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Abstract

Worldwide, sustainability has become a major field of industrial interest, leading
to increased attention to the ecological impact and to the utilization of renewable
materials. For the scientific community the main challenge lies in the identification
of green synthetic approaches and new alternatives to petroleum-based materials.
In the case of the tyre industry, the final goal is to identify new feasible design
strategies and alternatives to reduce the environmental impact throughout the life
cycle of tyres, based on the use of environmentally friendly materials and on the
development of innovative products, showing reduced energy consumption and
CO, emissions.

In this context, the present PhD thesis is focused on the preparation of eco-
friendly silica-based nanocomposites by using a colloidal approach to increase the
dispersion of hydrophilic fillers in line with the new requirements of sustainability
of the EU policies.

The colloidal approach aims at compounding the nanocomposites through
aqueous dispersions of hydrophilic fillers, i.e. silica or clays, whose efficient
dispersion through traditional melt mixing still remains a challenging issue, due to
their poor compatibility with the organic matrix. The proposed technique aims at
increasing the filler dispersion without any expensive surface modification. The
colloidal approach adopted in the present work represents an economic and eco-
friendly alternative to the commonly employed melt mixing technique, because of
the elimination of the volatile components released during the traditional melt
mixing, with significant benefits for the environment and the workplace safety.

In this PhD thesis, two different colloidal approaches have been applied: i) latex
compounding technique (LCT) and ii) Pickering emulsion polymerization to
prepare highly-loaded nanocomposite rubber materials containing silica-based
fillers, such as silica and sepiolite (Sep) clay, which are considered promising filler
candidates for the polymer strengthening due to the fibrous structure and high
particle aspect ratio (AR).

The concentration, the charge and the shape of silica-based nanofillers have been
studied as relevant parameters on stabilization of natural and synthetic
polyisoprene(Pl) latexes and thus in the subsequent coagulation process.

An effective LCT procedure was established to produce eco-friendly composites,
namely masterbaches (MBs), by incorporating silica or Sep into natural rubber
latex (NRL), emulsion in water of cis-1,4-polyisoprene, through the flocculation
(i.e. aggregation resulting from the bridging of polymer particles) of the silica-
based nanofillers/rubber mixed aqueous system. In particular, Sep fibers having
different surface charges, have been selected: pristine Sep, from Spanish landfill
(SepS9) and a commercial Sep organically modified with a benzyl ammonium salt
(SepB5). In addition, the LCT procedure was also applied to produce
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nanocomposites enclosing spherical nanoparticles of silica, in order to highlight
the role of the Sep anisotropy.

LCT showed to favour a homogeneous dispersion of hydrophilic Sep fibers in the
rubber matrix, allowing the production of high-loaded Sep rubber composites. The
main physicochemical parameters which control aggregation processes in the
aqueous medium, i.e. pH, {-potential, concentration, as well as the morphological
features of the final Sep-natural rubber (NR) MB, were comprehensively
investigated to figure out the Sep-NR interactions and to propose a flocculation
mechanism, based on electrostatic and depletion attraction forces, remarkably
connected to both the high content (50 wt.%) and the peculiar anisotropy of the
Sep fibers.

Concerning the mechanical properties, the uniform Sep distribution in the rubber
matrix, characteristic of the proposed LCT approach and the percolative filler
network have improved the performances of Sep/NR MBs in comparison to those
of analogous materials prepared by conventional melt mixing.

Furthermore, the MBs with high filler loadings were used to produce
environmentally friendly composites, by combining LCT and melt mixing. This
combined approach takes advantage of the good filler distribution of high-loaded
rubber composites and prevents dust from floating in the air during processing, in
line with the increasing legislative restrictions about emissions.

By employing a controlled drying process to avoid possible oxidation reactions,
elastomeric composites were obtained showing satisfactory mechanical
properties, in line with the reference materials prepared directly by melt mixing.
Therefore, this combined LCT and melt mixing technique can be considered a
suitable approach to prepare rubber nanocomposites with environmental
benefits, without affecting the properties of the final material.

In a further phase of the work, Pickering emulsion polymerization, an in situ
polymerization technique, was evaluated as an alternative colloidal approach to
produce eco-frendly nanocomposites. Isoprene was polymerized in the presence
of silica-based nanofillers, which provide stabilizing effects acting like a surfactant
by occupying the interface between the two phases, thus lowering the interfacial
tension and stabilizing the emulsion.

Pickering emulsions of isoprene, stabilized by employing silica or SepS9, have been
polymerized to produce nanobeads of polyisoprene covered by the reinforcing
filler nanoparticles. The formation of polyisoprene (core)-silica-based (shell)
structured composite particles was evaluated considering the physicochemical
parameters affecting the colloidal stability, and particularly pH, -potential and
concentration.

On the basis of these results, a possible mechanism for emulsion polymerizations
stabilized by solid particles was proposed. In detail, in the case of silica, the
inorganic particles are driven towards the interface as a result of a hetero-
coagulation event in the water phase with a growing oligoradical. In the case of
Sep fibers, the suggested mechanism is based on particle—particle interactions
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leading to the formation of a three-dimensional network of particles in the
continuous phase.

Although versatile, our Pickering emulsion polymerizations do show some
limitations, in particular, an excess of solid stabilizers remaining in the continuous
phase after polymerization.

In conclusion, the colloidal approach, based on both LCT and Pickering emulsion
polymerization, can be considered as green, simple and effective method suitable
for high-performance technological applications. The outcomes indicate the
suitability of the adopted strategies as a sustainable procedure for the production
of highly-loaded silica based-rubber nanocomposites.
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Riassunto

\

La sostenibilita & recentemente diventata un ambito di grande interesse
industriale, portando ad una aumentata attenzione verso I'impatto ecologico e
verso |'utilizzo di materiali rinnovabili. Una sfida per la comunita scientifica e
I'identificazione di approcci sostenibili e nuove alternative ai materiali derivati del
petrolio. L'industria degli pneumatici si prefigge di indagare possibili strategie di
sintesi per ridurre lI'impatto ambientale durante l'intero ciclo di vita dello
pneumatico, attraverso l'uso di materiali sostenibili e lo sviluppo di tecniche
innovative che riducano il consumo di energia e le emissioni di CO.,.

In questo contesto, questa progetto di dottorato é focalizzato sulla preparazione
di nanocompositi eco-sostenibili attraverso I'uso di un approccio colloidale per
aumentare la dispersione di filler idrofilici, in linea con i nuovi requisiti di
sostenibilita richiesti delle politiche europee.

L'approccio colloidale punta a produrre nanocompositi con filler idrofilici, la cui
efficiente dispersione attraverso tecniche di miscelazione tradizionali rimane
difficoltosa a causa della scarsa compatibilita con la matrice organica. Questa
tecnica ha lo scopo di incrementare la dispersione di filler senza alcuna modifica
superficiale, consentendo [I’eliminazione delle polveri prodotte durante il
mescolamento con significativi benefici per 'ambiente e i lavoratori.

Due diversi approcci colloidali sono stati utilizzati: i) una tecnica di miscelazione in
lattice e ii) una polimerizzazione in situ in emulsione per la produzione di
nanocompositi altamente caricati contenenti filler come silice e sepiolite (Sep).
Questi ultimi sono considerati filler promettenti nell’lambito del rinforzo dei
polimeri grazie alla loro struttura fibrosa e all’elevato rapporto di forma.

La concentrazione, la carica, la forma dei nanofiller a base silicea sono stati studiati
come parametri rilevanti per la stabilizzazione e destabilizzazione di lattici a base
di poliisoprene naturale e sintetico.

Una efficiente procedura di miscelazione in lattice € stata messa a punto per
produrre compositi eco-sostenibili, chiamati masterbatches (MBs), attraverso
I'incorporazione di silice o Sep nel lattice di gomma naturale (emulsione in acqua
di cis-1,4-poliisoprene), attraverso la flocculazione (aggregazione risultante dalla
coesione di particelle di polimero) di una miscela acquosa di nanofiller a base
silicea e gomma. In particolare, fibre di Sep con diversa carica superficiale sono
state selezionate: Sep tal quale (SepS9) e Sep organicamente modificata con un
sale ammonio benzilico (SepB5). La tecnica di miscelazione in lattice & stata,
inoltre, applicata per la produzione di nanocompositi contenenti silice al fine di
mettere in luce il ruolo della anisotropia della Sep.

La tecnica di miscelazione in lattice ha dimostrato di favorire una omogenea
dispersione di fibre di sepiolite idrofilica in matrice di gomma. La principali
caratteristiche fisico-chimiche che controllano i processi di aggregazione in acqua
come il pH, il potenziale {, la concentrazione, assieme alle caratteristiche
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morfologiche del MB Sep-gomma naturale, sono state prese in considerazione allo
scopo di investigare le interazioni Sep-gomma naturale. E’ stato proposto un
meccanismo di flocculazione basato su attrazioni elettrostatiche e depletive,
connesso all’elevato contenuto di filler (50% in peso) e alla peculiare anisotropia
delle particelle di Sep.

Inoltre, i MBs sono stati utilizzati per preparare compositi sostenibili attraverso la
combinazione di miscelazione in lattice e mescolazione meccanica. Questo
approccio combinato sfrutta la buona distribuzione del filler e previene il rilascio di
polveri durante il processo.

Attraverso l'utilizzo di un processo di asciugatura controllato al fine di evitare
fenomeni ossidativi, sono stati ottenuti nanocompositi che hanno dimostrato
proprieta meccaniche soddisfacenti, in linea con i materiali di riferimento,
assemblati medianti la tecnica tradizionale di mescolamento. Questo approccio
combinato si e, quindi, dimostrato valido per la produzione di nanocompositi a
basso impatto ambientale, mantenendo inalterate le proprieta meccaniche dei
materiali finali.

Una polimerizzazione Pickering in situ e stata considerata come alternativa per la
produzione di nanocompositi eco-sostenibili. Particelle poliisoprene/filler a base
silicea sono state sintetizzate sfruttando I'effetto stabilizzante di filler inorganici
che possono agire come tensioattivi, riducendo la tensione superficiale e
stabilizzando I'emulsione.

La formazione di particelle poliisoprene (core)-filler a base silicea (shell) & stata
studiata in base ai parametri fisico-chimici che influiscono sulla stabilita colloidale,
quali pH, potenziale T e concentrazione. Sulla base dei risultati ottenuti, viene
suggerito un possibile meccanismo di polimerizzazione in emulsione stabilizzata da
particelle solide. In dettaglio, nel caso della silice, le particelle inorganiche
vengono attratte verso I'interfaccia in seguito ad eventi di etero-coagulazione con
un oligoradicale in acqua. Nel caso delle fibre di Sep, il meccanismo suggerito si
basa sulla interazione particelle-particella che porta alla formazione di un network
tridimensionale di particelle nella fase continua.

Sebbene versatile, il nostro approccio di polimerizzazione in emulsione Pickering
ha qualche limitazione. In particolare, un eccesso di particelle solide rimane nella
fase continua dopo la polimerizzazione.

In conclusione, l'approccio colloidale, basato su miscelazione in lattice e
polimerizzazione Pickering in situ, puo essere considerato un metodo sostenibile,
semplice ed efficace adatto per applicazioni tecnologiche altamente performanti. |
risultati indicano che le strategie utilizzate sono adatte per produrre
nanocompositi altamente caricati di filler a base silicea.
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Chapter 1

1.1 Rubber nanocomposites

Nanocomposites are composite materials containing nano-sized particles (at least
with one dimension from 1 to 100 nm) dispersed in a continuous matrix. The
composite materials, produced by the introduction of nanometric particles, gain
novel interesting features with respect to the starting materials, ranging from
mechanical to electrical to thermal properties. Nanocomposites are a relatively
new category of materials, relevant for several application fields such as energy
storage,1 catalysis,z’3 transportation,4 constructions.”

Among nanocomposites, elastomeric nanocomposites represent a class of
materials where the polymer component (continuous matrix) typically has
structural functions and may tune the processability of the final material, whereas
the nano-sized inorganic component (dispersed particles) can introduce specific
functionalities (catalytic activity, luminescence, magnetism etc.) and/or reinforce
the mechanical and thermal properties of the polymer.®” Because of the high
amount of exposed surface of the nano-sized particles, a huge interfacial area is
present in elastomeric nanocomposites, resulting in an extended interphase which
determines properties that differ from the single bulk materials. A representation
of the increase of surface area with the decrease of the particles dimension is
given in Figure 1-1.

1lcm

%

. 2
total surface area: 6 cm total surface area: 60 cm?

all 1 mm cubes total surface area: 60 000 000 cm?
all 1 nm cubes

Figure 1-1. Increase of the surface area with dimension decrease.

Rubber nanocomposites are relevant in the field of automotive industry,
particularly for the production of tyres. Dispersed nano-sized particles (fillers) are
important for rubber reinforcement, as discovered in the first half of the 20"
century.

Rubber properties are improved by the introduction of nanofillers in terms of
abrasion, tear, cutting and rupture resistance, and in stiffness and hardness of
vulcanized compounds. Rubber-filler nanocomposites acquire non-linear
mechanical properties such as high hysteresis, stress softening and strain
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Chapter 1

dependent dynamic modulus (see Paragraph 2.3). Those characteristics depend on
specific filler properties, i.e. particle size, shape and aspect ratio (AR,
length/diameter ratio), surface chemistry. Also important are the chemical nature,
the flexibility and the intrinsic modulus of the polymer.?

Carbon black and amorphous precipitated silica are the most commonly used
fillers. However, recently, novel filler systems have received attention, such as
polyhedral oligomeric silsesquioxane (POSS), carbon-nanotubes, graphene,
layered double hydroxides, clays (Figure 1-2). In particular, clay fillers are
interesting because they are highly anisotropic, environmentally friendly, naturally
occurring and readily available in large quantities at low cost.

Ry

oligomeric

silsesquioxane

Figure 1-2. Examples of fillers.

Despite of the impressive advances of the technology in the nanocomposite
production, a complete understanding of the complex mechanisms by which fillers
modify the rubber macro-scale mechanical properties remains largely unclear.
Among the different contributions which are known to impart rubber
reinforcement (i.e. hydrodynamic effect, polymer network, inter-particle filler-
filler and interface filler-rubber interactions), the filler dispersion and networking
through the polymer matrix is known to be of crucial importance. The good filler
dispersion depends on several factors regarding the filler nature and filler rubber
interactions, i.e. filler compatibility with the matrix, filler-filler interaction and
therefore aggregation and agglomeration state. Also different kinds of
compounding and processing techniques can influence the final product
properties.” Growing knowledge on the structural-mechanical relationship of
nanocomposite materials is of huge importance in the aim of achieving good
mechanical properties.

Moreover, an increased attention for ecological safety and utilization of
renewable materials became a field of great interest in the rubber industry.Thanks
to the EU policies, aimed at reducing the CO, emission and pollution, the
development of more efficient and safe materials is a main purpose of industrial
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Chapter 1

and academic research.'® Low energy compounding techniques can be considered
an alternative way to produce advanced rubber materials with a low
environmental impact. The use of advanced material composites is, however,
inhibited by their high manufacturing costs. The improving of the manufacturing
techniques will enable the production of composite materials at lower cost, with
the possibility of a much wider exploitation."*

In this frame, colloidal chemistry has been proposed with the aim of producing
organic/inorganic nanocomposites relevant for several applications besides tyres,
ranging from cosmetics and pharmaceuticals to adhesives and coatings.” The
main advantage of a colloidal approach for compounding nanocomposites
ingredients is the fine control of the nanoparticle dispersion and its organization in
the matrix. Colloidal chemistry, in principle, offers the possibility of imparting a
nano-, meso-, and even macroscopic order to the nanocomposite, i.e. it enables
simultaneously the synthesis of particles (nano-scale order), their assembling by
tuning particle-particle interface and interactions (meso-scale order) and as well
theproduction of films or 3D objects of defined characteristics (marco-scale
order).” In respect to this, colloidal chemistry offers a possibility to tailor rubber
nanocomposite morphology, thus tuning the mechanical properties.

1.2 Characteristics of rubber nanocomposites

1.2.1 Silica-based nanofillers

The introduction of fillers in the rubber matrix imparts several improvements to
the composite mechanical properties, such as hardness, toughness and wear
resistance.'

Carbon black is the most commonly used filler.* It imparts high reinforcement,
but also carries strong hysteresis to the materials. In tyres, the dissipation of
energy is connected to the increase of the rolling resistance (i.e. force resisting the
motion when a body rolls on a surface), which determines fuel consumption,
associated to polluting emissions and costs.

A partial substitution of carbon black with silica in tyres began in the 1980’s,
thanks to the introduction of coupling agents as modifiers of the silica surface. The
use of silica and the so-called white fillers marked the beginning of the era of the
“Green Tyres”," showing good performances in terms of rolling resistance, good
abrasion resistance and reduction of the heat build-up.*

More recently, clays have received particular attention as promising new fillers
that allow a further improvement in the balance between hysteresis and
reinforcement of materials.

Several features of silica-based fillers have to be considered in order to improve
mechanical properties of rubber nanocomposites: particle size and shape,
chemical structure, surface chemistry, aggregation, agglomeration, and filler
networking.
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1.2.1.1  Particle size, aggregation and agglomeration

Non-nanometric fillers, like calcium carbonate were employed in tyre production
just to reduce the cost of the material, since they did not exert reinforcing effects.
Only later, indeed, the size of the filler was found to have high impact on the
rubber reinforcement. In particular, it was found that the decrease of the particles
size is related to the increase of the elastic modulus.'” This effect is related to the
increase of surface energy connected to the decrease of the particles size, which
determines higher agglomeration and increase of the modulus. On the other hand,
when compatibilized, high surface area allows the possibility of obtaining high
dispersion and, thus, higher interactions between filler and polymer, resulting also
in an increase of the modulus.

Amorphous precipitated silica is a nanometric reinforcing filler whose primary
particle dimensions range from 5 to 45 nm. The primary particles form aggregates
of 100-500 nm, because of dehydration which takes place with the particles
synthesis. Aggregates between primary particles are linked by covalent bonds of
siloxane. The networking structure of aggregates determine the formation of
agglomerates, from 1 to 40 um, where hydrogen bonding and Van der Waals
forces connect the aggregates (Figure 1-3). The aggregates are defined like non-
dispersible clusters of nanoparticles, while the agglomerate can be redispersed by
shearing forces. In rubber nanocomposites, the existence of excessive
agglomeration and aggregation lead to insufficient homogeneity, rigidity and low
impact strength.

Anyway, in a given range of particle loading, the reinforcement is believed to be
related to the formation of complex interconnected structures, through both
direct particle interactions and their bridging by polymer chains. Interfacial
interaction between filler and polymer was found to reduce the chain mobility by
increasing the fraction of the polymer rigid phase.'®

single particle aggregate agglomerate
5-45 nm 100-500 nm 1-40 pm

Figure 1-3. Representation of single silica particles, aggregate and agglomerates.
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1.2.1.2  Surface chemistry

The surface chemistry of the filler determines both the filler-filler and the filler-
rubber interactions. Those interactions are also affected by the surface energy
which, together with the surface chemistry defines aggregation and dispersion.
Silica is a polar and hydrophilic filler because of the presence of siloxane and
silanols on its surface. So, it requires a surface modification to improve composite
material features, otherwise, silica itself tends to the formation of big aggregates,
leading to the production of materials with high hysteresis.'® Consequently, silica
is modified by the reaction with coupling agents which increase its affinity for the
rubber matrix. Sulfurated silanes are used to create covalent bonds between silica
and rubber with the creation of a filler-rubber network. This reaction will be
explained in detail in Chapter 2 Paragraph 1.3.

Beyond the use of coupling agents, the silica-rubber interactions may be enhanced
by the in situ generation of silica by means of sol-gel synthesis via hydrolysis and
condensation of silica alkoxides, like tetraethoxysilanes (TEOS).*>*° The reaction is
carried out in the presence of a monomer or a polymer leading to the formation of
filler-rubber hybrid structures. The in situ synthesis of silica determines the
formation of compatibilized silica which has intimate contact with the polymer,
providing homogeneous filler distribution inside the rubber matrix. Mechanical
properties, i.e. elastic modulus, are improved by the in situ synthesis with respect
to the corresponding composite materials prepared with the conventional
mechanical mixing.”!

1.2.1.3  Particle shape

The particle shape has high impact on the mechanical properties of the
nanocomposite. Generally, the higher the anisotropy (which impacts on the
surface area) the higher the reinforcement. In addition, highly anisotropic particles
also reduce the gas permeability and the solvent diffusion more efficiently than
spherical particles.

The influence of the silica particle shape on the dynamic-mechanical behaviour
was studied in styrene butadiene rubber (SBR) nanocomposites. Tadiello et al.
synthesized silica with AR ranging from 1 to 7.2 By transmission electron
microscopy (TEM) and Atomic force microscopy (AFM) analysis, it was found that
the spherical shape determines lower contact zones with rubber, while anisotropic
particles (AR >1 up to 7) formed domains of rods preferentially aligned along the
main axis with high filler-rubber contact. The higher reinforcement in
nanocomposites with higher AR was related to the self-alignment of the
anisotropic silica particles with the formation of domains where rubber is
immobilized. These results suggest the possibility of tuning the formation of the
filler network improving the filler-rubber interaction by using high AR fillers, like
clays.



Chapter 1

Among clays, montmorillonite (MMT), a plate-like silicate, is the most widely used
as filler in rubber nanocomposites because it imparts good mechanical properties
thanks to its high cation exchange capacity, large surface area and surface
adsorptive properties, beyond the anisotropy. MMT is made of tetrahedral
coordinated silicon atoms fused to an edge-shared octahedral sheet of either
aluminium or magnesium hydroxide making 1 nm thick layers, with plate
dimensions between 100 and 1000 nm (AR = 100 and 1000 respectively). MMT
layers are stacked being held together by van der Waals forces. To obtain good
mechanical reinforcement with MMT particles, it is required to produce
intercalated clay/rubber structures, which implies the expansion of the interlayer
distance because of the penetration of the polymer chain inside the lamellar
structure. Deeper explanation of this concept is given in Paragraph 3.1.

1.2.2  Nanocomposite morphology and filler networking

The compounding of filler and polymer should result in a homogeneously
distributed nanocomposite, where filler-filler interactions provide a certain degree
of aggregation and low tendency of agglomeration. When the filler volume
fraction is relatively high, the tendency of the filler is to form agglomerates,
especially in the case of hydrophilic fillers dispersed in a hydrophobic matrix
because of the lack of affinity.

With the aim of better defining the concept of homogeneous nanocomposite, a
distinction must be done between dispersion and distribution. Dispersion is a term
related more specifically to the inter-particle distances, while distribution defines
the aggregate and agglomerate spreading inside the matrix. A visual clarification
of these concepts in given in Figure 1-4.

good dispersion v - v : ‘ Tt good dispersion
good distribution 3 . bad distribution
bad dispersion &le L o bad dispersion

good distribution e bad distribution

Figure 1-4. Representation of filler dispersion and distribution.
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The increase of the filler content defines a threshold attained at the formation of a
percolative network. The percolation threshold is, indeed, defined as the volume
fraction at which all the isolated, aggregated and agglomerated particles are
interconnected. Referring to the definition of nanocomposites based on
continuous and dispersed phase, given in Paragraph 1.1, at the percolative
threshold, the discontinuous phase becomes an actual continuous phase where
the matrix fills the void spaces. Based on geometrical considerations, in a
nanocomposite made of spheres of equal radius closely packed (dispersed phase),
the 74% of the volume is occupied by the particles while only the 26% corresponds
to the matrix phase (continuous phase).” This theoretical percolation threshold is
much higher than the real one because the reinforcement effect of nanoparticles
is not just based on geometrical considerations. The real percolation threshold is
indeed influenced by fillerfiller and filler-rubber interactions as well as by the
formation of interphase which allows the obtainment of a reinforcing filler
network without an actual close packing of nanoparticles.

The percolation threshold is defined by the drastic change of a property at the
increase of the volume fraction of the discontinuous phase. This dramatic change
is due to the interconnected filler network where a continuous path can be drawn.
This is true also for electric properties: when an electrically conductive particulate
(graphite, carbon nanotube, metal nanoparticles) is dispersed in a non-conductive
matrix (like most of the polymers), the resulting composite is not significantly
conductive until the reaching of the percolation threshold.

