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Introduction

1. Introduction

Organic-inorganic hybrid materials especially the compounds doped with nanoparticles including
various metal oxides or clays are now being studied extensively and attract much research attention
because of their properties originating from the organic part (flexibility, easy processability, light
weight) combined with those of the inorganic part (stiffness, high strength, dimensional stability,
chemical resistance, and thermal stability) [1-6]. This makes them high-quality and
multifunctional materials in addition to their unique optical properties and switching capacity.
Hybrid materials have a wide range of applications in different fields like optics [7], electronics
[8], lonics [9], mechanics [10], energy [11], environment [12], biology [13], medicine [14] and
many more.

To obtain hybrid materials doped with different nanoparticles, several methods have been
developed and used, including flame hydrolysis deposition (FHD) [15], thermal oxidation [16],
chemical vapor deposition (CVD) [17].

As a consequence of their expensive and time-consuming protocols, these methods are effective
but, difficult to implement for large-scale processing due to high reaction temperatures, lengthy
reaction times, and the usage of toxic reagents.

In contrast to these methods, the sol-gel method is the best one for synthesizing hybrid materials
because it is simple, easy to handle, and inexpensive [18,20]. The process of sol-gel enables the
preparation of materials in various configurations such as monoliths [21], coatings [22], foams
[23], powders [24], and fibers [25].

The sol-gel method offers many advantages, including the possibility to monitor reaction structure
and stoichiometry, the possibility to add different functional groups, and the possibility to fill with
nanoparticles, at ambient pressure, and temperatures below 100°C under the so-called soft
chemistry conditions [26].

Via hydrolysis-condensation reactions, the sol-gel method converts a substance from the liquid
state (Sol) to a gel state (Gel). The sol is a solid dispersion of colloidal particles which are often
alkoxides with [M(OR)4] form or polymers dissolved in a solvent.

Polyvinyl Alcohol (PVA) is a semi-crystalline, biocompatible, and biodegradable polymer but,
typically cannot be used alone in many applications [27], due to its poor mechanical properties,
high humidity absorption, and low water resistance. PVA has been used in various studies to
prepare thin films [28], fibers [29], and hydrogels [30].
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As stated in several studies [31], adding silica to polyvinyl alcohol (PVA) improves the properties
of the latter. Bandyopadhyay et al [4] synthesized a PVA/Silica (TEOS) with various ratios,
reported an increase in PVA water resistance, and mechanical properties, and noticed that the PVA
with 40% of TEOS exhibited the highest tensile strength. Pingan et al [32] synthesized PVA/SiO>
(50/50%) adhesive to study the effect of the HoO/TEOS ratio. They reported that the PVA/silica
composite has excellent mechanical properties and thermal stability with high transparency
compared to neat PVA. They also found that the best molar ratio of water to TEOS is equal to
unity (1) which induces a lower crystallinity and better dispersion.

Nakane et al [33] reported that the PVA/SiO> composites containing more than 60 wt % of silica
become brittle. In general, films prepared by blending organic polymers and inorganic particles at
low concentrations exhibit better properties than those of the unfilled polymer [34]. Nano-TiOzis
commonly used in air purification in wastewater treatment, product processing, and several other
uses. TiO2 has many special properties, including its high chemical stability, antibacterial activity,
photocatalytic properties, UV-Rays resistance, non-toxicity, biocompatibility, and low
commercial cost [35]. It exists in three distinct crystalline forms: anatase, brookite, and Rutile
which is the most stable phase. Due to its strong scattering influence, rutile TiO2 offers excellent
ultraviolet light shielding. Nanoparticles have a significant ability to accumulate in water owing
to their high surface energy. When they are aggregated, their performance plummets [33].

The dispersion of nanoparticles throughout a medium may be carried out by using an incorporating
dispersant or an ultrasonic technique [36-38]. Ultrasonic agitation is a lot more powerful tool for
deagglomeration than magnetic stirring since it generates shock waves that produce a rough
atmosphere in which any chemical reaction with the polymer and nanoparticles can easily occur
producing a better dispersion accompanied by fewer agglomerations [39-41].

This work aims to synthesize and characterize a hybrid material based on poly (vinyl alcohol)/
silica gel at different levels (1, 3, and 5%wt (by weight)) of nano-TiOz by using the sol-gel process,
and ultrasonic agitation to obtain a better dispersion, and to study the consequences on their

thermal and physico-chemical properties.

The originality of this research is: This work is focused on the preparation and characterization of
poly (vinyl alcohol)/silica gel/Nano-TiO2, and the study of titanium dioxide (TiO2) nanoparticles

(from 1 to 5%) on the properties of poly (vinyl alcohol)/silica films,
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unlike previous researchers, who used TiO. from precursor to poly (vinyl alcohol)/silica gel, that

has not been studied before.

The literature review in Chapters I, 11, and 111 will delve into the different classes of hybrid
materials and the sol-gel process, including its various parameters and their impact on the final
product. Additionally, general information on PVA, silicon dioxide, and titanium dioxide will be
provided, including their properties, synthesis methods, and intended applications.

Chapters 1V and V focus on the experimental study. Chapter 1V's first part discusses the
materials used and the development of sols for hybrid film preparation. The second part covers the
techniques of structural, thermal, and physical characterization of hybrid materials, which will

enable us to study their properties and determine their performances.

Chapter V presents the results of the characterization of the hybrids, which are analyzed with
consideration of various effects, such as the impact of the inorganic part on pure PVA and the
effect of TiO2 content on PVA/SIO: films.

Finally, the thesis concludes with a general conclusion and recommendations for future

work.
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Chapter I Hybrid materials

I.1. Generality

Hybrid materials have become a topic of great interest among researchers in recent
years. These materials are composed of both organic and inorganic components, which give
them unique properties such as mechanical strength, thermosensitivity, chemical stability,
optical and corrosion resistance, electrical conductivity, and fire retardancy. Due to these
properties, hybrid materials have found a wide range of applications in fields such as coatings,

catalysis, optics, optoelectronics, biomedical engineering, and nanocomposites.

The importance of hybrid materials is expected to grow in the future, particularly in
engineering-related industries such as automotive, solar energy, solid-state lighting, civil
engineering, aviation, and aerospace. Therefore, the development of hybrid materials is
crucial for modern technologies. In this part, we will explore the definition, method of
preparation, and characteristics of hybrid materials [1-3].

1.2. Introduction

Hybrid materials offer endless possibilities for creating novel material properties by
combining organic and inorganic parts [4]. Nature provides several examples of hybrid
materials, such as bone and shell, which possess excellent hardness and high resistance [5].
Unlike conventional composites that have macroscopic components in the micrometer to
millimeter range, hybrid materials have components at the nanoscale level ranging from a

few nanometers to tens of nanometers [6].

Hybrid materials synergistically combine the properties of organic materials, such as
recyclability, cost-effectiveness, sustainability, and ease of processing, with the properties
of inorganic materials, such as excellent dielectric constant, thermal stability, and high
charge mobility [7]. By changing their components, the properties of hybrid materials can
be tuned, leading to an infinite number of new properties [8]. This unique characteristic
makes hybrid materials highly versatile and valuable in various applications, including

catalysis, sensors, energy storage, and biomedical engineering.
1.3. Definition of hybrid materials

Hybrid materials are defined as the mixture of two components at the molecular or
nanometer level. Many natural materials incorporate inorganic and organic building blocks

dispensed on the nanoscale.
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The International Union of Pure and Applied Chemistry (IUPAC) provides a definition of
hybrid materials as those which are made up of an intimate combination of inorganic and/or

organic components that typically intermingle on a scale of less than 1 um. [9,10].
1.4. Classification of hybrid materials

The classification of Hybrid materials can be done in a variety of ways. Based on
their origin, bonding, properties, and formation process. a simplistic classification that is

based on how organic and inorganic parts are connected and interact:

Class I corresponds to systems where the two phases are linked only by weak interactions

such as Van der Waals interactions, hydrogen bonds, or electrostatic forces.

In class Il, organic and inorganic components are linked by strong chemical bonds such as
covalent or ion-covalent bonds. Within class | materials, the organic component is trapped
in a mineral network; the bonds between the networks are weak, of the VVan der Waals,
hydrogen, or electrostatic type. Within class Il materials, the organic and mineral
components are chemically linked by a strong bond of the covalent or io-no-covalent type.
Class Il materials are divided into three families. Either material of the co-gel type,

mesostructured materials, nanostructured materials, or polysilsesquioxanes. [11,12].

Composites Class I hybrids Class 11 hybrids
2 e
ok @ e 1, — O

Fig. 1.1 Schematic representation of the two classes of hybrid materials [13]

1.5. Synthesis of Hybrid Materials

Hybrid materials can be divided into four categories: composite, nanocomposite,
hybrid, and nanohybrid. These materials can be synthesized using a variety of techniques,

including  blending, sol-gel, emulsion  polymerization, photopolymerization,

9
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electrocrystallization, hydrothermal wet chemistry, coordination approaches, intercalation,
microwave-assisted synthesis, electrochemical synthesis, and block copolymer-mediated
synthesis. Since nanomaterials are also considered to be hybrid materials, several additional
synthesis methods can be employed, such as solid-state reactions, molten salt synthesis,
hydrothermal methods, co-precipitation, thermal evaporation, plasma methods, pulsed laser
deposition, magnetron sputtering, and chemical vapor deposition. These methods offer
flexibility in the design and fabrication of hybrid materials with tailored properties for
various applications, ranging from biomedical engineering to energy storage and conversion
[16-24].

