de 36,2 mN/m hasta 2,8 mN/m (4% de tensioactivo).
No obstante, en el grafico se observa que a partir de 0,1% de tensioactivo (5,9 mN/m) la tensién

varia poco.

A continuacion, se estudid la influencia de la adicion de dicho tensioactivo en presencia de una
concentracion constante de nanoparticulas (1,5%) en la fase de tolueno. Los resultados
mostraron grandes diferencias entre los valores con/sin particulas a concentraciones inferiores al
1% de tensioactivo. A estas concentraciones, los valores de tension interfacial en presencia de
particulas (NPg, NP3, y CNP3,) fueron mas altos que los determinados sin nanoparticulas. Las

diferencias de tension interfacial, en funcion de la concentracion de tensioactivo, entre los
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sistemas con y sin particulas, se atribuyeron a la adsorcion inicial de tensioactivo sobre la
superficie de las particulas. Dicha adsorcion se confirmdé més adelante mediante medidas
termogravimetricas (Figura 4-57). En el caso de CNP3, se alcanzé un valor de adsorcion
constante (0,068 g de tensioactivo por gramo de CNP3,) a una concentracion de tensioactivo del
0,5%. La adsorcidn de tensioactivo sobre las particulas provocéd que la superficie de éstas se
volviera mas hidrofobica (Figura 4-58).

En el grafico de tensiones interfaciales (Figura 4-55), se puede observar que en presencia de
tensioactivo, la tension disminuye muy poco hasta alcanzar concentraciones de tensioactivo
elevadas. Se puede deducir que practicamente todo el tensioactivo afiadido, hasta una
determinada concentracion, se adsorbe en la superficie de las particulas y no contribuye a la
disminucién de tension interfacial. También es importante destacar que se encontraron
diferencias entre los tres sistemas: el tensioactivo se adsorbié mas en la superficie de CNPs,,
seguido por NPg y finalmente por NPs,. La mayor adsorcién sobre CNP3, se puede atribuir a la
mayor hidrofilia de la superficie de estas particulas, ya que no estan funcionalizadas con acido
oleico. Al utilizar nanoparticulas CNP3,, se necesitd una concentracion de tensioactivo 2.5
ordenes de magnitud méas elevada que en el sistema sin nanoparticulas, para observar una
reduccion de los valores de tensidn. De nuevo, ello se atribuye a que el tensioactivo afiadido se
adsorbe sobre las particulas y no contribuye a la reduccion de la tensién. En referencia a los dos
otros tipos de nanoparticulas, el tensioactivo se adsorbié mayormente en NPg que en NPs;,
posiblemente debido a la mayor superficie especifica de NPg. La Figura 4-56 muestra las
diferencias de valores de tension de cada sistema respecto al sistema de referencia sin
nanoparticulas: a modo de ejemplo, para una concentracion de tensioactivo del 0,5%, los
valores de las tensiones interfaciales aumentaron en 27,3 mN/m, 24,3 mN/m y 17.0 mN/m, con

la adicion de las nanoparticulas CNP3,, NPg y NP3,, respectivamente.

En conclusidn, los resultados comparativos de la tension interfacial, en sistemas con mezclas de
tensioactivo y nanoparticulas, permiten deducir que el tensioactivo se adsorbe sobre las

particulas y que ello influye enormemente sobre los valores de tensidn interfacial.

4.4.2 Emulsiones altamente concentradas estabilizadas con mezclas de nanoparticulas de

Oxido de hierro y tensioactivo no iénico

Debido a la adsorcién del tensioactivo no iénico sobre las nanoparticulas de 6xido de hierro, se
decidi6 investigar el efecto de dicha interaccion sobre la estabilidad de HIPEs con 80% de fase
acuosa, simulando las mismas concentraciones de emulsionantes que se utilizaron en las

medidas de tension interfacial. Los ensayos de estabilidad mostraron una buena correlacion con
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los resultados obtenidos por tensiometria. Para simplificar, en este resumen Gnicamente se

describiran los resultados obtenidos con las nanoparticulas NPg y NP3,.

La estabilidad de las HIPEs con respecto al cremado, la sedimentacién y la coalescencia se
determind midiendo las alturas de las fases separadas, asi como de la emulsion residual a las 24
horas y a temperatura ambiente (Figura 4-59 y Figura 4-60). Como se describi6 anteriormente
en ausencia de tensioactivo, NPg y NP3, fueron capaces de estabilizar por si mismas HIPES del
tipo W/O, es decir, formando emulsiones de tipo Pickering. Al afiadir concentraciones bajas de
tensioactivo, se observd que el tamafio de gota de las emulsiones aumentaba notablemente
(hasta valores de 1 mm, Figura 4-61), y se observé un gran aumento de la inestabilidad de los
sistemas. A una determinada concentracion de tensioactivo del 0,1 o 0,05%, en presencia de
NPs 0 NP3, respectivamente, se observo rapida separacion de fases. Dichas concentraciones de
tensioactivo corresponden aproximadamente a la situacion de saturacion del tensioactivo sobre
las particulas. Ello produce un desplazamiento de las particulas lejos de la interfase,
aumentando progresivamente la inestabilidad de las emulsiones. Se interpreté que la superficie
de las nanoparticulas se hidrofobiza progresivamente debido a la adsorcion de tensioactivo en la
particulas, lo que conlleva a la reduccién de su capacidad para actuar como emulsionante. En
consecuencia, segun las predicciones tedricas la energia necesaria para la desorciéon de las
particulas disminuye. Las nanoparticulas son progresivamente eliminadas de la interfase, y se
produce separacion de fases al no haber suficiente concentracion de tensioactivo para estabilizar
las HIPEs.

Sin embargo, cuando la concentracién de tensioactivo se aumentd hasta valores de
aproximadamente del 1%, se obtuvieron de nuevo emulsiones estables del tipo W/O, aunque
estabilizadas principalmente por tensioactivo, como revelan los menores tamafios de gota (1-50
um) observados por microscopia dptica (Figura 4-62). Se observo una disminucion gradual del
tamafio de gota hasta un 4% de tensioactivo. Por tanto, se produce una transformacion de
emulsiones de tipo Pickering a emulsiones estabilizadas con tensioactivo pasando por una

region intermedia de separacion de fases (Figura 4-63).

La desorciéon de NP3, de la interfase de emulsiones estabilizadas con altas concentraciones de
tensioactivo (>1%) se confirmé por imagenes de microscopia Optica (Figura 4-62(b)), ya que se
detectaron agregados de nanoparticulas de hasta 2 o 3 um de tamafio en el seno de la fase
continua de las emulsiones. La posicion exacta del otro tipo de nanoparticulas, NPg, se examind

mediante TEM, como se describira a continuacion.
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4.4.3 Polimeros macroporosos preparados a partir de emulsiones altamente concentradas

estabilizadas con mezclas de nanoparticulas de Fe;O,4 Yy tensioactivo no iénico

Los dos tipos de emulsiones obtenidas en la seccion anterior, estabilizadas con mezclas de
nanoparticulas y tensioactivo, se utilizaron como plantilla para la obtencion de materiales
macroporosos. Inicialmente, estos materiales se caracterizaron por microscopia electronica de
transmision (TEM), con la finalidad de estudiar la distribucion de las nanoparticulas en el

polimero.

En primer lugar, se observaron los materiales preparados con NP5, a diferentes concentraciones
de tensioactivo en las emulsiones iniciales: 1072, 1,5 y 4%. De acuerdo con la Figura 4-61 (c), la
adicion de pequefias concentraciones de tensioactivo produjo un aumento de tamafio de gota de
las HIPEs. Después de la polimerizacién, se observé que aunque la mayor parte de las NP3,
permanecen en la superficie de los poros, también aparecen agregados de NP5, adheridas a la
interfase o en el polimero, indicando que algunas de las nanoparticulas han sido expulsadas de
la interfase (Figura 4-64(b-d)). Esto se atribuy6 a la adsorcion del tensioactivo sobre NP3,
produciendo un desplazamiento de las nanoparticulas. Por tanto, se demuestra que la fraccion de
NP3, que no se haya adsorbida en la interfase, no contribuye a la estabilizacion de la emulsion, y
por ello, dicha emulsion presenta mayores tamafios de gota. En concordancia con las imagenes
obtenidas por microscopia Optica, las imagenes de TEM demostraron que a concentraciones de
tensioactivo del 1,5%, todas las particulas han sido transferidas al interior de las paredes del
polimero en forma de agregados (Figura 4-65). Por lo tanto, estas emulsiones estan estabilizadas
con tensioactivo. Cabe destacar, que la distribucion de dichos aglomerados no fue homogénea,

apreciandose zonas sin presencia de ningun agregado de NPz,.

Para los materiales preparados a partir de emulsiones de Pickering con NPg, de nuevo se
observd una fraccion importante de NPg localizadas sobre la superficie de los macroporos,
apreciandose también particulas individuales o pequefios agregados en el interior del polimero.
Como en el caso de NP3, al afiadir pequefias concentraciones de tensioactivo (0.01%), se
detectaron algunos agregados de particulas en el seno del polimero, aunque cerca de la interfase
polimero-aire (Figura 4-66(a-c)). Al aumentar la concentracion de tensioactivo progresivamente
hasta el 4%, se observO una expulsion gradual y casi completa de las nanoparticulas fuera de
dicha interfase (Figura 4-67), especialmente en los poros de gran tamafio. No obstante y a
diferencia de NPs,, algunas NPg todavia permanecen adsorbidas en la superficie del polimero,
principalmente en los poros de menor tamafio Figura 4-67(e)). Esto se debe probablemente a la
mayor superficie especifica de NPg. Otra diferencia observada con los materiales que contienen

NP3,, es que las nanoparticulas (NPg) expulsadas de la interfase se distribuyen homogéneamente
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en el seno del polimero, sin observarse aglomerados de gran tamafio. Se puede afirmar por
tanto, que a pesar de utilizar una concentracion de tensioactivo elevada (4%), una fraccion de

NPg todavia permanece adsorbida en la interfase aceite-agua.

A continuacion, se caracterizaron sistematicamente la estructura macroporosa, la resistencia a la
compresion especifica (o) y la permeabilidad de los polimeros macroporosos preparados con

mezclas de particulas y tensioactivo (Tabla 4-12). Confirmando lo observado en las iméagenes de
TEM, se observé por SEM que las paredes de los macroporos de los materiales preparados con
0.01% de tensioactivo no presentan conexiones, indicando que el tensioactivo no esté situado en
la interfase (Figura 4-68(b)). También se mostré que el tamafio de poro disminuyé rapidamente
al aumentar la concentracion de tensioactivo, y que los poros de mayor tamafo desaparecen
(Figura 4-69 y Figura 4-70). Ademas, los poros presentan conexiones de entre 0,7 y 5 um,
caracteristicas de los materiales preparados a partir de emulsiones estabilizadas con tensioactivo

(Figura 4-69(c)). La reduccion del tamafio de poro conllevo a la mejora de o, de 0,0066 a

0,0259 MPa-m*-Kg™ para materiales preparados tnicamente con NPg 0 con una mezcla de NPg
y 4% del tensioactivo no iénico Hypermer 2296 (Figura 4-71). Como resultado a destacar, la
inclusion de sélo el 1,5% de NPg en una emulsion estabilizada con un 4% de tensioactivo,

incrementd la o, en un 20% (Figura 4-73).

Todos estos resultados confirman que el aumento de la concentracion de tensioactivo en
emulsiones con concentracién de nanoparticulas constante, produce una transformacion de
emulsiones de Pickering a emulsiones estabilizadas con tensioactivo. Como ya se ha
mencionado arriba, esto se debe al desplazamiento de las particulas que se desorben de la

interfase.

Por otro lado, la permeabilidad no depende Unicamente de las conexiones existentes entre los
poros, sino que depende enormemente de la distribucién de tamafio de poros. El valor maximo
de permeabilidad (0,9 Da) se obtuvo en las muestras sintetizadas a partir de emulsiones con un
2% de tensioactivo (siempre con un 1,5 de NPg). Al aumentar la concentracion de tensioactivo
al 4%, el valor de permeabilidad disminuyd un 33% debido a la disminucion del tamafio de poro
(Figura 4-71).

Por Gltimo, se determino la magnetizacion de saturacion (M) y la temperatura de bloqueo (T;)

de los polimeros macroporosos preparados con las nanoparticulas superparamagnéticas NPg, a
partir de medidas magnetométricas (SQUID). Las medidas de magnetizacion vs. campo

magnético aplicado (Figura 4-74) revelaron que la M, es proporcional a la cantidad de
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nanoparticulas magnéticas incorporadas en los materiales, independientemente del uso de
emulsiones estabilizadas con nanoparticulas (NPg) o con mezclas de nanoparticulas (NPg) y
tensioactivo (Hypermer 2296). Se puede concluir, por tanto, que el polimero no influye en la
magnetizacion de las nanoparticulas. Ademas, la ausencia de histéresis indica que los materiales

retienen el comportamiento superparamagnético de NPs.

Debido a las enormes diferencias respecto a la localizacion de las nanoparticulas (NPg) en
funcién de la concentracion de tensioactivo Hypemer 2296, se considerd oportuno evaluar el

efecto de dicha localizacion en el valor de la temperatura de bloqueo (T;) de NPg (Figura 4-75).