In the same way, the elastic modulus increases of about one order of magnitude
at the formation of a percolative network (see Paragraph 2.3). The morphological
features of nanoparticles affect the percolation threshold. In particular, the higher
the AR the lower the percolation threshold. For this reason anisotropic nanofillers
have higher reinforcement effect at lower filler content. Clays, naturally
anisotropic nanoparticles, have a lower percolation threshold in comparison to
silica-based spherical particles.

Moreover, it is expected that the compounding of particles of different shape
(spherical and anisotropic nanoparticles) create an interconnected network with
high reinforcing properties. Little is known about the network involved in mixed-
filler systems. Bokobza demonstrated that composites materials filled with
mixtures of pyrogenic silica and clays developed improved reinforcement with
regard to single filler materials.”*

1.2.3  Nanocomposite properties

Composite materials containing filler and rubber typically acquire a viscoelastic
non-linear behaviour.> The term viscoelastic refers to the fact that the
characteristics of the material are intermediate between an elastic solid and a
viscous liquid. So, under the application of a force, a fraction of the energy is
partially elastically stored and partially dissipated as heat in a hysteretic manner.
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To determine in which way the composite material responds under certain stress,
dynamic-mechanical tests are performed. Dynamic-mechanical analysis gives
information about the deformation (strain) obtained in a certain sample
undergoing an applied force (stress). The stress is defined in terms of force applied
to the sample normalised to the section of the sample itself yielding dimensionally
a pressure (measured in Pa).

To characterize the viscoelastic behaviour of a composite material the sample
undergoes oscillatory dynamic mechanical test. According to the model of
Maxwell,” when a sinusoidal shear strain (y) of angular frequency (w) is applied to
a viscoelastic material, the response in stress (o) results out of phase by an angle
of & as expressed by the equation (where t is time and y, and o, are strain and
stress of the initial position):

Y(£)= yotsin(wt) (Eq. 1.1)
a(t)= gosin (wt+ &) (Eq. 1.2)

So:
(t)= oo[sin(wt)cos(8)+cos(wt)sin(8)] (Eq. 1.3)

For deformations of small entities, G’ and G”, respectively the storage and the loss
modulus, are independent from the initial position but dependent on the
frequency (w). In these conditions the behaviour of the composite material is
considered linear:

G' =(00/Y0) cos(6) (Eq. 1.4)
G"=(00/Y0) sin(6) (Eq. 1.5)
A linear viscoelastic behaviour is typical of rubber without filler. In this case, the
modulus is dependent on the temperature and on the frequency but not on the
deformation. A viscoelastic non-linear behaviour is typical of composite materials

and of vulcanized rubber and is dependent on the amplitude of deformation.
Tand (loss factor) is defined as:

tand = G”/G’ (Eq. 1.6)
At different working temperatures, a correlation was found between tand

measured at “standard conditions” of about 1 Hz and important properties of a
tyre (Figure 1-5).°°
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Figure 1-5. Variation of tané in function of temperature.

As shown in Figure 1-5, tand at 50 °C provides informations on rolling resistance
(i.e. force resisting the motion when a body rolls on a surface): the lower the tand
at 50 °C the lower the energy loss. In the region of the wet traction, evaluated
from 0 to around 20 °C, since a higher dissipation is needed to provide a useful
friction, the higher the tané the better the wet traction.

Indications on the energy storage are given by the Payne effect.” The elastic
modulus was observed to decrease in function of the strain. The Payne effect is
defined as:

AG= G'o-G'» (Eq. 1.7)

This effect was found to be dependent on the filler-filler network developed in the
rubber matrix. The filler network, under high deformation, breaks down gradually
because of the rupture of bonds between aggregates. Thus, the higher the filler
content, the higher the filler-filler network, the higher the Payne effect (Figure
1-6). This effect is known to be independent from the other factors which
determine the degree of the G’: the in-rubber structure (i.e. which is determined
by the formation of occluded rubber by the filler structure), hydrodynamic effects
(i.e. relative to the volume occupied by the filler) and polymer network (i.e.
network deriving from vulcanization).

Silica, thanks to the formation of hydrogen bonds, has high filler-filler interactions
and is known to have high Payne effect, which is lowered by the silanization.
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Figure 1-6. Storage modulus vs strain and Payne effect.

1.3 Rubber-clay nanocomposites

Rubber—clay nanocomposites have been recently investigated for their unique
properties.”” Clay minerals, normally crystalline fillers, are hydrous aluminium
phyllosilicates with variable amounts of iron, magnesium, alkali metals, alkaline
earths and other cations. Clays are available as inexpensive natural silicates which
are considered to be safe and, therefore, were also applied in bio-devices.

The use of clay in nanocomposites is linked to the obtainment of novel properties
which derive mainly form the particle shape. Nanometric clay size, high AR and
high surface area improve rubber composite physical properties, such as tensile
strength and modulus, gas permeability, lower coefficient of thermal expansion.?
In particular, high AR of clay particles was studied to provide a significant rubber
reinforcement.This reinforcement, beside the filler-filler interaction, was related
to the inner organization of particles that provide a higher percentage of filler-
rubber interface.

The industrial application of clays still shows certain difficulties which are
associated to processing. Achieving high clay dispersion with a filler loading above
5-7 parts per hundred rubber (phr) is challenging because, beyond that
concentration, clay nanoparticles tend to form agglomerates.” Polymers and
inorganic materials, indeed, do not necessarily make a nanocomposite, since
separation of the phases may occur, leading to bad mechanical properties. Being
natural products, clays are naturally agglomerated. For this reason, a modification
of the filler surface is usually made to favour the filler-rubber interactions. A
common strategy is the modification of the clay by organic molecules (typically
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cationic surfactants), via ion exchange reaction or by grafting reaction with silane-
based coupling agents.

1.3.1 Layered clay nanofillers

Layered clays are constituted of plate-shaped nanosized particles which form
structures of dimensions in the microscale. 2:1 phyllosilicates are the most
common layered clays used in nanocomposites applications. Their crystal
structure (Figure 1-7) is made of two-dimensional layers where a central
octahedral sheet of alumina or magnesia is in the middle of two silica tetrahedral
sheets. The thickness of the layers is around 1 nm linked by Van der Waals forces,
while the dimension of the layers range from 300 A to several pm. These
structures make layered clays highly porous materials.

MMT, hectorite, saponite, vermiculite, laponite, sepiolite, and bentonite are the
most commonly used 2:1 clays. The general formula is (Ca,Na,H)
(Al,Mg,Fe,Zn),(Si,Al),014(0OH),_,H,0, but they differ in chemical content and in
particles dimensions.*

Because of their hydrophilic nature and their natural tendency to make
aggregates and agglomerates, clays are usually organically modified to enhance
their compatibility and dispersion in rubber. Depending on the crystalline
structure of clays, polymer chains could have access to the filler galleries in
between the layers. If the galleries are accessible the clay may be intercalated (i.e.
separation of the layers around 20-30 A) or exfoliated (i.e. separation of the layers
of 80-100 A and more) (Figure 1-7). Highly exfoliated structures, where each
individual nanolayer has been separated from its initial stack and dispersed
uniformly throughout the polymer matrix, were proved to enhance various
physical properties.*!

M= o -

P -=.| .";;/%'?"‘

: . _.IJ%_
{a)

Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanccomposite)

Figure 1-7. Schematic representation of layered silicates: a) phase separated, b)
intercalated, c) exfoliated.
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The main strategy to obtain organo-modified clays is by exchanging the cations
with various cationic surfactants including primary, secondary, tertiary, and
quaternary alkylammonium or alkylphosphonium cations. This modification allows
a lowering of the surface energy of the inorganic host and an improvement in the
wetting characteristics of the polymer matrix.*

1.3.1.1 Sepiolite

Among phyllosilicates, pristine sepiolite (Sep) is a natural magnesium layered
silicate which is extracted from mines. Thanks to the high surface area and the
high amount of micopores, Sep has remarkable adsorptive properties and
therefore has been used in preparation of polymer nanocomposites with
improving processability, mechanical strength and thermal resistance.

Sep, with chemical formula MgsSi;»030(0OH)4(H,0)4-8H,0, presents a periodic
structural interval along the b-axis and micropores along the c-axis (Figure 1-8 b
and c). It is classified as 2:1 clay, meaning that it has two silica tetrahedral sheets
including one central magnesium octahedral sheet. Each sheets is 1.34 nm long
and share the edge producing an interesting chessboard structure that cannot be
exfoliated (Figure 1-8).%® The silica layer at regular intervals in the b-axis undergoes
an inversion of the tetrahedral sheets, which results in the exposure of Mg”" ions
to the external surface.”® Around the 33% of the total amount of Mg** ions is
estimated to be exposed to the external surface, where the total amount of Mg**
ions is the 10-15% in weight of Sep.>

a) Layered silicates 2:1 b) .(::;a'ér,‘d T, sheet
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Figure 1-8. Schematic structure of a) layered silicates 2:1 a‘nd b) Sep chessboard
structure with (c) its SEM micrograph.

15



Chapter 1

The Sep particles are fibers of width 40-150 nm and length 1-10 um. Fibers are
stuck together in bundles having 0.1 to 1 um diameter, which, furthermore, form
randomly-oriented aggregates having size ranging 10-100 um. The breaking down
of these almost tightly packed aggregates is still a challenge but is crucial for
designing nanostructured materials. Moreover, the low value in cation exchange
capacity of Sep limits the possibility to functionalization with traditional
methods.*

In rubber nanocomposites, the use of pristine Sep is limited due to its hydrophilic
surface and to the consequent low affinity toward organic polymers. Pristine Sep
is frequently organically-modified with alkyl ammonium groups, resulting in
increased dispersion of the filler. The higher dispersion typically does not result in
increased polymer-filler interaction, which remains poor because of the
hydrophilic silanol groups on the Sep surface. *°

Different treatments have been proposed to functionalize and disperse Sep fibers
to prepare Sep nanocomposites.’”® Di Credico et al.* performed a controlled acid
treatment and contemporary silanization on Sep, producing Sep-modified
nanofillers which were used to prepare SBR nanocomposites. The authors suggest
that the increased amount of silanols and the reduction of the particles size,
produced by the acid treatment, favor self-organization of Sep in rubber-filler
domains and therefore improve reinforcing and reduced hysteresis.

1.3.2  Preparation of rubber-clay nanocomposites

The preparation of rubber-clay nanocomposites is based on different dry or
solution methods. Rubber compounding is a complex procedure where
incorporation of ingredients and chemical reactions take place. In this process,
besides reinforcing filler, also accelerators (initiators of the vulcanization process),
zinc oxide (vulcanization activator), antioxidants (to prevent aging), softeners (to
facilitate processing of the rubber), coupling agents (for the compatibilization of
silica-based fillers) and sulfur (vulcanizing agents) are added.”” A deeper
explanation of rubber composite ingredients and of their compounding is reported
in Chapter 2.

The preparation of rubber-clay nanocomposites includes the aspects of
incorporation, distribution and dispersion of inorganic fillers into organic matrices
to produce homogeneous products. After the compounding, the nanocomposite is
vulcanized to obtain the desired properties.

At present, there are four principal methods of producing polymer—clay
nanocomposites: melt mixing, latex compounding, in situ polymerization and
solution mixing techniques. Melt mixing is the common compounding technique
suitable for industrial purpose, while all the other techniques are based on wet-
processing which deals with the use of colloids (see Paragraph 1.4).

Solution mixing is a process where dry rubber is dissolved in a suitable solvent
along with clays, followed by solvent evaporation.*** Latex compounding and in
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situ polymerization take advantage of aqueous dispersions of fillers to produce
nanocomposites. These two methods are largely discussed in Paragraph 4.

The common point of both wet and dry methods is to provide homogeneous
particle dispersion and distribution. Indeed, the ultimate result of poor dispersion
is the presence of weak polymer/particles interactions, which usually make poorer
the mechanical properties of the nanocomposite.

From an industrial standpoint, the melt mixing is the most direct and simple
method to synthesize clay-rubber nanocomposites. It involves equipment like
internal mixers and open mills. In the first case (Figure 1-9), materials are sheared
between the internal rollers inside the chamber, while in the latter the material is
passed between two heavy metal rollers mounted horizontally.
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Figure 1-9. Schematic representation of internal mixer.

Melt mixing is of particular practical interest because it presents significant
advantages, first of all the minimization of capital costs because of its
compatibility with industrial existing processes. Melt processing allows
nanocomposites to be formulated directly using ordinary compounding devices. At
the same time, melt processing does not require the use of any solvents avoiding
the complex dealing with clay—solvent and polymer—solvent interactions.

Although the several advantages for industrial application, in the case of fillers like
clays, melt mixing can induce significant production of dust, which is
environmentally impacting and potentially harmful for operators, and does not
provide by itself good dispersion of clay lamellae.”® Moreover, internal mixers
require efficient cooling systems to provide a careful control of the temperature.
This is provided by channels in the walls of the mixing chamber, where water
passes to control the mixing temperature (Figure 1-9).

The first effort to compound NR-MMT nanocomposites using a melt mixing
technique was made by Varghese et al.** An impressive amount of examples are
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given in the literature for the compounding of clays to many kinds of polymers by
melt mixing.?® Efforts were made in the aim of dispersing clay fillers and lowering
the dimensions of the filler aggregates by physical and chemical methods.”
Surface modification strategies involving the addition of coupling agents were
indeed applied to increase the compatibility and enhance dispersion by melt
mixing approach.*

The preparation of the final materials ends with the vulcanization. This process
modifies the structure of the polymer, inducing changing of the mechanical
properties. In particular, the vulcanized rubber is more elastic, has a higher tensile
strength and increased resistance to oxidation. Vulcanization, moreover, is able to
suppress undesired properties of uncured rubber, such as stickiness and
abrasion.* The reactions involved in the vulcanization make use of sulphur,
accelerants and activants and bring to the saturation of double bounds of the
rubber chain by the formation of sulphur bridges. Thus, vulcanization determines
the formation of a tridimensional network of crosslinked polymer having desired
characteristics of elasticity and hardness.

Torque

~—INDUCTION % CURING t OVER CURE
/SCORCH

Vulcanization time

Figure 1-10. Schematic representation of the vulcanization curve and of the
formation of a crossliked polymer.

The changing of the mechanical properties can be appreciated during
vulcanization by monitoring the torque or the elastic modulus over the time of
curing. The region | (Figure 1-10), called induction time or scorch delay, is the
period when the reactions of the accelerants take place. The exact intermediates
involved in these reactions are still not completely understood.”” In region I
(curing), vulcanization reaches its maximum thanks to the formation of mono-
and multi-sulphur bonds, as explained in Figure 1-10. In the region I, the decrease
of torque reflects mechanisms of degradation of the sulphur bonds.*®
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1.3.3  Properties of rubber-clay nanocomposites

Rubber-clay nanocomposites are interesting materials from both an academic and
an industrial point of view. Improved performances in particular with regards to
mechanical properties are obtained by use of clay nano-fillers in rubber matrices.
Improvements in thermal stability and fire retardancy are also studied in clay
nanocomposites.”’ These materials were found to be relevant for their superior
barrier properties against gas and vapor permeability.*

As explained in Paragraph 2.3, rubbers filled with nanoparticles act as viscoelastic
materials in response to external stimuli. The mechanical properties are mainly
given by the formation of a filler-filler and filler-rubber network, which is linked to
the organic-inorganic compatibilization and to the vulcanization process.*®

Clays are being applied as substitutes for the conventional reinforcing fillers like
carbon black and silica. Arroyo et al.>* found that the mechanical properties of
natural rubber (NR) filled with 10 phr of modified MMT were comparable to NR
filled with 40 phr of carbon black. MMT demonstrated to improve the strength of
the nanocomposite with an increment of 350% without an effective reduction in
the elasticity of the material. This was related to the higher number of cross-links.
The high reinforcement effect implies strong interactions between matrix and
clay, thanks to the uniform dispersion of fillers, which is not always achieved in
clay nanocomposites.

Gatos et al.>* demonstrated that different filler dispersion produces very different
mechanical properties at high deformation. Since the effective filler volume
depends on the dispersion grade, the immobilized rubber content varies with the
dispersion quality. According to this model, a higher modulus is expected with a
better filler dispersion.

The improvement of tensile strength was also unexpectedly found in rubber clay
nanocomposites. The explanation of this phenomena is associable to filler
orientation and chain slippage, able to release the tension caused by stretching.*
At high clay filler loading, a deterioration of the mechanical performances was
observed in some papers.”>** The formation of big aggregates was shown to
favour the initiation of catastrophic failure.

Differently, Lu et al.”® found that the dispersion homogeneity in highly-filled clay
nanocomposites improved consistently the modulus. The authors claim that this is
due to the formation of a strong network between the clay layers. When platelet-
platelet distance is very small, the clay layers can interact by hydrogen bonding
between silanols located on the edge of the clay layers, so that rubber chains may
have access and being constrained in silicate galleries.
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1.4 Colloids in rubber nanocomposites

In recent times, colloidal chemistry has been exploited with the aim of producing
elastomeric nanocomposites. Latex compounding technique (LCT) and in situ
polymerization have been proposed as alternative ways to incorporate hydrophilic
fillers in polymer matrices. These approaches take advantage of aqueous
dispersions of fillers and seem particularly appropriate for hydrophilic clay fillers,
whose efficient dispersion through melt mixing still is an open issue. Moreover,
unlike melt mixing, a colloidal approach does not require the use of heat for
processing polymers with T, (glass transition temperature) lower than ambient
temperaturewith benefits in terms of energy saving.>®

In LCT, hydrophilic fillers are directly incorporated into polymer latexes by mixing
filler and polymer colloid, while in situ polymerization provides the synthesis of
waterborne polymer latexes in a dispersion of clay particles. In both cases, the
separation of a solid product is performed by simple casting or by coagulation (see
Paragraph 4.1.4).

The application of LCT and in situ polymerization seem particularly interesting in
the case of clays also because the use of wet-processing would decrease
drastically the production of dust with improvements in terms of particulate
release. Since clays are highly hydrophilic particles, water can act as a swelling
agent, providing clay dispersion by simple stirring. On these grounds, with the aim
of avoiding surface chemical modification of clay nanoparticles, a colloidal wet-
approach appears as an effective solution.

1.4.1 Theory about colloids: colloidal stability

Colloids or colloidal dispersions are systems where a phase is homogeneously
dispersed in another one. We can define as “dispersed phase” the one where the
component is discontinuously represented and a “continuous phase” the one in
which the component is present without interruption of continuity>’. This
definition extends to all the physical states of matter as explained in Figure 1-11.

Although there is not a clear distinction between a solution and a colloidal
dispersion, it is possible to make a classification based on the particle dimensions
of the dispersed phase. When the diameter ranges below 10 A the dispersion is a
solution (molecular dispersion) and up to 0.5 um the dispersion is a colloid. Over
0.5 um the particles are visible to the optical microscope.
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Figure 1-11. Table of different colloidal dispersions.>’

The presence of two phases determines the presence of a region of interphase.
We can think that the colloid itself is mainly made by interphase, since colloids are
constituted by drops of immiscible phases which generate a surface stress. In
liquids, it is usually described as the “solvophobic effect”, since the system tends
to decrease the interphase surface extent. From the thermodynamic point of view
surface stress (y) can be defined as the change in free surface energy (G) per
increase in surface area (A):

aG
y= (Eq. 1.8)

TdA

A colloidal dispersion is a metastable system, because of the high amount of
surface that is generated, which implies that the colloid is not the most stable
state of that matter, but, depending on its thermodynamic characteristics, it will
last for a limited period of time (Figure 1-12). This is because, following the
foundation principles of thermodynamics, the system tends to stay in the most
stable state of energy, thus lowering the amount of surface/interphase of the
system. Practically, what is defined as a “stable” colloidal dispersion is a dispersion
where the number and the dimension of the dispersed phase does not change for
a reasonably long period of time.

As G of the system diminishes, the system becomes more stable; equilibrium is
reached when AG = 0. This can be achieved either by a reduction in y or by a
decrease in the area of the interface. The latter determines the definitive
separation of the two phases. The interfacial tension depends on the affinity of
the two phases and may be reduced by a repulsive force or a potential threshold
or by the addition of a tensioactive compound. Thus, the system remains in its
metastable state.”
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Figure 1-12. Variation of potential energy with the angle © of rotation of the bottle.
Adapted from Ref.

Some theories describe the particle stability, considering factors of attraction and
repulsion. The simple model of Figure 1-13 describes the energy of two entities
approaching. This function is true for molecules as well as for droplets in
dispersions or solid particles. There are always two components which define a
minimum of energy at a certain distance, which respond to the sum of opposite
forces of attraction and repulsion.
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Figure 1-13. Energy as a function of the distance between two entities.”
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The stability of colloidal dispersions is defined by a balance between attractive and
repulsive forces, which may be quantitatively described by the DLVO theory
(named after Boris Derjaguin and Lev Landau, Evert Verwey and Theodor
Overbeek). This theory explains the forces between charged surfaces interacting
through a liquid medium.”® The total potential energy (V;) of a system defined by
DLVO theory is:

VT = VA + VR + VS (Eq 19)

V, = potential energy for attractive contribution
Vi = potential energy for repulsive contribution
Vs = potential energy of the solvent

The component of attraction (V,) is usually defined through Van der Waals forces,
which become relevant only when the two entities are very close. These attractive
forces are mainly due to phenomena of dipole polarization, depending on the
nature of the particles. Van der Waals forces between atoms or molecules are
independent of scale, so this means that the attraction between colloidal particles
is the same weather the radius 50 nm or 1 cm. They are greater than kT (k
Boltzman constant) at distances slightly less than the particle size. Van der Waals
forces in the presence of a liquid medium decrease, but they act over long
distances.

The repulsion between two entities (Vg) is linked to the formation of an electric
double layer which is formed at any interphase. Depending on the nature of the
two surfaces the formation of the electric double layer is due to phenomena of
charge separation whose direction is normal to the geometrical plane of contact.
The double layer refers to two parallel layers of charges surrounding the object.
Depending on the surface charge, which can be either positive or negative, ions
will be adsorbed onto the object due to chemical interactions. Another layer of
ions, attracted to the surface charge via the Coulomb force, will electrically screen
the first layer. Those ions are loosely associated to the attractive surface and are
more free to move, making the so-called "diffuse layer".

The definition of the electric double layer changed in time from the definition
given by Helmholtz who described it like a plane condenser where the
electrostatic interactions between ions and the surface decreases linearly with the
distance, to the model of Gouy-Chapman, which introduced the idea of the diffuse
layer, to Stern which basically proposed a model combination of the previous two.
The Gouy-Chapman-Stern-Grahame model, then, overcame the Stern limitations
due to the assumption of only a single plan for chemi- and physi-sorbed ions. This
theory models also the presence of a hydration shell. The model, as summarised in
Figure 1-14, defines two new localized planes: the IHP (Inner Helmholtz plane)
which is related to the chemisorbed ions and also determines the position of the
hydration shell for repulsive reasons and the OHP (Outer Helmholtz plane), the
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hydration shell, that is defined by the ions of opposite charge which are closer to
the surface in the order of crystallographic radius.
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Figure 1-14. Schematic representation of a double layer for the Gouy-Chapman-
Stern-Grahame model with 1. Inner Helmholtz plane, (IHP), 2. Outer Helmholtz
plane (OHP), 3. Diffuse layer, 4. Solvated ions (cations) 5. Specifically adsorbed
ions, 6. Molecules of the electrolyte solvent.

The overall charge of the electric double layer is called -potential and it is
measured by {-metry (see Appendix).