1.6. Properties of Hybrid Materials

Hybrid materials can contain a variety of organic and inorganic components.
Depending on the material (organic/inorganic), structure, and various component interfaces,
the hybrid material's properties change. The ideal combination can improve thermal and
chemical stability, mechanical strength and thermosensitivity, optical, anticorrosive,
magnetic, electrical, and thermal properties, as well as fire resistance. this makes the

properties of hybrid materials superior to those of their counterparts [25].
1.6.1. Physical Properties of Hybrid Materials

Organic-inorganic material hybrids frequently have porous crystalline structures The
adsorbent properties are influenced by the porous structure. The majority of hybrid materials
have distinctive structural qualities that make them excellent catalysts for chemical
reactions. Hybrid materials also have remarkable optical properties. They frequently have
either active optical properties, such as photochromic and electrochromic materials, or

passive optical properties which are unaffected by environmental excitation [26].
1.6.2. Mechanical Properties of Hybrid Materials

It is still difficult for materials scientists to forecast the mechanical characteristics of
hybrid materials. However, hybrid materials have outstanding structural capabilities and
fracture resistance due to extrinsic toughening, which shields any crack from applied

pressures.

The proportion of organic and inorganic components has an impact on the mechanical
characteristics of hybrid materials. Ratio imbalance will have an impact on the elastic-plastic
or viscous-elastic behavior. In addition, the contact between organic and inorganic

components affects the hybrid material's characteristics.
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To ascertain the hybrid materials' elastic properties, the tensile or compression test is used.

Elasticity benefits from the inorganic composition's high content, which is often greater than
15%. favors elastic modulus. This is because when filler levels rise, hybrid materials become
more brittle. However, the elastic behavior remains unchanged when the inorganic
component is under 15%. Due to its high porosity, the inorganic component makes the
material fragile. Additionally, hybrid materials with a significant inorganic percentage have
a lower fracture toughness. The inorganic elements' size and content determine the
mechanical behavior of the hybrid material. In reality, the type of inorganic components,
which frequently include metal oxides of Si, Ti, Zn, and Al, has an impact on fracture
toughness. Hardness is a different mechanical characteristic that can be assessed using an
indentation test. Wear resistance and hardness are related. Multifunctional materials'

hardness is affected by the component morphology during the synthesis [27-32].
1.6.3. Optical Properties

Hybrid materials are characterized by versatility in the optical fields. The optical
properties of hybrid materials are often characterized by the RI (Refraction index). In optics,
the refractive index (or refraction index) of an optical medium is a dimensionless number
that indicates the light-bending ability of that medium. The refractive index determines how
much the path of light is bent or refracted when entering a material. the ratio between the

velocity of light in a vacuum to its velocity in a specified medium.

The inorganic—organic composites are also versatile in terms of their optical properties.
Researchers are actively investigating the optical properties of the hybrid composite to
achieve the following objectives: Adjustability of Rl over a wide range, Light transmittance
over a wide range, Lighter weight compared with the inorganic optical materials, Better heat
resistance, and stability compared with the organic materials, Better flexibility compared

with the inorganic optical materials.

Through a combination of organic and inorganic materials, the different RI can be modified
based on the desired application. The RI of the materials can be related to molar volume
(Vm) and polarizability d to the(a) of the materials. The hybrid materials can be tuned to
different Rl by implementing different heat treatments, types of metal alkoxides, and the
weight or volume fraction of inorganic content. Hybrid inorganic—organic materials are a
promising system for a variety of applications due to their properties based on the
combination of different building blocks [33-36].
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1.7. Properties of PVA/SiO2/TiO2 Hybrids

Polyvinyl alcohol (PVA)/SiO2/TiO> hybrids are a type of material that has received
significant attention in the field of materials science. These materials have unique properties
that make them suitable for a wide range of applications, including coatings, sensors, and

drug delivery systems. Here are some of the key properties of PVA/SiO2/TiO: hybrids.

Mechanical properties: PVA/SIO./TiO2 hybrids exhibit excellent mechanical properties,
such as high tensile strength, good flexibility, and toughness. The addition of SiO; and TiO>
nanoparticles to PVA matrix enhances the mechanical properties of the composite material.
The reinforcement of the polymer matrix is due to the strong interfacial interaction between
nanoparticles and PVA chains, which leads to stress transfer from the polymer matrix to the

nanoparticles. [37]

Thermal properties: PVA/SiO2/TiO2 hybrids show good thermal stability, with high
decomposition temperatures. The addition of SiO2 and TiO2 nanoparticles to PVA matrix
also leads to an increase in the glass transition temperature, indicating an enhancement in
the thermal stability of the hybrid. [38]

Optical properties: PVA/SiO2/TiO2 hybrids exhibit excellent optical properties, such as high
transparency and low refractive index. The incorporation of TiO2 nanoparticles in the
PVA/SIO2 matrix enhances the refractive index of the hybrid material, making it useful for
optical applications. [39]

Biocompatibility: PVA/SiO2/TiO2 hybrids have been shown to be biocompatible, making
them suitable for use in biomedical applications. In vitro studies have demonstrated that
PVA/SIO2/TiO: hybrids exhibit no cytotoxicity and good cell viability. [40]

1.8. Hybrid Material Applications

Various inert or active oxides (e.g. silica, TiOg, etc.) are used as a filler (core) to

attend to the desired properties of the hybrid products.

hybrid inorganic-organic materials have emerged to be good candidates in different
application fields such as in coating, nanocomposite, medical, optical, and electronic
domains, which will be covered later, as a result of the improvement in mechanical and

physical properties [41, 42].
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1.8.1. Medical Applications

With a focus on hybrid material medical applications that incorporate inherent
degradability, cytotoxicity, and biocompatibility, hybrid materials have recently attracted
more attention in biomaterials research. Therefore, hybrid materials are significant in the
production of bioceramics, which are utilized in medical applications. For example, a
stimuli-responsive drug delivery system is used as the local carrier, which is synthesized
using charged ionic interaction between carboxylic-modified mesoporous silica and
polyelectrolyte solution.

Hybrid materials can also be used for cell targeting. Many hybrid materials were used for
cell targeting, either to help with drug delivery or cancer cell imaging [43-47].

1.8.2. Optical Applications

The mechanical flexibility and excellent transparency of inorganic/organic hybrid

materials make them suitable for optical applications.

Depending on how it will be used, such as in waveguides and micro-optical devices, hybrid

materials' physical and chemical properties can be functionalized.

Waveguide materials, photodetectors, and nonlinear optical materials are examples of hybrid
material optical applications. Additionally, hybrid materials have applications in the
production of LEDs and photovoltaics, where there is a sizable market for the goods [48-
50].

1.8.3. Electronic Applications

Their use of hybrid materials in the electronics industry has increased, due to the
development of integrated circuit performance. Hybrid materials are installed in electronic
devices, which are resistant to high-temperature use without compromising the device's
performance. Electrochemically active hybrid materials have several advantages. For
instance, hybrid materials offer stability like solid materials but possess liquid properties at
the same time. Hybrid materials can integrate the electrical conductivity of solid materials
and the ionic conductivity of liquid materials, which is useful for electronic devices that
provide low-k dielectrics. The silicon-derived hybrid material is significant in electronic
devices [51-53].
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1.9. Conclusion

Modern technology has made significant advancements in various areas, driven by
the increased use of hybrid materials. Despite the extensive research conducted on hybrid
materials, the reported properties and characteristics are still insufficient. This is because
even minor changes in the synthetic methods used can significantly impact the behavior and
characteristics of these materials. However, for the benefits of hybrid material technology to
be realized by all stakeholders, the challenges in hybrid material synthesis must be

addressed.

To refine the production of hybrid materials, further studies are required to enhance their
physical and mechanical properties. Research on hybrid materials should be carried out to
overcome the obstacles faced in various applications. Although the high inorganic
composition of hybrid materials remains a challenge in different environmental conditions
such as temperature, their modular composition allows for many components to be involved
in an organic/inorganic combination. As a result, there are limitless possibilities for future

applications.
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Chapter 1l Preparation of Hybrid Materials Using the Sol-Gel Method

There are various methods for synthesizing hybrid materials, but the sol-gel process is
considered the ideal approach for creating hybrid inorganic-organic materials. This process
utilizes a molecular precursor as the starting material, which undergoes hydrolysis and

condensation reactions to form oxide frameworks [1].
I1.1. Introduction

The sol-gel technique is a highly versatile process used to produce a wide range of
hybrid materials, including glasses, ceramics, and organo-mineral compounds, from
precursors in a solution. This method is particularly useful for generating thin layers
comprising metal oxide nanoparticles [2]. Compared to other methods, such as physical
deposition, the sol-gel process is a more chemical (wet chemical) approach, making it ideal

for synthesizing various nanostructures, including metal oxide nanoparticles.

In the sol-gel process, a molecular precursor (typically a metal alkoxide) is dissolved in water
or alcohol and heated and stirred until it forms a gel. Since this is a low-temperature solution
process, the decomposition of the organic component can be minimized. The majority of

organic-inorganic hybrid materials are synthesized using the sol-gel method [3].

The term "sol-gel" comes from the abbreviation "gelation solution.” Essentially, a "sol" is a
colloidal suspension of oligomers with a diameter of just a few nanometers. This "sol"
evolves through a series of chemical reactions, eventually forming a network with infinite
viscosity known as a "gel” [4]. The basic principle of the sol-gel process is to transform a
liquid-phase solution of precursors into a solid through a series of chemical reactions
(hydrolysis and condensation), often at room temperature, making it a "soft" chemistry
method [5]. The time it takes for the solution to turn into a solid is called the freezing time

(or freezing point). There are two routes for sol-gel synthesis [6]:

Aqueous sol-gel method: obtained from metallic salts (chlorides, nitrates, oxychlorides) in
an aqueous solution. This route is inexpensive and difficult to control, which is why it is still

very little used. However, it is the preferred way to obtain ceramic materials.