Es conocido que las interacciones entre particulas (tipo dipolo-dipolo) modifican la barrera
energética anisotrépica, alterando el comportamiento magnético de los sistemas

nanoparticulados (ver ec. 4.6).2° La T, estd directamente relacionada con dicha barrera.
Mediante ciclos de zero field-cooling (ZFC) y field cooling (FC) se determiné que la T, de las

NPg es 230 K. Este valor disminuy6 hasta 130 K para materiales preparados s6lo con 1,5% de

NPs. Al aumentar la concentracion de tensioactivo en las emulsiones, se obtuvieron T, de 105y

60 K para 2 y 4% de tensioactivo, respectivamente. Estos resultados demuestran que el
desplazamiento de las NPg desde la interfase a la fase oleosa, produce que las interacciones

entre particulas disminuyan y consecuentemente su T,. Por tanto, se reduce la barrera

energética para la transicién superparamagnética de las NPs.

4.4.4 Polimeros macroporosos preparados a partir de emulsiones altamente concentradas

estabilizadas nanoparticulas de Fe;O, y posterior adicion de tensioactivo no idnico

La adicion de diferentes concentraciones del tensioactivo no iénico Hypermer 2296 a
emulsiones altamente concentradas (HIPEs), descrita en el apartado anterior, provocé la
transformacién de una emulsién de tipo Pickering a una emulsién estabilizada con tensioactivo.
Como resultado, se obtuvieron materiales macroporosos con poros de gran tamarfio y con baja
permeabilidad (a partir de emulsiones de Pickering), y materiales con poros de pequefio tamafio
(1-30 um) e interconectados (a partir de emulsiones estabilizadas con tensioactivo). No
obstante, la permeabilidad de estos ultimos materiales no es elevada, debido a que el didmetro
de las conexiones entre poros es relativamente pequefio. Con el objetivo de obtener materiales
con propiedades intermedias, es decir, que posean poros de gran tamafio y con elevada
permeabilidad, se adopté una metodologia alternativa. Se parti6 de Pickering HIPEs del tipo
W/O estabilizadas con NPg (1,5% en peso) y se afiadieron pequefias cantidades de tensioactivo
(1-3% en peso) después de emulsionar. A continuacion, se llevé a cabo la polimerizacion de la

fase externa de dichas emulsiones. La estructura macroporosa de los polimeros se presenta en la
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Figura 4-78(b). Sorprendentemente, la distribucion de tamafio de los macroporos no se vio
practicamente modificada por la incorporacion del tensioactivo, si la comparamos con una
emulsion de Pickering (Figura 4-79). No obstante, se observé que las paredes de los poros
poseen conexiones entre ellos. Esto es especialmente importante en los poros de mayor tamafio
(Figura 4-78(b) y Figura 4-81).

Probablemente, la presencia de conexiones en las paredes de los poros indica que existen zonas
en la interfase polimero-aire (0 aceite-agua en la emulsion inicial) que estéan libres de particulas.
Esto se confirm6 por TEM (ver Figura 4-80). Las imagenes también demostraron que los poros
de menor tamafio permanecen recubiertos por particulas. Se concluyd que la adicién de poca
concentracion de tensioactivo (1%) con agitacion leve, provoca que el tensioactivo se adsorba
en la superficie de las nanoparticulas, expulsandolas parcialmente de la interfase. Posiblemente,
parte del tensioactivo también se adsorbe en la interfase, contribuyendo a la estabilidad de las
emulsiones. El hecho de que el tamafio de poro no disminuya, podria explicarse por las

condiciones suaves de agitacion aplicadas durante la adicion del tensioactivo.

Como resultado de la conexion entre los poros de mayor tamafio, estos materiales presentan
permeabilidades altas (0,5 - 2,5 Da). Ademas, los valores de resistencia a la compresion son
comparables a los de los sistemas preparados con emulsiones estabilizadas GUnicamente con
tensioactivo (2 - 5 MPa) (ver Figura 4-82).

Por lo tanto, la adicion posterior de tensioactivo a emulsiones de Pickering, permite aumentar la

permeabilidad de los materiales macroporosos resultantes.

5. PRINCIPALES CONCLUSIONES

1. Preparacion, caracterizacion y funcionalizacion de particulas de Oxido de
hierro

—  Se han obtenido dos tipos de nanoparticulas superparamagnéticas siguiendo métodos
descritos en la literatura, basados en la co-precipitacion de sales de hierro: NP; y NP,
donde 3 y 8 indican el tamafio medio de particula. Dichas nanoparticulas y NP3,
(adquiridas) fueron funcionalizadas superficialmente con acido oleico. Se han obtenido
distintos grados de adsorcion superficial de 4cido oleico (moléculas de cido oleico/nm?

de nanoparticula): 5,9, 2,5y 2,1 para NP3, NPg y NP3,, respectivamente.
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2. Preparacion, caracterizacion y funcionalizacion de particulas de didxido de
titanio
— Se han sintetizado nanoparticulas de TiO, (fase anatasa) a partir de un método
mecanoguimico en estado sélido, simple y efectivo. En ausencia de calcinacion, se
obtuvieron particulas no cristalinas. Como resultado del método de sintesis, las
nanoparticulas presentaron un elevado grado de agregacion, observandose agregados de
entre 50 y 500 nm.

—  Las nanoparticulas calcinadas a 600 °C presentaron la mayor actividad fotocatalitica
debido a su elevada cristalinidad (tamafio de cristal de anatasa de 20 nm). Estas
nanoparticulas también se funcionalizaron con acido oleico, confiriendo hidrofobicidad a

sus superficies.

3. Incorporacion de particulas de 6xido de hierro (NP3 y NPg) en materiales no
porosos de poli(estireno-divinilbenceno)

—  Las nanoparticulas NP3 y NPg se han incorporado con éxito en las matrices poliméricas
no porosas hasta concentraciones de 49 y 25% en peso, respectivamente. Esto se atribuyo
a la presencia del &cido oleico en su superficie, que previno un exceso de agregacion de
las nanoparticulas y posterior separacién de las particulas al polimerizar. NP3 también se
han incorporado en microparticulas poliméricas, observandose una localizacion

preferencial en la interfase polimero-aire.

4. Incorporacion de nanoparticulas de 6xido de hierro (NP3 y NPg) en materiales
porosos de poli(estireno-divinilbenceno), utilizando emulsiones altamente
concentradas preparadas por el método de temperatura de inversion de fases
(PIT)

Seleccion del sistema tensioactivo mediante la determinacién de la temperatura de

inversion de fases en sistemas formados por agua/tensioactivos no idnicos/aceite

- La adicion de NP; o NPg en la fase continua de las emulsiones altamente concentradas
(HIPE) no modifico la PIT del sistema, demostrando que las nanoparticulas no interfieren
en el proceso de inversion de fases. Después de la polimerizacion, se observo que NP5 se
dispersan mejor que NP3, en las paredes del polimero. Cierta agregacion pudo originarse

durante el proceso de emulsificacion.
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Los nanocompuestos macroporosos presentaron altos voldmenes de poro (20.5 cm®/g) y
bajas densidades (0.05 g/cm®). Respecto a las propiedades magnéticas, tanto la saturacion
de magnetizacion, como la temperatura de blogueo de las nanoparticulas incorporados en
los polimeros, disminuyeron en relacién a las nanoparticulas solas. Dichas disminuciones
estan asociadas a efectos superficiales y oxidativos durante la polimerizacién y a la

reduccidn de las interacciones entre particulas, respectivamente.

5. Polimeros macroporosos obtenidos a partir de emulsiones altamente

concentradas de tipo Pickering

Emulsiones altamente concentradas estabilizadas con nanoparticulas de Fe;O,

Se han estabilizado satisfactoriamente emulsiones altamente concentradas de Pickering
(Pickering HIPEs) del tipo W/O con nanoparticulas funcionalizadas con acido oleico: NPg
(12.4 wt%) y NP3, (4.4 wt%). La formacion de las emulsiones se consiguio gracias a la
hidrofobicidad parcial de las nanoparticulas, debido a la adsorcién del acido oleico. Se

han podido alcanzar elevados contendidos de fase dispersa (92,5 vol%).

La adsorcion de las particulas funcionalizadas sobre las gotas, impartiendo estabilidad
estérica, parece ser el mecanismo principal de estabilidad de las emulsiones. Cabe
destacar, que los valores de tensiéon interfacial entre la fase oleosa y la fase acuosa no se

ven afectados por la presencia de nanoparticulas.

Caracterizacion los materiales macroporosos que contienen las nanoparticulas de Fe;O,
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Después de polimerizar en la fase externa de las emulsiones, los materiales mostraron una
estructura de poros cerrada debido a la capa gruesa de nanoparticulas que se forma
alrededor de las gotas (poros). Se han obtenido materiales con elevada porosidad (77-
95%) y con distribucién de tamafio de poro bimodal. La poblacién de poros pequefios
posee tamafios de 10-20 um, mientras que la poblacion de poros grandes es de entre 100-
700 um.

Por TEM se ha demostrado que las nanoparticulas NP3, estan localizadas exclusivamente
en la interfase polimero-aire, mientras que numerosas NPg se encuentran también

dispersas en el polimero. Esto se puede atribuir al mayor contenido de acido oleico en la
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superficie de NPg. Los valores de resistencia a la compresion de los materiales que

contienen NPg fueron superiores a los mostrados por los materiales que contienen NPa,.

Materiales macroporosos preparados a partir de emulsiones de Pickering estabilizadas
con nanoparticulas de TiO,

—  El mismo procedimiento se utiliz6 para obtener nanocompuestos macroporosos con
nanoparticulas de TiO, contenidas en las paredes de los materiales. La elevada agregacion
de las nanoparticulas limité la eficiencia de las nanoparticulas como emulsionantes. No
obstante, los materiales retuvieron parte de la actividad fotocatalitica mostrada por las

nanoparticulas.

6. Nanocompuestos macroporosos obtenidos a partir de emulsiones altamente
concentradas (HIPES) estabilizadas con mezclas de nanoparticulas de Fe3Oy i
tensioactivo no ionico

Formacién de Pickering HIPEs

—  Se han observado tres regiones distintas al aumentar la concentracion de un tensioactivo
no ionico (Hypermer 2296) en Pickering HIPEs estabilizadas con 1,5% de nanoparticulas
de 6xido de hierro. A bajas concentraciones, el tensioactivo se adsorbe preferentemente
en las nanoparticulas y estas son progresivamente expulsadas de la interfase. Esto
provoca que un incremento de gota de las emulsiones. A una determinada concentracion
de tensioactivo, se produce una separacion de fases de las emulsiones. A altas
concentraciones de tensioactivo (1%), se obtienen de nuevo HIPEs del tipo W/O, pero en
este caso estabilizadas con tensioactivo, ya que las nanoparticulas hidréfobas permanecen

en el seno de la fase continua.

Caracterizacion de los materiales

—  EIl desplazamiento progresivo de las nanoparticulas desde la interfase al seno de la fase
continua, se ha confirmado por TEM. Se han encontrado diferencias significativas entre
el comportamiento de NPg y NPs,. Mientras que la totalidad de NP3, son expulsadas de la
interfase y se encuentran en forma de agregados en el seno de la fase continua, algunas

NPg permanecen adheridas en la interfase, incluso a altas concentraciones de tensioactivo.
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Los materiales preparados a partir de las emulsiones estabilizadas con tensioactivo
mejoran sus propiedades mecanicas debido a la reduccion del tamafio de los poros.
Ademas, debido a la aparicion de conexiones entre poros estos materiales son permeables
a los gases. No obstante el tamafio pequefio de dichas conexiones limita los valores de
permeabilidad. En relacion a las propiedades magnéticas, cabe destacar que la
temperatura de blogueo de NPg disminuye progresivamente al desplazar las
nanoparticulas de forma gradual, desde la interfase al seno de la fase continua de las

emulsiones.

La adicion de una concentracién baja del tensioactivo Hypermer 2296 a una emulsion de
Pickering ya formada, acompafiada de una leve agitacion, permite la obtencion de
emulsiones con tamafos similares a los logrados en la emulsiones de Pickering. Esto

produce que los materiales resultantes muestran elevadas permeabilidades (0,5-2,5 Da).
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X-ray diffraction patterns of iron oxide nanoparticles
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Figure 10-1. X-ray diffraction patterns for the different iron oxide nanoparticles used in this PhD thesis;

(a) NP3; (b) NPg; (¢) NP3,.
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UV-visible adsorption spectra for nanocomposites containing
Ag and Au nanoparticles
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Figure 10-2. UV-visible absorption spectrum of poly(styrene-divinylbenzene) non-porous materials
containing oleate capped Ag nanoparticles. The peak corresponds to the surface plasmon resonance of the

nanoparticles.
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Figure 10-3. UV-visible absorption spectrum of poly(styrene-divinylbenzene) non-porous materials
containing  Au nanoparticles. The peak corresponds to the surface plasmon resonance of the
nanoparticles. The nanoparticles were synthesized in situ using reverse reactive microemulsions.
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Visual aspect of Pickering emulsions stabilized with NP3,
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Figure 10-4. Emulsions with 1.5 wt% NP3, concentration as a function of the water volume fraction.