Other relevant forces in the stability of colloids that are worth of mention are
hydrophilic interactions, also called structural forces. These forces are relevant in
the presence of highly hydrophilic surfaces (i.e. proteins, silica, clays) that cause
molecular order in the adjacent neighbouring water molecules (acting as dipoles).
This effect leads to repulsion between particles.®*®

1.4.1.1  Ligquid-liquid interface: emulsions

A liquid phase dispersed in a continuous liquid phase is an emulsion and is
thermodynamically unstable since the system tends to reach the most stable state
in which the two phases (e.g. oil and water) are separated. The term emulsion is
referred to the system where the oil is dispersed in water (o/w emulsion) and to
the reverse case (w/o emulsion). Upon mixing of the two phases, we can create an
emulsion which is thermodynamically unstable and phase separates in a very short
time after the mixing is stopped. To extend the time of metastability of the system
and to make it useful in chemical applications, the use of an emulsifier is needed.
The emulsifier is a species which tends to occupy the region at the interface and
thus to lower the interfacial tension between the phases. Surfactants are
amphiphilic molecules, which have an hydrophilic and an hydrophobic part and for
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this reason are soluble in both water and oil. Common amphiphilic substances are
soaps, detergents and lipoproteins. Their ability of emulsification is due to their
tendency to orient themselves normal to the interface, with the polar sites
towards the water phase and the apolar moieties to the oil phase. This molecule
disposition is associated with a decrease in free energy. To choose an efficient
emulsifier there is a general rule (Bancroft’s rule) which states that the phase in
which the emulsifier is more soluble is the outer phase.®

1.4.1.2 Latex

The latex is an aqueous emulsion of rubber polymer particles in the submicron-
micron range. The term latex applies not only to natural rubber, but also to
emulsions of synthetic rubbers. Anyway, not all the kinds of rubber exist in their
own latex form and some latex compounds require stabilizers to ensure adequate
processing stability.

Natural rubber latex (NRL) is a natural emulsion of poly-isoprene (PI) which has
widely been applied in nanocomposite synthesis for a very broad range of
applications.

NRL is the sap of Hevea brasiliensis and is one of the few commercial rubbers from
a natural source. The biosynthesis of the tree produces poly(1,4-cis-isoprene) (IR)
whose polymeric chain starts and ends with different groups (Figure 1-15):

e - terminal, a peptide or unidentified functional group which is bound to
two trans-1,4-Pl units, which is associated with proteins to form crosslinks
via hydrogen bonding,

e a-terminal, mono- and diphosphate groups liked with phospholipids by
hydrogen or ionic bonds.®*

w-terminal

a-terminal
2 n

Figure 1-15. Chemical structure of NR.

The rubber phase is emulsified by the presence of phospholipids and proteins
deriving from the bio-synthesis and adsorbed on the surface of particles having
size ranging from 0.02 to 3 um. Phospholipids and proteins form a shell with a
thickness of around 20 nm (Figure 1-16). The shell is linked to the terminal ends of
the rubber chains, thus increasing the stability of the emulsion.® The proteins act
as emulsifiers in the rubber latex and are responsible for dispersing the insoluble
fraction of natural rubber (NR) in the water medium.
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Figure 1-16. Proposed model of the NR latex particle surrounded by a layer of
proteins and phospholipids with IR rubber as core.

The non-rubber phase deriving from the bio-synthesis is organized in other
particle structures, mainly lutoids and Frey-Wyssing particles.”® The lutoids are
single membrane-bound vacuoles of around 2-5 um containing water soluble
substances such as acid minerals and sugars, which may have destabilizing
properties for the emulsion. The Frey-Wyssing particles are complex organelles of
lipid globules, carotenoids bounded by a double layer membrane which may be
the possible site of rubber biosynthesis, taking place on the surface of the rubber
particles.®

NRL has been extensively applied in LCT for the compounding of different kinds of
fillers like carbon black,® silica,® cellulose,® and others.”

Also clay-rubber nanocomposites have been compounded with NRL by LCT. The
advantages of the application of LCT on clay-rubber nanocomposites are several: i)
absence of organic solvents; ii) use of renewable natural raw materials; iii) no
need of expensive surface modification for hydrophilic fillers by taking advantage
of water as an excellent swelling and exfoliating agent; iv) reduced dust release
during compounding.

Tan et al. ! produced NR/Ca-MMT nanocomposites by LCT with the obtainment of
intercalated and exfoliated structures of fillers which showed good mechanical
performances, thermal stability and aging resistance. Other examples take
advantage of the NRL raw material to incorporate different clays, i.e. Na-MMT,”?
paligorskite,” kaolinite.*® Varghese’ et al. reported an all-ingredient latex
compounding approach by incorporation of sodium bentonite and sodium
fluorohectorite in NRL. Alternatively, synthetic polymer latex, such as SBR latex,
were applied to prepare nanocomposites with hectorite.”” NR/butadiene latex
blends were studied by Varamesh for the preparation of cloisite
nanocomposites.”® These studies demonstrate the LCT is a suitable method for
preparing clay-polymer nanocomposites with good mechanical properties.
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On the other hand, the literature reports the preparation of nanocomposite by
LCT with a low clay loading. Just few examples study nanocomposites highly
loaded.”

Furthermore, these promising results are not really supported by a more in depth
study of the physico-chemical parameters which affect the nanocomposite
preparation and the coagulation process (i.e. the separation of a solid
nanocomposite from an aqueous liquid dispersion of filler and polymer particles).
Although there is a global agreement in stating that the process of destabilization
of the phases is crucial in obtaining of good dispersion of the clay filler, the impact
of the features of multi-component system aqueous dispersions on the stability of
colloids are far from been completely understood.

1.4.1.3  Pickering emulsions

Already at the beginning of 1900, Ramsden and Pickering discovered another way
of stabilizing droplets of two immiscible liquids by using solid particles as
emulsifiers.”” More recently, the stabilization properties of solid particles were
exploited to create particle-stabilized emulsions (i.e. Pickering emulsions) and
attracted much interest especially in the field of material science and
nanomedicine.”® As in the case of surfactants, the driving force for the
displacement of particles at the interface between two phases is the reduction of
free energy at the interface. Also in this case, the wettability of the solid particles
is what matters for an efficient emulsification. Hydrophilic particles with higher
affinity for the water phase would more likely induce the formation of o/w
emulsions, while w/o emulsions would be stabilized by hydrophobic particles.
Depending on the organic-inorganic interactions the arrangement of inorganic
particles on the surface may highly differ from low coverage, to the formation of a
monolayer, to multilayer 3D structures of aggregated particles (Figure 1-17).”
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Figure 1-17. Schematic representation of Pickering particles: A) low surface
coverage; B) monolayer surface; C) multilayer coverage and 3D network of
aggregated particles in the continuous phase.
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If only solid particles are present as emulsion stabilizers, the system requires
higher mixing energy to create droplets and to allow the particles to accumulate at
the phase boundary. The stabilization provided by solid particles is affected by -
potential of the surfaces and also by the geometrical hindrance. The solid particles
must, indeed, be considerably smaller than the dispersed phase to induce
stabilization.”

The stabilization provided by solid particles has been exploited for the in situ
synthesis of polymers in emulsion.
Emulsion polymerization is a synthetic approach for the radical polymerization of
vinyl monomers, carried out in a heterogeneous medium where water is the
continuous medium and the monomer is the non-soluble phase. The
characteristics of emulsion polymerization are:

e the emulsified monomer creates drops ranging from 0.05 to 5 um

e theinitiator is soluble in the continuous phase

e production of a latex of stable emulsified polymer in water

e the use of water allows the polymerization to take place at low

temperature, keeping low the viscosity of the reaction matrix.°

In situ emulsion polymerization has been applied to synthesize organic-inorganic
structures commonly made of polystyrene or acrylate polymers in the presence of
silica.®®  For example, Zhang et al® synthesized polystyrene-SiO,
nanocomposites particles via Pickering emulsion polymerization, with the
formation of an armored shell of silica particles surrounding the polymeric core in
a raspberry-like structure.

Only few examples of in situ emulsion polymerization in the presence of clay
particles are available. In situ polymerization was reported by Negrete-Herrera in
the presence of laponite to synthesize styrene and butyl acrylate (co)polymer
particles. ® The emulsion polymerization was carried out in the presence of the
modified organoclay which played the role of a solid initiator. Laponite-armored
poly(vinylidene chloride-co-methyl acrylate) latexes were synthesized to study the
impact of the clay on particle stabilization during the polymer synthesis.?> In situ
emulsion polymerization of acrylamide was performed in the presence of MMT
and it was demonstrated that stabilization was provided by clay particles.*

The in situ polymerization in the presence of clay particles has mainly been applied
for the synthesis of styrene or polyacrylate polymers, while no examples are
present for the synthesis of Pl. Anyway, emulsion polymerization of Pl has already
been studied in the presence of surfactans.?’

As a matter of fact, emulsion polymerization deals with complex reactions which
remain poorly understood. The complexity of emulsion polymerization is due to
the fact that the reaction occurs in both the aqueous phase and the monomer-
swollen particles. Moreover, the primary locus of polymerization has been
assessed to take place in the latex particles for emulsion polymerization,®® but
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there is no scientific agreement in the case of in situ polymerization, where
inorganic particles are present. The investigation of how the latex particles are
formed and how they grow are still crucial issues in the study of emulsion
polymerization.

1.4.1.4 Colloidal destabilization mechanisms

As metastable systems, colloids are going to phase separate spontaneously (Figure
1-18). The particles of the dispersed phase are going to coagulate, when the
attraction forces become more relevant than the repulsive forces. When the
rupture of the film layer stabilizing the droplet happens, whatever the type of
emulsification system, particles coalesce because of spontaneous collisions until
they reach a size which determines precipitation and the macroscopic phase
separation of the system.®

Stable system Flocculation Coalescence Phase separation

Figure 1-18. Schematic representation of phase separation of a generic colloid.
Grey droplets represent the discontinous phase, light blue the continuous phase.

Generally, the so-called coagulation is the irreversible aggregation of particles,
while flocculation is a particle aggregation resulting from the bridging of several
particles by a polymer. Creaming is another destabilization mechanism where
droplet buoyancy occurs because of density differences. A coagulated aggregate
separates out by sedimentation if it is denser than the medium, or creams and
rises to the surface if its density is less than that of the dispersion medium.®

In order to make colloids useful tools for scientific and technological purposes, it is
mandatory a carefull control of phase separation phenomena. There are several
methods to induce phase separation in emulsions and colloidal dispersions which
include physical methods such as intensive ultracentrifugation, variation of
pressure and temperature, solvent evaporation, or chemical methods which
requires the addition of inorganic salts, or anti-solvents, or chemicals that change
the pH of the medium. It is, however, worth noting that both physical and
chemical methods imply disadvantages including high energy consumption and
significant changes in system composition.91
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Chemical methods involve changing in the electric double layer of the particles.
The addition of acids is known to destabilize colloids by changing the pH and thus
bringing the particles to the isoelectric point (IEP), where they have no charge and
the C-potential is close to zero (Figure 1-19). Otherwise, the use of electrolytes
containing ions with a high charge/radius ratio is an alternative approach which
ends in screening the electric double layer until the attractive forces between
particles overcome the repulsive forces.”® In this case, inorganic salts and acids are
named coagulating agents.
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Figure 1-19. Example of the variation of the (-potential changing the pH with
identification of the IEP.

Colloidal systems made by a dispersion of solid particles and polymers may
undergo different stabilization/destabilization mechanisms, depending on the
polymer-particle interactions (Figure 1-20). Flocculation process can occur, due to
different destabilization mechanisms which may involve or not the neutralization
of the charge.” A mechanism simply based on charge neutralization occurs in the
presence of an attractive potential among the particles and polymers, which can
collide due to their Brownian motion. The progressive adsorption of polymer
segments on particle surface, lowers the free energy of interaction among the
particles, decreasing their distance and leading to flocculation. Otherwise, under
constrained equilibrium, the adsorbed polymer may enhance the stability of the
suspension because of steric repulsion due to the overlapping of the polymer
layers.

In the case of non-adsorbing polymer, a depletion interaction may take place
depending on geometrical aspects.”* Depletion forces are defined as the osmotic
forces which arise in colloids of two components, when the size of the radius of
gyration of the polymer is larger than the separation between two surfaces of
particles. In other words, if the colloidal particles are very close the polymer is
geometrically excluded from the area between them and this creates a zone
inaccessible for the polymer. The decrease in osmotic pressure in that region
generates attractive forces. In this case, the flocculation is influenced by the
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molecular mass and the relative concentrations.” Depletion flocculation was
explained in thermodynamic aspects by Asakura and Oosawa.”

Since depletion flocculation depends on geometrical exclusion, the effect was
found particularly important in the presence of anisotropic particles. *®

Colloidal
Surfaces
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&

Polymers Steric Repulsion Bridging Flocculation

Figure 1-20. Polymer and colloidal surfaces interactions.
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1.5 Aim of the thesis

The aim of this PhD thesis is to investigate novel colloidal approaches for the
preparation of rubber nanocomposites for potential application in tyre field.
Colloidal approach aims at compounding through aqueous dispersions of the
nanocomposite ingredients, in particular rubber and filler. This approach seems
particularly appropriate for the compounding of hydrophilic fillers, i.e. silica or
clays, whose dispersion through the melt mixing method still remains a
challenging issue. This technique allows to increase the filler dispersion without
any chemical modification and to avoid the use of other chemical ingredients
which increase the cost of the materials in terms of price and environmental
impact.

Moreover, it represents an economic and eco-friendly alternative to the
commonly employed melt mixing technique thanks to the elimination of the
volatile component released during mixing, with significant benefits for
environment and workers.

Two different colloidal approaches have been applied: i) LCT and ii) Pickering
emulsion polymerization to prepare highly-loaded nanocomposite rubber
materials containing silica-based fillers, such as silica and Sep clay. The latter are
considered promising filler candidates for the polymer strengthening, due to their
fibrous structure and high particle AR.

The concentration, the charge and the shape of silica-based nanofillers have been
studied as relevant parameters on stabilization and destabilization of natural and
synthetic Pl latexes.

LCT has been employed to produce eco-friendly composites, namely masterbaches
(MBs), by incorporating silica or Sep into NRL, through the flocculation of the
silica-based nanofillers/rubber mixed aqueous system. In particular, Sep fibers
having different surface charges have been applied in LCT: pristine Sep, from
Spanish landfill (SepS9), and a commercial Sep organically modified with a benzyl
ammonium salt (SepB5).

The main physicochemical parameters which control aggregation processes in the
aqueous medium, i.e. pH, {-potential, concentration of particles (aspects that are
strongly interconnected), as well as the morphological features of the final Sep-NR
MB, were comprehensively investigated. This helped to figure out the Sep-NR
interactions and to propose a flocculation mechanism, based on electrostatic and
depletion attraction forces, remarkably connected to both the high content (50
wt.%) and the peculiar anisotropy of the Sep fibers.

MBs with high filler loadings have been applied to produce environmentally
friendly composites, by combining LCT and melt mixing with the aim of i) taking
advantage of the good filler distribution and also ii) preventing dust from floating
in the air during processing, in line with the increasing legislative restrictions about
emissions.
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Pickering emulsion polymerization, an in situ polymerization technique, was
evaluated as an alternative colloidal approach to produce eco-friendly
nanocomposites. Isoprene was polymerized in the presence of silica-based
nanofillers, which provide stabilizing effects acting like a surfactant by occupying
the interface between the two phases, thus lowering the interfacial tension and
stabilizing the emulsion. A possible mechanism for emulsion polymerization
stabilized by solid particles has been proposed.

The colloidal approach, based on both LCT and Pickering emulsion polymerization,
has been investigated as green, simple and effective method suitable for high-
performance technological applications.

1.5.1  Structure of the thesis

The research employs a colloidal approach for preparing silica-based elastomeric
nanocomposites. The dissertation is organized as follows:

Chapter 2 aims at presenting the materials, synthetic and compounding strategies
that have been applied in this thesis.

Chapter 3 describes the preparation of highly-loaded homogeneous SiO, and Sep
MBs by applying LCT approach with NRL. The main physicochemical parameters
which control aggregation processes in the aqueous medium have been
comprehensively investigated to highlight the filler-NR interactions and to propose
a flocculation mechanism.

Filler/NR MBs were fully characterized and used to prepare composites by
conventional melt mixing.

Chapter 4 is focused on rubber nanocomposite materials, compounded with MBs
prepared by LCT approach. Dynamic-mechanical analysis of composite materials
has been performed in order to investigate filler-filler and filler-rubber
interactions, in comparison with the reference composite materials obtained by
conventional melt mixing procedure.

The Chapter 5 describes the preliminary study on the preparation of silica-based
latex nanocomposites by applying the Pickering emulsion polymerization. In such
approach, the production of composite materials is based on the polymerization
of the organic isoprene monomer in aqueous emulsion, in the presence of silica-
based inorganic colloidal particles, such as silica and Sep, as emulsion stabilizer.

Conclusions sum up the main results and findings of the investigation.
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Chapter 2.

Materials and Methods

Chapter 2 aims at presenting the materials, synthetic and compounding
strategies applied in this thesis.
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Chapter 2
2.1 Materials of tyre compounding
Tyres are complex materials whose generic composition is given in Table 2-1.

Table 2-1. Generic tyre formulation.

Compound phr

rubber 100
filler 50
coupling agents

1
softeners 5
antioxidants 1
stearic acid 1
zinc oxide 5
accelerator 1
sluphur 2

The main structural ingredients are rubber and filler which compounded together
in an elastomeric nanocomposite material give rise to viscoelastic properties (see
Chapter 1 Paragraph 2.3). Silica-based fillers are compatibilized to rubber with
coupling agents (see Chapter 2 Paragraph 1.3). Softeners include petroleum oils,
resins and waxes and are used mainly as processing aids to improve tack or
stickiness of uncured compounds. Antioxidants are added to rubber compounds to
protect tyres by the oxygen degradation.!

2.1.1 Rubber

Rubbers are high molecular weight amorphous polymers which have a low T, and
high viscosity. In tyre application, the main polymers used are the following:
natural rubber (NR) and its synthetic version isoprene rubber (IR); styrene-
butadiene rubber (SBR); butadiene rubber (BR); their blends. The use of the
polymers is linked to their T, which determines the specific application.

NR is the most widely used polymer in tyre application (around 70% of all tyres).
It is exuded from the rubber tree in the form of a colloidal suspension of NRL.
When exuded fresh latex is composed by 55-60 wt. % of water, 30-40 wt. % of
rubber, while the remnant percentage includes proteins, resins, mineral matter
and carbohydrates. The amount of rubber obtained on each tapping (every 4-5
days) depends on clones, ages, soils and climatic conditions.

Fresh latex can be coagulated with the use of coagulants (usually formic acid),
pressed between rollers and air- or smoke-dried to produce different types of NR,
respectively air-dried sheets (ADS) or rubber smoked sheets (RSS). RSS is usually
classified on the base of a visual scale of impurities.
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Moreover, fresh latex can be commercialized as centrifuged latex, obtained by
high speed centrifugation, allowing to separate the majority of the non-rubber
components from the rubber phase. Centrifuged latex is applied in the production
of different commercial goods such as footwear, medical supplies and adhesives.
To enhance the stability over time of the centrifuged latex, ammonia at different
concentration is added depending on the application (High Ammonia (HA),
Medium Ammonia (MA), Low Ammonia (LA)), as reported in Table 2-2. In fact,
NH," ions increase the particle electric double layer and promote the partial
hydrolysis of phospholipids and proteins.

Also centrifuged latex and NR still retain small amounts of non-rubber
components as explicated in Table 2-2.

Table 2-2. Percentage of components in fresh latex, centrifuged latex and dried NR.

Fresh latex (%) Centrifuged latex (%) NR (%)

Rubber content 30-40 60 93-97
Proteinaceous 115 1 23
substances
0.6-0.7% HA
Ammonia - 0.4-0.5% MA -
0.2-0.3% LA
Sugar, resins and salts 2.5 1 1
Water 60-70 40 0.5

Cis-1,4-polyisoprene with a stereoregularity of around 97% is produced by the
biosynthesis from the tree.® The structure of NR (2-methyl-1,3-butadiene) has
been revealed by nuclear magnetic resonance (NMR) studies as a long sequence of
around 20000 cis-1,4-polyisoprene units. Its mechanical properties are particularly
interesting. In detail, the vulcanized NR provides:

o excellent tensile and tear strength,

e |ow hysteresis and high fatigue resistance,

e high abrasion resistance,

e good rebound and compression set,

e excellent adhesion to metal and fabrics

e good dielectric strength and electrical insulation.’

Drawbacks of NR are poor heat aging and resistance to ozone, oxygen, sunlight,
oils and solvents. Addition of fillers, antiozonants and waxes to NR increases its
resistance to UV and ozone. The degradation profile of NR STR20, used for this
thesis work is given in Figure 2-1.
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Figure 2-1. Thermogravimetric analysis (TGA) of NR.

Although the synthesis of IR in the presence of Ziegler-Natta catalysts has marked
structural resemblance to NR with a stereoregularity of 98.5 %,* it shows
considerable differences in properties like lower tensile and tear strength and
hardness. The main differences between NR and IR, beyond the microstructure,
derive from the molecular weight distribution, gel content and amount of non-
rubber components. Furthermore, the rise of awareness of environmental issues
contributes to maintain a high interest in this renewable source of rubber in
comparison to synthetic rubbers which are obtained from non-renewable oil-
based resources.

Proteins and phospholipids are probably the origin of branching and gel formation
in NR.> The influence of these secondary structures were found to have a
significant role in the singular effect of the crystallization of unvulcanized and
vulcanized NR under strain, which is one of the important characteristics which
make unique the mechanical properties of NR.® Proteins were also demonstrated
to act as reinforcing fillers at low concentration (3-4 wt.%) and to influence the
vulcanization process.” Anyway, the fact that the elastic modulus increases
because of the presence of non-rubber components raised controvercies.?

Tarachiwin applied Fourier Transform Infrared Spectroscopy (FTIR) for studying
intramolecular interactions caused by hydrogen bounding in NR, since the
vibrational modes are sensitive also to weak interactions.’ In Figure 2-2 FTIR
spectroscopy of NR STR20 used in this thesis work is shown with the assignment of
the principal vibrations modes (Table 2-3)."°
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Figure 2-2. FTIR of NR.

Table 2-3. Assignment of the NR principal vibrations.

Wavenumber (cm™) assignment

Isoprene chain

2961 v CH3 asymmetric

2916 v CH3; asymmetric

2852 v CH, symmetric

1445 6 CH, and p CH;

840 v C-H out of plane bending (cis-1,4 addition)
Proteins and lipids

3283 v N-H

1711 v C=0

1630 v R;-(C=0)-NH-R, (amide I)

1541 B N-H and v C-N (amide Il)

In this thesis, NRL MA, (60% w/w) and poly(1,4-cis-isoprene) STR20 (NR) were
produced by Von Bundit.

2.1.2  Silica-based fillers

Silica and silicates are used as reinforcing fillers in tyre application. The silica
surface is highly hydrophilic because of the presence of silanols (Figure 2-3), which
are classified according to the number of bonds with Si and to their vicinity. Thus,
silica-based fillers usually require compatibilization to be dispersed in a rubber
matrix.
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Figure 2-3. Silanols and siloxanes on the silica surface.

Silanol and siloxane groups are detectable by FTIR (Figure 2-4). Table 2-4
summarizes the main vibration modes and the relative assignments for SiO,.

transmittance (a.u.)
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Figure 2-4.FTIR of SiO,.

Table 2-4. FTIR peaks assignment of SiO,.

Wavenumber (cm™) assignment

3650 v Si-OH isolated
3400 v OH hydrogen bond
1097 v Si-O

1070 v Si-O

950 v Si-OH

800 v Si-O

Depending on the synthesis (fumed, precipitated, sol-gel, etc) silica particles may
differ in terms of primary particle size, porosity and silanol surface density. These
properties affect the surface chemistry and thus the aggregation and
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agglomeration which are relevant characteristics in the frame of nanocomposite
reinforcement (see Chapter 1 Paragraph 2.1.1). In this PhD thesis, precipitated
nanosilica Zeosil MP1165 (20 nm primary particle size, surface area 160 m°g™) was
purchased by Solvay.

The aggregation of silica also affects the stability in a water suspension. LUDOX®
AS40 (22 nm primary particles, 140 m”g"") synthesized via sol-gel method by Sigma
Aldrich was applied to produce MBs and in the Pickering emulsion of polyisoprene.
Analysis of the silica dispersion in water are given in Chapter 3 Paragraph 1.2.