Nonaqueous sol-gel method: obtained from metal alkoxides in organic solutions. It is
relatively expensive but allows fairly easy control of the particle size. In both cases, the

reaction is initiated by hydrolysis (addition of water for the alkoxy route and change of pH
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to form hydroxides for the inorganic route) allowing the formation of M-OH groups then

occurs the condensation allowing the formation of bonds M-O-M [7].
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Fig. 11.1 Comparison between colloidal and polymeric Sol-gel methods [8].

This process allows the development of a wide variety of oxides in different configurations

(monoliths, thin films, fibers, powders) this great diversity, both in terms of materials and

shaping has made this process very attractive in technological fields such as optics [9],
electronics [10], biomaterials [11], sensors (detection), separation supports

(chromatography). It also has the advantage of using mild chemistry and being able to

produce very pure or doped materials depending on the intended application [12].

This process can be used in various fields such as encapsulation and the development

of hyper-porous materials, but it is in the production of thin layer deposits that it finds its

main application [9-12].
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Fig. 11.2 Sol-gel process [13].

11.2. Sol-gel process principle

The reactivity of the inorganic part is due to the presence of alkoxy groups (-OR")
which lead to a mineral network by the sol-gel process. It is a low-temperature synthesis
process that allows us to go from the sol state to the gel state through hydrolysis and

condensation reactions [14].
11.2.1. Sol

Sol is defined as a suspension of solid particles in a solvent. Depending on the size
of the species, it will be a true sol (molecular species), or a stable dispersion of colloidal
particles within a liquid colloidal solution (1-100nm) [16,17], these colloids are animated by
a Brownian movement which keeps them in suspension [18]. These interactions are of three
types: * electrostatic: Coulomb forces between charged species; * chemical: hydrogen bonds
with complexation of the solute and the solvent; * physical: weak Van Der Waals bonds

between neutral species [15-18].
11.2.2. Gel

Jabbour [19], reports that the term colloid was introduced in 1861 by Graham [20]
by analogy with glues, to designate any substance whose solution cannot dialyze, as opposed
to crystalloids. A gel is an interconnected three-dimensional network in which the solvent is
trapped in pores. If the network is made up of colloidal particles, it is called a “colloidal gel”

while if it is made up of macromolecules, it is called a “polymeric gel”.
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In 1949, Bungenberg de Jong [21] defined a gel as a solid-state system in which the colloidal
particles are arranged to form a coherent structure and in the same year, Herman [21] gave
gels a three-point definition: A gel is a coherent system composed of at least two
components; A gel has mechanical properties characteristic of the solid-state; In a gel, both

the dispersed component and the dispersant continuously expand through the entire system.

Overall, the authors agree in recognizing that gels have a continuous structure with

macroscopic dimensions. So they defined two types of gels [19-21]:
Physical gels (destabilization of a colloidal solution)

The system is frozen by electrostatic interactions. Under the effect of mechanical
action (agitation), the inter-particle bonds can be broken to return to the ground state. This
promotes the formation of gels with thixotropic properties (reversible transition from gel to
sol) [22].

The precursors are metal oxides or hydroxides. In an aqueous medium, these precursors lead
to colloidal particles dispersed by peptization (addition of electrolyte in the medium). They
are subjected to electrostatic repulsions which prevent their aggregation and are at the origin
of the stability of the soil. When the state of equilibrium is broken (destabilize), the
neighboring particles can assemble, and increase the viscosity of the soil until the system
freezes in the gel state. This gel can be obtained by reducing the interparticle space either by
evaporation of the solvent or by increasing the coordination spheres which bring the particles
closer together. This gel is of a physical type. The pH of the medium plays an essential role,
as do other parameters such as the consultation of the medium and the nature of the anions
provided by the electrolytes [22-24].

Chemical gels (polymeric routes)

The particles constituting the solid network are linked by chemical bonds: the sol state is
then irreversible. They use precursors such as alkoxides or alkoxides. These compounds have been
extensively described by Bradley et al. Their chemical formula is M(OR)n, OR being a
hydrolyzable organic group and M a metal. They come in liquid form which is miscible in a
suitable organic solvent. These chemical gels are formed by hydrolysis and condensation reactions

that we have chosen to illustrate by those occurring in the well-known case of silicon (OR”) n [25].
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11.2.3. The sol-gel transition

The first state is that of hydrolyzed and/or condensed sols: a liquid solution of metal
alkoxides partially dissolved in a solvent. The addition of water leads to hydrolysis and

polymerization reactions, oligomers and polymers are formed in the solution [26].

\ \
2 Hydrolysis and |

Condensation /OO OOO

55855

Solution of Precursor Sol

Fig. 11.3 hydrolysis and condensation [27].

The viscosity of the solution increases until a gel at "t gel™ is obtained (time required to obtain gel
after adding water at the conditions considered). The word gel only has meaning at the macroscopic
level, where it appears as a solid, although still containing a large amount of interstitial fluid. At
the molecular level, nothing changes. The mesh of the gel remains very loose just after the gel
point, and species not bound to the gel can still diffuse and react (polymerization,

depolymerization, and grafting to the network) [28].

Sol Gel

Fig. 11.4 sol-gel transition [29].
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Then the gel ages, and by successive graftings, its mesh becomes denser, and the molecules, and
especially the macromolecules diffuse much more difficultly. This period can last several tgel. He

can sometimes observe a "syneresis” (i.e. an expulsion of the solvent).
Various drying methods can then be used:
* The gel can be dried under mild conditions. It hardens by compacting:

» The solvent can be evaporated under supercritical conditions (high and constant
evaporation rate) to form a very loose gel: it is an airgel. When we are still only at the sol stage, it
is possible to spread the sol on a surface to form films of xerogels in thin layers (for example the

techniques of spin-coating or dip-coating) [30].

Xerogel Film
Coating Dense Film
—_— Heating IL_-I
Wet Gel Xerogel
jelling oS eating
Gelling : \:,\.‘-\?““A o .

Dense Ceramic
or Glass

; A A
d _4 s e g2 : l)'-"ll;
o0 OOO Precipitation L-mrooml ';.22"’“ @ .

Spinning

Fig. 11.5 Main steps in the synthesis of a material by the sol-gel route [31].
11.3. The chemical aspect of the sol-gel process

The development of oxide networks (oxo- or hydroxo-polymers), by sol-gel process,
takes place via inorganic polymerization reactions in solution from molecular precursors,
generally metal alkoxides: M(OR)n where M is a metal of oxidation state n (for example:

Si, Ti, Zr, Al, Sn<) and OR an alkoxide group corresponding to deprotonated alcohol [32].

This polymerization takes place in two stages: hydrolysis and condensation. Hydrolysis and
condensation of metal alkoxides are equivalent to nucleophilic substitution of alkoxy ligands
by hydroxylated XOH species [33].
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11.3.1. The formation of gels:

Typically, the process starts with a monomeric alkalized solution of metal or alkoxide
precursors M(OR)n where "M" represents a metal and "R" typically represents a CxH2x+1
alkyl group eg (CH3) and ethyl (C2H5). Alcohol is a molecule obtained by the addition of
several hydroxyl groups (OH) to an alkyl molecule; such as methanol (CH20OH) or ethanol
(C2H50H) [34]. Alkoxide metals are compounds of the organometallic family that have an
organic radical attached to the metal or metalloid atom. The most common organometallic
compounds studied and most used are tetraethoxysilane or tetraethyl ortho-silicate (TMOS,
Si(OC2H5)4) and tetra-methoxy-silane or tetra-methyl ortho-silicate (TMQOS, Si(OC2H5)4)
[34]. An alkoxy is a radical formed by the removal of a proton from an alcohol hydroxide,
such as methoxy (-OCH3) or ethoxy (-OC2H5), [35] See the most alkoxy radicals site

commonly used, in Table 11.1

Table I1.1. Commonly used radicals [36].

Alkyle alkoxy

Méthyle CH3 Méthoxy OCH3

Ethyle CH3 CH2 Ethoxy OCH2CH?2
n-propyle CH3CH2CH?2 N-propoxy O (CH2)2 CH3
Iso —propyle CH(C) HCH3 Iso-propoxy CH3(0)

11.3.2.1. Hydrolysis
The hydrolysis step represents the conversion of alkoxyl functions into reactive

hydroxyl functions, thus making the condensation process possible.

—

0

OH
P /S|i<o\/ + 4HO — S|i/OH + 4Ho
o & on”” o

\

Fig. 11.6 Example of hydrolysis of an organosilane [37].
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The reaction follows a nucleophilic SN2 substitution mechanism through the
pentacoordinate silicon transition state. This reaction is favored by the electronegative

alkoxyl groups which make the silicon atom very prone to the nucleophilic attack of water.

The OH- ions initially attack the silicon according to an SN2 mechanism; The OH- group

replaces OR- with an inversion of configuration [38].

hydrolysi
—M—OR +  HOH — M — OH + ROH

| | water I |
condensation

—M—OR + —M—0H Z=——— —M— 0—M— +HOH
| | | |

| | alcohol | |
condensation

—M—0OH + — M—0H =——— —M— 0—M— +HOH
| | | |
Fig. 1.7 Mechanism of hydrolysis of metal alkoxides M(OR) (neutral medium,
without catalyst) [39].

The hydrolysis reaction is facilitated by the addition of a catalyst, acid, or base, of organic

or inorganic nature [40].

In the case of the acid catalyst, an alkoxide group is easily protonated. The electron density
of the metal center is reduced which makes it more electrophilic. Protonation thus increases
the nucleofuge character of the leaving group. At the kinetic level, the proton transfer

between the entering group and the leaving group is no longer necessary [41].
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Fig. 11.8 Mechanism of hydrolysis by acid catalysis of metal alkoxides [42].