Thermogravimetric analysis of the TiO, nanoparticles
functionalized with oleic acid
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Figure 10-5. Thermogravimetric analysis for oleic acid surface-modified titanium dioxide nanoparticles
(left) without calcination and (right) and calcined at 600 °C after several washing cycles. Total weight
loss is indicated above each curve. Oleic acid content was derived from the curves. Nanoparticles were
prepared by a mechanochemical reaction.
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Interfacial tension values: influence of nanoparticle addition

Table 10-1. Influence of particle addition on the toluene-water interfacial tension® values obtained at 25
°C, for toluene solutions with increasing Hypermer 2296 concentration. in the presence (1.5 wt%) or the
absence of different types of nanoparticles. Measurements in the NPg system were carried out with 1.5
wt% of NPg in the toluene phase. NP3, and CNP3,, with different surfactant concentration on their
surfaces, were removed from toluene solutions (1.5 wt%) prior the measurements.

Joajoe  peg GNPz NPo NPy
0 36.2+0.2 363+03  363+03  357+02
1E-4 36.1+0.2 363+02  362+02  356+02
1E-3 305+0.2 303+02  363+01 35402
2.5E-3 26.2+0.1 - - -
5E-3 195+0.1 - - -
1E-2 165+0.1 36.1+02  336+03 35202
2.5E-2 11.7+0.2 - 31.5+0.2 -
5E-2 8.2+0.4 355+02 252402  32.6+02
0.1 59+0.1 324+02 [ 187+01 | 27901
0.15 - 26.9+0.2 - 25.1+0.2
0.25 49+0.2 146+0.2 97+01  152+01
05 45+0.2 73+0.1 51+0.1 9.0+0.2
1.0 34+0.1 36+0.1 33+01  4.33+003
2.0 3.0+0.1 2.97 +0.03 - -
4.0 28+0.1 26+0.1 27+0.1 37+0.1

# The values above and behind the green line in the table were obtained using the Du Nolly ring
and the drop-volume method, respectively. "Surfactant concentrations are expressed with
respect to the toluene weight.
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Interfacial tension and emulsion stability: influence of NPg
concentration

From Figure 10-6 it can be seen that up to 1 wt% of NPg, the interfacial tension value remain
constant at approximately 3.5 mN/m. This is the lowest value reached for the system containing
NP (see Figure 10-1). The addition of more NPg increases the surface area available for
surfactant adsorption, thus resulting in higher interfacial tensions due to the reduction of free
surfactant molecules. At 3 wt% of NPg the interfacial value was 7.0 mN/m. These results
confirm the depletion of the surfactant solution due to strong Hypermer 2296 adsorption onto

the nanoparticle surfaces.
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Figure 10-6. Toluene-water interfacial tension (25 °C) vs. concentration of NPg in toluene, at 1 wt%
Hypermer 2296 concentration. Lines are simply drawn to guide the eye.

Figure 10-7 shows the visual aspect of emulsions after 24 hours at 25 °C, varying nanoparticle
(from 0 to 3 wt% NPg) concentration, but keeping the surfactant concentration constant (1 wt%).
No sedimentation occurred up to 1.0 wit% Hypermer 2296. Above this concentration, the
emulsions underwent sedimentation (destabilization), and a thin layer of monomer with NPy is
released. Exactly the same concentrations of both emulsifiers were employed in the interfacial

tension test described above (Figure 10-6). Both results are in general agreement.
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Figure 10-7. Appearance of emulsions 24 hours after its preparation (25 °C), containing increasing NPg
concentrations (ranging from 0 to 3 w.%) at constant Hypermer 2296 loading (1 wt%). The water-oil

volume ratio was 80:20 in all cases.

Optical microscope images

Figure 10-8. Optical microscope images of HIPEs having 80 % internal phase volume, and stabilized
with (a) 1.5 and (b) 4 wt% Hypermer 2296 surfactant, and (c) with a mixture of 1.5 wt% surfactant and

1.5 wt% CNP3,. Black arrows indicate CNP3, aggregates.
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Transmission electron microscopy (TEM) images

NPg

the nanoparticles (NPg) are distributed in the polymer matrix of macroporous polymers. Samples were
obtained from HIPEs with an 80 % internal phase volume and stabilized solely with 1.5 wt% NPg; (a-c)
Polymer-air interfaces; (d) polymer wall.
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Figure 10-10. Representative TEM images of ultramicrotome slides (around 60 nm thick) showing how
the nanoparticles (NPg) are distributed in the polymer matrix of macroporous polymers. Samples were

obtained from HIPEs with an 80 % internal phase volume and stabilized with a mixture of 1.5 wt% NPg
and 1.5 wt% Hypermer 2296.

CNP3,

Figure 10-11. Representative TEM images of ultramicrotome slides (around 60 nm thick) showing how
the nanoparticles (NPs;) are distributed in the polymer matrix of macroporous polymers. Samples were

obtained from HIPEs with an 80 % internal phase volume and stabilized with a mixture of 1.5 wt% NP3,
and 4 wt% Hypermer 2296.
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Scanning electron microscopy images
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Figure 10-12. SEM images of macroporous polymers synthesized from HIPEs containing a mixture of
NP3, nanoparticles (1.5 wt%) and Hypermer 2296 surfactant at different concentrations: (a) 10 wt%; (b)
1.5 wt%; (c) 4 wt%. In all cases the internal phase volume fraction of the emulsions was 80 %.

Magnetic properties: magnetization vs. magnetic field (M-H)
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Figure 10-13. Magnetization per gram of material vs. applied magnetic field for macroporous polymers
prepared from a Pickering HIPE stabilized with 1.5 NPg (without surfactant, black line), and from a HIPE
containing a mixture of 1.5 wt% NPg and 2 wt% Hypermer 2296 surfactant (red line). The measurements
were carried out at 300 K. Magnetization saturation is not modified by the incorporation of surfactant in
the emulsions.
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A.Vilchez was a corresponding author:

1. Vilchez, A., Rodriguez-Abreu, C., Esquena, J., Menner, A., Bismarck, A. Macroporous
polymers obtained in highly concentrated emulsions stabilized solely with magnetic
nanoparticles. Langmuir, 2011, 27, 13342-13352.

Other journal papers related to highly concentrated emulsions and to the incorporation of
nanoparticles in polymer matrices, co-authored by A. Vilchez with great experimental

contribution.

2. Ghosh, G., Vilchez, A., Esquena, J., Solans, C., Rodriguez-Abreu, C. Preparation of ultra-
light magnetic nanocomposites using highly concentrated emulsions. Materials Chemistry
and Physics, 2011, 130, 786-793.

3. Ghosh, G., Vilchez, A., Esquena, J., Solans, C., Rodriguez-Abreu, C. Preparation of Porous
Magnetic Nanocomposite Materials Using Highly Concentrated Emulsions as Templates.
Progress in Colloid and Polymer Science, 2011, Volume 138, 161-164.

4. Molina, R., Vilchez, A., Canal, C., Esquena, J. Wetting porperties of
Polystyrene/Divinylbenzene Crosslinked Porous Polymers obtained from W/O Highly
concentrated emulsions. Surface and Interface Analysis, 2009, 41, 371-377

5. Romeo, H.E., Vilchez, A., Esquena, J., Hoppe, C.E., Williams, R.J.J. Polymerization-
induced phase separation as a one-step strategy to self-assemble alkanethiol-stabilized gold
nanoparticles inside polystyrene domains dispersed in an epoxy matrix. European Polymer
Journal, 2012, 48, 1101-1109.

6. Nestor, J., Vilchez, A., Solans, C., Esquena, J. Facile Synthesis of Meso/Macroporous Dual

Materials with Ordered Mesopores Using Highly Concentrated Emulsions Based on a Cubic
Liquid Crystal. Langmuir, 2012, DOI : 10.1021/1a30380

The two first publications are annexed to the present PhD Thesis (see next pages) as part of the

results described in these works are included in the present PhD thesis.
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ABSTRACT: Magnetic macroporous polymers have been
successfully prepared using Pickering high internal phase ratio
emulsions (HIPEs) as templates. To stabilize the HIPEs, two
types of oleic acid-modified iron oxide nanoparticles (NPs)
were used as emulsifiers. The results revealed that partially
hydrophobic NPs could stabilize W/O HIPEs with an internal
phase above 90%. Depending upon the oleic acid content, the
nanoparticles showed either an arrangement at the oil—water
interface or a partial dispersion into the oil phase. Such different
abilities to migrate to the interface had significant effects on the

maximum internal phase fraction achievable and the droplet size distribution of the emulsions. Highly macroporous composite
polymers were obtained by polymerization in the external phase of these emulsions. The density, porosity, pore morphology and
magnetic properties were characterized as a function of the oleic acid content, concentration of NPs, and internal phase volume of
the initial HIPEs. SEM imaging indicated that a close-cell structure was obtained. Furthermore, the composite materials showed
superparamagnetic behavior and a relatively high magnetic moment.

B INTRODUCTION

Polymeric nanocomposites typically consist of a polymeric
matrix possessing embedded particles with at least one charac-
teristic length in the nanometer range. By combining both com-
ponents in a single material, any additional property coming from
the inorganic part can be directly imparted to the polymer. One
of the advantages of such materials is the large nanoparticle—
matrix interface. Because of the commercial interest in these
materials, much research has been carried out in recent years." It
is well established that optical, mechanical, thermal, and chemical
properties can be enhanced by using nanoparticles (NPs). Such
advanced functional materials have applications as hydrogen
storage systems, electrical conductors, or optical devices.”

Generally speaking, NP—polymer nanocomposites can be
obtained in two different ways.* In the in situ approach, the NPs
are synthesized using a monomer as the dispersion medium. How-
ever, in the ex situ technique the NPs are first synthesized and then
embedded or incorporated into the medium before polymerization
or cross-linking is carried out. Both techniques mentioned above
have been applied either in the bulk,** in an emulsion,’ or in highly
concentrated emulsions” (as well as in gel systems>”) in order to
obtain nonporous (e.g,, ultrathin films), particulate (e.g, latex), or
macroporous nanocomposites, respectively.

v ACS Publications ©2011 american chemical Society
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Highly concentrated emulsions, also called high internal phase
emulsions (HIPEs), are characterized by possessing a volume
fraction of the disperse phase that exceeds 0.74, which corre-
sponds to the critical value for the most compact packing of
monodisperse spherical droplets.'”'" HIPEs can be used as
templates for the Preparation of macroporous materials, also
called polyHIPEs, > via the polymerization of the external
(continuous) emulsion phase.">'* The first patent on the subject
was registered by Unilever.'> Over the past two decades, the
research has been mainly focused on controlling the open-cell
structure of polyHIPEs. The external phases of typical emulsion
templates were in many cases formed by mixtures of styrene
cross-linked with divinylbenzene.'® The polymerized materials
have typically densities of as low as 0.02 g/cm?, porosities of up to
95%, and pore sizes ranging from 1 to 50 um. More recently,
several reports have proposed the integration of metal nano-
structures (such as gold'” or palladium NPs'®) in already formed
polyHIPEs. Such materials were used as catalyst supports.
However, their synthesis processes consisted of a two-step
method. An alternative approach based on a single-step method
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Table 1. Composition of HIPEs and Physical Properties of Poly-Pickering HIPEs after the Polymerization of the Continuous

Phase of the HIPEs”

sample @ (vol )* Cp (w/w %)* pb (g/cm3)d
PNP1 75 0.5 1.09 £0.01
PNP2 75 1.5 1.09 £ 0.01
PNP3 75 3.0 1.13+0.01
CNP4 75 3.0 1.12 £0.01
CNPS 85 3.0 1.13£0.01
CNP6 92.5 3.0 1.13+£0.01
CNP7 85 5.0 1.13+£0.01
PNP8 85 5.0 1.13+0.01

P (%)2 average diameter (,um)f average diameter (/Am)g
79.5+0.7 21+ 12 436 4108
78.3+£0.4 22+16 154 £38
80.1+£0.4 18+13 124+ 38
81.141.0 37422 237492
88.7+t1.2 32422 310 £83

9404 1.3" 27+£15 669 =+ 189
87.5+ 0.6 30+ 19 287+ 75
8824 1.0 24415 378498

“PNP and CNP indicate the use of synthesized and commercial magnetite nanoparticles, respectively. ” Internal phase volume. ¢ Nanoparticle weight
percentage with respect to the total monomer weight. “Bulk or skeletal density. ° Porosity. S Average pore diameter corresponding to the smaller size
populations. ¢ Average pore diameter corresponding to the larger size populations. " Estimated by mass/volume measurements.

has been developed by Menner et al. and described in a sequence
of articles. In the first stage, they started adding SiO, nano-
particles,19 carbon nanotubes, and TiO, NPs*° to the external
phase of W/O HIPEs, giving rise to polyHIPEs with enhanced
mechanical properties. Subsequently, they took advantage of the
ability of the nanoparticles to stabilize emulsions (typically
denoted as Pickering emulsions®"). Pickering HIPEs with high
internal phase volume contents were stabilized using small
amounts of oleic acid surface-modified SiO, (HIPEs with up to
92% internal phase)®” and TiO,**** nanoparticles. After the
polymerization of the template, poly-Pickering-HIPE nanocom-
posites with high porosities, containing nanoparticles embedded
in the walls, were obtained. These macroporous polymers had a
typical close-cell structure. Such close-cell polymer foams are
commonly used as thermal insulators.*® It is well known from the
literature that particles, by analogy to surfactants, can adsorb
strongly at oil—water interfaces, acting as an eflicient barrier
against droplet coalescence.”® However, to obtain stable emul-
sions some requirements are necessary: interalia, the contact
angle of the nanoparticles at the oil—water interface, must be
near 90°.*” Consequently, the nanoparticles should be partially
wetted by both oil and water phases. The phase that preferen-
tially wets the particles will be the external phase.”® The stability
of Pickering emulsions de}z)ends on various factors such the
nanoparticle concentration,” their size, and their wettability.”®
Although a large variety of inor%anic nanoparticles have been
used to stabilize emulsions,*”>%>" only a few (810222’32 and
TiO** NPs) have been used to stabilize Pickering HIPEs, which
then have been used as templates for the preparation of poly-
Pickering-HIPE nanocomposites. Other types of nanoparticles
and aspects such as their size and hydrophobicity have not been
studied in depth in such systems.