Besides silica, naturally occurring sepiolite nanofibers have been utilized as filler in
the present work.

Pristine sepiolite is a natural magnesium layered silicate which is extracted from
mines. It has the chemical formula of MggSi;,030(0H)4(H,0)4-8H,0 as reported in
Chapter 1 Paragraph 3.1.1.

The crystalline structure produces a fiber shape with a very high AR, with a surface
area of 300 m°g. The evaluation of the Sep dimension is given in Table 2-5 and
was calculated as average of the dimensions of 100 fibers in 20 different Scanning
Electron Microscopy (SEM) micrographs (Figure 2—5).11

é R \§ \ ”; : ] e, " p -y
;. & _ > < W N
v': i _ '_ - '“-'
Y 8¢ (M=
Figure 2-5. SEM micrograph of Sep.

Table 2-5. Dimensions of Sep fibers, obtained by SEM analysis.

Length (nm)  Cross-section (nm) AR
SepB5 | 1398 (+567) 67 (£15) 21 (x10)
SepS9 | 1781 (+1004) 80 (+21) 22 (+11)

Sep fibers aggregate along the main axis and form bundles of 10-100 um.
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In detail, two different sepiolite fibers have been utilized in this thesis: Sepiolite
Pangel S9 (SepS9), i.e. pristine sepiolite extracted from mines; Sepiolite Pangel B5
(SepB5), from organic modification of sepiolite S9 with N,N-didodecyl-N-methyl-
ammonium (DDMA), in order to increase the dispersion and compatibility with
polymers.

The diffraction pattern of SepS9 and SepBS5 is reported in Figure 2-6.

(110)

SepS9

SepBS

Counts per second

I T . . I L T T L . . . T I L
0 5 10 15 20 25 30 35 40 45 50 55 60 65

20 (°)
Figure 2-6. XRD pattern of SepS9 (orange line) and SepB5 (blue line).

The characteristic reflections at 26 = 7.3°, 12.3°, 17.7°, 19.8°, 35.0° correspond to
the (110), (130), (150), (060) and (371) crystal planes of Sep, respectively.12

SepS9 and SepB5 have been characterized by FTIR (Figure 2-7). The relative band
assignment is given in Table 2-6.12

In this thesis, Sep Pangel S9 (SepS9) and the organically modified Sep Pangel B5
(SepB5, organically-modified with N,N-didodecyl-N-methyl-benzylammonium)
were supplied by Tolsa and extracted from the landfill of Vallecas (Spain).

The hydrophilic nature of silica-based fillers requires their compatibilization to
rubber. A good compatibilization is reflected on the filler dispersion, which is
crucial to obtain good mechanical properties.
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Figure 2-7.FTIR of SepS9 (orange line) and SepB5 (blue line).

Table 2-6. FTIR peak assignations for Sep.

Wavenumber (cm™) assighment

pristine
3700-3650 v MgO-H
3600-3200 v OH
1661 6 H-O-H
1209, 1005 v Si-O asymmetric
975 v Si-OH
692 6 Mg-OH
organically modified
2923 v CH3 asymmetric
2849 v CH, asymmetric

2.1.3  Coupling agents

Coupling agents are molecules which provide the formation of chemical
interactions between two dissimilar materials, usually of inorganic and organic
nature, respectively. Thanks to a double functionality, they are able to bind to
silica-based fillers with a silicon-functional moiety and to rubber with an organo-
functionality creating a filler-polymer network which imparts high reinforcement
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to the material. The silicon functional moieties are halides, alkoxides or acyloxy,
while the organo-functional ones consist of an amino, methacrylate, epoxy,
mercapto-group.™

One of the most common coupling agents applied in tyre compounding is bis(3-
triethoxysilylpropyl)tetrasulfide (TESPT) (Figure 2-8). It has been used in this thesis
and purchased from Aldrich.

H3C—H,CO OCH,—CHj
H3C—H,CO——Si——(H,C);—— S, — (CH,);—— Si=— OCH,—CHj,
H3C—H,CO OCH,—CHj
Figure 2-8. Chemical structure of TESPT.

The functionalization of the silica-based fillers usually takes place during mixing
where the triethoxysilyl groups of the TESPT are hydrolyzed and then undergo
condensation with the silanol groups of silica with ethanol loss at 120°C (Figure 2-9
a). The surface chemistry of the filler changes and the surface free energy is
reduced. This enhance its dispersability within the polymer matrix.™

During the wvulcanization at 170°C, TESPT disproportionate into bis-(3-
triethoxysilylpropyl)-disulfide and bis-(3-triethoxysilyl propyl)-polysulfides and
then reacts as a sulfur donor, ending in the saturation of polymer double bonds
and creating a sulfur bridges (Figure 2-9 b). Thanks to these reactions, TESPT acts
as linker between filler and rubber, producing the so-called filler-rubber
network.'®

a) coupling during mixing
T b) coupling during

. E10L, ) vulcanization
! EtO %Si-(chJJ
N O o7 \.'s
Si n ) e’ /
9 s\" .
\Si—OH /S
/ s\
o]
Si/ (CHa)3
“on Si/
El0 | OEt
QOEt
silica-based filler TESPT NR

Figure 2-9. Functionalities of TESPT involved in the formation of filler-rubber
network.
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Sarkawi, through a quantification of the bound rubber which is only loosely or
physically bound to silica filler particles, showed that, even without silanization,
some silica-NR interactions are present.17 As concern NR nanocomposites, the
comparison among NRs having different amount of proteins demonstrated that
non-rubber compounds increase the filler-rubber interactions because of the
lowering of the hydrophilicity of the silica surface, which enable to disrupt the
silica-silica networking. In the presence of both coupling agent and proteins it was
revealed a complicated antagonistic effect in silica reinforcement in NR." Since
this PhD work makes use of NR, aspects related to the presence of proteins has
been taken into account.

2.1.4  Curing agents and additives

The vulcanization process makes use of activants and accelerants. Briefly, the
formation of sulfurating complexes involves the use of stearic acid which interacts
with ZnO, making Zn*" available for the formation of intermediates with N-
cyclohexyl-2-benzothiazole sulfenamide (CBS) and sulfur. These sulfurating
complexes act creating mono- and multi-sulfur bonds between rubber chains.’® In
this thesis work, stearic acid (Stearina TP8) was purchased from Undesa, sulfur
from Zolfoindustria, zinc oxide from Zincol Ossidi and CBS (Vulkacit CZ/C) from
Lanxess.

To avoid degradation of rubber usually the antioxidants N-(1,3-dimethylbutyl)-N’-
phenyl-p-phenylendiamine (6PPD) was used.

2.2 Procedures

This thesis proposes the preparation of silica-based/Pl nanocomposites through
colloidal approaches which enable good dispersion of fillers. In particular, the
work is outlined in two different approaches: latex compounding and in situ
polymerization. Moreover, the materials obtained by colloidal approach have
been further compounded to make nanocomposite final materials for tyre
application by melt mixing.

LCT is a compounding method which makes use of latexes of polymers, like NRL,
and water filler dispersions with the production of masterbatches (MB, i.e.
coagulated filled rubber material). MB is a term used to identify materials which
have been processed but are not final materials, since their aim is to impart
properties to polymeric composites. It may refer to any process stage
intermediate between raw materials and final formulate products. MBs are usually
concentrated mixture of ingredients/additives in a polymeric matrix. They can
transfer properties by mixing with other polymeric composites. MBs are useful
when the direct compounding of ingredients in the final material retains some
problems, i.e. dispersion, aggregation and so on. The term is usually referred to
“colored masterbatch”, materials applied to transfer pigments in plastics. In our
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case, MBs are concentrated filler-polymer materials, where the filler is pre-
dispersed with the aim of increasing dispersion in the final composites. The
application of MB seems particularly suitable in the case of dusty fillers like clays.
The MBs have been produced by LCT and then compounded to the other
ingredients for tyre application by melt mixing.

For the in situ polymerization, polyisoprene has been synthesized by a Pickering
emulsion polymerization of silica-based nanoparticles. This approach provides an
intimate filler-polymer interaction which determines the formation of highly
dispersed silica-based filler/polyisoprene nanocomposites.

2.2.1 Latex compounding technique

A dispersion of 20 g of silica-based filler (SiO,, SepS9 and SepB5) in 400 ml of water
is prepared and stirred with a mechanical stirrer (Velp Scientifica Stirrer DLS) at
200 rpm (rounds per minute) for 10 minutes. The type of silica used is a
commercial product appropriate for colloidal chemistry where the silica particles
are very stable thanks to the ions in solution (NH," in the case of LUDOX® AS40).
The dilution of SiO, appears immediately homogeneous thanks to the high
dispersability of the SiO, particles, unlike the Sep dispersion which requires some
efforts to produce an homogeneous dispersion. SepX, instead, is mixed with a
mechanical stirrer (Velp Scientifica Stirrer DLS) at 200 rpm. The mixing time is 60
min for SepS9 and 20 min for SepB5, corresponding to the optimal colloid relative
dispersion needed to the following flocculation process (the optimal viscosity was
identified by testing different mixing time). Subsequently, Sep dispersion is
sonicated for 10 min and mixed again for 10 min.

In another vessel, 33 g of NRL are diluted with 100 ml of distilled water and stirred
for 10 min at 100 rpm with a mechanical stirrer. Successively, 0.2 g of finely
ground 6 PPD antioxidant is added to the solution.

In the case of SiO,, the filler dispersion is poured into the diluted NRL solution,
under stirring at 500 rpm. The system is kept under stirring for 10 minutes. In this
time no flocculation is detected. To coagulate the system a solution of
Mg(NOs),-6H,0 in water in the proportion of 2% wt is added to the SiO,/NRL
dispersion. Flocculation suddenly happens at the addition of the inorganic salt.

In the case of SepX, the dispersion is poured into the diluted NRL solution, under
stirring at 500 rpm. The flocculation of the SepX/NR takes place spontaneously
without the addition of any coagulant and is completed in 30 s.

The silica-based filler/NR masterbatch is separated from the liquid phase through
filtration, and washed with water to remove ammonium residuals, portioned in
small pieces and dried in a vacuum oven (pressure: 10 mbar) at 80 °C for 18 h.

The obtained MB containing 50% wt of filler is further homogenized in a two roll
mill at room temperature for 5 min. The obtained composite materials are called
MB-SiO,/NR and MB-SepX/NR."
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Each step of this procedure is shown in pictures and represented in schemes in
Figure 2-10.

SepX fibers NRL particles NR polymer SepX/NR bio-composite

Figure 2-10. Scheme of the MB-SepX/NR masterbatch preparation: a) SepX
dispersion in water; b) mixing of the SepX aqueous dispersion with NRL; c)
flocculated MB-SepX/NR; and d) dried MB-SepX/NR.

2.2.2  In situ Pickering emulsion polymerization

The synthesis of polyisoprene via Pickering emulsion has been carried out in the
presence of silica-based fillers (SiO,, SepS9 and SepB5).

First, 3 ml of isoprene are treated with an alumina phase to remove the inhibitor.
Then, the monomer is degassed under nitrogen flux for 20 minutes. In the
meantime, a dispersion of 1 % wt of inorganic particles is made over a volume of
30 ml of distilled water. In the case of SepX, the dispersion is left under stirring
overnight, while the SiO, dispersion is immediately stable without any dispersion
procedure. 120 mg of sodium bicarbonate are added to the silica dispersion to
provide a basic pH of 9. Then, potassium persulfate is also added to the dispersion
at 1 wt % (41 mg) with respect to the monomer weight. The aqueous dispersion is
also degassed for 20 minutes.

After, we unify 118 pl of tert-dodecylmercaptan to the degassed monomer. The
presence of thiols is known to be important for the transport of radical species
from the aqueous to the oil phase. This mixture is added under stirring and
nitrogen flux to the aqueous dispersion with the help of a syringe. The reaction is
stirred at room temperature for one hour to create the emulsion. The
polymerization is carried out for 2 or 4 days at 75 or 90 °C. We make use of a vial
closed with a teflon tape to avoid evaporation of the monomer which as a low
boiling point (34°C). Anyway, small evaporation of the monomer are not to be
excluded. In Figure 2-11 it is shown a picture of the polyisoprene latex
polymerized via Pickering emulsion with silica particles.
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Figure 2-11. Polyisoprene latex with silica particles via Pickering emulsion.

2.2.3  Preparation of composite materials for tyre application

The relative quantity of ingredients used to prepare the composite materials is
listed in Table 2-7. Composite materials are compounded through melt mixing,
using a Brabender Plasti-Corder Lab station internal mixer (65 mL mixing chamber,
0.6 filling factor). The mechanical properties of composite materials compounded
with MBs (named: NC(MB-SepX/NR) and NC(MB-SiO,/NR)) are then compared to
the ones of reference materials, whose compounding is completely made by melt
mixing (named: REF-SepX and REF-SiO,). All the compounds have a total amount
of filler of 32 phr. The compounds containing Sep are always compounded with
the same phr of silica. In the case of NC(MB-SiO,/NR) the filler was added through
MBs, while in the case of NC(MB-SepX/NR) silica was introduced without MBs to
emphasize the effect of LCT on the compounding of Sep.
The preparation of the composite materials consists of three mixing steps:

e 1% step: 120 °C for 7 minutes;

e 2" step: 90 °C for 3 minutes;

e 3¢ step: 50°C for 3 minutes in an open mixer.

Times and temperatures are determined according to the thermal stability of the

reactants and to the workability of rubber. Rubber is first masticated at 120 °C and

60 rpm rotor speed. Then, the relative quantity of MB is added within 1 minutes.

Right after, the dry filler is added in subsequent aliquots within 2 minutes,

together with the silane. The temperature provides the right energy for the
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silanization to take place.’® The mixing process determines the deformation of the
rubber matrix helping the distribution of the components within the matrix and
contemporary breakdown of filler agglomerates into fine aggregates. Reference
materials are compounded in the same way, but no MB is added. One minute
after the last filler addition, 6PPD, zinc oxide and stearic acid are added.

The second step takes place the day after, when the polymer chains are relaxed.
The intermediate materials are reloaded in the internal mixer operating at 90 °C at
60 rpm. CBS and sulfur are added in one minute.

In the last step, the day after, the composites are processed in a two-rolling mill at
50 °C for 3 minutes to improve their homogeneity. The material composites
containing 32 phr of Sep or silica are vulcanized in a hydraulic press at 170°C and
100 bar for 10 min.

Table 2-7. Relative quantities of the compounding ingredients in composite
materials.

NR SiO, SepX (ph:v:’:Ier) TESPT ascti'd 6PPD  ZnO s:

REF-SepX/NR 100 16 16 - 2,56 2 2 35 3
NC(MB-SepX/NR) 100 16 - 16 2,56 2 2 35 3
REF-SiO,/NR 100 32 - - 2,56 2 2 35 3
NC(MB-SiO,/NR) 100 - - 32 2,56 2 2 35 3
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Chapter 3.

Latex compounding technique for preparing silica-based
natural rubber masterbatches

Chapter 3 describes the preparation of highly-loaded homogeneous SiO,
and Sep masterbatch (i.e. coagulated filled rubber material) by applying LCT
approach with NRL.

The main physicochemical parameters which control aggregation processes in the
aqueous medium, i.e. pH, {-potential, concentration of colloidal systems, as well as
the morphological features of the final filler/NR composites, were
comprehensively investigated to highlight the filler-NR interactions and to propose
a flocculation mechanism.

Filler/NR MBs were fully characterized and used to prepare composites by
conventional melt mixing.
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3.1 Characterization of colloidal dispersions
3.1.1  NRL

Dynamic Light Scattering (DLS) analysis of NRL evidences a bimodal distribution of
the hydrodynamic radius, indicating the presence of a fraction of particles with an
average size of ~300 + 130 nm (65%), and a second population (35%) with an
average size of ~1200 * 500 nm (Figure 3-1)." The analysis of NRL particle size may
be affected by the presence of other spherical structures which are naturally
present from the extraction from the tree of NRL, such as lutoids or Frey-Wyssling
complexes.” The amount of these structures may vary depending on several
factors like the season of extraction, climate changes etc, as reported in Chapter 1
Paragraph 4.1.2.
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Figure 3-1. DLS analysis of NRL particles (red, green and blue lines are respectively
the first, second and third measurement).
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Transmission Electron Microscopy (TEM) images of NRL (Figure 3-2) reveal that
NRL particles are spherical with a diameter of about 2 um, in line with DLS
analysis. In Figure 3-2, the NRL particles are visible like black shadows with a
darker center and lighter borders. Elsewhere the lighter region has been identified
as the proteic-phospholipidic layer which surrounds the NRL particles." The clear
spots in TEM image are more likely parts of Frey-Wyssling complexes, i.e. lipids or
vesicles.’

The C-potential of the NRL particles has been determined in order to define the
charge of the electric double layer of this colloidal system and to investigate the
colloid stability. The Z-potential of NRL-MA at pH 7 is -28 (x 2) mV. Since relatively
high absolute values of T (+ 30 mV) indicate significantly stable systems, the
measurement supports the good stability of NRL dispersion. The negative surface
charge is most likely provided by proteins and phospholipids amino and carboxyl
functional groups, which can be easily ionized and whose charge balance give rise
to a negative electric double layer.? The evolution of the Z-potential changing the
pH demonstrates how the electric double layer of NRL is affected by ions in the
medium. Decreasing the pH, T of NRL increases (Figure 3-3), reaching the IEP at pH
3, in agreement with the literature.*
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Figure 3-3. Trend of {-potential vs. pH for NRL.

3.1.2 SiO, dispersion

The hydrodynamic radius value of commercial SiO, particles has been measured
by DLS and reported in the Table 3-1. The nominal value of the particle radius is 22
(x 6) nm, which is confirmed by SEM analysis, while the hydrodynamic radius of
around 20 (£ 2) nm.
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e it Y D o
Figure 3-4. SEM image of SiO, particles.

The T-potential of SiO, at pH 7 is -42 (+ 1) mV, which indicate high colloidal
stability.

The negative charge of the particles is the result of dehydroxylation or
deprotonation of the SiO, surface at this pH value. Changing the pH of the medium
the module of the Z-potential increases accordingly to literature.’
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Figure 3-5. Trend of {-potential vs. pH for SiO,.
It is well known that for hydrous oxides, H" and OH™ are most likely the potential-

determining ions (pdi). The pdi are specifically bound cations or anions that result
in net surface charge. The potential determining role of H and OH is most readily
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accounted by realizing that the pH-dependent charge of an oxide results from
acid—base reactions at the surface:®

M-OH,” = M-OH = M-O (Eq. 2.1)
where M stands for a metal or metalloid central ion, i.e. Si or Mg. It is convenient

to visualize the surface sites as converted on hydration to surface hydroxyl groups
of M—OH groups that can dissociate protons:

M-OH + H,0 < M-O" +H;0" (Eq. 2.2)
or
M-OH + OH = M-(OH), (Eq. 2.3)
or accept protons:
M-OH + H;0" < M-OH," +H,0 (Eq. 2.4)
or
M-OH = M+ + OH (Eq. 2.5)

The increase of pH results in an increase of M—O" or M—(OH)’, in terms of reaction
(2), i.e. the negative charge of the particles is the result of dehydroxylation or
deprotonation of the surface.

In the case of commercial SiO,, since the product is ammonia stabilized, the
colloidal stability is due to the presence of NH," ions which are useful to increase
the charge of the electric double layer of the silica particles.

Table 3-1. Significant parameters of SiO, dispersion.

SEM (nm)  Hydrodynamic radius (nm) {-potential (mV) pH 7

22 45 -42.6

3.1.3  SepS9 and SepB5 dispersions

Sep bundles, once dispersed in the aqueous medium, form an arrangement of
randomly intermeshed elongated fibers, kept together by physical interactions
and hydrogen bonding. Water can easily penetrate through these structures, thus
increasing the viscosity of the suspension.’

To obtain stable dispersions, SepX undergoes cycles of stirring and sonication to
break the natural aggregates of the clay. The mixing time has been established at
60 min for SepS9 and 20 min for SepB5, corresponding to the optimal dispersion
condition needed to get the proper viscosity. Subsequently, SepX dispersion is
sonicated for 10 min and mixed again for 10 min.
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SEM micrographs on Sep fibers reveals that both SepS9 and SepB5 appear as rod
like particles with similar AR strongly interconnected in bundles-like aggregates
(Figure 3-6).

y / 4 (B eV Y
Figure 3-6. SEM micrographs of a) SepS9 and b) SepB5.
The characterization of a Sep dispersion through DLS has not been performed,
since the high anisotropy of the fibers does not supply a representative result of
the particle dimensions and because the presence of the organic modifier in SepB5
may affect the size measurement.

SepS9 particles dispersed in agueous environment are charged solids surrounded
by a diffuse ionic atmosphere. They carry a net negative charge due to the
unbalance in its crystal lattice. The crystalline structure is not ideal and the
presence of defects determine the formation of vacancies which cause attraction
of counter ions. lons of opposite charge are adsorbed onto the surface,
neutralizing the charge developed at the surface. The diffuse ionic layer is
composed of opposite charged ions and bound dipoles of water molecules which
gather around the particle.

The analysis of { at pH 7 are -34.8 (+0.05) mV for SepS9, while for SepB5 modified
with an alkylbenzyl ammonium salt, a positive {-potential was measured +26.9 (t
0.05) mV (Table 3-2) due to the presence of a quaternary ammonium salt
adsorbed onto the fiber surface.

Table 3-2. {-potential of SepS9 and SepB5 at pH7.
(-potential (mV)
SepB5 | +26.9 (0.05)
SepS9 | -34.8(+0.05)

SepS9 suspension (orange line in Figure 3-7) has a slightly positive { values (+0.38
mV at pH 2) at low pH while negative one at high pH.8 The IEP lies at pH 2.4. As
reported by Alkan et aI.,6’8 at acidic pH, SepS9 fibers in water solution display a
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positive {-potential due to the protonation of the surface groups, which undergo
dehydroxylation or deprotonation at higher pH, leading to significant decrease of
the T value. SepB5 (blue line in Figure 3-7) suspension shows, instead, a positive Z-
potential in the whole pH range, again ascribable to the presence of
alkylammonium salt as functionalizing group at the filler surface.
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Figure 3-7. Trend of {-potential vs. pH for SepS9 (orange line) and SepB5(blue line).

3.1.3.1  SepS9 dispersion stability evaluation

Further characterizations have been performed in order to evaluate all the
electro-kinetic and adsorption properties, in particular for pristine SepS9 colloidal
system, which can be more affected by the environmental conditions compared to
SepB5 whose surface is covered and protected by a functional organic group. The
change of {-potential over time of mixing is evaluated in Figure 3-8.

A shift of the {-Potential to more positive values of about +5 mV is appreciable
increasing the mixing time from 20 min up to 3 h. This effect suggests a possible
leaching of Mg ions, which turn the Z-potential of the fibers into more positive
values.

As explained in Chapter 1 Paragraph 4.1, the colloidal stability of dispersions
depends on the presence of ions in solution.’ Since it has already been reported
that a small amount of Mg** ions are released when Sep is dispersed in water,™
we evaluated the leaching of Mg”" ions after dispersion of Sep fibers in aqueous
medium and its effect on the stability.

For this, the leaching of magnesium is evaluated as a function of mixing by means

of Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) (Table
3-3). Capillary Electrophoresis (CE) analysis has been performed in order to
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confirm the presence of magnesium cations, not coordinated in chemical
molecules, such as Mg(OH),.
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Figure 3-8. {-Potential of SepS9 after 20 min, 40 min, 3 h and 24 h of mixing.
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Table 3-3. Mg”* amount released at different mixing time of SepS9 dispersion.

ICP-OES (mgL™) CE (mglL™)
20 min 3.07 3.23
1 day 4.69 4.13

As expected, the results show that the concentration of Mg”* released in solution
is very low but not negligible.

The Mg”" ions once released in the water environment will adsorb onto particles
surface and take part in determining the electric double layer of all the particles
present in the dispersion and, thus, may affect the stability of the colloids.