Alcohol and water are undesirable in the final material, which is why they must be extracted.

The volume of the gel begins to shrink during the shaking step due to the evaporation of

water and alcohol. When the gelation is completed, the volume decreases more and there is

often the appearance of cracks which are due to capillary forces. These forces are

proportional to the evaporation rate and inversely proportional to the pore size [43].

The decrease in volume of the gel depends on the physical and chemical conditions leading

to its formation. This reduction depends above all on the gelation temperature and the

composition of the precursor. Thus, the type of catalyst used and the molar proportions of

alkoxide, alcohol, and water are important parameters [44].

For basic catalyzes, the hydroxide ion replaces water as a nucleophilic agent because it is

much more reactive, the first step is accelerated (figure 11-5) [44].

C|)R

RO—Si—=OR 4+ :0H" =—

|
OR

C|)R
RO—Si—OH

RO OR

(‘)R
RO—.“Si—OH + RO~
OR

—_

Fig. 11.9 Mechanism of hydrolysis by base catalysis of metal alkoxides

(OR)n (organo-silane) [45].
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The mechanisms of the catalytic processes are very diverse for the silicon alkoxides. In
certain cases, the inversion of the tetrahedron is observed, witnesses of nucleophilic
substitution of the "SN2" type (acid and base). In other cases, it can be mechanisms by
disproportionation (acid), flank attack (acid), or using a stable penta-coordinated
intermediate (base) [46]. For silicon-based sol-gels, the gel time is the isoelectric point of the
hydroxyl precursor pH= 2.2

11.3.2.2. Condensation

Hydrolysis and condensation being concomitant, the reaction system is very
complex. On the one hand, there is competition between the hydrolysis of the alkoxyl groups
and the condensation reactions (and their inverse reactions: esterification and alcoholysis).
On the other hand, the oligomers in formation comprise SiIOH and SiOR groups which
present different electronic and steric environments which results in different hydrolysis and

condensation rates for each type of group.

Thus, even if the mechanisms are similar, depending on the catalyst, the solvent, and the
steric and electronic effects, the rates can change notably between hydrolysis and

condensation, with important repercussions on the structure of the material formed [47].

A condition for condensation is generally at least partial hydrolysis of the precursors. [48]
This hydrolysis generates a much better nucleophilic hydroxyl group than the alkoxide
group. It follows that the hydroxyl group reacts by nucleophilic substitution with a
mechanism analogous to hydrolysis. It consists of the conversion of hydroxy functions into
M-O-M species with a temporary increase in the coordination of the metal. This corresponds
to the formation of the mineral macromolecular network which can then take place via
polycondensation reactions by two competing mechanisms: alcoxolation and oxolation with

the elimination of water or alcohol [49].
11.3.2.3. Alcoxolation
This reaction occurs between two metal alkoxides, only one of which has been

Partially hydrolyzed. This reaction is favored when the H>O/alkoxide molar ratio of the
starting formulation is less than unity. Its reaction mechanism is similar to that of hydrolysis
(Figure I1. A [50]
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11.3.2.4. oxolation

This mechanism occurs between two partially hydrolyzed alkoxides. The mechanism

remains the same except that the leaving group is a water molecule (Fig.1l B)

RO RO,
(a) s, hydrolysis “,
RO e, RO <,
M OR 4+ HO ——e B M——OH + ROH
- esterification
RO RO
e water .
(b) /"f,,' condensation “, ,
M——OH + HO——M —_— M—0O M + H,0
o, hydrolysis o
“, e,
“ “
(©) Z, alcohol 2,
c = condensation - e,
—M—0R + HO——M —_— M——0 M + ROH
-’;:,:" aleoholysis o~

Fig. 11.10 A, B Mechanism of oxolation of metal alkoxides M(OR) n [51].

The —OH groups generated during hydrolysis are good nucleophiles and, during

condensation, leading to the creation of metelloxaneM-O-M bridges [51].
(a) hydrolysis

(l)R. (l)H
RO—Si—OR + H,0 == RO—Si—OR + ROH

I |

OR OR

(b) water condens ation

Cl)R Cl)R OR  OR
| I
RO—Si—OH + HO—Si—OR == RO— Si—O—Si—OR + H,0
I I I I
OR OR OR  OR

(c)alcohol condens ation

(|)H (l)R (l)R (l)R
RO—Si—OR + RO—Si—OR == RO— Si—0—Si—OR + ROH
| I I I
OR OR OR  OR

Fig. 11.11 Example of condensation for silicon [52].
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11.3.2.5. Gelification and gel structure

The two previous reactions (alcoxolationoxolation) lead to gelation and the
formation of a gel made up of M-OM (or M-OH-M) chains whose viscosity increases over
time. This gel still contains unreacted solvents and precursors. The "gel™ phase in the sol-
gel process is defined and characterized by a solid 3D "skeleton™ included in a liquid phase.
The solid phase is typically a condensed polymeric sol where the particles have entangled
to form a three-dimensional network (figure 1.12) [53].
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Fig. 11.12 The different stages of gel formation [54].

The reactions allowing this material to be obtained are carried out at room temperature. The
parameters influencing the reactions are the temperature, the pH, the nature of the precursor
and the solvent, and the concentrations of the reagents [55].
11.3.2.6. Aging of the gel:

The reaction that causes gelation does not stop at the freezing point;
She continues. This entire process of gel evolution over time is called aging.
The aging of the gel results in physico-chemical modifications which take place after the
gelation. Three processes can occur:
* polymerization (step of reinforcement of the network thanks to new bonds),

* ripening (the process of dissolution and reprecipitation),
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* phase transformation or syneresis.
When the gel ages, the phenomenon of reticulation leads to the shrinkage of the material
with the expulsion of the solvent: this is called "syneresis™. Independently of the syneresis,
it is possible to dry the gel, either under atmospheric conditions or under supercritical
conditions. In both cases, a less dense network is obtained without solvent [56].
11.3.2.7. Gel drying

Once gelled, the material undergoes drying due to capillary forces in the pores and
this drying causes volume shrinkage. The drying process for obtaining the sol-gel material
requires that alcohol or water can escape at the same time as the gel solidifies. The
evaporation process occurs thanks to the holes and channels existing in the porous sol-gel
material. There are several types of drying allowing to obtain different types of materials:
« Xerogel:

conventional drying (normal evaporation) leading to a reduction in volume ranging
from 5 to 10%. The evaporation of the solvent allows the formation of a xerogel which can
be subjected to a heat treatment at a moderate temperature to densify the material.
Densification temperatures strongly depend on the type of material and the properties
sought. Drying the gel is a delicate step. The solvent must evaporate very slowly to avoid
fragmentation of the xerogel. The realization of solid material is therefore difficult because
of the internal tensions appearing during the drying and which can lead to the cracking of
the material.
* Airgel:

drying under critical conditions (in an autoclave under high pressure) resulting in
little or no volume shrinkage. The evacuation of the solvent under supercritical conditions
leads to the formation of an aerogel that has not undergone any densification. This results in
a very porous material with exceptional insulation properties. The transition from a sol to a
gel, the viscosity of which can be controlled, also allows the production of fibers and films
of various supports by dipping or vaporization. Xerogels are generally denser than aerogels.
From the same solution and depending on the drying mode of the gel, the final material takes
very different forms: dense or massive materials (glass or ceramic monoliths), powders,
aerogels (supercritical drying), fibers, composites, porous gels or membranes, and, of course,
films or thin layers (figure 1.13) [57-59].
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Fig. 11.13 Diversity of sol-gel materials and their shaping [60].

These reaction rates depend on several parameters which must be taken into account when

implementing the process:

I. Temperature: this is the first parameter to consider, which is involved in any chemical
reaction. In our case, it has an influence on the rates of hydrolysis and condensation from
the preparation of the soil, then during aging or storage. The higher it is, the faster the

reactions.

ii. The type and concentration of alkoxide: this choice is made according to the reactivity
of the alkoxide (or precursor) and the type of sample to be produced. The concentration in
the soil, for its part, is especially important during condensation: the lower it is, the further

the molecules capable of binding are from each other, which delays the reactions.

iii. The solvent: the alkoxides are generally little or not miscible in water. It is, therefore,
necessary to mix these precursors, water (and possibly the catalyst) in a common solvent.
It is then preferable to use as a solvent the alcohol corresponding to the —OR ligand of the
alkoxide, to avoid possible reactions between the different components likely to modify the
reaction kinetics. The starting sol is therefore generally an alcoholic solution. The choice of
solvent is also dictated by process requirements (ease of drying, integrity of the final
material), possible toxicity, or environmental constraints (emission of volatile organic

compounds).

iv. The pH of the soil (choice of catalyst): given the mechanisms involved during gelling,
the pH will play an important role in the evolution of the reactions: The H30+ and OH-

ions do not have the same influence on the two types of reaction. The cation H30+, attracted

32



Literature Review

by oxygen, facilitates the substitution of OR groups and therefore hydrolysis, while the
anion OH-, attracted by the electronegative metal M, favors the formation of M-O-M bonds
by condensation [61-64].

11.4. Reagents to be used in training

The objective of this paragraph is to present the principles of physico-chemical

parameters involved in obtaining a sol-gel.

The starting solution generally consists of: One or more precursor(s); A co-solvent (usually

alcohol); Optionally a catalyst (acid, base, or fluorine ions); Water [65].