Even though numerous investigations have been incorpor-
ated into the design of magnetic polymeric particles,** little
work has been done concerning magnetic macroporous poly-
meric materials.”~* Here, we report the stabilization of Pickering
W/O HIPEs with iron oxide NPs and the use of these HIPEs as
templates for the preparation of macroporous polymer foams
with a magnetic response. We undertook a more systematic study
of the applicability of the oleic acid surface-modified NPs
initiated by Menner et al.>> Two types of NPs with different
sizes and different oleic acid contents have been chosen. The
ability of both NPs to act as efficient emulsifiers has been
compared. The results have revealed that partially hydrophobic
magnetic NPs can stabilize HIPEs with an internal phase content

of up to 92.5%. Consequently, highly porous polymer foams have
been obtained. The density, porosity, cell morphology, nano-
particle arrangement, and magnetic properties were character-
ized as a function of the nature of NPs, the oleic acid content and
concentration of NPs, and the internal phase volume of the
emulsions used to prepare the poly-Pickering HIPEs.

B MATERIALS AND METHODS

Materials. Styrene (=99%), oleic acid (=90%), iron(III) chloride
hexahydrate (FeCl;-6H,0, = 98%), and anhydrous iron(II) chloride
(FeCl,, = 99%) were purchased from Sigma-Aldrich. Oil-soluble
initiator a,0’-azoisobutyronitrile (AIBN, = 96%), cross-linker divinyl-
benzene (technical grade, S0%), and ammonium hydroxide (32 wt %
NHj;) were purchased from Merck. Styrene and divinylbenzene were
purified before use by passing through neutral chromatographic alumi-
num oxide in order to remove polymerization inhibitors. The rest of the
chemicals were used as received. In all experiments, Milli-Q water was
used. One of the two types of iron oxide nanoparticles, used in this work,
was acquired from Sigma-Aldrich (nanopowder, <50 nm). According to
the supplier’s X-ray diffraction pattern, the nanoparticles' crystalline
phase corresponded to magnetite (Fe;O,).

Preparation, Surface Modification, and Characterization
of Iron Oxide Nanoparticles. Two kinds of iron oxide nanoparticles
with different size distributions have been employed in this work. Small
iron oxide nanoparticles were synthesized using a coprecipitation
method, following the literature.® The nanoparticles were coprecipitated
from an aqueous solution of Fe**/Fe*" salts (in a 3:2 molar ratio) using
excess ammonium hydroxide (NH4OH). To hydrophobize the nano-
particle surfaces and prevent aggregation, oleic acid was added as a
capping agent. Additionally, as-received commercial Fe;04 nanoparti-
cles were also functionalized with oleic acid, as described in previous
work using silica and titania nanoparticles.”>** First, iron oxide nano-
particles were dispersed in a mixture of chloroform/oleic acid (1:2 molar
ratio), stirred for 3 h, and precipitated from solution with methanol.
Then, excess oleic acid was removed by repeating the dispersion of the
nanoparticles in chloroform and precipitating again with methanol prior
to drying at 70 °C. In both types of nanoparticles, the weight content of
the capping agent was determined by thermogravimetric analysis
(TGA). The measurements were performed in a TGA/SDTA 851 unit
(Mettler Toledo, US) in the temperature range of 25—550 °C using
100 #L aluminum crucibles and a heating rate of 10 °C/min in a N,
atmosphere. Field emission scanning and transmission electron micro-
scopy observations were carried out using Gemini LEO 1525 FEGSEM
(Carl Zeiss, Netherlands) and JEM 2011 (JEOL, Japan) instruments,
respectively. The particle sizes and polydispersity were calculated from
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Figure 1. (a) TEM and (b) SEM images for synthesized (PNPs) and commercial (CNPs) iron oxide nanoparticles, respectively. The inset graphs show

the average particle sizes for both kinds of nanoparticles.

the microscopy images; for improved statistics, at least 500 NPs were
measured using Image] software. X-ray diffraction measurements were
performed using an X’Pert PRO MPD 6/6 (PANalytical, Netherlands)
Bragg—Brentano diffractometer with Cu Ko radiation (4 = 1.54 A). The
angle range was 26 = 5—120°. The crystalline size was calculated using
the Scherrer equation.**

Preparation and Characterization of HIPEs. Before emulsifi-
cation, similar to that described elsewhere,”> ** the dried iron oxide
nanoparticles were dispersed in the oil phase of the emulsion (mixture of
styrene and the divinylbenzene cross-linker in a 1:1 weight ratio) using a
sonication bath for 10 min. Then, the oil-soluble initiator for the free-
radical polymerization of AIBN was added to this solution (1 mol %).
Both nanoparticle and initiator concentrations were calculated with
respect to the total weight of the monomers. Afterward, the internal
phase formed exclusively by water was added dropwise to the external
phase under gentle and continuous stirring for 5 min using a Vortex
Topmix FB15024 (Fisher Scientific, U.K.). The viscous water-in-oil
(W/0), highly concentrated emulsions (HIPEs) were prepared directly
in S0 mL standing polypropylene centrifuge (Falcon) tubes. After the
emulsification was finished, the tubes were placed into an oven for
polymerization at 70 °C for 24 h. Then, the resulting polymer foams
were dried until constant weights were reached using a vacuum oven
(Heraeus VTS5036, Heraeus Instruments, Germany) at 120 °C for 12 h.
The influence of the type and concentration of NPs and the internal
phase volume fraction on the poly-Pickering-HIPE properties was
examined. Details regarding the original composition of the W/O HIPEs
prepared in this study are provided in Table 1. The nature of the
emulsion (W/O or O/W) was assessed by the drop test and conductivity
measurements, whereas its stability against sedimentation and phase
separation was evaluated visually over several days after emulsion
formation. To observe the structure of the HIPEs, digital images were
captured using a Reichert Polyvar microscope (Leica, Germany).

Characterization of Poly-Pickering HIPEs. Scanning electron
microscopy (SEM) micrographs of the poly-Pickering HIPEs were
acquired using either a TM-1000 tabletop instrument (Hitachi, Germany)
at 15 kV or a JSM-5610 LV (JEOL, Japan) microscope. For observation,
samples were placed inside a Scan Coat Six (Edwards Ltd., U.K), where they
were coated with a gold layer (ca. 60 nm thick) in an argon atmosphere to
achieve the necessary electrical conductivity.

The pore size distribution was determined by measuring at least 300
pores from different regions of the sample using Image] software.

The skeletal density (p,), foam density (pg), and porosity (P) of the
materials were determined using pycnometry, as reported in detail in
previous work.'? First, the skeletal density of the pore walls of the poly-
Pickering HIPEs was obtained using a helium pycnometer (Accupic
1330, Micromeritics, U.K.) based on a gas displacement technique.
Then, P was calculated by means of an envelope density analyzer

(GeoPyc 1360, Micrometrics, U.K.), which determines the volume
and density of a solid by the displacement of a solid medium, composed
of small and rigid spheres that close pack efficiently around the object.
P was calculated using the following equation:

P= (1—2—2) x 100 (1)

At least five pieces of approximately 3 cm® each were analyzed to
obtain statistically relevant data. Polymeric foam samples for transmis-
sion electron microscopy (TEM) were embedded in a Spurr epoxy resin
of low viscosity (60 cps) and then cut into slices of about 60 nm
thickness using a Reichert Jung ultramicrotome (Seefeld, Germany).
Then, these slices were placed on a holey copper grid coated with a
carbon film. The TEM observations were performed on a JEM 2011F
(JEOL, Japan) instrument working at 200 kV.

The final nanoparticle content of some poly-Pickering HIPEs was
determined by thermogravimetric analysis (TGA). The measurements
were performed following the same conditions as described for the
nanoparticle characterization.

The magnetic properties of both poly-Pickering HIPEs and iron
oxide nanoparticles were studied using an MPMS XL superconducting
quantum interference device (SQUID) magnetometer (Quantum De-
sign, US) at fields ranging from —20 to 20 kOe and at temperatures
ranging from 2 to 300 K.

B RESULTS AND DISCUSSION

Preparation and Characterization of Iron Oxide Nanopar-
ticles. Two kinds of iron oxide nanoparticles with different
average particle sizes were selected for this research in order to
study their ability to stabilize W/O highly concentrated emul-
sions: (a) polydisperse commercial nanoparticles (CNPs) and
(b) nanoparticles synthesized by a coprecipitation method (PNPs);
these were synthesized following the method described in the
Materials and Methods section. A TEM image of a PNP sample is
shown in Figure 1a, and an SEM image of an as-received CNP
sample is shown in Figure 1b. In both cases, the nanoparticles are
almost spherical. However, these two NP samples had rather
distinct sizes because the size of the PNPs was between S and
12 nm, with a dominant population at 8 nm, whereas the size of
the CNPs was in the range of 10—70 nm, with a dominant
population at 35 nm (inset graphs in Figure 1). Because of the
small size of PNP particles, XRD peaks were very broad, making
it difficult to differentiate between Fe,O; and Fe;0,>° iron oxide
phases. For such PNPs, the crystalline size was estimated to be
7.3 nm using the Scherrer equation,** which is in fair agreement
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with the TEM observations (Figure 1a) and points to single-
domain crystalline nanoparticles. As noted in the Materials and
Methods section, CNPs were assigned to the magnetite phase
(Fe304).

Because of the hydrophilicity of metal oxide nanoparticles, one
would require more lipophilic particle surfaces for the prepara-
tion of W/O Pickering emulsions. For this reason, both kinds of
iron oxide nanoparticles were surface modified with oleic acid. It
is well established that particles that are more wetted by water
than by oil can stabilize O/W emulsions, and inversely, particles
preferentialléy wetted by oil can be good emulsifiers for W/O
emulsions.”® Therefore, the contact angle that the nanoparticles
exhibit at the oil—water interface plays an important role in the
stability of Pickering emulsions. Among the factors that affect this
contact angle, the most important are the surface chemistry of the
nanoparticles and the nature of the oil. We have modified the
surface of iron oxide nanoparticles providing hydrophobicity in
order to optimize the stability of W/O HIPEs.

First, and as pointed out in the Methods and Materials section,
oleic acid was added as a capping agent to increase the hydro-
phobicity of PNPs and enhance their dispersibility in oil during
the synthesis step. This modification could thus favor the adsorp-
tion of the nanoparticles at the water—oil interface, allowing for
the preparation of stable W/O Pickering emulsions.***” TGA
measurements (Supporting Information, Figure S1) revealed
that after the washing process the total content of oleic acid
attached to PNP surfaces was 12.4 wt %. Two different mass
loss steps were detected between 100 and 260 °C and between
260 and 450 °C. This indicates that different species of oleic acid
are in the sample and are most likely disposed on the particles as a
multilayer.®

Second, as-received CNPs were also functionalized with oleic
acid. Figure S1 included in the Supporting Information shows
TGA curves of CNPs before and after several cycles of washing.
After the first washing cycle, CNPs contained 8.9 wt % oleic acid.
Similar to that observed for PNPs, the TGA plot was also
characterized by mass losses with two different steps, probably
indicating adsorption in multilayers. Successive washing cycles
further reduced the content of oleic acid progressively. If not
otherwise mentioned, CNPs capped with 4.4 wt % oleic acid
(after two cycles) were used for all emulsions. These CNPs
showed only one TGA mass loss step, suggesting an arrangement
of oleic acid molecules closer to a monolayer. Taking into
account the residual mass of iron oxide nanoparticles determined
by TGA, 5.16 g/cm” as the density of iron oxide, and the average
particle size obtained from TEM images, we estimated the
surface area per molecule of the primary layer of oleic acid for
CNPs as 47 A>/molecule. Compared to this value, monolayer
films with packed straight-chain fatty acids on water require a
smaller molecular cross-sectional area of 20—22 A*/molecule.”®
This implies that the CNP surfaces are not fully covered by this
first monolayer. It should be pointed out that in any case the
surface coverage of the PNPs is considerably higher than for
CNP, as deduced from the TGA curves. We will see below that
despite this difference oleic acid-functionalized PNPs and CNPs
are both efficient emulsifiers for stabilizing W/O HIPEs.

W/O HIPE Formation. The stability of Pickering emulsions,
prepared using as-received CNPs as a stabilizer, was compared to
that using CNPs functionalized with oleic acid (4.4 wt %). This
proof-of-concept experiment was carried out to ensure that W/O
emulsions could not be stabilized using solely unmodified CNPs.
In such experiment, two mixtures of 50% water and 50% oil phase

Figure 2. (a) Photograph of samples consisting of 50% water and 50%
oil phase (1:1 w/w styrene/divinylbenzene), 1.5 wt % as-received CNPs
(sample 1), and 1.5 wt % 4.4% oleic acid-modified CNPs (sample 2).
The nanoparticle concentration is expressed with respect to the total
monomer content. The picture was taken 15 min after mixing. Sample 1
is an O/W emulsion that has partially creamed, and sample 2 has two
separated phases. (b) Optical microscope image of the O/W emulsion
depicted in sample 1 of Figure 2a.