In the NRL, the addition of ammonia has the effect of inhibiting bacteria action
arising from neutral pH condition, hydrolyzing fatty acid and proteins which
stabilize the emulsified polymer. On the other hand, Sep has a specific affinity for
ammonia to the point that Sep and similar clays seems to be efficient material for
the removal of NH,” from drinking water and wastewater.’’ On this basis,
ammonium adsorption on SepS9 has been determined using the Nessler
method."

The corresponding kinetic data for SepS9 are depicted in Figure 3-9. The
adsorption of NH," and the contemporary release of Mg ions has the effect of
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increasing the ionic strength of the solution because of the substitution of ions
with single positive charge and higher dimension with smaller ions with a double
positive charge. Although the amount of ions taken in consideration is low, this
mutual effect may alter the stability of the dispersion.
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Figure 3-9. The amount of ammonium ions physi/chemisorbed onto SepS9 fibers as
function of mixing time.
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3.2 Thermal, spectroscopic and morphological characterization of
filler/NR masterbatches

3.2.1 SiO,/NR masterbatch

The amount of SiO, particles in MB is evaluated by TGA analysis (Figure 3-10). In
detail, MB-SiO,/NR displays a slight weight loss (~1 wt. %) at 100 °C attributed to
physisorbed water, while a major weight loss is detectable from 300 to 500 °C, due
to thermal degradation of the rubber component. The total amount of SiO, in MB
thus matches with the remaining weight percentage at the end of the thermal
evolution, and corresponds to 50 % wt. The total amount of SiO, is evaluated by
the net weight loss of MB-SiO,/NR (green line in Figure 3-10) between 200 °C and
1000 °C. The filler weight loss (gray line) is subtracted from the total weight loss of
MB-SiO,/NR, considering that rubber will be completely degraded at 1000 °C
(black line).

MB-Si0Q,/NR

weight loss (%)

NR

200 400 600 800 1000

T (°C)
Figure 3-10. TGA curves of NR (black line), SiO, (grey line) and MB-SiO,/NR (green
line).

ATR-FTIR spectrum of MB-SiO,/NR (Figure 3-11) has been collected and compared
to those of pristine NR (black line) and SiO, particles (gray line), already described
in the Chapter 2 Paragraph 1.

The spectrum shows the peaks characteristics of both pristine materials: the
asymmetric stretching vibrations of Si—O-Si in the 1090-1070 cm™ region, the
corresponding symmetric stretching vibration at 800 cm™," the bands in the
3100-2850 cm ™ region due to the stretching of C-H bonds of NR and those in the
1600-1350 cm™* range, attributed to the stretching of C-C bonds and bending of C-
H bonds; the C—H out-of-plane bending typical of the poly(1,4-cis-isoprene) chains
at 840 cm™; and the bands typical of non-rubber components, such as those of NH

68



Chapter 3

groups of amines (3283 cm™), carbonyl groups of esters (1748-1738 cm™),
carboxylic acids (1711 cm™), and amides (1630 and 1541 cm™).

It is worthy to note that the stretching vibration of Si-OH at 950 cm™ in MB-
SiO,/NR resulted slightly shifted to higher wavenumbers (selected green region in
Figure 3-11), suggesting an interfacial interaction occurring between silica and NR.
This interaction may be caused by physical adsorption of polymer polar or non-
polar components present in NR onto SiO, surface.™

Si0,
3650 |
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3400 950800
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Figure 3-11. FTIR spectra of NR (black line), SiO, (gray line), MB-SiO,/NR (green
line). The light green shadow area highlights the most significant spectral regions.

SEM micrographs of MB-SiO,/NR (Figure 3-12) reveals an homogeneous material
with a good distribution of SiO, through the polymer matrix, as assessed by Si
elemental mapping Energy Dispersive X-ray Analysis (EDX). Phase separation or
large filler agglomerates are not detectable.

The X-Ray Diffraction (XRD) pattern of MB-SiO,/NR has not been analyzed because
of the amorphous nature of SiO,.
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. 2. ”_ q » » : %
Figure 3-12. SEM micrographs of (a)MB- SiO,/NR and (a’) the silicon-mapping
performed by EDX on MB- SiO,/NR.

The silica MB morphology has been characterized by Small-angle X-ray Scattering
(SAXS) analysis. Scattering curve of silica particles and the corresponding fitting
curve are shown in Figure 3-13 a.

In detail, to estimate the silica particles size and their packing, the Percus-Yevick
model® is applied (Figure 3-13 b). This model is made for hard-spheres with
surface adhesion and is usually applied in low ordered porous polydispersed
systems. The MB-SiO,/NR at different loading of silica (9, 23, and 50%) are
analysed and fitted (Figure 3-14 a) through a model without a lattice, thus
avoiding to take into account any structure factor. In Table 3-4 we report the
particle size obtained by the fitting of the curves.

In the case of the bare silica particles, the radius of the sphere in the aqueous
dispersion (Rsnpere in Table 3-4) is in good agreement with the specification of the
commercial product (radius= 11 nm). The radius of the particles in a low ordered
packing (Reffective Table 3-4), calculated on the basis of Percus-Yevick model, is
higher than the Ryppere Value.

Comparing these data with the higher value of Rgpere calculated for the MB (15
nm), we mat hypothesize the formation of a polymer shell (4 nm) tightly bound to
the silica particle.16 This effect is visible for all MB-SiO,/NR at different silica
loading, but we show the fitting of just one curve to be concise (Figure 3-14 b).
Figure 3-14 a shows an increase of the intensity the higher the filler loading. This is
due to the fact that the scattering intensity is proportional to the relative amount
of interface. At small g it is possible to see different slopes of the curves. At these
angles we may appreciate effects given by the structure factor and related to the
different arrangements of particles.
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Table 3-4. SAXS fitting parameters.

Sio, | MB-Si0,/NR
Rnpere= 9-16 NM | Ryppere= 15.0 nm
Reffective= 13.9 nm | No lattice
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Figure 3-13. a) Scattering curves of silica particles (dotted line) and relative fitting
(black line) b) model packing of silica particles through Percus-Yevick model.
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Figure 3-14. Scattering curves of a) MB-SiO,/NR with 10 phr of silica (light blue
line), 30 phr (green line), 100 phr (blue line) b) MB-SiO,/NR with 30 phr of silica
(dashed purple line) and its fitting.
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3.2.2 SepX/NR masterbatch

The loading of Sep fibers in MB has been evaluated by TGA analysis (Figure 3-15).
In detail, MB-SepX/NR display a slight weight loss (~1 wt. %) at 100 °C attributed
to physisorbed water, while a major weight loss is detectable from 300 to 500 °C,
due to thermal degradation of the rubber components and to the Sep organo-
modifiers, when present (Figure 3-15 b)."” The total amount of SepX fibers of in
MB thus matches with the remaining weight percentages at the end of the
thermal evolution, and corresponds to 45 and 50 wt. % for SepS9 and SepB5,
respectively.

a) b) 100
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Figure 3-15 TGA curves of: (a) NR (continuous black line), SepS9 (grey dotted line),
MB-SepS9/NR (orange dashed line); and (b) NR (continuous black line), SepB5 (grey
dotted line), MB-SepB5/NR (blue dashed line).

The total amount of Sep has been evaluated by the net weight loss of MB-Sep/NR
(dashed colored lines) between 200 °C and 1000 °C. In detail, the filler weight loss
(dot grey lines) is subtracted from the total weight loss of MB, considering that
rubber will be completely degraded at 1000 °C.

The crystalline structure of Sep fibers inside the MB-SepX/NR is confirmed by XRD.

The XRD pattern of MB-Sep/NR are shown in comparison to that of the fillers in
Figure 3-16. Both MB-SepS9/NR (orange line) and MB-SepB5/NR (blue line) show
distinct diffraction peaks, corresponding to the Sep fibers, confirming that the
coagulation process do not alter the Sep crystalline structure. In fact, the
diffractograms of the MBs are strictly comparable to those of the pristine Sep
(black lines).'® Only small changes in relative intensity and width of the reflections
of Sep samples are observed. It is possible to notice a small shift of the (110) peak
to smaller angles in Sep/NR masterbatches. Unlike smectite clays, sepiolite
exhibits a structure where tetrahedral and octahedral layers are covalently bound.
Therefore, even at highly exfoliated fibrous crystals of sepiolite, the diffraction
peak (110) is hardly displaced. Small variations in the XRD pattern could suggest a
certain degree of interaction of Sep with the rubber chains indicating the intimate
Sep/NR contact.™
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Figure 3-16 XRD patterns of (a) SepS9 (black line) and the corresponding MB-
SepS9/NR (orange line), and of (b) SepB5 (black line) and the corresponding MB-
SepB5/NR (blue line).

The ATR-FTIR spectra of MB-SepX/NR have been collected and compared to those
of pristine NR and Sep fibers (Figure 3-17), in order to highlight the occurrence of
potential interactions between Sep surfaces and NR matrix. The characteristic
peaks of pristine NR (black line) and SepX fibers (grey line Figure 3-17 a,b), already
described in the Chapter 2 Paragraph 1 are present in both MB-SepX/NR spectra.
The SepX spectra evidences the adsorption bands at 3700-3555 cm™, attributable
to O-H bounded to octahedral magnesium centers stretching vibrations of groups
and water molecules, and at 692 cm™, attributable to the Mg-0O-H bending
vibrations. The bands at 1209 and 1005 cm™ are due to the Si-O stretching of
tetrahedral sheets and the peak at 795 cm™ to Si-OH stretching vibrations.

As previously mentioned for MB-SiO,/NR, the stretching vibration of Si-OH in both
MB-SepX/NR, compared to pristine SepX, resulted slightly shifted to higher
wavenumbers (selected green region in Figure 3-17 a and b), suggesting an
interfacial interaction occurring between Sep and NR. Polar or non-polar
components which are present in NR may be physically adsorbed onto Sep surface
by polar interactions and cause the shift of peaks relative to silanols.** The
decrease of intensity of amide stretching bands at 1541 cm™ (selected violet
region in Figure 3-17 a and b) may be due to the occurrence of intermolecular
hydrogen bonds between protein molecules in NR and silanol groups of Sep.?® The
interaction between non-rubber components in NR, such as lipids and proteins,
and silanol functional groups on Sep surface is known to be relevant in the
enhancement of the filler-rubber compatibilization. Protein and phospholipids
were found to help in the hydrophobation of the silica surface as reported by
Sarkawi.”® The higher affinity between filler and rubber increases the
homogeneous dispersion of silica-based fillers in NR. In Figure 3-18 is reported a
schematic representation of possible H-bonding between silanol groups of
hydrophilic fillers and functional groups of proteins.
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Figure 3-17. FTIR spectra of a) NR (black line), SepS9 (gray line), MB-SepS9/NR
(orange line), b) NR (black line), SepB5 (gray line), MB-SepB5/NR (blue line). The
light green and violet shadow areas highlight the most significant spectral regions.
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Figure 3-18. lllustration of possible interactions between silanol groups of silica
and proteins in natural rubber via hydrogen bonding with functional group: right)

amino group, left) carboxyl group.
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Figure 3-19. SEM micrographs of (a) MB-SepS9/NR and (b) MB-SepB5/NR and the
corresponding silicon-mapping performed by EDX on (a’) MB-SepS9/NR and (b’)

MB-SepB5/NR.
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SEM micrographs (Figure 3-19) reveal a very good distribution of SepX through the
NR matrix without any phase separation, thus supporting the formation of
homogeneous MB-SepX/NR composites. The absence of fibers agglomerates have
been assessed by Si elemental mapping.

Performing TEM analysis during the flocculation process, we managed to gain
additional informations on the possible interaction between Sep surfaces and NRL.
During the initial steps of mixing, i.e. before flocculation starting, TEM images
revealed the presence of small filler aggregates which lie among or in the
periphery of the rubber micelles, indicating poor surface-mediated interactions
between SepS9 and (Figure 3-20 a, b). Homo-aggregated spherical NRL micelles®!
embedding some SepB5 fibers, some of which organized in bundles (Figure 3-20
¢, d), are visible instead in SepB5/NR system. These images support the existence
of weak attractive interactions between SepB5 and NRL, which may favour the
adsorption of polymer chains onto Sep surfaces. These results seem to support the
FTIR findings, suggesting the occurrence of interactions among filler and rubber
components.

Figure 3-20. TEM images at different magnifications of dilute dispersions of SepX in
NRL allowed to dry on a carbon-coated TEM grid: (a, b) SepS9/NR and (c, d)
SepB5/NR colloidal systems.
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Figure 3- 21 TEM mlcrographs at different magnifications of (a, a ) MB-SepS9/NR
and (b, b’) MB-SepB5/NR.

TEM images collected on MB-SepX/NR, i.e. after the flocculation process, are
shown in Figure 3-21. A percolative network, made of interconnected and partially
oriented Sep fibers domains which extends through the whole polymer matrix, is
detectable Figure 3-21 a, b). The alignment may be connected to the significant
interface interaction of the anisotropic Sep fibers which leads to their preferential
orientation along the main axis. In detail, MB-SepS9/NR show aggregates with
cross-section of ~ 100 nm, which are poorly compact and separated by small NR
regions (Figure 3-21 a’). MB-SepB5/NR presents instead larger SepB5 domains
with cross-section ~400 nm and constituted by highly interconnected Sep particles
bridged by much thinner rubber layers (Figure 3-21 b’).

The occurrence of weak attractive interactions between SepB5 and NRL, instead
less pronounced in the SepS9/NR system, are confirmed by these results. Because
of the good dispersion and of the filler-polymer interactions, improved mechanical
properties are expected.

The MB-SepX/NR have been analyzed by SAXS with the aim to characterize in
depth the nanostructure of NR, Sep, and their assembly in the final composites.
The obtained scattering curves are shown in Figure 3-22. The typical reflections of
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the orthorhombic unit cell of NR are observed in the SAXS pattern of NR (Figure
3-22 a) at high scattering vectors (q > 10-1 A™).”> The remaining part of the curve
can be described combining the scattering from aggregates® with the Debye
approximation,” as already proposed by Karino and coworkers.”” The signal
centered at q values around 102 A indicates the presence of 19 nm scattering
bodies, probably ascribable to the crystalline domains in the rubber. At lower q
the power law decay of -3.8 refers to interparticle scattering originated by
micrometer sized particles with rough surface. There is a close similarity between
the SAXS curves of the different Sep fillers (dark grey lines in Figure 3-22 a and b).
Just one peak can be detected at q = 0.5 A, which is relatable to the channel
structure of the fillers.”® By means of the Guinier approach (Figure 3-23 and Table
3-5), the scattering of the Sep fibers has been analysed assuming a rod-like form
factor.
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Figure 3-22 Scattering curves of a) NR (black line), SepS9 (dark gray), MB-SepS9/NR
(light gray), b) NR (black line), SepB5 (dark gray), MB-SepB5/NR (light gray).
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Figure 3-23. Guinier plot (circles) and liner fit (red line) of a) SepS9 and b) SepB5.
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Table 3-5. Parameters of the Guinier analysis of the SepX SAXS curves.

Slope Rg R

(nm) (nm) (nm)
SepS9 31 7.9 11
SepB5 33 8.1 115

From the intermediate part of the curve the fibers radii of are estimated as 11.5
nm and 11 nm for B5 and S9 samples, respectively, in good agreement with the
SEM and TEM analyses. In principle, this approach allows also the determination
of the length of the scattering bodies, but this parameter can only be assessed if
the forward scattering at very low q vectors is visible. Therefore, since the Sep
fibers form bundle-like aggregates (steep power law at q < 0.002 A™), only the
radii of the fibers, from the intermediate part of the curve, can be determined.
Regarding the MB-SepX/NR samples (light grey lines), the peak at q = 0.5 A*
indicates that the filler is incorporated in the Sep/NR material. The patterns show
a different course with respect to the curves of the single systems, particularly in
the MB-SepS9/NR small scattering vectors. The higher scattering intensity is
directly related with an enhancement of the interface area between the SepS9
fibers, thus suggesting that these inorganic fillers are much more homogeneously
distributed in the polymer than SepB5. This is supported by the TEM results. The
disappearance in the MB-SepS9/NR of the signals at approx. q = 10" A in the NR
curve, proper of the crystalline domain of the rubber is not so evident in the MB-
SepB5/NR. This result supports also the difference in the filler distribution
between the two systems. The analysis may suggest that polymer chains unfold
much better in the presence of SepS9 that with SepB5, further showing that weak
interactions are established between organic and inorganic components.

In summary, the combined SAXS-TEM approach seems to support the formation of
different structural arrangement depending on the filler type used.

In particular, the presence of a polymer shell tightly bounded to the surface in the
case of MB-SiO,/NR and the increase of intensity of MB-SepS9/NR with respect to
MB-SepB5/NR, support the idea that LCT is a suitable and green approach able to
highly disperse hydrophilic particles in hydrophobic matrices, thanks to the use of
water dispersions.

3.3 Dynamic-mechanical properties of MB-SepX/NR

MB-SepX/NR have been characterized in the dynamic-mechanical behaviour and
compared to reference composite (REF-SepX/NR), with the same filler content and
obtained by conventional blending technique. The percolated solid phase of filler
particles embedded in a polymer matrix which make the filler network is
evaluated by strain sweep. The measurement is carried out at 100°C until large
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deformations. The results are shown in terms of storage (G’) and loss moduli (G”),
for both SepS9 (Figure 3-24 a) and SepB5 (Figure 3-24 b) fillers.

a) s b)
10°- e G’REF-SepS9/IR 10°4 e G’REF-SepBS/IR
e G’ MB-SepS9/NR e G’ MB-SepB5/NR
G” REF-SepS9/IR G” REF-SepB5/IR
G” MB-SepS9/NR i o G” MB-SepBS/NR
e
10 ity ¥
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Figure 3-24. Storage modulus G’ (plain circle lines) and loss modulus G”(empty
circle lines) vs strain for a) MB-SepS9/NR (orange lines), REF-SepS9/NR
nanocomposite (black lines) and for b) MB-SepB5/NR (blue lines), REF-SepB5/NR
(black lines).

The storage modulus G’ decreases with increasing amplitude from 0.01 to 60% in
all uncured samples. From low strain to high strain values, the short-distance
forces between filler particles decrease strongly and affect G’. This effect is
commonly related to the filler-filler network breakdown (Payne Effect)”’. The
Payne Effect is known to be dependent only from the filler-filler network and
independent from the other factors affecting the whole composite reinforcement.
Thus, it is sensitive to the dispersion of the filler in the polymer matrix.

The strain sweep of MB-SepS9/NR and REF-Sep9/NR show very similar results at
both low and high strain (Figure 3-24 a). This suggests that the incorporation
method poorly affects the filler-filler interactions.

A decrease in the Payne Effect is visible comparing MB-SepB5/NR to REF-
SepB5/NR (Figure 3-24 b). This may be associated with the obtainment of lower
filler-filler network through LCT, with benefits of the filler-rubber interactions. So,
in this case, the LCT seems to impact positively on the mechanical properties.?

A low Payne Effect is usually related to fast recovery of the filler network after a
single large-amplitude deformation, as seen in both the cases of SepX. The high
reinforcement with low Payne Effect must have a correlation with the peculiar
self-assembly and alignment of Sep fibers, which improve their interfacial
interaction with rubber.

The energy dissipation during deformation is commonly related to the loss
modulus (G"). G” is also associated with the breakage and rebuilding of filler-filler
network and slippage of the polymer chains. Thus G” gives an effective
quantification of the viscous behaviour of a nanocomposite. In the MB-SepX/NR
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and REF-SepX/NR, the energy dissipation processes seem to be quite similar from
the G” behaviour.

Like the storage modulus, G" decreases at high strain amplitudes, but MBs
enclosing Sep fibers show only a moderate decay of G”. The aforementioned Sep
rubber interactions, which hinder the slippage of the macromolecular chains, may
be relevant in the lowering of the G’ decay.

Moreover, the maximum peak in G’ curves is slightly broaden and shifted to the
higher strain amplitude for MB-SepX/NR in comparison with reference materials,
suggzegsting that the filler network stability during the strain sweep is improved by
LTC.

3.4 Discussions on flocculation mechanisms

Based on the above characterizations, a flocculation mechanism is proposed for
each analysed system.

In a general case, to induce flocculation in aqueous dispersions of polymer lattices
and inorganic particles which do not have particular affinity or destabilizing charge
interactions, the use of electrolytes as suitable coagulating agents it is required in
order to produce filler-rubber MBs. Usually in LCT these species are inorganic salts
or acids.

In the case of SiO,/NRL system, when magnesium nitrate is added to the SiO,/NRL
dispersion, coagulation suddenly occurs. Mg ions, having a relatively high
charge/radius ratio, screen the electric double layer on the NRL and SiO, particles,
thus determining the flocculation of the system (Scheme 3-1).

The peculiarity of the SepX/NRL system is that the flocculation occurs in the
absence of any organic solvent, surfactant or flocculating agent. Considering this
particular behaviour and the main physicochemical parameters, a flocculation
mechanism characteristic of each Sep/NR system has been proposed (Scheme 3-
2).

Flocculation driven by flocculants

Si0,

s @ g
+ — & ad ﬁ%
o @ o ® %% é‘é

Scheme 3-1. Flocculation mechanism of SiO,/NRL system driven by magnesium
nitrate.

NRL
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In the case of SepB5/NRL (Scheme 3-2 a), a mechanism simply based on charges
neutralization can be inferred. In fact, at the working pH range (9-10), {-potential
of SepB5 and NRL displays an opposite sign, suggesting that repulsive forces
between particles are overcome by attractive forces, thanks to the collision of
particles by Brownian motions.>**" The progressive adsorption of polymer on
SepB5 surface, lowers the free energy of interaction among the fibers, decreasing
their distance and leading to flocculation. It must be observed that the proposed
mechanism is active only at high SepB5 loading.*

These considerations are in agreement with the presence at the early stages of
mixing of homo-aggregated NRL micelles embedding some SepBS5 fibers (Figure 3-
20 ¢, d) and also, in MB-SepB5/NR sample, of large domains constituted by aligned
Sep fibers bridged by thin rubber layers (Scheme 3-2, Figure 3-21 b’).

In the case of the SepS9/NRL system, both the colloidal systems carry a negative
surface charge at the working pH. Thus, flocculation cannot be explained simply
referring to the {-potential measurements. In fact, when a significant repulsive
contribution to the inter-particle potential is present, experimental conditions
other than surface charge should affect the flocculation process. Moreover, the
quantification of ions exchange (Mg** and NH,") in a SepS9 dispersion does not
suggest the occurrence of electrostatic screening of the electric double layer of
NRL particles able to induce destabilization.

The flocculation of SepS9/NRL is observed only in the presence of the high loading
of Sep fibers, while did not occur for more diluted colloid systems. This suggests
that high filler content and a relatively low fraction of NR play a key role in
promoting flocculation.

Attractions between colloidal particles can be conveniently induced by the
addition of non-adsorbing polymers, due to the so-called depletion attraction.****
The driving force of this phenomena lies in the existence of a “depletion zone”,
generated by the conformational entropic restrictions of the polymer coils.
According to depletion flocculation, we can infer that in SepS9/NR system,
because of the high filler loading, NR is pushed out from the region among the
fibers, leading to a higher concentration of the polymer in the colloidal solution
(Scheme 3-2 b, top). The difference in the osmotic pressure between these two
regions results in the solvent flow out from the gap between Sep particles,
inducing attractive forces which drive the flocculation. The hypothesis is
supported by the fact that, at low SepS9 content flocculation does not take places,
since the binary colloidal systems results sterically stabilized (Scheme 3-2 b).

These observations are in accordance with TEM investigation on Sep9/NR which,
at the early stages of mixing, shows (Figure 3-20 a, b) that Sep bundles lies among
or in the periphery of the rubber micelles indicating their poor interactions with
NRL, while, after flocculation reveals (Figure 3-21 a, a’) the presence of poorly
compact filler aggregates in the MB. Moreover, SAXS analysis also supports the
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occurrence of weak interactions between the organic and inorganic components
in Sep9/NR colloidal system, suggesting that, once in contact with the SepS9
fibers, the polymer chains unfold generating a continuous matrix.