Each compound must be dosed precisely to achieve the properties of the desired gel. The
nature of the desired material dictates the precursor. The choice of solvent and catalyst is
therefore dictated not only by the chemical properties of the precursor but also by
environmental constraints [65]. The precursor is the central compound of the formulation
and is also the one that dictates the cost of the product produced. Added to this are other
elements in the formulation such as ionic or non-ionic surfactants, grafting or encapsulating
agents (medicine, pigments, aromas), complexing agents (acetic acid or citric acid) which

allow the formulation to modulate gelation rates [66, 68].
11.5. advantages and disadvantages
11.5.1. advantages

The sol-gel process is particularly attractive because it presents advantages such as
high purity of reactants and final products, Control of the structure of the composition at
the molecular level; Synthesis of new crystalline phase from non-crystalline solids; The
losses by vaporization are minimized, as well as the pollution of the area; The synthesis of
materials is done at relatively low temperatures compared to the solid method, hence saving
thermal energy; Possibility of relatively simple doping in the ground phase, and it is possible
to control connectivity and morphology by suitable choice of reactants, catalyst, and
reaction conditions. Additionally, it is transparent due to the nanosized organic and
inorganic domains, easy to apply on any kind of substrates and easy inclusion of suitable
organic or inorganic active substances for the preparation of functional hybrid materials
[69].
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11.5.2. Disadvantages

The disadvantage of the sol—gel process is that long reaction times are required to
achieve a high cross-linking degree as sol-gel reactions are carried out under mild
conditions. However, Geppi et al. [69] have proposed that the long reaction times of sol-

gel could be reduced from 7 h to 1 min using microwave heating.

The use of sol-gel has the potential to modify the surface of polymer films without using
any pretreatment, and the coated materials have good adhesion to the polymer film surface.
Hydroxyl groups remain after heat treatment; Significant shrinkage during drying; Very

high cost of precursors; Need to precisely control the surface condition of the substrate [70].

11.6. Dispersion method of TiO2 nanoparticles in PVA/SiO2 Hybrid solution

Due to the inter-particle adhesion forces, nanoparticles become agglomerated and

their settlement can be observed due to the gravity forces.

To start with a stable and usable condition of nanofluids, it is desired to have an aggregate-
and sediment-free structure where all the nanoparticles contribute to the dispersion, which

will give the maximum benefit from the nanoparticles

Currently, there are several dispersion devices available that are capable of meeting this
requirement, including ultrasonication, rotor-stator systems, static mixers, and high-
pressure homogenizers. ultrasonication has been widely utilized and has been accepted as
an essential step in the production of nanofluids The use of ultrasonic energy-
ultrasonication — for wet chemical methods has become a growing area of research for the

preparation of nanoparticles of metals, oxides, etc [72].
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11.6.1. Ultrasonication principle

Sonifier Tip

Agitation Area

Fig. 11.14 Schematic representation of a sonifier [73].

Emulsification using ultrasound was first reported in 1927 and the first patent was granted
for this type of system in 1944 in Switzerland. A schematic diagram of an ultrasonic system
is illustrated in Figure 11.14 The sonifier produces ultrasonic waves that cause the molecules
to oscillate about their mean position as the waves propagate. During the compression cycle,
the average distance between the molecules decreases, whilst during rarefaction the distance
increases. The rarefaction results in a negative pressure that may cause the formation of
voids or cavities (cavitation bubbles) that may grow in size. High-frequency vibrations
applied to a diphasic liquid system provides a different means of breaking and dispersing a
bulk phase [74].

11.7. Conclusion

Sol-Gel synthesis leads to the elaboration at a low temperature of transparent and
dense amorphous solids in which organic molecular species can be introduced. The wealth
of precursors allows the development of new organic-inorganic hybrid materials whose
optical properties can be controlled at will. Indeed, depending on the nature of the alkoxides
used, it is easy to control the interactions between the polymeric network of the Sol-Gel

matrix and the molecular system depending on the field of application of the material [71].
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Chapter 111 Overviews of the used materials

In this chapter, we will provide an overview of the materials used, highlighting their wide

range of applications and properties

111.1. Polyvinyl alcohol (PVA)

Poly (vinyl alcohol) (PVA) or Poly(1-hydroxy-ethylene) are semi-crystalline,
colorless, synthetic, and biodegradable polymer. PVA is water-soluble, and its linear
structure allows its molecules to align through hydrogen bonds, giving it excellent film-
forming and adhesive properties. However, like other polymers, the physical properties of
PVA generally depend on the method of preparation. PVA has very low transmission rates
of oxygen, nitrogen, and helium, making it suitable as a barrier coating for other
thermoplastics or when co-extruded with them. The water solubility of PVA films can be
adjusted to some extent. The "standard" type, made from higher-molecular-weight polymers
and plasticized with glycerin, is only weakly soluble in cold water. PVA is extrudable and
moldable, and it is commonly used in fabric sizing, adhesives, emulsifying agents, and

packaging films. [1, 3].
111.1.1. synthesis of polyvinyl alcohol (PVA)

Polyvinyl alcohol cannot be synthesized directly from its vinyl alcohol monomer;
this is due to the instability of vinyl alcohol which tautomerizes to the more stable
acetaldehyde [4]. Polyvinyl alcohol is obtained by partial or complete hydrolysis of
polyvinyl acetate with methanol or water. The alcoholysis of polyvinyl acetate in acid or

base catalysis by the reaction:

NaOH
_[_CHZ_?H }1:1 I‘I:IEt]:lEIIlDT _[_CHE_?H_]H
O O
t=0 M
&,
poly{vinyl acetate) poly{winyl alcohol)

Fig. I11.1 Formation of polyvinyl alcohol [5].
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Industrially, the alcoholysis reaction occurs in basic catalysis, using alkali metal hydroxides

or their alkoxides as catalysts. In the case of basic alcoholysis in methanolic solution, the

true catalyst of the reaction is sodium methoxide [6],

111.1.2. Properties of polyvinyl alcohol

Polyvinyl alcohol (PVA) has several notable properties, including:

1. Water-solubility: PVA is readily soluble in water, which makes it useful for

applications where a water-soluble polymer is required.

Film-forming and adhesive properties: PVA's linear structure allows its molecules to
align through hydrogen bonds, which gives it excellent film-forming and adhesive

properties.

Biodegradability: PVA is biodegradable, which means it can be broken down by

microorganisms in the environment.

Barrier properties: PVA has very low transmission rates of oxygen, nitrogen, and
helium, which makes it suitable as a barrier coating on other thermoplastics or when

co-extruded with them.

. Adjustable water solubility: The water solubility of PVA films can be adjusted to
some extent by varying the molecular weight and degree of hydrolysis of the

polymer.

Extrudable and moldable: PVA can be extruded and molded into a variety of shapes,

which makes it useful in many manufacturing applications.

Overall, these properties make PVA a versatile polymer with a wide range of applications,

including fabric sizing, adhesives, emulsifying agents, and packaging films [7-10].

111.1.3. Some applications of PVA

Polyvinyl alcohol (PVA) has many applications across various industries due to its

unique properties, some of which include:

1. Adhesives: PVA is used as an adhesive in many industries, including paper and

packaging, woodworking, and textiles.
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2. Packaging films: Due to its barrier properties, PVA is used as a coating or as a film
in food packaging, pharmaceutical packaging, and other applications where a barrier

to oxygen or other gases is required.

3. Textiles: PVA is used as a sizing agent in the textile industry to improve the strength,

stiffness, and crease resistance of fabrics.

4. Emulsifying agents: PVA is used as an emulsifying agent in a wide range of

applications, including paint, ink, and personal care products.

5. Paper coatings: PVA is used as a coating on paper to improve its strength, printing

quality, and water resistance.

6. Medical applications: PVA is used in medical applications, such as wound dressings,

due to its biocompatibility and water solubility.

Overall, the versatility and unique properties of PVA make it a valuable polymer with many
applications in various industries [11-14].

111.2. Silicon Dioxide (SiOz2)

Silica, also known as silicon dioxide, is a naturally occurring mineral solid with the
chemical formula SiO2. The mineral is composed of [SiO4] tetrahedrons linked by their
vertices, and can exist in different forms including crystalline (quartz, tridymite, and
cristobalite) or amorphous. Silica is found in a wide range of materials including natural
sources such as minerals (for example, quartz sand) and plants (such as bamboo). However,

for industrial applications, synthetic amorphous silica is typically used [15].

111.2.1. Structure of SiO2

Silica can be found in three allotropic forms (same chemical composition, but
different atomic arrangements): crystalline (long-range crystallographic order), vitreous
(short-range order), and amorphous (absence of order). The structure obtained by thermal
oxidation is vitreous silica. It is amorphous in the case of poor control of oxide growth. The
basic structural unit of silica is a silicon atom surrounded by four oxygen atoms forming the

vertices of a tetrahedron [16, 17].
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o S -

Fig. 111.4 Crystal structure of SiO> [18].

Silica is made up of an arrangement of SiO4 tetrahedrons linked together via the oxygen
vertices. These tetrahedrons are characterized by the Si-O atomic distance (from 1.6 to 1.63
A), and by the value of the angle 8 between the O -Si-O bonds (0 varies from 110° to 180°,

with an average value of 144° for amorphous silica) [19].