(1:1 w/w styrene/divinylbenzene) were prepared, containing 1.5
wt % original or modified CNPs with 4.4 wt % oleic acid attached
to their surfaces, respectively. Then, the samples were shaken by
hand. Photographs of the samples, just after mixing, are shown in
Figure 2a. Sample 1 contains the as-received CNPs. An O/W
emulsion is formed (Figure 2b), which is consistent with the
hydrophilicity of the nanoparticles.*" Even though this emulsion
creamed rapidly, it did not experience coalescence, at least for
1 month. By contrast, emulsification failure was observed in
the sample containing oleic acid-modified CNPs (sample 2 in
Figure 2a) possibly because of the lack of efficiency in the
emulsification process, leading to complete phase separation.
Nonetheless, most of the particles were placed at the water—oil
interface, and the brown color of the continuous phase could be
attributed to the dispersion of some iron oxide nanoparticles.
Moreover, the surface-modified CNPs did not partition into
water. By contrast, W/O concentrated and highly concentrated
emulsions were successfully prepared by adding the internal
phase dropwise into the external phase using either CNPs with a
4.4 wt % oleic acid loading or PNPs as emulsifiers.

In Figure 3a, we plot the maximum internal phase volume of
the W/O Pickering emulsions that can be reached using different
concentrations of surface-modified CNPs and PNPs. The emul-
sion type was inferred from conductivity measurements. It was
observed that with 3 wt % CNPs the maximum achievable
internal phase volume was 92.5%. Recently, in a similar study,
Tkem et al.” reported the stabilization of W/O HIPEs with a 92%
internal phase volume using oleic acid-modified silica nano-
particles. The value corresponding to PNPs is slightly lower than
that found for CNPs, which corresponds to around 89% using a
S wt % nanoparticle concentration. Concentrations of water above
the data points in Figure 3a lead to droplet coalescence and fast
phase separation. For both types of nanoparticles, the maximum
water content reached an asymptotic value at ca. 1.5 wt % NP
concentration, suggesting that the surfaces of all droplets were
covered by nanoparticles, and increasing the NP concentration
leads to an increase in the viscosity of the emulsion. Attempts to
use 10 wt % of either CNPs or PNPs failed because of the
impossibility of emulsifying even small amounts of water. This
could be explained by the high viscosity of the continuous phase
of the emulsion,* which could be related to the fact that the
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Figure 3. (a) Maximum internal phase volume reached using different concentrations of PNPs that contain (H) 12.4 wt % oleic acid and (A) 4.4 wt %
oleic acid-modified CNPs. The lines are simply drawn to guide the eye. (b) Images of a Pickering HIPE with an 82% internal phase volume stabilized with

only 0.25 wt % PNP.

Figure 4. (a) Emulsions with a 1.5 wt % CNP concentration as a function of the water fraction. (b) Optical microscope image of a Pickering HIPE with

an 80% internal phase volume using a 3 wt % CNP concentration.

emulsions are unstable under shear and higher viscosities would
require stronger shear rates. The tendency observed in the region
of low nanoparticle concentrations (<1.5 wt %) can be inter-
preted as the fact that the smaller number of particles is the factor
that limits the stabilized interfacial area. Consequently, emul-
sions with large droplet sizes were obtained in this region, as
observed in Figure 3b. It should be noted that 0.25 wt % PNPs
was enough to stabilize emulsions with an 82% internal phase
volume, and 0.5 wt % CNPs was necessary to stabilize HIPE
emulsions with a 70% internal phase volume. However, it is
evident from the results that CNPs were more effective when the
nanoparticle concentration was increased.

Before emulsification, the nanoparticles were dried and redis-
persed in the oil phase using sonication. As expected, the dis-
persions containing PNPs were significantly more stable than
those containing CNPs without any extent of sedimentation
when starting emulsification. However, larger agglomerates of
nanoparticles were observed in the case of CNPs leading to quick
sedimentation. Such agglomerates can attach to the oil—water
interface as water is added, preventing droplet coalescence. We
reasoned that smaller PNPs compared to CNPs formed smaller
and fewer aggregates, giving rise to a higher interfacial area
covered by the nanoparticles. However, these aggregates can
interact to form a 3-D network of nanoparticles surrounding the
droplets upon increasing the nanoparticle concentration. This
may lead to an increase in the emulsion viscosity. This is another

accepted stabilization mechanism for Pickering emulsions,® and it is
more likely to occur for CNPs, allowing us to obtain emulsions with
larger amounts of incorporated water. Another point that should be
taken into account is the different wettability of the nanoparticles. A
higher content of oleic acid covering the PNPs surface may induce a
preferential dispersion in the oil phase rather than a preferential
adsorption in the oil —water interface. This could reduce the ability to
stabilize emulsions with higher contents of water compared to CNPs
when the concentration of nanoparticles was high enough. The TEM
observations (discussed in the next section) provided evidence for
different distributions of both types of nanoparticles into both the
interface and the oil phase.

W/O Pickering HIPEs with a 1.5 wt % CNP concentration
were chosen for a systematic study. Figure 4a shows images of
emulsions, just after emulsification, as a function of the water
volume fraction. The higher the internal phase volume, the larger
the droplet size for a constant nanoparticle concentration in
the oil. This was expected because the total concentration of
nanoparticles decreases upon increasing the internal phase
volume. Consequently, an extra oil—water interface cannot be
covered with a sufficient number of adsorbed particles. Water
droplets in emulsions with 75 and 80% internal phase volumes
partially sedimented and a thin layer of supernatant oil was
observed. Above these water fractions, the emulsions were stable
against sedimentation. This is due to the high packing of emuls-
ion droplets upon raising the internal-phase volume fraction.””
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Figure 5. (a) Photograph of poly-Pickering HIPEs synthesized from Pickering HIPEs containing a 75 vol % internal phase (water) stabilized with 0.5,
1.5 and 3.0% PNPs. (b, c) SEM images of poly-Pickering HIPEs synthesized from Pickering HIPEs with a 75% internal phase volume stabilized with 0.5

and 3.0%, respectively.

Furthermore, when the concentration of CNPs was increased
(not shown here) to 3.0 wt %, the W/O Pickering HIPEs did not
experience sedimentation in the course of time. This feature is
common in Pickering emulsions and is generally attributed to the
fact that the viscosity of the external phase increases, retarding or
suppressing the sedimentation of water drops in the case of W/O
emulsions.”” In samples stabilized with 1.5 wt % PNPs, emulsion
sedimentation was not observed. This result was in good agree-
ment with the observations made by Binks and Lumsdon.* In
their work, a decrease in particle diameter led to a decrease in the
sedimentation extent of W/O Pickering emulsions. Despite this,
all emulsions prepared with both CNPs and PNPs were stable to
coalescence for over 3 months.

Figure 4b shows an optical microscopy image corresponding
to a W/O Pickering HIPE containing an 80% internal phase and
stabilized with 3 wt % CNPs. This emulsion possessed a wide
droplet size distribution ranging from 10 to 300 #m. It has been
observed that samples with water contents higher than 80% pre-
sented a bimodal droplet size distribution, as shown in Figure 4b
(which will discussed further in the next section). The diameter
of the population with larger sizes increases progressively upon
decreasing the total nanoparticle concentration. In such HIPEs,
the process that is considered to control the droplet size in the
low-particle-concentration region is the so-called limited coales-
cence. Arditty et al.*' studied the formation of Pickering HIPEs
with low particle concentrations, describing that smaller droplets
coalesce to form larger droplets until a certain limit in which the
interfacial area between oil and water was totally covered with
nanoparticles. Moreover, they also found that the polydispersity
was relatively narrow. This could be the case in the system shown
in Figure 3b. Generally, the typical droplet size of Pickering
emulsions containing similar contents of water and oil is in the
range of 0.2 to 50 um.*”*”?**® However, the extent of droplet
growth by coalescence rises upon increasing the internal phase
volume of the emulsions.

Coming back to the sequence shown in Figure 4a, it can be
clearly observed that the emulsion containing 95% water experiences
complete phase separation. It should be pointed out that in all
emulsions stabilized using either PNPs or CNPs (with 12.4 and 4.4%
oleic acid, respectively), catastrophic phase inversion®” did not occur
during the addition of the internal phase. As described in the
literature, such an inversion is expected to take place in emulsions
stabilized with particles either partially hydrophilic or hydrophobic.
This inversion can be controlled in most cases by changing
the internal phase volume,” modulating the hydrophobicity of
the particle surface,** or modifying the pH.>**** To evaluate the
degree of CNP hydrophobicity, emulsions were prepared by
varying the oleic acid content on the CNP surface while keeping
all other parameters constant. CNPs covered with 2.2 wt % oleic
acid were used. This oleic acid loading was achieved after five
washing cycles. From TGA analysis, the surface area per molecule
was estimated to be 71.8 A%/molecule. Interestingly, in this case a
phase inversion from a W/O to an O/W emulsion was observed
when approximately 70% of the internal phase volume was
added, which was consistent with the results reported by Binks.*’
Here, the phase inversion took place when the volume fraction
(70%) of dispersed water reached the close-packing condition,
which is close to 74% and is the value generall(?r defined as the
limit for highly concentrated emulsions.''! Figure S2
(Supporting Information) shows the product of a diluted po-
lymerized O/W Pickering emulsion resulting from catastrophic
inversion and leading to cross-linked polystyrene microparticles.
Consequently, we can control the formation of both W/O
Pickering HIPEs and O/W diluted Pickering emulsions by
adjusting the oleic acid coverage on the nanoparticle surface.

Preparation and Characterization of Poly-Pickering HIPEs.
In this section, we evaluate the influence of several synthesis
parameters (i.e., type and concentration of iron oxide nanopar-
ticles and amount of the internal phase (Table 1)) on the physical
properties of poly-Pickering HIPEs. Following the method
described in the Materials and Methods section, poly-Pickering
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Figure 6. SEM images of poly-Pickering HIPEs synthesized from Pickering HIPEs containing (a) 75, (b) 85, and (c) 92.5% internal phase volumes
stabilized with 3.0% CNPs. (d) Higher-magnification image of the region delimited with a box in the sample shown in a.

HIPEs were obtained by free-radical polymerization in the contin-
uous phase of W/O Pickering HIPEs, composed of a mixture of
styrene and divinylbenzene (1:1 w/w), in sealed tubes. As a result,
macroporous polymers with no significant shrinkage were obtained
after drying. No time-consuming purification was needed because
the emulsions did not contain any surfactant. The appearance of the
foams is shown in Figure Sa. It is important to mention that the
homogeneity of the brown color along the sample was the first
indication of the good dispersion of nanoparticles in the polymer
matrix. Furthermore, the dried foams were easily attracted to a magnet,
suggesting that the materials had a high level of magnetization.

The image shown in Figure Sa presents the sample sequence
PNP1, PNP2, PNP3 in which the PNP concentrations were 0.5,
1.5, and 3.0, respectively, keeping the internal phase volume
(75%) constant. The larger pores can clearly be seen, especially in
the samples made with alow NP concentration. The bulk density
and porosity of PNP1, PNP2, and PNP3 were determined by
means of pycnometry. The bulk density increased from 1.09 to
1.13 g/cm” upon increasing the nanoparticle concentration. Such
densities were higher than that of pure polystyrene (1.0 g/cm”)
because of the incorporation of inorganic nanoparticles into the
polymer structure. The porosities (near 80%) were higher than
the internal phase volume fractions of the initial emulsions
templates, which were the same for all templates (75%). As we
discussed above, the emulsions stabilized with PNPs did not
experience sedimentation, so such difference could be attributed
to an incomplete conversion of monomers to polymer. On the
basis of gravimetric determinations, the polymerization yields
were estimated to be in the range of 85—90%. This implies that
the final amount of polymer was smaller than initially presumed;
consequently, the concentration of nanoparticles in the nano-
composites would be slightly higher than predicted.

To study the pore morphology of the macroporous polymers,
PNP1 and PNP3 were characterized by SEM. The structures

displayed in Figure 5b,c are quite similar to other poly-Pickering
HIPEs described in the literature.”>***> These macroporous
polymers have a close-cell structure. It is widely accepted that a
dense film layer is formed by the nanoparticles at the O/W
interface, creating a rigid film between adjacent droplets. In
comparing the images in Figure Sb,c, it is clearly visible that with
increasing nanoparticle concentration the pore size decreased
gradually because of the stabilization of a larger interfacial area.
The characteristic pore size ranged from several #m to 800 ¢m in
the case of PNP1 and to less than 300 ym for PNP3, which was
stabilized by 3 wt % PNPs. The water volume fraction in all
systems was higher than 0.74, which is considered to be the
maximum compact ratio for monodisperse spheres.'' Therefore,
the polyhedral pore shape is due to the high droplet packing.'
This was more visible in the large pores in the poly-Pickering
HIPEs made from templates stabilized with smaller nanoparticle
concentrations (Figure Sb).