Finally, it has to be mentioned that the efficacy of depletion forces is generally
enhanced in the presence of colloidal particles with high AR, because they provide
extensive and effective confinement regions.*®>’ This suggest a remarkable
influence of Sep anisotropy on the flocculation process of Sep9/NR system,
especially considering the comparison with SiO,.

a) ADSORBING POLYMER Flocculation by charge neutralization

SepB5

NRL

b) NON-ADSORBING POLYMER Depletion flocculation

g / /@ \@\@’ ;gﬁ\a
/@ @\

Depletion stabilization

.,,ﬁ., /@ @ @’
% o\

Scheme 3-2. Proposed mechanisms for the flocculation process in a) SepB5/NRL
and b) SepS9/NRL systems.

In summary, the flocculation process in Sep/NRL system can be ascribed to
electrostatic or depletion attraction forces for SepB5 and SepS9, respectively. This
is strongly connected both to the high filler content and to the peculiar anisotropic
features of Sep fibers. While, in the case of SiO,/NRL, the absence of particular
electrostatic or surface attractions requires the use of flocculants, inducing
flocculation by double layer screening of particles by high charge to radius ratio
ions.
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3.5 Conclusions

The proposed LCT method promotes a homogeneous dispersion of hydrophilic Sep
fibers in the rubber matrix, allowing the production of high-loaded Sep rubber
composites.

The investigation of the flocculation process by TEM performed at the early stages
of NRL/Sep dispersion destabilization reveals the production of SepB5-NRL contact
between particles, probably induced by the presence of alkylammonium salt
functionalities which promotes charge interactions in water, while SepS9 shows
poorer interactions with NRL.

TEM analysis performed on MBs reveals the presence of large and compact filler
domains constituted by aligned Sep fibers interconnected by rubber for SepB5/NR.
SepS9 forms poorly tight filler aggregates in NR MBs indicating the occurrence of
weaker interactions between the organic and inorganic components.

SAXS analysis supports these outcomes and points out that NRL, once in contact
with the Sep fibers, unfold leading to the formation of a homogeneous materials.
These results allow us to propose a flocculation mechanism characteristic for both
SepB5/NR and SepS9/NR systems, based on electrostatic and depletion attraction
forces, respectively, and remarkably connected both to the high content (50 wt.%)
and to the peculiar anisotropy of Sep fibers. Our results strengthen the idea that
high AR rods are affected by depletion forces, respect to the isotropic silica
spheres, and are suitable materials for the generation of soft matters.

The uniform Sep distribution in the rubber matrix, characteristic of the proposed
LCT approach, and the percolative filler network formed give rise to comparable
mechanical properties for SepX/NR MB, in comparison to those of analogous
materials prepared by conventional melt blending technique.
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Chapter 4

Chapter 4.

Nanocomposite materials for tyre applications

Chapter 4 is focused on rubber nanocomposite materials, compounded with
MBs prepared by LTC approach. Dynamic-mechanical analysis of composite
materials has been performed in order to investigate filler-filler and filler-rubber
interactions, in comparison with the reference composite materials obtained by
conventional melt mixing procedure.
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Chapter 4
4.1 Mechanical properties of nanocomposite materials

Rubber nanocomposites containing silica and Sep fillers are prepared by
combining latex compounding and melt mixing.

A highly filled NR MB, firstly prepared by co-coagulating of NR latex and silica-
based filler aqueous suspension, is mixed with the NR rubber matrix together with
silane, coupling agent, vulcanizing agents and antioxidants, as explained in
Chapter 2 Paragraph 2.3.

LCT associated with melt mixing is a useful approach because: i) improves the
hydrophilic filler dispersion, ii) prevents dust from floating in the air during
processing in case of compounding filler with a high volatile component, iii) does
not imply abrasion and scratching on mixing machines because the fillers are
previously dispersed in NR MBs, iv) does not result in high processing
temperatures because of the avoidance of severe friction between filler particles.
Rheological and dynamic-mechanical analyses of cured and uncured rubber
composites have been performed to evaluate the effect of combined techniques
with respect to the traditional melt mixing.

Strain sweep tests of rubber samples, before and after the vulcanization, allow to
evaluate the materials reinforcement and hysteretic properties.

4.1.1 Dynamic-mechanical analysis of cured and uncured nanocomposites
prepared by MB-SiO,/NR

Curing profiles of uncured nanocomposites are measured by using an oscillating
rotor in contact with the compound, which is kept at a given temperature. As
vulcanization proceeds, the viscosity of the material increases. This effect is
measured by the rise in the torque (S’) needed to keep the amplitude of the
oscillation constant. Since the measurement is carried out at high temperature, it
is assumed that the viscous effect of the material is negligible and that the
increase of the torque is proportional to the number of links per unit volume of
rubber.

The vulcanization kinetic is usually evaluated by observing the increase of the S’ as
a function of time. Figure 4-1 shows the vulcanization curve of nanocomposite
materials compounded by the coupled approach LCT and melt mixing (namely
NC(MB-SiO,/NR)) (green line) in comparison with the corresponding reference
material compounded by melt mixing (hamely REF-SiO,/NR) (black line).

The vulcanization has been performed at 170 °C for 10 min, corresponding to the
stabilization of S’ value and in line with the curing conditions reported for NR
composites.” The results are of five replicated experiments. The rheometric
characteristics of the nanocomposites, expressed in terms of the minimum torque
(M,) and the maximum torque (M) are reported in Table 4-1.

The minimum torque (M,) is defined as S’ at the initial stage of vulcanization. It is
related to viscosity and, therefore, to the dispersion of the uncured materials. M,
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values of NC(MB-SiO,/NR) looks very similar to that of REF-SiO,/NR, suggesting
similar viscosity. In addition, the incorporation of MB-SiO, in NR matrix gives
satisfactory value of the maximum torque (My), which is a measure of crosslink
density and stiffness of the rubber. In particular, the enhanced My of NC(MB-
Si0,/NR) suggests excellent interaction between rubber and SiO,, introduced by
using MB.

181 NC(MB-SiO,/NR)
~ 16 e ']
E 14 - i &

Z 12! | S
Z 0l " REF-SiOy/NR

6 /o

zil-l:-. ...;.:I--;"/-
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Time (min)

Figure 4-1. Vulcanization curve of NC(MB-SiO,/NR) (green line) and REF-SiO,/NR
(black line).

Table 4-1. Curing characteristics of NC(MB-SiO,/NR) and REF-SiO,/NR.

M, (ANm) My (dNm)  My-M, (dNm) scorch time

(min)
NC(MB-SiO,/NR) 2.35 15.87 13.54 2.51
REF-SiO,/NR 2.27 12.95 10.68 2.97

NC(MB-SiO,/NR) shows the best interaction with the sulfur-based vulcanization
compounds, leading to enhanced mechanical properties in the rubber composite.
The presence of ammonium salts, eventually retained in the NR after coagulation,
could favor a quicker and more efficient curing of sulfur-based rubber
compositions.2

After evaluating the effectiveness of curing process, a detailed investigation of the
dynamic-mechanical behavior of the composites is performed by RPA analysis,
which allows to evaluate the reinforcement and energy dissipation.

The storage modulus (G') of the uncured and cured NC(MB-SiO,/NR) has been
measured and compared with that obtained via traditional melt mixing (Figure
4-2). A pronounced nonlinear dependence of modulus (Payne effect?) is observed
in both cases. In fact, the G’ value at low strain (G’y) decreases rapidly by
increasing the strain amplitude and G’ value at high strain (G'.) approaches the
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lowest values.* RPA curves of uncured samples are almost coincident, indicating
nearly equivalent filler network structures in the rubber matrix.

After curing (Figure 4-2 b), a remarkable increase of the modulus either at low or
at high strain is observed for all the composites. In particular the highest G’y and
value was obtained for NC(MB-SiO,/NR), compared with REF-SiO,/NR composites.

In any case, the composites containing MB-SiO,/NR display low decrease of
modulus versus strain, that is low Payne effect. This suggests a strong
immobilization of the polymer chains close to the silica surfaces or within their
network, which increases the mechanical reinforcement of the composites.
Evidently by applying LTC, the interaction of silica fillers with the polymer chains is
efficient as well as the cross-linking coupling because of the high number of
bonding sites (Figure 4-2).

a) Uncured b) Cured
0.5
1.8
— 04 _
o) A
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Figure 4-2. RPA analysis of a) uncured NC(MB-SiO,/NR) (green line) and REF-
SiO,/NR (black line) and of b) cured samples NC(MB-SiO,/NR) (green line) and REF-
SiO,/NR (black line).

Table 4-2. Storage modulus of cured and uncured samples of NC(MB-SiO,/NR) and
REF-SiO,/NR.

Uncured Cured
G’(l %) G'(loo %) AG'(l%-lOO%) Gl(o,s %) Gl(s %) AG'<o.5%-9%)
MPa MPa MPa MPa MPa MPa
\ NC(MB-SiO,/NR) 0.31 0.13 0.18 1.55 1.25 0.30
\ REF-SiO,/NR 0.26 0.11 0.15 1.08 0.99 0.09

To better understand the variation in mechanical properties we report the values
of G’ at high and low strain and A(G’,-G’.), which represent respectively the
measure of reinforcement and Payne effect in vulcanized rubbers (Table 4-2). For
uncured samples these values give information on the filler dispersion.
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The NC(MB-SiO,/NR) shows a higher G’ value of about 0.5 MPa respect to the
reference material at low strain and about of 0.3 MPa at high strain. The low
Payne effect and the high G’ value, together with high My indicate a good quality
of rubber composite obtained by LCT approach.

4.1.2  Dynamic-mechanical analysis of cured and uncured nanocomposites
prepared by MB-SepX/NR

Mechanical analysis of both SepS9 and SepB5 nanocomposite materials prepared
by combining LCT and melt mixing (named: NC(MB-SepX/NR)) are performed and
compared with those of reference materials compounded only by melt mixing
(named: REF-SepX/NR).

The wvulcanization curves of NC(MB-SepX/NR) are reported in Figure 4-3. The
vulcanization curves of both NC(MB-SepX/NR) samples show lower values of M,
and My compared to REF-SepX/NR (Table 4-3).
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Figure 4-3. Vulcanization curve of a) NC(MB-SepS9/NR) (orange line) and REF-
SepS9/NR (black line) and b) NC(MB-SepB5/NR) (blue line) and REF-SepB5/NR
(black line).

Table 4-3. Curing characteristics of NC(MB-SepX/NR) and REF-SepX.

M, (dNm) My (dNm) My-M (dNm) scorch time

(min)
NC(MB-SepS9/NR) 2.10 10.26 8.16 2.49
REF-SepS9/NR 3.65 16.19 12.54 2.51
NC(MB-SepB5/NR) 1.85 6.72 4,87 1.32
REF-SepB5/NR 2.79 16.77 13,97 2.00

It is well known that M is an index of the nanocomposite viscosity. Usually a low
viscosity has been related to the occurrence of degradative reactions which alter
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rubber polymer with the shortening of the long molecular chains. Among
degradative reactions, oxidization phenomena frequently affect NRL and NR
composite material. It is worth reminding that NR exists as high polymer in latex.
The fresh NRL is sensible to oxidation from the time of the tapping to its
vulcanization and final use. Reaction with oxygen may affects its properties, even
if the changes are small and not usually significant since latex of commerce is
preserved with ammonia.

On the other hand, it could not be excluded that oxidation phenomena could
occurs during the MB preparation. If present, oxidation phenomena could
negative affect the vulcanization process.

Actually, a lowering of M_ and My values has been observed in the rubber
nanocomposite obtained with both MB-SepS9/NR and MB-SepB5/NR (Figure 4-3),
but not in the case of MB-SiO,/NR (Figure 4-1). This suggests a specific drawback
involving MBs with Sep. These samples has been investigated in the Paragraph 1.3.
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Figure 4-4. RPA analysis of uncured a) NC(MB-SepS9/NR) (orange line) and REF-
SepS9/NR (black line), b) NC(MB-SepB5/NR) (blue line) and REF-SepB5/NR (black
line); RPA analysis of cured a’) NC(MB-SepS9/NR) (orange line) and REF-SepS9/NR
(black line), b’) NC(MB-SepB5/NR) (blue line) and REF-SepB5/NR (black line).
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Table 4-4. Storage modulus of cured and uncured NC(MB-SepS9/NR), REF-
SepS9/NR, NC(MB-SepB5/NR), REF-SepB5/NR.

Uncured Cured
Guw Gluoow DG (1%-100%) G’ 05% G'ew  AG (05%-9%)
MPa MPa MPa MPa MPa MPa
NC(MB-SepS9/NR) | 0.23 0.11 0.12 0.93 0.80 0.13
REF-SepS9/NR 0.49 0.18 0.31 1.39 1.21 0.18
NC(MB-SepB5/NR) | 0.28 0.10 0.18 0.27 0.20 0.07
REF-SepB5/NR 0.41 0.15 0.26 1.66 1.34 0.32

The dependence of storage modulus vs strain is evaluated for NC(MB-SepX/NR)
and REF-SepX/NR before and after curing (Figure 4-4).

NC(MB-SepX/NR) uncured samples show lower values of G’ than reference
materials at low and high strain (Figure 4-4 a and b). Straining the materials to
100%, a lowering of the G’ is observed in all the materials, i.e. the Payne effect.
After curing (Figure 4-4 b’), an increase of the modulus either at low or at high
strain is observed for all the composites. On the other hand, it is evident that the
composites containing MB-SepX/NR display worse mechanical properties with
respect to the reference materials, as also shown the values of G’ (g% and A(G",-G'o)
(Table 4-4). These results could be ascribable to eventual oxidation phenomena
against NC(MB-SepX/NR)samples.

4.1.3 More-in-depth analysis of composite materials: the oxidation process of
NC(MB-SepX/NR)

With the aim of solving the problems related to the NC(MB-SepX/NR), a more-in-
depth analysis of composite materials has been performed.

Firstly, occurring oxidation phenomena are verified by DSC analysis, which can
highlight the endothermic or exothermic processes happening in the materials,
giving information on the occurring reactions at a specific temperature. Oxidative
reactions are exothermic peeks.

Figure 4-5 shows the heat flow at increasing temperature of the fillers SepS9 and
SepB5 (a and b in figure) and related MB (c and d in figure), prepared by LTC.

DSC analysis of the pristine fillers does not present any peak from 30 to 170°C.
Both DSC curves of MB-SepX/NR samples show an exothermic peak at around
150°C. This suggests the possible oxidation of rubber polymer matrix favored by
high temperature. A mechanism of NR oxidation is reported in Figure 4-6.
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Figure 4-5. DSC analysis of a) SepS9, b) SepB5, c) MB-SepS9/NR and d) MB-
SepB5/NR.

This oxidation process could take place during the vulcanization where the
composite materials are kept for 10 min at 170 °C. The oxidation of polymer
backbone could short the polymer chains, resulting in a lower viscosity, with
negative impact on the rubber mechanical properties, such as the decrease of M,
and My of NC(MB-SepX/NR).

CH; CH; CH;
/ 7 7
/ N Ny N
aonneeH,C H,C—CH, H,C —CH, CHy™ww
CH; CH; CH;
/e / /
HC=—C HC=—0 + 0=—=C HC=—C
72 X, A N,
M”"“H:C H]C CH: H:C CH: CH:HWW

Figure 4-6. Reaction of NR oxidation.
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To support this, TGA analysis of both MB-SepS9/NR and MB-SepB5/NR, having low
M, and M, has been performed. Figure 4-7 shows a slight increase of weight
around 200 °C (in highlighted colored region) for both sample (a and b in figure).

a) b)
100 100
MB-SepS9/NR MB-SepB5/NR
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é 80 CE, 80
wn w
w 72}
) i)
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L 60 L 60
= z
40 40
200 400 600 800 1000 200 400 600 800 1000
T(°C) T(°C)

Figure 4-7. TGA analysis of a) MB-SepS9/NR and b) MB-SepB5/NR.

According to the literature,’ this weight increase could be associated to an oxygen
uptake.

DSC and TGA analyses support that oxidation processes occur in the NC(MB-
SepX/NR) which in turn affect the mechanical properties of final rubber
nanocomposites prepared by using MB-SepX/NR.

These findings make us questioning about the possible persistence of water,
entrapped into Sep mesopores during the aqueous dispersion process, which may
conveyed oxygen. During vulcanization, the high temperature reached in a non-
controlled environment rich of oxygen solubilized in water might trigger oxidation
phenomena.

In addition some metallic ions, released by Sep fibers, could act as catalysts. To
assess the presence of metallic ions on the Sep surface, XRF analysis has been
carried out. Beyond magnesium, a structural ion of Sep crystalline structure, Al, Cl,
K, Ti, Ca and Mn elements are detected in small amounts as shown in the in Table
4-5. Low but not negligible percentage of iron ions have been found in both SepS9
and SepB5 dispersions. The presence of iron ions could activates oxidative
processes of an organic compound. Natural surface-adsorbed Fe** and octahedral
Fe®* of Sep were proved to catalyze oxidation in other studies.®
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Table 4-5. XRF of SepS9 and SepB5 dispersions (amount in wt%).

Mg Al i K Fe Ti Ca Mn Cu Zn Rb

Seps9 132 13 - 063 058 006 027 002 T T T

SepB5 12,7 0,27 1,3 068 061 007 025 001 T T T
*T=traces (<0.01 %)

On the basis of above, a controlled drying process of MB-SepX/NR has been
applied to avoid oxidation process.

MB composites are dried in a controlled environment under vacuum at 80 °C for
18 h. Figure 4-8 shows the curing curve of NC(MB-SepB5/NR) compounded with
MBs dried by the controlled method and compared with reference materials.

fZi NC(MB-SepB5/NR)

161 . S . e
’é* 14 * . " REF-SepB5/NR
Z,- 12 it
2, 101 .
&

6 4

4 [

-85 2 8
2

Time (min)

Figure 4-8. Vulcanization curves of NC(MB-SepB5/NR) (light blue line) and REF-
SepB5/NR (black line).

Table 4-6. Curing characteristics of NC(MB-SepB5/NR) and REF-SepB5/NR.

M, (dNm) My (dNm)  My-M (dNm) scorch time (s)
NC(MB-SepB5/NR) 2.95 17.89 14.94 2.00
REF-SepB5/NR 2.79 16.77 13.98 2.01

In this case, the vulcanization curves of NC(MB-SepB5/NR) and REF-SepB5/NR are
similar. M_ and M, values of NC(MB-SepB5/NR) are in line with the reference
materials. Also the scorch time is restored to very similar values.

Therefore, dynamic-mechanical properties are investigated (Figure 4-9 and Table
4-6).
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Figure 4-9. RPA of a) uncured NC(MB-SepB5/NR) (light blue line) and REF-
SepB5/NR(black line) and of b) cured samples NC(MB-SepB5/NR) (light blue line)
and REF-SepB5/NR (black line).

Table 4-7. Storage modulus of cured and uncured samples of NC(MB-SepB5/NR)
and REF-SepB5/NR.

Uncured Cured
Gl(l %) GI(lOO %) AGI(1%-100°0) G’(o.s %) G'(g %) AG'(O.S%»9%)
MPa MPa MPa MPa MPa MPa
NC(MB-SepB5/NR) | 0.39 0.16 0.23 1.82 1.36 0.46
REF-SepB5/NR 0.41 0.15 0.26 1.66 1.34 0.32

G’ of the NC(MB-SepB5/NR) is completely comparable with the G’ at high and low
strain of the REF-SepB5/NR (Figure 4-9), both in the uncured and in the cured
material composites.

The dynamic-mechanical analysis of NC(MB-SepS9/NR) (here not reported)
prepared by MBs dried in controlled environment did not showed the same
improvements as in the case of SepB5. This is probably due to the fact that in the
case of SepB5 the pores are partially protected by the presence of the alkyl
ammonium salt, which prevents the strong water adsorption, while in SepS9 they
are more exposed.

To avoid this, freeze drying approach is being studied on the drying process of MB-
SepS9/NR with promising results.
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4.2 Conclusions

Rubber nanocomposites containing silica and Sep fillers are prepared by
combining latex compounding and melt mixing.

A highly filled NR MBs, firstly prepared by co-coagulating of NR latex and silica-
based filler aqueous suspension, are mixed with the NR rubber matrix together
with coupling agents, vulcanizing agents and antioxidants.

LCT seems to be a good approach for incorporating hydrophilic filler thanks to the
good dispersion obtained in the MBs, but presents some issues linked to the
porous nature of clays.

In detail, compounds containing silica MBs shows the best interactions with the
sulfur-based vulcanization compounds, leading to good reinforcement and low
energy dissipation.

Unfortunately, during MB preparation, Sep fibers with high porosity adsorb and
retain water and oxygen that negatively affect the vulcanized materials. By
employing a controlled drying process, it is possible to overcome this drawback,
avoiding eventual oxidation processes and obtaining composite materials having
good mechanical properties.
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Chapter 5.

Pickering emulsion polymerization for preparing
silica-based waterborne latexes

Chapter 5 describes the preliminary study on the preparation of silica-
based latex nanocomposites by applying Pickering emulsion polymerization. In
such approach, the production of composite materials is based on the
polymerization of the organic isoprene monomer in aqueous emulsion, in the
presence of silica-based inorganic colloidal particles, such as silica and Sep, as
emulsion stabilizer.

This study was carried out in the Weitz Lab (Department of Engineering
and Applied Science, Harvard University) under the supervision of Prof. David
Weitz.
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5.1 Waterborne silica-based polymer nanocomposites by Pickering
emulsion polymerization

Pickering emulsion polymerization is a useful technique for synthesizing polymeric
particles covered with inorganic nanoparticles. The resulting latex nanocomposite
can have intriguing properties and features not present in conventional polymer
latexes, such as superior stability, adjustable permeability and low toxicity, thanks
to the absence of surfactants.’
The Pickering emulsion polymerization technique owns several positive aspects:

o no sophisticated instrumentation is required;

o nanoparticle solution are used without further treatment;

o itis a one-step synthesis;

o the produced polymer-particle dispersion is surfactant-free.!
On the basis of these advantages, the latex nanocomposites by Pickering emulsion
polymerization can be considered as an innovative way of incorporation of
inorganic nanofillers into polymers, potentially offering different mechanical
properties because of the obtainment of particular particles arrangement in the
polymeric matrix and reduced permeability compared to pure polymers. This
approach makes also possible an increase of inorganic particles dispersion thanks
to an intimate contact with the waterborne polymer and an orientation of the
colloidal components.
A subsequent processing or application step, such as a MB formation obtained
after drying the latex nanocomposite, may be seen as an alternative way respect
to LCT to compound silica-based fillers and polymers.
It is worthy to note that so far, Pickering emulsion polymerization as means to
homogeneously disperse the silica and clay nanoparticles into IR or Pl has not
been documented.
Poochai® et al. reported the preparation of Pl-coated silica by admicellar
polymerization in the presence of surfactants. In this study, isoprene has been
polymerized with a coating of silica particle surface in order to improve the
compatibility between the silica surface and IR. The stability of an oil solution of P,
in the presence of silica nanoparticles and an aqueous solution of hydroxypropyl
cellulose, was studied to understand the role of solid particles in emulsions.? This
study suggested that the addition of nanoparticles increases the elasticity of the
emulsions, due to the increased stability. To the best of our knowledge, there are
no examples in the literature of Pickering emulsion polymerization of Pl with silica
or Sep nanoparticles.

Thus, the object of this work is to investigate the surfactant-free emulsion
polymerization of PI, carried out in the presence of silica or Sep nanoparticles to
obtain 1,4-Pl latex nanocomposites, following the procedure reported in the
Chapter 2 Paragraph 2.2. The synthesis is performed in the presence of KPS as
radical polymer initiator under N, atmosphere at 75 °C. The operating pH (9),
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provided by the presence of sodium carbonate, is required to keep the thiol in the
unprotonated form, thus helping the transfer of radicals from the aqueous to the
oil phase.