Crystalline SiO, Amorphous SiO,

(Quartz) (Glass)

Fig. l11.5 Planar representation of the lattice of (a) crystalline and (b) amorphous silica
[20].
Silica nanoparticles are commonly used as fillers for hybrid inorganic-organic UV-curable

materials. Their importance is because they are optically inert, low toxic, highly abundant,
thermally and chemically stable, and permeable to template molecules. Their surface is
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highly rich in silanol groups, so they are extremely hydrophilic and are not adequate for a

homogeneous dispersion in the [21].
111.2.2. Natural silicas

In its natural state, silica exists mainly in crystalline form. The latter is characterized
by a high degree of organization and a dense structure. In this case, the active surface of the
material, which is involved in the processes of chemical and physical interactions with the
external environment, is limited to the outer surface of the particles. The specific surface of
silica is of the order of some 2m/g and can be less. Silica is found in its natural form in
minerals such as quartz, or in plants. In its natural state, silica occurs mainly in crystalline
form. Several phases can exist, depending on temperature, pressure, and degree of hydration.
Thus, at atmospheric pressure, crystalline silica exists in four different phases depending on
the temperature. Quartz is the most stable form below 1143K, tridymite between 1143K and
1743K, and cristobalite between 1743K and 1973K. Above 1973K the cristobalite

transforms into amorphous silica glass [22,23].
111.2.3. Synthetic silicas

Unlike natural silicas, these silicas are mainly produced in amorphous form. Their
major interest lies in their porosity, which makes it possible to introduce a large surface
inside the particles. They thus have a specific surface of the order of (30 up to 800 m2.g-1)
and a much larger active surface than crystalline silicas, this confers interesting surface
properties, in particular in terms of reactivity or physico-chemical interactions. The specific
surface, the particle size, the volume, and the pore size are all factors governing the reactivity
of silica and can be controlled independently of each other by the choice of the method of
preparation and the specific parameters of this method. this. There is a big difference
between crystalline and amorphous silica. Crystalline silica has a dense and ordered
structure, and its active surface allows chemical and physical interactions which are limited.
Only the external surface can participate in these interactions, the specific surface is therefore
limited to the geometric surface. It is quite the opposite for amorphous silicas due to the
random arrangement of SiO4 tetrahedrons and their porosity. Thus, the specific surface is
more important and the surface properties become much more interesting in terms of

reactivity. Synthetic silicas are obtained mainly by two main routes:

- wet process: precipitated silicas and silica sols;
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- thermal route: thermal or pyrogenation silicas (smoked silica) [24-26].
111.2.4. Silica gels

The sol-gel process is the one best described in the literature. One of its advantages
is that it leads to a pure and homogeneous product at low temperatures. The sol-gel process
involves two common chemical reactions, hydrolysis, and condensation to form a siloxane
network. [30] A silicate such as sodium silicate is commonly used as a raw material, although
more recently the use of alkoxysilanes with the general formula Si(OR)4(R can be CHs,
C2Hs, or C3Hv). It is by the hydrolysis of these molecules that silanols are obtained which
can then give rise by condensation to siloxane bonds. Hydrolysis and condensation take place

simultaneously in the aqueous solution, forming stable particles of colloidal size [27, 28].

It is thus possible to favor either the growth of the particles or the bridging of the particles to
give rise to chains. In the latter case we can, from a certain point, pass from a sol to a gel,
where we have an elastic behavior. This gel is called hydrogel in the case where the solvent
is water or alcogel in the case where the solvent used is alcohol. The structure of the hydrogel
is controlled by the temperature, the pH of the medium, the nature of the solvent, the type of
electrolyte used, and the type of silicate or alkoxide [30].

The family of granular silicas mainly includes xerogels and aerogels. Xerogels (from the
Greek Xéros: dry) are obtained by drying hydrogel silicas (silica impregnated with water),
while aerogels are formed after heating organogels (silica impregnated with organic solvent)
[31].

111.2.5. Properties of silicon dioxide

For the various forms of silica, the specific surface varies from 25 to 1000 m2.g-1 [32].
Porosity This factor is important for the reactivity of silica. Indeed, the higher the porosity
and the more homogeneous the distribution, the more the silanols of the pores are accessible,
thus increasing the total number of surface silanols. Depending on the pore size, silica can be
microporous (diameter less than 2 nm), meso-porous (diameter between 2 and 50 nm), or
macroporous (diameter greater than 50 nm). Primary particle size According to the types of
silica, the sizes vary from a few nanometers to 500 nm. These primary particles can also
agglomerate together to give aggregates whose sizes are between 1 and 40 um. We then obtain

supports with various shapes [33, 34].
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111.2.5.1. Viscosity

As the viscosity of a fluid increases, its ability to flow decreases. The introduction of
colloidal particles into a liquid increases its viscosity. For example, silica is mixed with paint

as well as certain pharmaceutical or cosmetic products [35].
111.2.5.2 Hardness

Hardness describes the ability of a material to resist deformation. The great hardness
and the abrasive properties of silica gels and powders justify their interest as a reinforcing
agent. Indeed, the ability to resist abrasion, scratching, or deformation makes it possible to
increase the applications, particularly in the field of mechanics. The specificity and the
porosity are to be taken into account for large applications such as chromatography using
adsorption properties, while the hardness and viscosity are highlighted for applications where
the mechanical properties are important. From a chemical point of view, silica has a high
melting temperature (above 1500°C) and zero oxidation-reduction reactivity, which makes it
a very stable material. Its potential at zero charges equal to two is explained by the presence
of silanols on the surface. These groups justify the ionization and hydrophilic properties of
silica. These are the reactive sites allowing chemical functionalization by organic or inorganic

compounds [36-38].
I11.3. Titanium dioxide (TiO2)
111.3.1. Introduction

Titanium dioxide is a molecule composed of oxygen and titanium atoms with the
formula TiO>. It is a wide bandgap semiconductor (gap = 3.2 eV). It has a high refractive
index (at 590 nm): nrutile = 2.70, nanatase = 2.55) and a high scattering coefficient (96% of
incident light is reflected in the visible). Its theoretical density, high for an oxide, is 4.25
(measured between 3.9 and 4.2). It has a melting point of 1855°C. TiO; is chemically and
biologically inert. It is an abundant material on Earth in the form of ilmenite (oxide of
titanium and iron) and erutile. TiO is obtained by the treatment of ilmenite ores by the
sulfate process directly or by the chlorine process (for rutile ores), a fairly simple processes.
This material is not expensive. TiOz is found in three crystallographic forms: rutile, anatase,
and brookite. Rutile is the most stable form of titanium dioxide and is produced at high
temperatures, brookite forms at lower temperatures, and anatase at even lower temperatures

[39, 40]. Titanium oxide is the most widely used white pigment. It is non-toxic and replaced
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white lead. It is obtained from titanium ore. About 95% of the quantity of ore extracted is
used for the production of the pigment and only 5% for the preparation of the metal. Titanium
oxide is widely produced around the world, with an annual sales volume of more than 3.5
million tons and global consumption increasing at around 2% per year. The main producers
are Canada, Norway, Australia, and South Africa. The sectors of use are very varied: paint,

plastic, and paper. This enthusiasm is explained by its exceptional properties [41, 42].
111.3.2. Different Forms of Titanium Dioxide

Natural titanium oxide exists in the crystalline state in three allotropic forms: rutile,
anatase, and brookite. These varieties are placed according to a regular filiation in the
temperature scale. Anatase, gradually heated, is converted into rutile. Brookite is an

intermediate form that has a very narrow domain of stability [43].
111.3.2.1. Rutile

It forms the most abundant part, takes its name from its red color, and it's a high
density of 4.3, sometimes forming large alluvial deposits that can be industrially exploited.
It is from this mineral that titanium is usually used, this type is thermodynamically stable,
although this mineral can also be represented by yellow or black individuals. This product
is used in the manufacture of many colors and may contain up to 10% iron. It strongly
refracts light, with a high refractive index of value between (2.7-3.1), and is not very hard,

it is also known under the following names: Cajuelite, Rutilite, Crispite, and Edisonite. [44]
111.3.2.2. Anatas

It is a tetragonal mineral, it has a theoretical density of 3.893, and its refractive index
is between (2.55-2.75), heated to 700 C° it turns into rutile. The crystalline structure of

anatase is much more complex than that of rutile, the octahedra have been "distorted"” there.
Anatase is mainly used as a pigment and opacifier for all kinds of applications:

paint: titanium white, but also as an opacifying agent for all dyes, paper, plastics, ceramics,
and toothpaste [45].

111.3.2.3. Brookite

Orthorhombic crystal structure, it is the hydrated oxide found in ore deposits, usually
dark blue, black, very dark brown to brownish-red, well-formed, stubby complex prismatic

crystals; isometric pseudo-hexagonal bipyramids and rarely in tabular form, with density of
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4.1 g/cm3. Generally, this substance is not used as a photo-catalyst in the photo-degradation
process [46, 47].

Fig. 111.6 Phase structure of TiO: a: Rutile; b: Anatase; c: Brookite [48].

111.3.3. Titanium Dioxide Elaboration Processes

There are two major titanium dioxide production processes in industry: the sulfuric

process and the chloride process.
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111.3.3.1. sulfuric process

FeTiO2+
H2SO4

TiO2
Powder

Fe2(SO4)3 FeSO4
+TiOSOs +TiOSOs
900°C

Boiling +

Washing+

TiO2

H,0 TiOSO4

Hydrolysis

Calcination

Fig. 111.7 Diagram of the sulfuric process relating to the production of titanium dioxide [49].

111.3.3.2. Chloride process

Rutile impure
C+Cl2in 950° C

O2in

TiCla T°>1000°C

TiO2

Fig. 111.8 Diagram of the chloride process relating to the production of titanium dioxide [50].
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111.3.4. Properties of TiO2
111.3.4.1. Chemical properties

Titanium dioxide is very stable thanks to very strong bonds between Ti+4, tetravalent
cations, and O2-, divalent anions; it is therefore very chemically inert. It is insoluble in all

liquids except concentrated sulfuric acid and hydrofluoric acid [51].