Apart from the nanoparticle concentration, the second most
important parameter affecting the droplet size in Pickering
emulsions is the volume percentage of the internal phase. The
influence of this parameter, studied in poly-Pickering HIPEs
made from HIPE templates stabilized with CNPs, is shown in
Figure 6. In this study, emulsions with 75% (CNP4), 85%
(CNPs), and 92.5% (CNP6) water were prepared by keeping
the CNP concentration constant (3 wt %). The highest internal
phase volume stabilized was 92.5%. The resulting values of bulk
density and porosity (Table 1) were consistent with the values
calculated for poly-Pickering HIPEs containing PNPs. First, the
bulk density values remained constant at 1.13 g/cm” when using
the same nanoparticle concentration. Second, the porosities were
again slightly higher than the internal-phase volume fraction of
the initial emulsions. Because poly-Pickering HIPE CNP6 was
too brittle and broke during the measurement, the porosity of
foam CNP6 could not be determined using pycnometry.
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Figure 7. Pore size distributions for (a) poly-Pickering HIPEs PNP1,
PNP2, and PNP3, which contain the same internal-phase volume
fraction (75%), showing the influence of nanoparticle concentration
and for (b) poly-Pickering HIPEs CNP4, CNPS, and CNP6 demon-
strating the influence of the internal-phase volume (water) for samples
with the same CNP content (3 wt %). The values included in the legend
indicate (a) the NP weight percent concentration and (b) the internal-
phase percentage added to precursor HIPEs. The inset in b compares the
pore size distribution for PNP3 and CNP4, which are samples with the
same composition but prepared with the two different NPs used in
this study.

However, the porosity was estimated to be 94% by measuring the
weight and approximate volume of three pieces corresponding to
one sample.

Regarding the microstructure, the SEM images shown in
Figure 6 revealed that the features observed for poly-Pickering
HIPEs made from HIPEs stabilized with CNPs were essentially
the same as those stabilized using PNPs. It is noteworthy that the
integrity of the macroporous structure was not affected, even
though the size of the CNPs is significantly larger than for
PNPs. In all cases, SEM analysis showed a considerably higher
percentage of the number of smaller pores, in line with optical
microscope observations of the initial HIPEs. A magnified image
of the smallest pores in the CNP4 sample is shown in Figure 6d.
Closed small pores are placed at the plateau borders of larger
droplets in poly-Pickering HIPEs, and they are separated by
polymer walls that are about 200—300 nm thick.

The emulsion droplets and the pores were similar in size,
demonstrating that no destabilization occurred during the

polymerization step. As mentioned before, two well-defined pore
populations were clearly observed, indicating a bimodal pore size
distribution. A quantitative analysis of both small and large pore
size distributions was carried out in order to study in more detail
the differences between samples. The analysis is given in Figure 7.
Small and large pore size average values are listed in Table 1. The
values of the internal phase volume fraction will be always
referenced to the initial HIPEs. The data included in Figure 7a,
measured on samples PNP1, PNP2, and PNP3, showed that
the size of the population of the larger pores, which are easily
observed in Figure S, dropped from values near 420 to 120 #m
when the nanoparticle concentration increased from 0.5 wt %
(PNP1) to 3 wt % (PNP3), respectively (keeping the internal
phase volume percentage constant at 75%). This means that the
extent of coalescence in the HIPEs decreased gradually. There-
fore, the size of the larger pores can be used as a qualitative
measurement of the emulsion stability. Figure 7b shows the
influence of changing the internal phase volume of the systems
depicted in Figure 6. Even though the presence of the number
of small pores (with a maximum peak at around 40 um) is
considerably more important in all cases, the size of the large
pores shifts to higher values when the internal phase volume
increased from 75% (CNP4) to 92.5% (CNP6). Pores with large
sizes, greater than 1000 #m, were found in sample CNP6, leading
to the brittleness of the sample.

The inset graph included in Figure 7b shows a comparison of
the pore size distribution of the two samples (PNP3 and CNP4)
made from emulsion templates with the same composition
(75% water and 3 wt % nanoparticles) but stabilized by the
two different types of nanoparticles used in this work. Both
samples exhibit a similar pattern with two important differences:
first, CNP4 does not show any pore size population centered at
around 10 #m, and the distribution of the smaller pores is slightly
shifted to higher values compared to those for PNP3. This fact is
more evident when comparing the values of the average pore
sizes, indicated in Table 1. Second, CNP4 possesses larger pores
than does PNP3. According to the following equation,

_ 4¢,,1p

’, (2)

Te

the radius of a Pickering emulsion droplet (r.) depends on the
nanoparticle radius (r,,), the volume fraction of water (¢,,), and the
initial nanoparticle concentration (¢P) in the emulsion. This
implies that the larger the nanoparticle radius, the larger the
droplet size, when all other parameters are kept constant. In our
case, CNPs led to emulsions with larger droplet sizes when the
internal phase volume was 75%. Nevertheless, the macroporous
polymers prepared from HIPEs with an internal phase volume
percentage in the range of 75—85% had smaller average sizes of
the larger pores compared to the macroporous polymers made
from HIPEs stabilized with PNPs. The average size of these larger
pores increased moderately, from 237 to 310 um (31%), whereas
a significant 285% increment (from 124 to 488 um) was
observed in the poly-Pickering HIPEs made from PNP-stabilized
templates. This behavior cannot be explained by eq 2 and
possibly stems from the difference in the surface coverage of
the nanoparticles with oleic acid, and it may not be caused by the
different nanoparticle size. This means that their wettability and
thus their ability to migrate to the oil—water interface is
different. As we discussed in the previous section, CNPs can
stabilize emulsions with higher contents of water when the CNP
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Figure 8. Representative TEM images of ultramicrotome slides (around 60 nm thick) showing how the nanoparticles are distributed in the polymer
matrix of poly-Pickering HIPEs obtained from HIPEs with an 85% internal phase volume stabilized with 5% CNPs.

Figure 9. Representative TEM images of poly-Pickering HIPEs obtained from HIPEs with an 85% internal phase volume stabilized with 5% PNPs
showing that most nanoparticles are located at the interface but many are embedded in the polymer matrix.

concentration is high enough, which was attributed to the lower
hydrophobicity of the nanoparticles compared to that of the
PNPs. Here, it is evident that PNPs can stabilize emulsions with
smaller droplet sizes when the water content is relatively small,
but when the water volume fraction increases, the emulsions are
not as stable as with CNPs.

To study the internal structure of the polymeric materials,
TEM images of two poly-Pickering HIPE thin sections embedded in
an epoxy resin were taken. Many TEM images were obtained, and
the same textures were observed. Figure 8a shows a representative
example with all of the different regions observed in the ultrami-
crotome slides. In agreement with the SEM micrographs, several
micrometer-sized pores are surrounded by polymer walls (indicated
in the figure as PS); iron oxide nanoparticles (indicated with black
arrows) are clearly visible at the pore—polymer interface. It is
important to note that the pores are not always filled with the epoxy
resin used before the cutting process, and air remained trapped
inside the pores. The low permeability of the materials with respect
to such a resin could be explained by the close-cell structure of the
poly-Pickering HIPEs (Figure 6). In any case, the epoxy resin
exhibits a different texture and contrast than does the polymer

matrix, allowing us to differentiate the two phases (clearly visible in
Figure 8b). The samples (CNP7 and PNPS, see Table 1) selected
for this analysis were prepared from HIPEs with an 85% internal
phase volume and 5 wt % nanoparticles using both CNPs and PNPs.
As indicated before, the final concentration of nanoparticles in the
nanocomposites exceeded the initial concentration to some extent,
being close to 11%. This was confirmed by TGA determinations.
TEM images undoubtedly revealed two different patterns.
First, CNPs were located exclusively on the polymer surface (i.e.,
the former W/O interface in the HIPE template, Figure 8a—c).
Defined layers formed by several CNPs on both sides of the pore
wall (ie., at the surface) are clearly seen in Figure 8a,b. Hardly
any CNPs could be found inside the pore wall. Therefore, the
nanoparticles did not change their wettability during polymeri-
zation. Despite the CNPs being partially agglomerated, it was
easy to distinguish individual nanoparticles (Figure 8c). Such
partial agglomeration can improve the emulsion stability. The
arrangement exhibited by these nanoparticles was consistent
with the observations made by Gurevitch in a recent paper.**
In contrast to CNPs and even though most of the smaller
PNPs were located at the polymer—air interface (Figure 9a), the
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Figure 10. (a) Magnetization vs applied magnetic field and (b) temperature for original PNPs and for poly-Pickering HIPEs prepared from Pickering
HIPEs containing an 85% internal phase volume stabilized with S wt % PNPs. (a) Measurements carried out at 300 K. The inset shows the same results

on a larger scale. (b) Measurements carried out at S0 Oe.

number of PNPs embedded in the polymer walls was significant
(Figure 9b). Figure 9a shows a polymer wall and a pore with a
layer of PNPs on the pore surface. The PNPs were also located in
layers of several units of nanoparticles at the interface, being
partially agglomerated but distributed along the polymer surface.
Moreover, the inner part of the polymer walls also contained
PNPs (Figure 9b). Such PNPs were individual nanoparticles,
which were homogenously dispersed. This evidence indicated
that some PNPs had a higher affinity for the continuous phase of
the W/O HIPEs and they could be effectively dispersed into the
oil phase. Therefore, it can be assumed that the presence of the
oleic acid multilayer acted as a capping agent for preventing the
agglomeration of PNPs in the polymer. These results strongly
confirm previous observations during the formation of the
HIPEs. The ability of the CNPs to absorb more effectively at
the W/O interface (compared to PNPs) is most likely the reason
for the better capacity to incorporate larger internal phase
volumes in the HIPEs. It is important to note that independently
of the initial state of dispersion of both solids (CNPs and PNPs)
they could act as a eflicient emulsifiers.

Finally, the magnetization of both nanoparticles and porous
nanocomposites was studied as a function of the applied mag-
netic field and temperature. Magnetization versus applied field
(M-H) was measured at 300 K. The plot for PNPs (Figure 10a)
showed that these nanoparticles, as expected, were superpara-
magnetic, as indicated by the lack of a hysteresis loop and
coercivity (nanoparticles do not retain magnetization in the
absence of a magnetic field) and the high magnetization value
reached. The saturation magnetization value (M), represented
per gram of magnetic material, was 56 emu/g. This value is
appreciably lower than that for bulk magnetite (89 emu/g). The
reduction of the total magnetization arises from the reduction of
the particle size, which increases the surface spin disorder.”
However, the M, for CNP was 74 emu/g, which was higher
than for PNPs because of the larger nanoparticles. Moreover, in
the case of CNPs, a hysteresis loop was observed in the M—H
curves (coercitivity and remanence were 8.7 emu/g and 0.08
kOe, respectively). To detect the transition to the superpara-
magnetic state, we measured the field-cooled (FC) and the zero-
field-cooled (ZFC) magnetization versus temperature at a field of
H = 50 Oe. Confirming the results obtained in M—H plots, no
blocking temperature (Tg) could be detected for CNPs, which
demonstrates that CNPs do not show superparamagnetic behavior at
room temperature. For PNPs, a maximum in the ZFC magnetization
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(Figure 10b) was observed at 230 K, which could be attributed to
Tp."® One of the properties of the single-domain superparamagnetic
nanoscopic iron oxide particles is its dependency on temperature.® It
is hence evident that the different magnetic behaviors of PNPs and
CNPs are associated with their different sizes. Finally, the same
characterization as detailed above was carried out for the poly-
Pickering HIPEs studied in Figure 9.

Figure 10a shows the M—H curve for the solid foam contain-
ing PNPs (PNP8). Compared with the values for the raw
nanoparticles, the M; value decreased by 60%, reaching a value
of 22 emu/g. The percentage reduction of M; for the CNP7
polyHIPE was similar, reaching a value of 33 emu/g. These
reductions could be explained by the diamagnetic contribution
from the polymer matrix.***> However, the superparamagnetic
behavior was retained for the nanocomposite containing PNP.
Additionally, a temperature-dependent magnetization plot (ZFC
and FC curves, see Figure 10b) revealed a reduction in the
blocking temperature of PNPs, from 230 to 115 K. This could
indicate a reduction in the particle—particle interaction as
already reported in recent work.” Moreover, both the high
collapse temperature at around 190 K (corresponding to the
intersection of ZFC and FC curves) and the broadness of the
maximum at around Tj in the ZFC could be used to gauge the
particle anisotropy distribution in the polymer foam,** which was
consistent with the TEM observations.

Bl CONCLUSIONS

Water-in-oil HIPEs have been successfully prepared using two
kinds of oleic acid surface-modified iron oxide nanoparticles.
Both the size and the oleic surface coverage on the nanoparticles
have a significant effect on the properties of the prepared
emulsions. Superparamagnetic nanoparticles (PNPs, with sizes
ranging from S to 12 nm) coated with a multilayer of oleic acid
were compared with nonsuperparamagnetic nanoparticles
(CNPs with an average size of 35 nm), which were not fully
coated with a monolayer of oleic acid. Using the emulsion-
templating approach, poly-Pickering HIPEs with a typical close-
cell structure were obtained by a straightforward procedure
that enabled us to produce macroporous cross-linked polystyr-
ene magnetic foams with high porosities (>80%) and low
envelope densities. As expected, neither nanoparticle showed
the same efficiency as emulsifiers for HIPEs. The results demon-
strate the feasibility of incorporating large amounts of the internal
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phase in the emulsions. The emulsion droplet size ranged from
S um (minimum size reached) to over 1000 um depending on
the initial composition. In spite of the large droplet sizes, the
emulsions presented excellent stability with time. Furthermore,
an increase in the droplet sizes was observed when the nanopar-
ticle concentration was reduced or when the internal-phase
volume was increased. PNPs were more effective as emulsifiers
in the low nanoparticle concentration range. This leads to emul-
sions with an 80% internal phase volume stabilized solely with
0.25 wt % PNPs. However, CNPs could emulsify as much as a
92.5% internal phase volume when the CNP concentration was
increased to 3 wt %. The different behavior was attributed first to
the larger size of the CNPs and second to the suitable wettability
exhibited by CNPs. TEM of poly-Pickering HIPEs revealed two
clear patterns in agreement with predictions. CNPs were located
exclusively at the polymer—air interface, whereas PNPs were
placed mainly at that interface but also in the inner part of the
polymer walls. This finding confirmed the higher hydrophobicity
of PNPs and implied that an important fraction of PNPs did not
act as a emulsifier. Regarding the magnetic properties, the M for
the nanocomposite containing PNPs was lower (22 emu/g) than
that for raw PNPs (56 emu/g). However, the PNP nanocomposites
retained their superparamagnetic behavior at room temperature,

as exhibited by the original PNPs.