5.2 SiO,/polyisoprene latex nanocomposite

Polymerization of isoprene has been performed in the presence of silica Ludox
TM-50, having a diameter of 22 nm and {-potential of -38.6 (£ 2.5) mV in order to
obtain 1,4-PI latex nanocomposite (named: L-SiO,/PI).

DLS analysis of latex, synthesized via Pickering emulsion polymerization, shows
particles with a diameter of about 207 (* 1.7) nm (Figure 5-1). This value is in
agreement with the average particle size reported for emulsion polymerization
approach.” The polydispersity of the L-SiO,/Pl is relatively narrow with the
polydispersity index of 0.02, typical of very monodisperse systems. The particle
size can be related to the presence of SiO,/P! latex particles.

Particles size values in the range of 20-45 nm, associable to the presence of free
silica particles dispersed in the latex, are not present.

7| TP S B SRR S :

b1 & AP .................. \ ................ , .................

Intensity (Percent)

0.1 1 10 1000 10000

Size (d.nm})

Figure 5-1. DLS analysis of L-SiO,/PI (red line first record, green line second record,
blue line third record).

To assess the best reaction conditions for the synthesis of SiO,/Pl latex
nanocomposite, the Pickering polymerization has been carried out at different
temperatures and times. The DLS analysis is reported in the Table 5-1 for each
reaction.

Table 5-1. Size of L-SiO,/PI obtained at different times and temperatures.

Time (h) Temperature (°C) Size (nm, DLS)

24 75 150 (+ 1.3)
48 75 190 (+ 2.0)
48 90 220 (+2.9)
96 90 240 (+ 2.0)

107



Chapter 5

By increasing the time of reaction, it is observed an increase of particle dimensions
from 150 to 190 nm at 75 °C and from 220 to 240 nm at 90 °C (Table 5-1). This
effect is consistent with the increase of monomer conversion to polymer
(discussed in detail at the end of this Chapter), as reported for the emulsion
polymerization kinetics of polystyrene without surfactants.” Hearn reported that
the polystyrene particle size increases with the time of reaction from 30 to 300
nm. The progressive increase of particle size is also related to the decrease of
particle number density at the early stage of polymerization until they reach a
constant value and it might reasonably be expected to depend upon the number
of oligomer nuclei generated and their stability. Based on this theory, the
obtainment of bigger particles corresponds to lower particle number density.

The temperature increase provides an effect on the size of the SiO,/Pl latex
particles which grow from 190 to 220 nm at the same reaction time (48 h) (Table
5-1). This should be explained by faster kinetic of polymerization at higher
temperatures.

The total silica content in the latex composite is quantitatively determined by TGA
on the dried samples. Figure 5-2 shows the thermograms of dry SiO, Ludox TM-50
(grey line), commercial poly(1,4-cis-isoprene) (IR) (black line) and dried L-SiO,/PI.

)
g
g
= L-SiO,/PI
5
o
=
IR
0 T T T T
200 400 600 800

T (°C)
Figure 5-2. TGA curves of IR (black line), SiO, (grey line), L-SiO,/PI (purple line).

The complete degradation of IR is at about 600 °C, while SiO, shows only a slight
weight loss due to the water phisysorbed on silica particles surface. L-SiO,/PI
sample displays a slight weight loss (~1 %) at 100 °C attributable to physisorbed
water, while a major weight loss is detectable from 300 to 500 °C. It is reasonable
to assume that the weight loss is associated with the thermo-degradation of the
rubber component and the residue undegraded after 1000 °C consists of inorganic
silica. Thus, the total silica content of the latex nanocomposite is approximately of
55 % wt.
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In addition, an evaluation of the silica tightly linked to the polymer, in latex
particle, has been made by TGA analysis of the dried latex composite after
removal of the excess silica component by centrifugation. The centrifugation
determines the destabilization of the emulsion with the precipitation of free silica
on the bottom. The lighter polymer remains floating on the top with the some
entrapped silica particles. These silica particles are believed to have a higher
contact with the polymer remaining liked also after high speed centrifugation. In
detail, Figure 5-3 shows both silica latex composite L-SiO,/PI dried (purple line)
and the dried sample after centrifugation (pink line).
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Figure 5-3. TGA analysis of the L-SiO,/PI dried (purple line) and centrifuged (pink
line).

Table 5-2. Polymer/filler ratio from TGA analysis.

Polymer % Filler %

L-SiO,/PI 55.1 43.1
L-SiO,/PI after centrifugation 95.4 3.5

By comparing the silica retained from the centrifugation process to the nominal
one, the silica inorganic nanoparticles that cover the synthesized polymeric
particles can be estimated approximately of 12.3 wt % of the total silica particles
present in the latex. Although a large part of silica nanoparticles remain in the
continuous phase, the silica content of latex particles prepared via solid-stabilized
emulsion polymerization is significant.

After confirming the formation of L-SiO,/PI by DLS and TGA, SEM-EDX
investigation has been performed. Figure 5-4 shows the SEM images of L-SiO,/PlI,
obtained at 75 °C during 48 h (similar SEM images have been achieved for samples
obtained at different time and temperature). The deposition of a drop of latex on
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the SEM stub induces the coagulation process during the evaporation of the
solvent. This phenomenon can be explained taking into account the very low T, of
PI, typically much lower than room temperature,® which makes the latex particles
very soft. In detail, in the aqueous medium, the inorganic particles around the Pl
particle form a protective layer, electrostatically charged, and their electrostatic
repulsion contributes to the emulsion stabilization. However since the solvent is
removed, the collisions between particles result in the coalescence of the latex
particles giving rise the coagulated material, i.e. the MB, as shown in Figure 5-4.
This does not occur with hard particles of polystyrene or poly(metyl
methacrylates), typical polymers selected for the Pickering emulsions. In these
cases, the rigid crust of the polymer particles due to high T, (100 °C for polystyrene
and from 85 to 165 °C for commercial poly(metyl methacrylates)) constitutes a
mechanical barrier preventing the coagulation of polystyrene latex particles by
steric stabilization.

Figure 5-4. SEM of L-Sié/PI at differeht magnification.

Despite the coagulation occurs, the Pickering particles are observed at higher
diluted condition. Figure 5-5 shows spherical Pl latex particles with a mean
diameter in accordance with DLS around 200 nm and a partial coverage by silica
nanoparticles, in line with the TGA analysis.

The adhesion between silica nanoparticles and polymer sphere is evident (Figure
5-5a and b). In any case, the coalesced particles of PI form together with silica a
remarkably homogeneous MB (Figure 5-6).

To assess the silica dispersion in the rubber matrix of dried L-SiO,/Pl samples, a
silicon atom mapping is performed by EDX analysis. A very homogeneous
nanocomposite is visible thanks to the silicon atom spots, assessing good silica
distribution in Pl (Figure 5-6).
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Figure 5-5. a) and b) SEM images of L-SiO,/P! at different magnifications in diluted
conditions.

Ve ._ ;
Figure 5-6. SEM micrographs of (a) L-SiO,/Pl and (b) the corresponding EDX
analysis of silicon atom.

To investigate the nature of the interactions between silica surface and Pl sphere
in latex particles, ATR-FTIR spectra of L-SiO,/Pl sample are collected and compared
to those of pristine silica and commercial IR (Figure 5-7).

The symmetric vibrations of silicon atoms in a siloxane bond occur at ~800 cm™.
The largest peak observed in a silica spectrum is present at ~ 1100 cm™ and is
dominated by antisymmetric motion of silicon atoms in siloxane bonds. This broad
peak presents a weak absorption at 950 cm™ due to silanol (Si-OH) stretching
vibrations.’

ATR-FTIR spectrum of L-SiO,/Pl sample shows little modifications in the adsorption
regions related to silanols region (purple area) which may be related to the
formation of new polar interactions. The chemically bound groups, which could
interact by H-bond or ionic bounds with silica, may be: i) polymer end groups (e.g.,
sulfate end groups arising from the persulfate initiator), ii) reaction products of
these end groups (e.g., hydroxyl or carboxyl groups), iii) polymer reaction products
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(e.g., oxidation to form carboxyl groups). These chemically bound groups remain
fixed on the particle surface and could reasonably provide weak interaction
between polymer and filler.?
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Figure 5-7. FTIR spectra of SiO, (grey line), L-SiO,/PI (purple line) and IR (black line).

The Pickering polymerization process has been evaluated by the exhaustive
analysis of the polymeric component in L-SiO,/PI sample.

Firstly, DSC analysis has been performed (Figure 5-8). The endothermic peak at -66
°C is related to the T, of the polymer. The T, of IR, having stereochemical regularity
of 98%, typical of NR, is reported to be -69 °C.® The difference of experimental Te
with respect to the reference material, could be attributed to the presence of
different isomereric structures, produced during the radical polymerization: 1,2-PI
and 3,4-PI.° With regards to the relationship between the T, and isomer
structures, Widmaier et al.*® determined Tg values for a series of Pl samples
obtained by anionic polymerization with different isomers. They found T, values in
the range -71 to -36 °C for 3,4 units content ranging from 9 to 49%, with a direct
dependence T, from the 3,4 content. This effect was explained adducing that the
steric hindrance, deriving from the sidechain vinyl groups, would led to stiffening
of polymer chains. So, according to the findings reported by Widmaier, Pl with a T,
value of -66 °C, as in our case, should be expected to have around 90 % of total
1,4 units.

To confirm this, a more in-depth analysis of Pl stereochemistry has been
performed by H'-NMR spectroscopy to evaluate the amount of 1,4-PI.
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Figure 5-8. DSC analysis of L-SiO./PI.

Table 5-3. Amount of different isomer structures present in L-SiO,/Pl obtained via
Pickering polymerization.

Isomer Structure Amount (%)
cis-1,4- =+ C{I2 :;Hz—]—
polyisoprene o=C
£
CH, H
and 89
trans-1,4- _EC\I\{E ;H
polyisoprene F=C\i
CH, CHAE
T
1,2-PI —[—C:Hz—Cl + 5,3
CH=CH,
—+cH,—CcH3
3,4-PI | 5,6
CH,—C =CH,

The H-NMR spectrum shows the amount of the isomers obtained by applying

Pickering radical polymerization: 89% of conformation 1,4-PI, 5,3% of 1,2-Pl and
5,6% of 3,4-Pl (Table 5-3).
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To evaluate the polymerization yield, the conversion of isoprene monomer into PI,
in the presence of silica Ludox TM-50, is estimated by TGA analysis of dried
samples obtained at two different temperatures (Figure 5-9).

As expected, for a given concentration of monomer, the conversion increases as a
function of time. Therefore, the best conversion, corresponding to about 50%, is
obtained after 48 h at 90 °C and after 96 h at 75 °C. This effect is coherent with the
general rule of the radical polymerization reactions where the polymerization rate
strongly increases with the temperature.™

In the literature, low yields of emulsion isoprene polymerization have been
generally reported (about 20-30%)."> Cheong et al.® reported that this low
isoprene conversion in emulsion polymerization could be due to its low
propagation rate constant. The low constant of isoprene propagation rate would
lead to a low propagation rate inside the latex particles as well as to a long
aqueous-phase lifetime before particle entry, and hence low entry efficiency, due
to termination of isoprene oligomers in the aqueous phase. In our case, even if the
polymerization of isoprene shows a slow kinetic of reaction, the Pickering
approach reaches isoprene conversion up to 50%, in line with the reported
reactions in the presence of surfactants.
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Figure 5-9. The conversion of isoprene to polymer as a function of polymerization
time.

The temperature increase influences not only the conversion value but also the gel
content. As shown in Table 5-4, the gel content increases by increasing time and
temperature. In particular, the higher is the temperature, the greater the effect of
the time on the gel content. The higher value of gel content obtained is 30% for
the polymerization performed at 90 °C for 98 h.

Probably, the conversion and gel content could be improved by enhancing the
concentrations of both initiator and transfer agent.
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Table 5-4. Gel content of Pl at different synthetic conditions.

Time (h) Temperature (°C) Conversion (%) Gel content (%)

24 90 16 4
48 90 48 31
48 75 17 4
96 75 45 15

Finally, the particle size is analyzed for samples having a different conversion and
carried out at different times and temperature. Figure 5-10 shows an increase of
the particle diameter ranging from 150 nm at low conversion to 240 nm at the
highest conversion reached. During the reaction, the relatively high monomer
availability in the micelles favors the simultaneous nucleation and growing of the
particles, which is reflected in the increase in the monomer conversion (Figure
5-9) and in a consistent increase of particle size (Figure 5-10). This effect is in line
with theories invoking a surface phase polymerization mechanism.’
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Figure 5-10. L-SiO,/PI size versus isoprene conversion.

5.2.1 Pickering emulsion polymerization mechanism for L-SiO,/P!

On the basis of above reported results, a mechanism for isoprene polymerization
in the presence of solid particles is proposed.

The general theory about Pickering emulsion states that by continuous agitation of
monomer and inorganic particles in water an emulsion of micrometric size
droplets is formed. The solid particles are adsorbed at the oil-water interface to
form a particle layer acting as a rigid film and providing a mechanical barrier to
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coalescence. When the particle attachment at the oil-water interface is non-
reversible, it is obtained a more efficient stabilization than surfactant adsorption.
In principle, silica nanoparticles should adsorb at the monomer—water interface
forming a Pickering stabilized emulsion (Scheme 5-1).

2) inorganic b)
/ particle

=]
oA
Y
monomer droplet

polymerized armored f)e{rticle

Scheme 5-1.General mechanism reported for Pickering emulsion polymerization: a)
inorganic particles distributes at the oil/water interphase; b) the polymerization
forms organic-inorganic armored particles.

According to this mechanism, there is an optimal pH to favor monomer-filler
adhesion and maximize the stability of the monomer/filler composite particles,
considering that electrostatic repulsions are controlled by the pH and ionic
strength.

At high pH, strong repulsions operate and Pickering emulsions of silica particles
are unstable. Indeed, the high pH promotes the dissociation of the silanol groups
increasing the electrostatic repulsions that either weaken the adsorption of silica
particles, or slow down the adsorption kinetics of silica. The lower the pH the
lower the surface charge of silica particles, sensed by a decrease of the {-potential.
The stronger adsorption is obtained at low electrostatic repulsion.”* Therefore,
large electrostatic repulsions cause low density of adsorbed particles with a slow
adsorption kinetics. Though, there is no definite proof of such a conjecture, the
adsorption kinetics of silica is considered the most relevant mechanism.

On the other hand, in our case, the polymerization of Pl in the presence of silica
occurs at high pH.™ This suggest an alternative mechanism respect to the above
reported mechanism.

Bon and coworkers® reported an interesting mechanism, alternative to the
adsorption of a Pickering stabilizer to a latex particle, as shown in Scheme 5-2.
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Scheme 5-2. Proposed alternative mechanism: a) the monomer droplets are
formed by mixing the monomer and the water silica dispersion; b) the oligomer
formed in solution adhere on silica particles; c) silica-oligomer structures coalesce
while the monomer droplet are consumed; d) complete polymerization and
formation of polymer-silica particles.

This theory involves the precipitation of a growing polymer chain in the water
phase onto a silica nanoparticle, followed by hetero-coagulation with the growing
latex particle.

A similar mechanism involving the same hetero-coagulation event was theorized
by Sheibat-Othman et al.’® According to this mechanism, the initiator decomposes
under the effect of temperature and pH, reacting with the monomer present in
the aqueous phase. The formed oligomer continues growing until it becomes
insoluble and adhere on the silica surface. This growing nuclei of silica-oligomer
coalesce with one another until they form stable particles. The reaction proceeds
with the diffusion of the monomer from the monomer droplets to the newly
nucleated silica-polymer particles, as seen in conventional emulsion
polymerization. At this stage, a thermodynamic equilibrium is reached by the

117



Chapter 5

monomer distribution between the different phases: aqueous phase, polymer
particles, and monomer droplets. As the reaction proceeds the monomer is
consumed until the polymerization is complete.

The emulsion polymerization of polyisoprene requires basic pH because at these
conditions the thiol is deprotonated to stabilize the formation of radicals,
improving the reaction conversion. At pH 9, also the silica silanols are
deprotonated, therefore, an adsorption of the silica particles on the monomer
surface is unlikely because of poor affinity.

Moreover, the SEM analysis supports this theory because of the observed
adhesion of silica particles on the polymer. Our system seems to be more
consistent with the model proposed by Bon where the inorganic particles are
driven towards the interface as a result of a hetero-coagulation events in the
water phase with growing oligoradicals.

5.3 SepS9/Pl latex nanocomposites

The Pickering emulsion polymerization has also been performed in the presence of
anisotropic SepS9 particles.

Until now, clay minerals as colloidal stabilizers have been considered in a limited
number of papers,”’*° though the particles fulfil the required conditions: they are
nano-sized; particle size fractions are obtained by sedimentation; they can
strongly increase the viscosity of the bulk phase and form three-dimensional
networks band-type or cardhouse structures.

In this frame, the synthesis of SepS9/PI latex nanocomposite (named: L-SepS9/PI)
is performed to investigate the effect of anisotropic shape in the Pickering
emulsion approach. The polymerization is performed at 75 °C for 48 h and 96 h, by
using KPS as radical initiator.

Intensity (Percent)

01 1 10 100 ) 1000 . 10000

Size (d.nm)
Figure 5-11. DLS analysis of L-SepS9/P! (red line first record, green line second
record, blue line third record).

DLS analysis of L-SepS9/PI shows a trimodal size distribution. The peaks at 1697
nm can be assigned to clay particles, while the peak at 4333 nm may be due to
aggregation of Sep particles. The peak at 284 nm may be associated to the
emulsion latex droplet size.
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The total content of SepS9 in L-SepS9/PI is quantitatively determined by TGA of
dried sample. Since the complete degradation of IR is at about 600 °C, the
remaining weight is relative to SepS9. L-SepS9/PI sample displays a small weight
loss (~1 %) at 100 °C which belongs to the presence of physisorbed water, while a
major weight loss is detectable from 300 to 500 °C. From this weight loss, it is
determined the polymer content of 74% and SepS9 content of 24%.
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Figure 5-12. TGA curves of IR (black), SepS9 (grey), L-SepS9/PI (orange).
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Figure 5-13. SEM of L-SepS9/PI.

SEM analysis performed on the dried L-SepS9/PI shows the formation of a
homogeneous dispersion of SepS9 in the polymeric matrix (Figure 5-13) as
obtained for L-SiO,/Pl sample.

Single SepS9 particle looks interestingly covered by a layer of Pl and continuously
interconnected with the formation of a network.

The assessment of SepS9 dispersion in the rubber matrix of the dried L-SepS9/PI
by EDX analysis of silicon atom reveals the formation of a very homogeneous
nanocomposite where Sep is finely distributed. The formation of a percolative
network is appreciable considering the low presence of voids in the Si map.
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Figure 5-14. SEM micrographs of (a) L-SepS9/PI and (b) the cresonding EDX
analysis of silicon atom.

ATR-FTIR spectrum of L-SepS9/P!I (Figure 5-15) is compared to those of pristine IR
(black line) and SepS9 particles (grey line). The stretching vibration of Si-OH at 975
cm™ is slightly shifted to higher wavenumbers. This may be an effect due to the
formation of new ionic or H-bond between Sep and other products of the
emulsion polymerization. As explained for L-SiO,/IP, polymer end groups or
reaction products of Pl, such as carboxyl groups formed by oxidation, may provide
polymer filler interaction.
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Figure 5-15. FTIR of SepS9 (grey line), L-SepS9/PI particles (orange line) and IR
(black line).
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The Pickering polymerization process has been evaluated by polymeric component
analysis of L-SepS9/Pl sample.

DSC analysis of L-SepS9/PI has been performed (Figure 5-16). The endothermic
peak at -66 °C is related to the T, of Pl polymer, which is consistent with T, of L-
Si0,/Pl sample. The presence of SepS9 does not seem to impart changes in
polymer characteristics. For this, the relative stereochemistry is supposed to be in
line with L-SiO,/PI. Further investigation is being performed by 'H-NMR analysis.
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Figure 5-16. DSC analysis of L-SepS9/PI.

The isoprene conversion and gel content are reported in Table 5-5 for different
times and temperature.

Similarly to L-SiO,/Pl, the polymerization kinetic is slow and increases by increasing
reaction time from 48 h to 96 h with conversion of 12% and 30% respectively. The
gel content also increases along with conversion.

Further analysis are going to be provided for Pickering emulsion polymerization of
L-SepS9/PI at 90 °C.

Table 5-5. Conversion % and gel content of Pl in L-SepS9/P!I.

Temperature (°C) Conversion (%) Gel content (%)
48 75 12,4 7,3

9% 75 30,7 11,9

The conversion and gel content values of L-SiO,/Pl and L-SepS9/Pl can be
compared in Table 5-6.

In the presence of silica, isoprene conversion improves from 17% during 48 h to
45% during 96 h; instead, in the case of SepS9 conversion improves from 12% to

121




Chapter 5

30%. It seems that the polymerization kinetics in the presence of SepS9 as
stabilizer is lower than that carried out in the presence of silica.

After 48 h, L-SepS9/PI presents higher gel content, while after 96 h it is lower than
that of L-SiO,/Pl. Therefore, the formation of crosslinked polymer grows with a
different slope for L-SiO,/PI and L-SepS9/PI.

The above results suggest that isoprene conversion in the presence of clay Sep has
been affected by the lower emulsification efficiency of SepS9 fibers due to their
high anisotropic shape. This is also confirmed by the presence of observed
sedimentation of SepS9 particles at the end of polymerization. Good and stable
dispersion is indeed challenging.

Table 5-6. Comparison between L-SiO,/Pl and L-SepS9/P! in terms of conversion
and gel content.

Time (h) Temperature (°C) Conversion (%) Gel content (%)
48 75 17,2 3,6
48 75 12,4 7,3
96 75 45,3 14,9
96 75 30,7 11,9

5.3.1 Pickering emulsion polymerization mechanism for L-SepS9/PI

A specific stabilization mechanism has been proposed for Pickering emulsions
stabilized by clay particle.” This mechanism is based on particle—particle
interactions leading to the formation of a three-dimensional network in the
continuous phase. Enhanced stability is obtained through the increase of viscosity.
This has been observed particularly in smectite-based systems.

When the particles aggregate and build up a three-dimensional network in the
coherent phase, the oil droplets can be trapped in the array of particles. The
mechanical stability of the network structure reduces the rate of coalescence. A
high elasticity of the network seems to be favorable. Also, the network reduces
the mobility of the particles and, in this way, enhances emulsion stability.

The above results for L-SepS9/PI could be consistent with this mechanism, taking
into consideration the high AR of SepS9 fibers. Based on this theory, Sep
interactions between particles may entrap the oil phase in a colloidal network,
where the sites of the polymerization of isoprene are created (Scheme 5.3).
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Scheme 5.3. Stabilization of emulsions in the presence of clay particles with
formation of three-dimensional network.™

5.4 Conclusions

A preliminary research activity has been performed on Pickering emulsion
polymerization approach for preparing silica-based waterborne latexes.

The synthesis of latex nanocomposites is based on the polymerization of the
isoprene in aqueous emulsion, in the presence of silica and Sep, as emulsion
stabilizers.

By SEM and EDX analysis good dispersion and distribution of inorganic particles in
Pl has been assessed. In particular, it is possible to visualize SiO,/PI spherical
nanostructures of 200 nm coherently with DLS analysis. Further investigation on
the L-SiO,/Pl and L-SepS9/PI morphology is being performed by means of SAXS
analysis.

An evaluation of the characteristics of the polymer are made by means of DSC and
'H-NMR.

On the basis of our results, we suggest a possible mechanism for emulsion
polymerizations stabilized by solid particles. In detail, in the case of silica, the
inorganic particles are driven towards the interface as a result of a hetero-
coagulation event in the water phase with a growing oligoradical. In the case of
Sep fibers, the suggested mechanism is based on particle—particle interactions
leading to the formation of a three-dimensional network of particles in the
continuous phase.

This approach seem to be an effective way to increase particle dispersion and
favor an intimate contact with the waterborne polymer.

Although versatile, Pickering emulsion polymerization do show some limitations,
in particular, an excess of solid stabilizers remaining in the continuous phase after
polymerization. Future work will be addressed to improve the reaction conditions.
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Conclusions

The research activity of this PhD thesis is focused on the preparation of green
elastomeric composites, containing silica-based nanofillers, by using a colloidal
approach to increase the dispersion of hydrophilic fillers in line with the new
requirements of sustainability.