111.3.4.2. Physical properties
Table 111.1 present a comparison between the properties of the three phases of TiO> [52].

Property Rutile Anatase Brookite
Band gap (eV) [ZALLEN R] 3,06 3,3 1,9

Density (g/cm3) 4,27 3,90 4,08 — 4,2
Refractive index (& 589 nm) 2,61 —2,90 2,49 — 2,55 2,58 - 2,70
Melting temperature (° C) 1843 1843 1830 — 1850
Hardness (Mohs scale) 70-75 55-6,0 55-6,0

111.3.5. Some applications of TiO2

In the field of photochemistry, titanium dioxide allows the initiation of reactions
such as the photolysis of water, the photo-reduction of nitrogen, and the purification of
liquid and gaseous effluents. In optics, titanium dioxide coatings have favorable properties
for modifying the refractive index of the surface of lenses. TiO applications also concern
microelectronics, solar energy conversion, and gas sensors. TiO2 is also used as a coating
for protection against corrosion, in photovoltaics with the development of a new generation

of sensitized solar cells called Gratzel type and in photochromic materials [53-55].

1.4 Conclusion

The first section of this thesis focused on the problematic of hybrid materials
produced through the sol-gel route. This was achieved through a comprehensive literature
review, spanning Chapters I, 11, and I11. The review covered generalities on hybrid materials,
including methods of their elaboration, their properties, and resulting applications. The
chemical reactions involved in the process comprise two mechanisms, namely hydrolysis
and condensation. These reactions are influenced by several factors such as the nature of the
precursor, its concentration, pH, among others. To determine the best process for developing
the hybrid film, a comparative analysis of the different development methods was carried

out. While the literature offers limited insight into the properties of the material, we have
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summarized the few available results. It is noteworthy that thin hybrid films have a wide
range of applications. Additionally, we presented generalities on the materials used in this
study (PVA, silicon dioxide, and titanium dioxide), including their properties, preparation
methods, fields of application, and drawbacks. Our contribution will be to develop a hybrid
material with superior properties to those reported in the literature, we will now proceed to

the experimental part.
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Chapter 1V Materials, methodology, and experimental techniques

After having described in the literature review part (Chapter I, Il, and IlI) the hybrid
materials, the methods of elaboration and deposition of hybrid materials in general as well
as the sol-gel method in particular, and generalities on the materials used, in this
experimental part we will now devote the chapter IV to present in the first part all the
materials used for the preparation of the samples, in the second part of this chapter, the
different experimental techniques used will be presented.

IV.1. General characteristics of the materials used and methodology
IV.1.1 General characteristics of the materials used

All of these materials were supplied by Sigma-Aldrich. Deionized water (DI) was
used throughout all the experiments. All chemicals and materials were obtained and used as

received without any further purification.
1V.1.1.1 Polyvinyl alcohol (PVA)

Poly (vinyl alcohol) degree of polymerization = 1800, 98% hydrolyzed with Mw=
15000g/mol, presented in the form of a crystalline white powder resulting from the

hydrolysis of polyvinyl acetate.

Table 1V.1 Properties of the used PVA [1].

Properties
General formula (C2H40)n
Density 1.19
melting point 230°C
Solubility (solvent) Water

IV.1.1.2. Titanium dioxide (TiO2)

The titanium dioxide TiO2 with an average particle size of 10-25 nm, with a purity
of 93%, is used as a nanofiller for the reinforcement of the polymer matrices, the

characteristics described by the supplier are given in Table 111.2.
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Table 1VV.2 Main characteristic of the used TiO> [2].

Specification

Value
Shape of crystals Rutile
Molecular weight (g/mol) 79.90
Average particle size 10-25 nm
Chemical stability Stable
Relative density 34-43

IV.1.1.3. TEOS as a source of silica (SiOz2)

Tetraethyl orthosilicate precursor was used as a source of silica (SiOz2) using the sol-
gel method

Table IV.3 Characteristics of the used TEOS [3].

Product Property
General formula Si(OC2Hs)4
Molecular weight 208.33 g/mol
TEOS Density 0.933 g/ml
Purity 98. %

IV.1.1.4. Reagents and solvents

1VV.1.1.4. Ethanol

Table V.4 Characteristics of the used Ethanol [4].

Product

Property
General formula (C2HsOH)
Ethanol Molecular weight 46.07 g/mol
Density 0.789 g/ml
Purity 96%
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IVV.1.1.4.b Hydrochloric acid (HCI)

Table IV.5 Characteristics of the used HCL [5].

Product Property
Molecular weight 36.46
hydrochloric acid Density 1.19 g/ml
Purity 38%

IV.1.2. Materials Development Methodology
IVV.1.2.1 Choice of the precursor

The hybrid materials that we have developed result from the combination of a
precursor and a polymer powder. The precursor used, supplied by Sigma Aldrich, is:
tetraethoxysilane (TEOS, 98%) and the polymer is the PVA, their chemical formulas are
given in Chapter Ill. precursors of the organosilane type of formula Rn‘SiX4-n (n =1, 2,
3) where X denotes a hydrolyzable group (alkoxide, halide, carboxylate, etc.), and R* an
organic group. The index n linked to the term functionality designates the number of
hydrolyzable groups present in the molecule [6,7]. The choice of the precursor is guided
by the nature of the hybrid that one wishes to obtain (class | or I1) as described in chapter
I. The class Il of the hybrids that we have developed has the advantage, by comparison to
class I, to be derived from a precursor itself containing a strong bond between its mineral
part and its organic part. On the other hand, and independently of the nature of the
precursor, it is necessary to ensure during the synthesis process, the stability of the
organometal interface initially established by the Si-R chemical bond. This property,
which depends on the nature of the inorganic element and the organic group, is achieved
in the case of the precursor that we have chosen. Indeed, for chemical elements that are
not very electropositive such as silicon, covalent bonds of the Si-C type, stable to
hydrolysis, will make it possible to synthesize materials. Class Il hybrids [8]. The stability
of organic groups linked to the inorganic network makes it possible to avoid a drawback
of class | hybrid compounds: the possible departure of organic entities during the use of

the material [8].
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The other advantage of the chosen precursor is to lead to hybrids having a better definition
of the organic-inorganic interface and consequently a better understanding of the material
and the microstructure-mechanical properties relationship, as well as an easier adjustment

of the hydrophilic or hydrophobic character.
1V.1.2.2. Experimental Flow Chart

A general flow chart for the sol-gel process leading to the preparation of the hybrid

films using tetraethyl orthosilicate is shown in Fig.1.

TEOS+
PVA+H
C2HsOH+H,O 20
[Stirring (t=1h T=60°C) [— {—— stirring (t=1h T=80°C) ]

Inorganic solution Oraanic solution
+TiO, solution g

N
Ultrasonic agitation +
Stirring (t=1h T=60°C)

J

[ Hybrid solution ]
[ Drying 3 days ]
[ Characterization ]

Fig. IV.1 Flow chart showing the synthesis of hybrid PVA-Silica-Nano TiO. sol-

gel steps
1V.1.2.3. Neat PVA Films:

First, a sufficient amount of PVA (5 g) was dissolved in 100 ml of deionized water
(5 percent). Then the mixture was magnetically mixed and heated for 1 hour at 80 °C until
the mixture appeared homogeneous and viscous. The gel was placed into a petri dish for

three days allowing it to solidify at room temperature.
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IV.1.2.4. PVA/SIO:2 Films:

5 g of PVA was dissolved in the same manner as indicated above. 40% of TEOS
was dissolved in ethanol and deionized water and hydrochloric acid at a molar ratio of 1:
4: 1: 0.04 of TEOS/Ethanol/Water/HCI, respectively. This mixture was heated at 60 °C
and stirred for 1 hour. Then, the PVA solution was gradually added separately to each
solution of the TEOS and the resulting mixture was thoroughly mixed for 1 hour by stirring
at 60 °C. The solution obtained was poured into a Petri dish and allowed to solidify at room
temperature for 3 days.
1V.1.2.5. PVA/SiO2/TiO2 Films:

The PVA/SIO> solution was prepared using the same experimental procedure as
described above. To avoid nanoparticle agglomeration, TiO2 nanoparticles were added to
water and magnetically stirred vigorously for 3 hours before sonication for 1 hour. The
mixture was mixed with the PVA solution and TEOS under magnetic stirring for 1 hour
and then sonicated again for 1 hour to ensure a good dispersion. Finally, the mixture was
poured into a petri dish and left for 3 days to solidify at room temperature. All compositions
of the hybrid films are presented in Table IV.6.

Table IV.6 Compositions and Preparation of PVA/SiO2/TiOz hybrid solutions. P: Neat PVA,
PS: PVA/SIO2, PST1: PVA/SIO./TIO, (1wt %), PST3: PVA/SIO2/TiO2 (3wt %), PSTS:
PVA/SiO2/TiO; (5wt %).

Sample PVA TEO Silic TEOS PVA silica: H.O/TE HCL/TE TiO, Appearan

(Wt S a (wt (wt PVA OS (mol)  OS (mol (9) ce
%) wt (W %)in  %)in ratio ratio ) ratio of the
%) %) Soluti  the in films
on soluti | solution
on (by wt)
P 100 0 0 0 5 0:1 0 0 0 Transpare
nt
PS 60 40 16 3 4.5 1:15 1 0.04 0 Transpare
nt
PST1 60 40 16 3 4.5 1:15 1 0.04 0.5  opaque
white
PST3 60 40 16 3 4.5 1:15 1 0.04 0.15 opaque
white
PST5 60 40 16 3 4.5 1:15 1 0.04 0.25 opaque
white
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1VV.1.3. Conclusion

This first part of chapter IV was devoted to the preparation of hybrid films
with an explanation of the experimental conditions used in this work as well as their
flowchart, the PVA/SIO2/TiO2 hybrid material was successfully synthesized. We will

now present in the second part the different characterization techniques used.

IV.2. Experimental techniques

In this second part of chapter IV, we will describe the characterization techniques
(FTIR, ATG, XDR) implemented during this work as well as the associated instruments. It
IS not a question, here, of describing in detail each technique but of giving the main lines
used to obtain and interpret the results. The techniques listed have made it possible to analyze
the morphology, the physico-chemical and thermal properties of hybrid materials in thin

films.