B ASSOCIATED CONTENT

© Supporting Information.  (S1) Thermogravimetric anal-
ysis in which the total oleic acid content attached to the particle
surfaces is derived from the curves. (S2) SEM image of a
polymerized sample after catastrophic inversion from a highly
concentrated Pickering W/O to a O/W diluted Pickering emulsion.
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Hybrid inorganic-organic ultra-light magnetic solid foams with iron oxide nanoparticles embedded in
a divinylbenzene-polystyrene matrix were prepared using a highly concentrated emulsion polymer-
ization method. Iron oxide nanoparticles with diameters of 3 and 10 nm were synthesized using two
different methods. For comparison purposes, nanocomposites with magnetite nanoparticles dispersed
in anon-porous polymeric matrix obtained by bulk polymerization were also investigated. Materials were
characterized using several techniques such as dynamic light scattering (DLS), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), small angle X-ray scattering (SAXS), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and mag-
netization measurements. SEM and TEM images showed that solid foams are made of well-defined macro
pores with nanoparticles embedded in the walls. The density of the solid foams was ca. 50-70kgm~3,
which is about 20 times lighter than the non-porous monoliths. The magnetic measurements show
that both nanocomposites are superparamagnetic, and that there are differences regarding the inter-
particle interactions depending on matrix porosity. The synthesized materials may find applications in
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adsorbents, tissue reparation, enzyme supports, microreactors, or in water decontamination.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of organic-inorganic hybrid materials composed
of magnetic particles and polymer matrices have gained increasing
attention for emerging applications as sensors, imaging devices,
storage media, and catalysis [1-3]. Furthermore, the synthe-
sis of biocompatible superparamagnetic materials has also been
of interest in biomedical applications including magnetic drug
targeting, hyperthermia anticancer strategy, and enzyme immo-
bilization [4]. Advances in polymer science have demonstrated
the ability to prepare a vast array of materials exhibiting control-
lable mechanical, thermal, and electro active properties. However,
the preparation of organic polymeric materials possessing high
magnetic moments and susceptibilities comparable to inorganic
systems remains a challenge. To overcome the inherent prob-
lems in fabrication of magnetic polymer nanocomposites various
synthetic routes have been suggested to combine organic poly-
mers and inorganic magnetic nanoparticles [5]. Emulsion and

* Corresponding author. Current address: International Iberian Nanotechnology
Laboratory (INL), Braga, Portugal.
E-mail address: carlos.rodriguez@inl.int (C. Rodriguez-Abreu).
1 On leave from UGC-DAE Consortium for Scientific Research, Trombay, Mumbai
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0254-0584/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2011.07.068

dispersed media polymerization have been utilized to encapsulate
iron oxide nanoparticles into polymeric micro- and nano-spheres.
These materials typically trap numerous iron oxide nanoparti-
cles in polymeric matrices prepared by free radical polymerizable
monomers [6].

On the other hand, macroporous materials and molecular sieves
attract much attention due to their remarkable characteristics;
they possess large surface area and high sorption capacity com-
pared to non-porous objects, as well as the possibility to perform
selective sorption of various substrates by regulation of pore
diameter or chemical modification [7-9]. Though there are many
reports on synthesis of magnetic non-porous nanocomposites, not
much literature can be found on the synthesis of magnetic porous
nanocomposite materials. Kolotilov et al. [10] recently reported
the synthesis of molecular sieve MCM-41 in the presence of Fe304
nanoparticles. However, there are only few reports on template
assisted synthesis of magnetic nanocomposite materials [11-13].

Highly concentrated emulsions have been successfully used
as templates for the preparation of organic macroporous mate-
rials by polymerization in the continuous phase followed by the
removal of the dispersed phase [14-18]. Highly concentrated emul-
sions, which consist of close-packed deformed and/or polydisperse
droplets separated by a thin film of continuous phase (a struc-
ture resembling gas-liquid foams) [19,20], have proved to be very
versatile as templating systems for the preparation of low-density
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Table 1

Characteristics of iron oxide nanoparticles. Sample NP3 was prepared by using water-in-oil (W/O) microemulsion droplets as templates (Ref. [33]) whereas sample NP10

was prepared by a non-templated co-precipitation method (Ref. [34]).

Sample name Phase? Hydrodynamic Crystalline domain Mean particle Oleic acid capping
diameter (nm)P size (nm)¢ diameter (nm)4 (wt%)e

NP3 Magnetite/maghemite 3 2.8 3 45

NP10 Magnetite 10.8 7.3 8 13

2 As reported in Refs. [31,32].

b From DLS.

¢ From XRD using Scherrer formula.

d From TEM (see Figs. S1a and S1b in supporting information).
¢ From TGA.

macroporous materials, with high pore volume fraction and con-
trolled pore size [21]. These macroporous solid foams have found
successful applications as supports for catalysts, immobilization of
enzymes, selective membranes, templates for the preparation of
other materials, etc. [16,17,22-25]. The properties of the materials
obtained using this technology (average pore size and pore size dis-
tribution, surface area, macroscopic density, etc.) were improved
with respect to those obtained by other methods. However, their
structures were still difficult to control due to the high polydis-
persity of the precursor emulsions. Emulsification by the phase
inversion temperature (PIT) method [26], results in highly concen-
trated emulsions with smaller and more homogeneous droplet size
[27,28]. The phase inversion temperature (PIT) is the temperature
at which poly(oxyethylene)nonionic surfactants change their pref-
erential solubility from water (oil) to oil (water) and inversion from
O/W to W/0O emulsions or vice versa is produced. Macroporous solid
foams with improved mechanical properties and lower densities
[21] are obtained by templating in emulsions prepared by the PIT
method.

More recently, it has been demonstrated that nanocompos-
ite macroporous materials can be obtained by polymerizing in
highly concentrated emulsions, in which the external phase con-
sists of a nanoparticle dispersion in a monomer mixture [29-31].
This method has been applied for the preparation of polystyrene
nanocomposite foams, containing silica nanoparticles embedded
in the polystyrene pore walls. The presence of such nanoparticles
leads to improved mechanical properties [32].

In this context, we report on the preparation of macrop-
orous magnetic nanocomposite materials through polymerization
in highly concentrated water-in-oil emulsions. To our knowledge
this is the first report on the synthesis of ultra-light macroporous
nanocomposite material with relatively high magnetic moment.
Porous, ultralight magnetic nanocomposites can find applications
in adsorbents, tissue reparation, enzyme supports, microreactors,
or in water decontamination.

2. Experimental
2.1. Materials

Iron (III) chloride hexahydrate (FeCls;, 6H,0) and anhydrous iron (II) chloride
(FeCl,) were purchased from Sigma-Aldrich. Ammonium hydroxide (32 wt% NH3)
and oleic acid were purchased from Merck and Fluka, respectively. Styrene and
divinylbenzene, either from Merck or Aldrich, were purified by passing through
neutral chromatographic aluminium oxide, in order to eliminate polymeriza-
tion inhibitors. Acrylic acid was obtained from Merck. 2,2’-Azobis-(2,4-dimethyl)
valeronitrile (ADVN, soluble in oil phase), courtesy of DuPont Ibérica S.A., was used
as initiator in the case of bulk polymerization. Potassium persulfate 99%, used as
initiator in emulsion polymerization, was obtained from Merck.

Hexaethylene glycol n-hexadecyl ether and octaethylene glycol n-dodecyl ether
non-ionic surfactants, abbreviated as C16(EO)s and C12(EO)s, respectively, were pur-
chased from Nikko Chemicals Co (Japan). The poly(ethylene glycol)-poly(propylene
glycol)-poly(ethylene glycol) (EO);3, (PO)30, (EO);3 triblock copolymer surfactant
(Synperonic L64) was obtained from Unigema (United Kingdom). All surfactants

were used without further purification. Tetradecane 99% was obtained from Aldrich.
Milli-Q water was used in all the experiments.

2.2. Synthesis

2.2.1. Nanoparticles and non-porous monolithic nanocomposites

Iron oxide nanoparticles capped with oleic acid were synthesized using water-
in-oil (W/O) microemulsion droplets as templates [33] as well as by a non-templated
co-precipitation method [34] following the literature. The characteristics of samples
are shown in Table 1. Samples of nanoparticles are abbreviated hereafter as NPX,
where X is the average size of nanoparticles. Oleic acid capping was confirmed by
FTIR.

For the preparation of monolithic, non-porous nanocomposites, oleic-acid-
capped nanoparticles (synthesized as indicated above) were dried at 50°C and then
dispersed in a mixture of styrene and divinylbenzene (1:4 ratios); divinylbenzene
was used as a crosslinker to increase the mechanical strength of nanocomposites
(for data on nanoparticle size and concentrations, see Table 2). To improve the com-
patibility of Fe304 nanoparticles with respect to the polymer matrix, acrylic acid
was added to the monomer mixture (nanoparticles/acrylic acid mass ratio=1:1).
The concentration of initiator (ADVN) was 1wt% with respect to the total initial
monomer weight. Samples were kept in glass test tubes at 60°C for 24 h for poly-
merization to complete. Non-porous nanocomposites are abbreviated hereafter as
NCX-Y, where X is the average size of embedded nanoparticles and Y is a sample
number.

2.2.2. Porous nanocomposites

Styrene and divinylbenzene were polymerized in the continuous phase
of water-in-oil (W/O) highly concentrated emulsions prepared using the
phase inversion temperature (PIT) method [18] (see Scheme 1). Emulsions
were prepared in the system H0/K;S,0g/Ci6(EO)s/C12(EO)s/Synperonic
L-64/styrene/divinylbenzene/tetradecane with the following weight ratios
89.9/0.1/1.2/0.7/0.1/4.0/1.0/3 following a recipe from the literature [18]. Oleic-
acid-capped nanoparticles (synthesized as indicated above) and acrylic acid were
dispersed by a vortex mixer in styrene/divinylbenzene and then mixed with
tetradecane to form the continuous phase of the emulsion (for data on nanoparticle
size and concentrations, see Table 2). After adding the aqueous phase, samples
were mixed thoroughly in an ice bath for 10 min and then put in a 70°C bath with
strong shaking until the samples became highly viscous. The viscous emulsion was
then kept in a constant temperature bath at 70°C for 48 h for polymerization and
crosslinking to obtain solid foams. The solid foams (i.e. porous nanocomposites)
were washed with ethanol and water to remove surfactants, tetradecane and
unreacted monomers, and then freeze-dried to remove the aqueous dispersed
phase. Porous nanocomposites are abbreviated hereafter as PNCX, where X is the
average size of embedded nanoparticles.

Table 2

Nanoparticle (NP) type and concentrations in non-porous nanocomposites (NC) and
porous (PNC) nanocomposites. The concentrations are expressed as amount of iron
oxide in the polymer matrix.

Nanocomposites NP3 concentration Nanocomposites NP10 concentration

with NP3 (wt%) with NP10 (wt%)
NC3-1 0.6 NC10-1 0.4
NC3-2 3.0 NC10-2 10.0?
NC3-3 16.0° NC10-3 25.0?
NC3-4 29.02 PNC10 6.4
NC3-5 46.0°

PNC3 6.4

2 Confirmed by TGA.
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Scheme 1. Scheme of the method for the preparation of porous magnetic nanocomposites. O stands for an organic phase whereas W stands for an aqueous phase.

3. Characterization techniques
3.1. Thermo gravimetric analysis (TGA)

Measurements were carried out in a Mettler Toledo TGA/DTA
851 instrument. The temperature range measured was between 25
and 650°C at 10°C min~! heating rate.

3.2. Fourier-transform infrared spectrophotometry (FTIR)

Samples were analysed by Fourier transform infrared spec-
troscopy (FTIR) with a Nicolet 510 spectrophotometer. Spectra
were collected at 4cm~! resolution with 64 averaged scans.

3.3. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) measurements were carried out
using a cross-correlation DLS instrument (3D DLS from LS Instru-
ments, Switzerland). The light source is a vertically polarized
monochromatic He-Ne (A =632.8 nm) laser. The detectors used are
photo diodes (APD). Temperature was maintained at 25 °C using a
thermostated water circulator.

3.4. X-ray diffraction (XRD)

A PANalytical X'Pert PRO MPD 6/6 Bragg—Brentano diffractome-
ter with CuK,, radiation (A =1.54 A) was used for the measurements.
The angle range was 26 = 5-120°. Nanoparticles were finely ground
and loaded in a grooved (541) cut silicon substrate. The average
crystal size of the iron oxide was determined according to the
Scherrer equation [35] using the full width at half maximum of
peaks after correcting the instrumental broadening.