Two different colloidal strategies have been applied in order to control both filler
dispersion and distribution and, thus, tune the mechanical properties of the final
materials.

The main part of this study has been related to develop a novel green LCT
approach, consisting of blending an aqueous colloidal suspension of both SepS9
and SepB5 fibers in a NRL suspension, resulting in a flocculation process, without
using any synthetic flocculation agent, a non-biodegradable chemical, which could
negatively affect the properties and performances of the final materials.

The proposed LCT method promotes a homogeneous dispersion of hydrophilic Sep
fibers in the rubber matrix, allowing the production of highly-loaded Sep rubber
composites.

TEM investigation performed at the early stages of mixing revealed that, when
SepB5 fibers bearing alkylammonium salt functionalities are utilized, homo-
aggregated NRL micelles embedding some SepB5 fibers are detectable while, in
Sep9/NR colloidal system, Sep bundles lay among or in the periphery of the rubber
micelles, thus suggesting their poor interactions with NRL.

TEM analysis performed on MBs revealed for SepB5/NR the presence of large and
compact filler domains constituted by self-assembled and aligned Sep fibers
interconnected by rubber. Conversely, for SepS9/NR poorly tight filler aggregates
have been detected in the nanocomposite, indicating the occurrence of weak
interactions between the organic and inorganic components.

SAXS analysis supported these outcomes and pointed out that NRL, once in
contact with the Sep fibers, unfold leading to the formation of a homogeneous
materials.

These results allow us to propose a flocculation mechanism characteristic for both
SepB5/NR and SepS9/NR systems, based on electrostatic and depletion attraction
forces, respectively, and remarkably connected both to the high content (50 wt.%)
and to the peculiar anisotropy of Sep fibers. Our results strengthen the idea that
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high AR rods are affected by depletion forces and are suitable materials for the
generation of soft matters.

The uniform Sep distribution in the rubber matrix, characteristic of the proposed
LCT approach, and the percolative filler network formed give rise to comparable
mechanical properties for MB-SepX/NR samples, in comparison to those of
analogous materials prepared by conventional melt mixing technique.

Furthermore, by combining latex compounding and melt mixing, environmental
friendly composites materials have been produced. This combined approach takes
advantage of the good filler distribution and the production of highly-loaded filler
rubber composites and also prevents dust from floating in the air during
processing, in line with the increasing legislative restrictions about emissions.
Compounds containing silica MBs show the best interactions with the sulfur-based
vulcanization compounds, leading to good reinforcement and low energy
dissipation.

By employing a controlled drying process to avoid eventual oxidation processes,
composite materials containing Sep MBs show mechanical properties in line with
the reference materials prepared directly by melt mixing. Therefore, this
combined LCT and melt mixing technique can be considered as a suitable
approach to prepare rubber nanocomposites with environmental benefits and
without affecting the final material properties.

Furthermore, a preliminary activity has been performed on Pickering emulsion
polymerization of Pl in the presence of inorganic nanoparticles. In such approach,
the preparation of silica-based latex nanocomposites is based on the
polymerization of the organic isoprene monomer in aqueous emulsion, in the
presence of silica-based inorganic colloidal particles, such as silica and Sep, as
emulsion stabilizers. This method has been considered as an innovative way for
the incorporation of inorganic nanofillers into polymers, with the aim of increasing
particle dispersion and favor an intimate contact with the waterborne polymer
and an orientation of the colloidal components. By Pickering emulsion
polymerization, both [P(core)-silica(shell) and /P(core)-SepS9(shell) structured
composite particles have been synthesized.

On the basis of our results, we suggest a possible mechanism for emulsion
polymerizations stabilized by solid particles. In detail, in the case of silica, the
inorganic particles are driven towards the interface as a result of a hetero-
coagulation event in the water phase with a growing oligoradical. In the case of
Sep fibers, the suggested mechanism is based on particle—particle interactions
leading to the formation of a three-dimensional network of particles in the
continuous phase.

Although versatile, our Pickering emulsion polymerization do show some
limitations, in particular, an excess of solid stabilizers remains in the continuous
phase after polymerization.
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In summary, latex compounding and in situ polymerization show to be effective
and promising approaches for the obtainment of highly loaded rubber
nanocomposites, suitable for the application in the tyre field. In particular, Sep has
been found to be especially appropriate in producing nanocomposites by LCT
because of the obtainment of more eco-friendly materials having low hysteresis
and high reinforcement, with a reduced environmental impact of the
compounding approach.

This work highlights the possibility of exploiting the chemistry of colloids to design
innovative materials synthesized by eco-friendly methods. Although it focuses on
Pl nanocomposites, we expect that the developed sustainable synthetic strategy
may be potentially extended to the production of highly-loaded rubber
nanocomposites.
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A.1 Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

The infrared spectroscopy instrument used for this characterization is Perkin ElImer
Spectrum 100 instrument.

The interaction between matter and infrared radiation determines changes in the
vibration modes of the chemical bonds between atoms which give us information
on the nature of the sample analysed. Through ATR spectroscopy, the
phenomenon of total internal reflection in a crystal is exploited. The radiation
undergoes a total internal reflection when the angle of incidence at the interface
between the crystal and the material is greater than the critical angle.

The interferometer, moreover, allows a better resolution thanks to the
introduction of a mobile mirror which generates interferences (Figure A-1).
Through the Fourier transform the interferogram, which is detected as a function
of intensity, is turned as a function of the frequency.
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Figure A-1. Schematic representation of Infrared Spectroscopy.

The ATR-FTIR (4000-650 cm™, 4 cm™ resolution, 16 scan) has been used to detect
vibrational changes in the chemical bonds of atoms belonging to filler, rubber and
filler-rubber nanocomposites, assuming them as proofs of interactions between
organic and inorganic species.
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A.2 Thermogravimetric analysis (TGA)

The analysis has been carried out by Thermo Gravimetric Analysis (TGA) on
Mettler Toledo TGA/DSC1 Star System. TGA is a technique which detects the
sample changes of weight as a function of the temperature. Increasing the
temperature, it is possible to determine a gradual decomposition of the sample.
Every species has a specific region of decomposition where it is possible to
appreciate a weight loss. A special optical sensor controls the position of the pan
which moves for each mass sample loss. The light horizontal arm (balance) moves
inducing an electric current which is recorded as a signal by the machine (Figure

A-2).2
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Figure A-2. Schematic representation of Thermogravimetric Analysis

TGA has been used to assess the rubber-filler ratio in the MBs and thus the
efficiency of the flocculation process. The samples are heated in air from 30 to
1000°C (10° C/min).

A.3 Gel Fraction Quantification

The determination of the gel fraction is made through an extraction with
chloroform of the silica/polyisoprene samples. A comparison is made between the
TGA profiles before and after the extraction. It has been assumed that the
remaining polymer fraction after the extraction is entirely made of crosslinked
polymer.

The procedure of extraction is the following: 50 mg of silica/polymer samples are
soaked into chloroform for 20 minutes for three times. Than dried in a ventilated
oven at 60 °C overnight.
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A.4 Differential Scanning Calorimetry (DSC)

DSC is a thermo-analytical technique where the amount of heat is detected as a
function of temperature. In particular, it detects the difference in the amount of
heat required to increase the temperature of sample and reference. The reference
has a well-defined heat capacity over the range of temperatures to be scanned.
The sample, under a continuous increment of temperature, undergoes physical
transformations such as phase transitions (Figure A-3).>
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Figure A-3. Schematic representation of Differential Scanning Calorimetry

This technique has been used to detect the glass transition temperature (T,) of Pl
and also to analyse oxidation processes in rubber. The samples were cooled from
25 °C to -80 °C (5 °C/min) and reheated to 25 °C. To determine the presence of
oxidation phenomena the samples are heated to 200 °C (10 °C/min).

A.5 Dynamic light scattering (DLS)

The instrument used is Malvern Zetasizer Nano Series ZS90.

The dynamic light scattering analysis allows detecting the dimensional distribution
of small particles suspended in a solvent. A laser light source hits the sample and
the fluctuation of the intensity of the scattered light is analyzed by a detector that
is placed perpendicular to the laser light (Figure A-4).
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Figure A-4 Schematic representation of the dynamic light scattering

The scattering provided by the particles in the sample is the result of the
constructive and destructive interferences which give an average intensity. This
intensity is related to the speed of the particles which are moving in the solvent
because of the Brownian motions. Through the Stokes-Einstein equation we can
calculate the hydrodynamic diameter of the particles.?

D,=KzT/3mn dn (Eq.1)

D, = diffusion coefficient

Kg = Boltzmann constant

T = temperature

n = dynamic viscosity of the medium
@, = hydrodynamic diameter

The hydrodynamic diameter obtained by DLS measurement is indicative of the
apparent size of the hydrated/solvated particle. So, the hydrodynamic diameter is
the value that we obtain adding the real diameter of the particle to the thickness
of the solvated shell. If the particles are not spherical, the measure of the
hydrodynamic diameter is given by the diameter of the theoretical rounded
particle whose diameter is the real particle length. If the particles are aggregated
the DLS analysis will measure the diameter of the aggregates.

The analysis has been used to determine the size of the polymer-silica Pickering
emulsion particles. The analysis is carried out with a dilution of 0.1 g/L.
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A6 Z-metry

The analysis of the {-potential have been performed with the instrument Malvern
Zetasizer Nano Series ZS90.

The application of an electric field to charged particles placed in a liquid generates
the mobility of such particles. This mobility can be quantified through an
electrophoresis technique. The Z-Metry detects through microscopy the
movements of suspended particles under an electric field. The electrophoretic
mobility is related to the Z-potential. The {-potential (Figure A-5) is the potential
generated by the formation of the electric bilayer, responsible of the particles
stability in suspension.*

Figure A-5. Representation of the {-potential

The equation of Smoluchowski relates the electrophoretic mobility with the -
potential:

Me=(41e) D Qs /ATtn=€0 (Eq.2)

Ue = electrophoretic mobility
£o= permittivity of vacuum

€ = permittivity of the medium
D = dielectric constant

n = viscosity of the medium
®; = {-potential
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The C-potential of the NRL particles is determined to investigate the colloid
stability. The NRL sample is diluted with deionized water until the pH value is
approximately that of Milli-Q water (pH = 6.5).

The -potential measurement on pristine NRL is performed at 25 °C at different pH
by adding a suitable amount of HClI or NH,OH solution to NRL. Z-potential
measurements are carried out also on 0,1 gL™ Sep dispersions. In detail, SepB5
aqueous dispersion is stirred for 10 min and sonicated for other 10 min, while
SepS9 is stirred at different times (10 min, 40 min, 3 h, 24 h) before sonication. In
such conditions, the SepS9 suspension after 10 min reached a pH = 8, which
remains almost constant reaching the equilibrium (pH = 8.41) after 24 h.

A.7 Transmission Electron Microscopy (TEM)

In this work, Zeiss EM 900 microscope and Jeol 3010 High Resolution TEM (High
Resolution-TEM) has been used.

The TEM is based on the detection of the electrons transmitted when a focalized
electron beam interacts with the sample. An electron gun (source of the electrons)
with a narrow energy distribution in high vacuum is focused through magnetic
fields to the material to detect. The sample is displaced in a thin layer on an
appropriate grid. The electrons which are transmitted from the sample arrive to a
fluorescent screen where the energy of the electrons is turned into visible light.
Thus, it is possible to obtain live images of the samples and take pictures of it. The
sample holder is a copper grid covered with a thin film of carbon that let the
electrons pass through it (Figure A-6).°
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Figure A-6. Schematic representation of Transmission Electron Microscopy
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The first stages of the flocculation process in Sep/NR systems, are studied by a Jeol
3010 High Resolution TEM (HR-TEM) operating at 300 kV with a high-resolution
pole piece (0.17 nm point to point resolution) and equipped with a Gatan slow-
scan 794 CCD camera. To visualize Sep/NRL interactions, 10 pL of the Sep/NRL
mixture are taken from the flocculation system with the same concentration used
in the Sep/NR composite preparation. Then, 1 mL aliquot of the flocculating
dispersion is diluted to 0.1 gL™*, deposited on a carbon coated TEM grid, to monitor
the evolution of the flocculation process.

The morphological investigation of composites is carried out by TEM using a Zeiss
EM 900 microscope operating at 80 kV. Ultrathin sections (about 50 nm thick) of
Sep/NR nanocomposites previously embedded in an epoxy resin (70 °C, 24 h) are
obtained with a Leica EM FCS cryo-ultramicrotome, equipped with a diamond
knife, by keeping the samples at -130 °C.

A.8 Scanning Electron Microscopy (SEM)

SEM has been performed by a Vega TS5136 XM Tescan microscope.

SEM produces images by scanning the surface with a focused beam of electrons
(Figure A-7). The principle of operation requires that the electrons generated from
a source hit and interact with atoms of the sample, producing signals that contain
information about the surface morphology and composition of the sample. The
detector collects low energy secondary electrons (SE) and higher energy
backscattered electrons (BSE). SE are produced when an energetic electron knocks
out a loosely bound outer shell electron in the species, while BSE are beam
electrons that are deflected by the interaction with the species and have a wider
range of energy.®

In our work, the electron beam excitation is 30 kV at a beam current of 25 pA, and
a working distance of 12 mm. In this configuration, the beam spot is 38 nm sized.
Prior to SEM analysis, samples have been gold-sputtered. Imagel) processing
program (Image Processing and Analysis in Java) is utilized to measure manually
the Sep fibers dimensions.
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Figure A-7. Schematic representation of Scanning Electron Microscopy

A.9 SEM-Energy Dispersive X-ray Spectroscopy (EDX)

To assess the Sep distribution in Sep/NR nanocomposites, SEM-EDX analysis has
been performed by A Vega TS5136 XM Tescan microscope operating at 30 kV (25
pA beam current, 12 mm working distance, 38 nm beam spot). Samples are
deposited onto a carbon adhesive disc and carbon-sputtered. A map of principal
elements of Sep, such as Si, Al and Mg, is detected to visualize the filler dispersion
within the rubber matrix.
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A.10 Standard Nessler Reagent Method

The concentration of the ammonium ions, in the aqueous phase containing SepS9,
has been analyzed using the standard Nessler reagent method, employing a Varian
Cary 4000 Spectrophotometer.

The magnitude of the adsorption/ion exchange of ammonium ions on SepS9 has
been studied by using the Nessler method.” 10 g of SepS9 are dispersed in water
(200 mL) under mechanic stirrer at 200 rpm for 60 min, successively sonicated for
10 min and mixed again for 10 min. In a second vessel, 0.1 g of dried NH,Cl (drying
at 150 °C for 2h) are dissolved in 50 mL of distilled water. The resultant NH,CI
solution is added to the SepS9 dispersion and stirred at a constant temperature
(25 + 2 °C). The pH of all solutions is adjusted by adding HCl 37% until pH is in the
6-8 range.

The analyses are performed under the following conditions: 300—-600 nm
wavelength range, 600 nm min~" scan rate, 0.1 s time response, and 2 nm spectral
band. 20 mL of sample aliquots are withdrawn at intervals of 3, 15, 30, 60, 120 min
and separated by centrifugation. Then, the ammonium content in 0.1 mL of
supernatant is analyzed after adding 2.5 mL of distilled water and potassium
sodium tartrate tetrahydrate to avoid the magnesium and calcium interference
with the Nessler reagent.

A.11 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES)

The instrument used is the ICP-OES Optima 7000 DV Perkin Elmer. The ICP analysis
has been applied to determine possible leaks of Mg** from Sep which might affect
the stability of the NRL emulsion.

The instrument is constituted by a quartz tube where a constant flux of Ar 20
L/min transports the vaporized sample to a plasma source. Figure A-8 shows the
extremity of the torch which is a coil generating radiofrequency (40 MHz) that
ionizes the Ar with the production of a plasma at a temperature 8000 K.

The detector is a Charged Coupled Device (CCD) camera which measures the
intensity of the radiation and converts it in electric signal through a
photomoltiplicator.?

A dispersion of 50 gL™* of SepS9 in Milli-Q water is mixed for 30 min and sonicated
for 10 min. Then, the dispersion is filtered and the supernatant centrifuged for 30
min at 9000 rpm to eliminate any residual of SepS9 nanoparticles. The amount of
Mg in the supernatant is analyzed by ICP-OES.
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Figure A-8. Schematic representation of the ICP torch

A.12 Capillary Electrophoresis (CE)

The experiments for the determination of Mg”" through Capillary Electrophoresis
have been performed using a P/ACE MDQ Capillary Electrophoresis System
(Beckman, Fullerton, CA, USA) equipped with UV detector.

CE is an electrokinetic separation method performed in submillimeter diameter
capillaries. The working principle of the instrument is the migration of the charged
analytes initiated by an electric field that is applied between the source and
destination vials. All ions, positive or negative, are pulled through the capillary in
the same direction by electroosmotic flow. The analytes separate as they migrate
due to their electrophoretic mobility and are detected near the outlet end of the
capillary. The output of the detector is sent to a data output and handling device
such as an integrator or a computer.9

Fused-silica capillaries (75 um 1.D., 50 cm effective length, Beckman) have been
emplyed. The analyses have been performed by using indirect UV detection at
wavelength of 214 nm. Electrophoresis separations are performed in a running
buffer constituted of 6 mM HIBA, 5 mM 18-crown-6 ether and 5 mM imidazole
adjusted to pH 4.5 with acetic acid. Analyses are performed by applying a constant
voltage of 500 Vem™ at 25 °C with a resulting current of about 18 pA. The
separations take place at 25 kV during 6 min. The solutions are injected at the
anodic end of the capillary for 10 s at 0.5 psi. Before injection, samples have been
diluted 1:5 (v/v) with water containing BaCl, (IS) at a concentration of 40 ugmL™.
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Figure A-9. schematic representation of Capillary Electrophoresis

A.13 X-ray diffraction (XRD)

The instrument used is the powder diffractometer PANalytical X’'Pert Pro in Bragg-
Brentano geometry, using Cu K-a source with 1.54 A wavelength.

The technique of the XRD analysis is based on the elastic coherent diffusion
(scattering) of the X-rays from atoms present in the solid structure. The electronic
clouds of the atoms act as scattering centres on the radiations. The atoms of a
crystalline material are displaced in a fixed regular geometry, proper of the crystal.
The distances which exist between the atoms are of the same order of the
wavelength A of the X-rays, therefore, constructive and destructive interferences
take place when the incident radiation interacts with the sample according to the
Bragg’s law (Figure A-10):"°

2dsinB=nA (Eq.3)

n = order of diffraction

A = wavelength of the incident radiation

d = interplanar distance

0 = incident angle made by the direction of the incoming radiation and by the
plans of the crystal lattice

This analysis has been applied to assess the effective incorporation of the filler in

the polymeric matrix and to confirm the maintenance of the crystalline structure
of sepiolite after the flocculation process.
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A.14 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) has been performed on beamline ID2 at the
European Synchrotron Radiation Facility (ESRF, Grenoble FR).

SAXS is a technique which allows to determine the structure of particle systems in
terms of averaged particle sizes or shapes. Like XRD, X-rays are sent to the sample
and the scattered energy resultant from the interaction between the X-ray and the
sample is determined by the averaged structure of all illuminated particles (Figure
A-11). The use of small incident angles of X-rays allows the investigation of
structures of intermediate scale, ranging between the atomic/molecular
resolution of X-ray diffraction and the resolution of an optical microscope.™

Scattering Reconstruction
Object
‘T"._ |
___Ij___._.‘.._.\__-».,_ -
Absorption
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Detector
(Microscopy)

Lens (Microscopy)
Detector (SAXS)

Figure A-11. Schematic representation of Small-angle X-ray scattering
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The analysis has been carried out at a wavelength of 1 A, with a sample to
detector distance of 2.5 m, yielding a total g-range from 0.001 to 0.15 A™". The
scattering cross section per unit sample volume d£/dQ (in cm™) (scattered
intensity 1(g)) is obtained by using standard procedures including background
subtraction and calibration given by ESRF. The Debye approximation'® and the
Guinier approach have been adopted for the analysis of the NR and MB:s,
respectively. The scattering intensity 1(q) in the Debye model is given by the
following equation:

I(@) = 1o (Eq. 4)

_r
[1+ (a®)7]?

where € is the correlation length of the scattering bodies, in this case associated
with the crystalline domains. As particulate systems, the scattering of the Sep rods
in the NR can be analyzed using the Guinier approach® to get information on the
radius of the inorganic fibers and therefore on their dispersion degree. For one
dimensional systems the scattering in the intermediate region of the curve can be

approximated to:
qZRg2>

(Eq.5)

I(q) = 2
q—lep 5

Eq.6
Rg2:R2/2 (q )

where R; and R are the radius of gyration and the radius of the fiber, respectively.
These parameters are obtained from the linearity dependency of the so called
Guinier plot In(gl) vs.g?.

A.15 X-ray Fluorescence (XRF)

ARL™ 9900 Simultaneous-Sequential XRF Series (Thermo Scientific™) has been
used for XRF analysis.

XRF is an analytical technique used for the determination the chemical
composition of samples based on emission of fluorescence generated by
excitation of secondary electrons by bombarding the sample with X-rays.** Each
element has electronic orbitals of characteristic energy which can be detected
following the removal of an inner electron by an energetic photon like X-rays
which determines the drop of an electron from an outer shell. This effect cause a
fluorescence emission with a characteristic energy, which is correlated to the
element. The intensity of each characteristic radiation is directly related to the
amount of each element in the material.

The calibration of the instrument is of the type, so the analysis is to be considered
semi-quantitative.
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A.16 Oscillating Dish Rheometry (ODR)

ODR measurements of the uncured MB-Sep/NR and of the cured and uncured
model nanocomposites have been performed by Rubber Process Analyzer (RPA
2000, Alpha Technologies) by applying strain sweep tests.

The testing chamber is made of a top cone geometry moving part (rotor) and a
plate geometry bottom part. The torque acting on the rotor during oscillation is
converted into a value of modulus and divided into a real and an imaginary part.
The Storage Modulus G’ is associated with an elastic response, while the Loss
Modulus G” with a viscous response. The ratio between G” and G’ (tand) is a
predictive number of the energy dissipated from the tyre during usage.™

Figure A-12. Rubber Process Analyzer (RPA 2000, Alpha Technologies)

Strain sweep experiments are carried out on the uncured MBs from 0.1 to 60 % of
strain at 100°C and 10 Hz.

The compounded nanocomposites undergo a strain sweep test before and after
vulcanization. The strain sweep performed before the vulcanization are carried
out from 0.1 to 10 % of strain at 70°C and 10 Hz and from 0.1 to 100 % of strain
after the vulcanization. The vulcanization process is performed for 10 minutes at
170°C. Samples are cut by using a Constant Volume Rubber Sample Cutter
(CUTTER 2000, Alpha Technologies); the dimensions are 3.5 cm of diameter and
~0,2 cm of thickness, for an average weight of 5+1 g.
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A.17 Nuclear Magnetic Resonance (NMR)

'H NMR represents the most important spectroscopy for the interpretation and
the determination of a structure. The main information on the chemical structure
of a molecule in a '"H NMR spectra are given by the integrals of peaks, by the
chemical shifts and by the J-coupling. Through the integration of the peaks
(intensity) we define the number of hydrogens. The chemical shift is related to the
type of atom that surround the hydrogen considered, since the nuclei are affected
by a magnetic field which is modified by the presence of electrons.

The J-coupling describes the indirect interaction between two nuclear spins which
arises from hyperfine interactions between the nuclei and local electrons. J-
coupling contains information about bond distances, angles and on the
connectivity of molecules.

detector ;
and NMR
amplifier spectrum

radio wave output
radio wave input

Figure A-13. Schematic representation of NMR.

'"H NMR spectra have been recorded with Varian 1500 NMR at 500 MHz on
samples dissolved in CDCl;(1:10 vol:vol). Chemical shifts are determined relative to
the residual solvent peak (CDCls, 6 7.26 ppm).
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