3.5. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) was performed in a S3
MICRO instrument (Hecus X-ray Systems, Graz, Austria) equipped
with a GENIX microfocus X-ray source and a FOX 2D point-focusing
element (both from Xenocs, Grenoble). The instrument is equipped
with a Peltier device for temperature control. The scattering vector
was calculated from q =4 sin(6/2)/A, where A = 1.54 A is the wave-
length and 6 the scattering angle. The d-spacings from scattering
maxima were estimated as d =27/q.

3.6. Scanning electron microscopy (SEM)

Micrographs of solid foams were acquired using a Hitachi TM-
1000 tabletop scanning electron microscopy (SEM) instrument at
15kV. For observation, samples were coated with a gold layer.

3.7. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images of nanopar-
ticles were taken with a JEOL JEM 1010 microscope at 100kV.
Samples were prepared by evaporating a droplet of the dispersion
of magnetite nanoparticles on a standard TEM copper grid covered
with Formvar polymer. For nanocomposites, samples embedded in
an epoxy resin were cut with a Reichert Jung ultramicrotome in
slices with a thickness of ca. 60 nm. The slices were placed on holey
copper grids for observation.

3.8. Magnetic measurements

A Quantum Design, USA, SQUID magnetometer was used. Max-
imum field used for the magnetization (M) versus magnetic field
(H) measurements was 20 kOe. The field used for the magnetiza-
tion (M) measurements at the field cooled (FC) and the zero-field
cooled (ZFC) modes in temperature range of 2-300 K was 50 Oe.

4. Results and discussion

4.1. Preparation and characterization of monolithic non-porous
and porous nanocomposites

We first synthesized non-porous nanocomposites to study the
dispersion of nanoparticles in crosslinked styrene-divinylbenzene
matrices, which would constitute the walls in the porous nanocom-
posites. Different concentrations of nanoparticles (samples NP3
and NP10) were used to prepare the non-porous nanocomposites
materials; sample compositions are shown in Table 2.

Itis to be mentioned again here that we added acrylic acid to give
better compatibility between the oleic acid layer on the nanopar-
ticles surfaces and the styrene monomers. Samples with no added
acrylic acid appeared opaque and turbid due to macroscopic phase
separation.

Porous nanocomposites were prepared from highly concen-
trated emulsions (for data on nanoparticle size and concentrations,
see Table 2). It is to be pointed out that the composition of the
external phase of the emulsion (excluding nanoparticles) and the
composition of the solutions used to form the non-porous mono-
liths are almost equal, and that the pores are a replica of the
emulsion droplets. Besides the initiator, the only difference con-
cerning the continuous phase is tetradecane that is used to control
the phase inversion temperature during emulsification. The oil
phase carrying the nanoparticles changes from the internal phase
(O/W emulsion) to the continuous phase (W/O emulsion) when
the sample is heated above the PIT. Using both aqueous (K,S,0g)
and non-aqueous (ADVN) initiators the polymerization was fast
and there was no emulsion destabilization. During washing the
nanoparticles remain in the structure, and there is almost no
shrinkage of the matrix during freeze-drying.

Fig. 1 shows the SAXS intensity profiles for samples NC3s. It
is observed that a correlation peak appeared in the presence of
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Fig. 1. Small angle X-ray scattering (SAXS) intensity versus scattering vector (q)
plots for nonporous nanocomposites with 3 nm nanoparticles (NC3) at different con-
centrations as indicated in the figure. Peak positions indicate the particle-particle
distance of dispersed nanoparticles in the polymer matrix. Increasing concentration
of nanoparticles results in shorter particle-particle distance.

nanoparticles. This correlation peak comes from randomly, closely
placed nanoparticles in the polymer matrix; the particle-particle
average distance can be associated to the d-spacing at the intensity
maximum, which is about 5 nm. On the other hand, no correlation
peak was found within the experimental g-range for samples NC10-
1 (0.4% NPs) and NC10-3 (25% NPs) (results not shown). We cannot
rule out that a correlation peak may appear at g values beyond the
range of the instrument, as expected for larger nanoparticles. No
correlation peaks were observed either for PNC3 and PNC10 porous
composite samples within the experimental g-range.

Fig. 2a shows the scanning electron microscopy (SEM) image of
the solid foam without nanoparticles, and Fig. 2b and ¢ shows sam-
ples PNC3 and PNC10, respectively. A macroporous structure with
interconnected pores is clearly visible. The pore sizes are within the
1-5 wm range.

All porous samples were ultra-light in weight. The bulk den-
sities of the solid foams without and with 6.4 wt% nanoparticle
concentration were measured gravimetrically to be 50 kg m~3 and
70kgm~3, respectively, almost 20 times less than the density
(e.g., ~1100kg m~3 without nanoparticle) of non-porous mono-
liths (NCs). The difference in densities is due to the high volume
fraction of pores.

Fig. 3 shows the TEM images for NC3 and PNC3 samples with
different nanoparticle concentrations.

For the 29 wt% nanoparticle sample (NC3, Fig. 3a), partially seg-
regated domains with higher nanoparticle local concentration are
observed. The number density of the domains increases further
for the 46 wt% nanocomposites (inset of Fig. 3a). Those domains
give rise to the SAXS correlations peaks observed in Fig. 1. The
TEM pictures of porous nanocomposites PNC3 (Fig. 3b and c) show
the walls surrounding micron-sized pores; nanoparticles are dis-
tributed within the polymer walls.

Fig. 4a-d shows TEM images for nanocomposites with 10 nm
nanoparticles at different concentrations, e.g., 10 (NC10-2) and
25wt% (NC10-3) non-porous monoliths, and 6.4wt% (PNC10)
porous monoliths. In contrast to Fig. 3, we observe in Fig. 4a and
b an homogeneous (random) distribution of 10 nm nanoparticles
(NP10) in non-porous polymer matrices at concentrations of 10
and 25 wt%, respectively, with no evidence of micro-segregation.
On the other hand, Fig. 4c and d shows clearly that nanoparti-
cles are embedded in the pore walls of the composite solid foams.
The brighter zones surrounded by dark walls (polymer matrix with
embedded nanoparticles) are macro pores, as seen in SEM images

Fig. 2. Scanning electron microscopy (SEM) images of porous nanocomposites: (a) without nanoparticles and with 6.4 wt% nanoparticles of size, (b) 3nm (PNC3) and (c)

10nm (PNC10).
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Fig. 3. Transmission electron microscopy (TEM) images of composites with 3 nm nanoparticles. (a) Non-porous nanocomposite with 29 wt% nanoparticles (NC3-4). The inset
shows a sample with 46 wt% nanoparticles (NC3-5, scale bar=100 nm). (b and c) Porous nanocomposites with 6.4 wt% nanoparticles (PNC3) at two magnifications. Brighter
zones in (b) correspond to pores obtained from dispersed water droplets in highly concentrated water-in-oil (W/O) emulsion after drying the foam. Darker zones correspond
to the polymer walls containing dispersed nanoparticles. Black dots in (c) are the nanoparticles dispersed in the polymer walls.

also, and are the replica of water droplets in water-in-oil (W/O)
emulsions using as templates for polymerization. The exact reason
of micro domain formation in NC3s is not clear; however weak van
der Waals interaction forces may influence this segregation more
strongly in the case of smaller particles.

4.2. Magnetic properties

4.2.1. Measurements of magnetization (M) versus field (H) at
constant temperature

We have measured the magnetization (M) versus applied
magnetic field (H) at 5 K for both non-porous and porous nanocom-
posites (see Fig. 5). The maximum field applied was 20 kOe. Fig. 5a
shows the M-H curves for NC3-3 (16 wt% 3nm NP) and NC10-
2 (10wt% 10nm NP). The saturation magnetizations (Ms) were
estimated by fitting experimental points with the approximate sat-
uration law [36] and the obtained values are shown in Table 3. The
lower value of Mg in NC3-3 is due to the smaller size of nanopar-
ticles [5]. As the size of magnetic particle decreases the surface
area increases, and as a result, the magnetization is lost due to
surface spin disorder. Below a critical size (ca. 20 nm), the mag-
netic nanoparticle becomes a single domain state with uniaxial
anisotropy [37] and becomes superparamagnetic. It is to be noted
here that the Ms of bulk magnetite is around 92emug-! and the
Ms measured from M-H curve for NP10 at 300K (see supporting

information, Fig. S2) and 5K were about 58.3 and 66.5emug-!,
respectively. The diamagnetic contribution from polymer matrix
in nanocomposites causes further reduction in the M; value. Fig. 5b
shows the M-H loop for PNC3 and PNC10. The values of M for PNC3
and PNC10 are shown in Table 3. Though the size of nanoparticles
is same in NC3-3 and PNC3 the saturation magnetization (Ms) in
the latter case is 2.5 times more; this is an unexpected result, as
the nanoparticle concentration in PNC3 is lower than in NC3-3. We
still do not have an explanation for that, although interactions and
surface effects might be playing a role.

Surprisingly, the M in the case of NC10-2 and PNCI10
are same. The coercive fields (H.) measured for nanocom-
posites are shown in Table 3. The values of H. for NC10-2
and PNC10 are similar to that for 10nm magnetite nanopar-
ticles at 5K reported by another group [38]. The coercivity

Table 3

Magnetic properties of nanoparticles and nanocomposites at 5 K.
Sample M; (emu g~' magnetite) H. (Oe)
NP10 66 (58%) 285
NC3-3 15 20
NC10-2 52 300
PNC3 38 60
PNC10 52 350

2 Value at 300K.
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Fig. 4. Transmission electron microscopy (TEM) images of composites with 10 nm nanoparticles. (a) Non-porous composite with 10 wt% nanoparticles (NC10-2). (b) Non-
porous composite with 25 wt% nanoparticles (NC10-3). (c and d) Porous nanocomposites with 6.4 wt% nanoparticles (PNC10) at two magnifications. Brighter zones in (c)
correspond to pores obtained from dispersed water droplets in highly concentrated water-in-oil (W/O) emulsion after drying the foam. Darker zones correspond to the
polymer walls containing dispersed nanoparticles. Black dots in (d) are the nanoparticles dispersed in the polymer walls.

disappears above the blocking temperature (Tg) and, there- 4.2.2. Measurements of field-cooled (FC) and zero field-cooled

fore, all these nanocomposites will show superparamagnetic (ZFC) magnetization (M) versus temperature (T) at constant field
behaviour [39]. Note that both non-porous and porous nanocom- We measured the field-cooled (FC) and the zero field-cooled
posites are attracted to a strong magnet (see insets in (ZFC) magnetization (M) versus temperature (T) for 10 nm particles
Fig. 5). (NP10) at a field H=500e (see Fig. S3 in supporting information)
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Fig. 5. Magnetization (M) versus applied field (H) plots at 5K for (a) non-porous nanocomposites with 16 wt% 3 nm (NC3-3) (open circle) and 10 wt% 10 nm (NC10-2) (solid
line) nanoparticles, and for (b) porous nanocomposites with 6.4 wt% 3 nm (PNC3) (open circle) and 6.4 wt% 10 nm (PNC10) (solid line) nanoparticles. The insets show the
nanocomposites attracted to a magnet, e.g. (a) non-porous monolith with 46 wt% 3 nm nanoparticles (NC3-5) and (b) porous monolith with 6.4 wt% 3 nm nanoparticles
(PNC3).
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zero-field cooled (ZFC) and field cooled (FC) experiments at H=50 Oe. Solid lines are only visual guides.

and estimated the blocking temperature (Tg) to be 215K, which is
close to 210K for 7-nm nanoparticles as reported earlier [40].

The measurements of field cooled (FC) and zero field cooled
(ZFC) magnetization (M) with temperature (T) were also carried
out for non-porous and porous nanocomposites to study if there is
any change in interaction between nanoparticles from non-porous
composite to porous composite. Fig. 6 shows the FC and ZFC mag-
netization for non-porous composite and porous nanocomposites
(solid foams). The blocking temperature Tg (associated with the
peak in the ZFC data) is higher for porous nanocomposites as com-
pared to non-porous ones. We can interpret that the increase of
Tg is associated with a higher contribution of the particle-particle
magnetic interaction. The saturation below Tg as well as the prox-
imity between Tz and the FC-ZFC branching temperature also
point to stronger interactions in the case of porous nanocompos-
ites [41]. Probably, the emulsification procedure to prepare the
porous nanocomposites favours some particle agglomeration. It
should also be noted here that the Tg values in 10 nm nanocom-
posites are lower than that of sample NP10 consisting of dried,
neat nanoparticles (see supporting information, Fig. S3), indicating
less interactions when nanoparticles are embedded in the polymer
matrix.

5. Conclusions

We report the syntheses of hybrid magnetic nanocomposites
through bulk and highly concentrated emulsion polymerization.
Iron oxide nanoparticles capped with acrylic acid can be uniformly
dispersed in crosslinked poly(styrene-divinylbenzene) matrices

obtained by free radical polymerization. When the polymeriza-
tion is carried out in highly concentrated emulsions used as
templates, ultra-light porous nanocomposites are obtained, in
which nanoparticles are embedded in the micron-sized pore walls.
The nanocomposites show superparamagnetic behaviour, and the
experimental results suggest stronger particle-particle interaction
in porous nanocomposites as compared to non-porous ones. Porous
nanocomposites (solid foams) show a relatively high magnetic
moment.
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