IVV.2.1. Fourier Transform Infrared Spectroscopy (FT-IR):

infrared spectra were recorded using a Perkin Elmer FTIR Spectrum 1000
spectrophotometer in the transmission mode at room temperature. After an average of 32
scans, the samples were scanned from 4000 to 400 cm™ with a resolution of 2 cm™.

IV.2.2. X-ray Diffraction (XRD):

Measurements were performed with a Phillips X'PERT Pro diffractometer at room
temperature using a CuKa. radiation source and 1.54 A X-ray wavelength, 30 mA current,
and 40 kV generator voltage. The 20 scanning range was 5—70 in fixed time 0 mode with a
step interval of 0.02.

IV.2.3. UV-VIS Spectrophotometry:

The UV-VIS absorption and transmission spectra of the samples were recorded using
a Perkin Elmer 4B spectrophotometer in the range of 200-800 cm™.
IV.2.4. TGA Analysis:

Thermogravimetric analysis was performed using a Mettler Toledo Star System in

an N2 atmosphere from 30 to 700° C at a heating rate of 10°C per min.
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1VV.2.5. Differential Scanning Calorimetry:

Thermal analysis was performed in a Perkin-Elmer differential scanning calorimeter
(DSC), in an N2 atmosphere. The temperature range studied was -50 to 270°C. The heating
rate was 20 C/min. Typical sample weights were 6 mg.
1VV.2.6. Water absorption:

The relative rate of water absorption under saturated conditions was determined by
drying films for 12 hours in a vacuum oven at 50°C, after immersing them in distilled water.
The water absorption of the films under saturated conditions was calculated according to the
ASTM-D570-81 procedure. The composites' water (W) was calculated using the following

equation and plotted against time:
my;—m
W(%) = [m—0°] .100 (1)

where W is the water uptake (in percent), mo is the initial dry weight of the film, and m; is

the dry weight of the swollen film.

IV.2.7. Contact Angle:

5ul of water was dropped on the film surface at room temperature at a relative
humidity of 30%=z= 5%, using a rame-hart contact angle goniometer and tensiometer
instrument. A (speed digital CCD camera) was used to capture the picture of the droplet of
water. The contact angle is the angle created by the baseline and the tangent line at the point

where the water droplet makes contact with the surface.

1VV.2.8 Conclusion

The different characterization techniques used in this work as well as the associated
experimental devices were exposed. For our studies, the basic principle of each technique
has been recalled and the corresponding instrumentation has been described. We are now
going to present all the results obtained thanks to the implementation of all the techniques

mentioned above.
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Chapter V Results and Discussions

In this chapter, we present and discuss the results obtained from our study. The chapter is structured into
two key sections. Firstly, we investigate the influence of SiO2 on the properties of PVA, analyzing its
impact on various physical and chemical characteristics. Secondly, we examine the effect of TiO2 content
on the physicochemical and thermal properties of PVA/SIO, hybrids, exploring how this component
affects the behavior of the materials under different conditions. Together, these two sections provide a
comprehensive analysis of the properties and behavior of PVA/SiO2/TiO2 hybrids, shedding light on

important factors that can impact their performance in various applications.
V.1. Structure and Morphology of the Hybrid Films
V.1.1. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FT-IR) was used to characterize the presence of
specific chemical groups in the hybrid materials, neat PVA, PVA-SIO2, and PVA-SiO2-TiO, were

analyzed using the FT-IR transmittance mode in the wavenumber range of 4000 to 400 cm™.

PVA/SIO,/TiO55%

\. PVA/SiOZ/TiOZ_l:/:\[/\“\_A/\\——'
PVA/SIO5/TiO53% ‘

Ti—O-Ti

Transmittance

PVA/SiO,

3000-3695— 2930 1728

14241371 1249 1092

' 1
4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.V.1 FTIR spectra of neat PVA and PVA/SiO2 and PVA/SIO: films with different TiO>

concentrations: 1%, 3%, 5%.
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Fig. V.1 presents FT-IR spectra. For all samples, a broad absorption peak is centered on 3000—-3660 cm
! which is due to the presence of the hydroxyl group of PVA molecules and adsorbed water (HOH) and
the stretching vibrations of Si-OH groups resulting from the incompleteness of the condensation reaction
of TEOS [1].

The vibrational band observed between 2816 and 2990 cm™ refers to the stretching of vas (CHz) and
symmetric vs(CH2) band of CH2 from alkyl groups of PVA [2].

A weak band is observed at 2285 cm™ and has been attributed to the frequency of the combination of (C-
H) and (C-C ) [3]. The peaks between 1623-1763 cm™ have been assigned to C=C stretching mode and/or
C=0 stretching from the acetate group remaining after the preparation of PVA from hydrolysis of poly
(vinyl acetate) [4]. Two strong bands observed at 1424 and 849 cm™* have been attributed to bending and
stretching modes of the CH_ group, respectively [3,5]. The weak band at 1328 cm is assigned to the
combined frequency of the (CH + OH) group [3]. The band around 1249 cm™ is assigned as vw (CH)
wagging vibration.

The strong band at 1092 cm and sharp band at 927 cm™ are attributed to the C-O and C-C groups
stretching in the crystalline and the amorphous phase of the PVA matrix, respectively [6]. The intensity
of the strong band at 1092 cm increases as the degree of crystallinity increases [7].

For the samples which contain silica, the peaks between 920-950 cmare assigned to Si-OH stretching
(silanol), and Symmetric C-O stretching (ether) [8].

The broadband in the region 1052—1100 cm™* which might be attributed to Si-O-Si stretching vibration,
indicates that the silica network has successfully been formed [8,9]. It is to be noted that the peak at 1092
cm! became flattered in the sample containing the silica, which indicates the diminution of crystallinity
and that the silica/PV A network has successfully been formed.

The peak at 1085 cm™ due to Si-O—C stretching vibrations shows that the organic process was covalently
connected to the inorganic phase [10]. It is striking that the large band between 3000-3695 cm™(3660)
shows a broadening in comparison to the hydroxyl stretching vibration of neat PVA. This is due to the
appearance of new bands at 3100-3200 cm™ which are attributed to the hydrogen bonding between PVA
and silica through their hydroxyl groups, but also the H-bonded hydroxyl group having a polymeric
association [9].

Compared with neat PVA and PVA-SiO;, new broad absorption bands around 450-800 cm™ are present
in the FT-IR spectra of PVA/SIO at different contents of TiO, which are attributed to Ti-O-Ti and Ti-

0O-0O bonds. The intensity of these peaks increases with the increase of TiO. content [11-13]. The
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intensity of PVA's OH groups decreased as the concentration of TiO2 nanoparticles increased. It is also

noticed that the peak of crystallinity at 1092 cm™ becomes flattered with the increase of the amount (1,

3, and 5%) of nano-TiO2 suggesting the diminution of the crystallinity. This is due to the OH groups of

PVA chains associated with the OH groups of TiO2 nanoparticles. The observed FT-IR band positions

and their assignments are presented in Table 2.

Table V.1 FTIR peaks assignment and their corresponding Wavenumber.

Band Assignment
O-H stretching

CHj> stretching

C-C stretching

C-O stretching

C-H +OH combination frequencies
CH: bending

C=C stretching vibration
C-H+C-C stretching
CHj> stretching

O-H stretching

Si-O + C-O stretching

Si-O-Si stretching
Si-O-C stretching
Ti-O-O + Ti-O-Ti stretching

Wavenumber (cm™)
625

852
917
1100
1328
1429

1660
1710
2169
2938
3127
3493

920-950
1052-1100 and 460

1085
450

C—C stretching; increase in the intensity 920

can be related to the decrease of the
crystallinity, i.e., represents

noncrystalline conformation of the PVA

carbon backbone
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These results were also confirmed by XRD analysis [14]. Nakane et al [14] have observed that the
crystallinity of PVA considerably decreased in the PVA/Silica hybrid composites. This behavior may be
imputable to the drop of crystallinity and hydrogen bonding at the PVA-silica particle interface. These
data confirm the results obtained by DSC, water contact angle, and water absorption, which will be further

discussed.

V.1.2. X-Ray Diffraction Analysis

Fig. V.2 presents the X-ray diffraction (XDR) patterns of the doped PVA/SIO hybrid films.

. 20° . .
h L 27.5° 36.1 54.4°
\ y PVA/SIiO,/TiO,5%

r_-—-
(.
) -

YPVA/SIO,/TiO,3%

PVA/SIO,/TiO,1%

'. \ o PVA/SIiO,
- \ PVA
b S

0] 10 20 30 40 50 60 70 80
20 (degree)

Intensity (a.u.)

Fig. V.2 X-ray patterns of hybrid films.

The neat PVA sample exhibits one peak around 20 equal to 20°, corresponding to the (101) plane of
semi-crystalline PVA [15]. This peak becomes much broader and shifts in the sample which contains
silica. These findings show that the presence of SiOz in hybrid films affects the crystallinity of PVA.

For the sample containing 1% of TiO», the diffraction peak becomes flattered with the absence of any

sign of Anatase, Rutile, or Brookite; which confirms its interaction with PVA/SiO..
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For the samples containing 3 and 5%, new peaks are observed at 27.5, 36.1, and 54.4° suggesting the
presence of (110), (101), and (211) planes respectively. These peaks are in agreement with the tetragonal
structure of the TiO2 rutile phase (JCPDS 21-1276) [16]. The results confirm also the existence of nano-

sized TiO, particles in the samples which did not react especially at high concentrations.

V.2. Optical Transparency Analysis of the Films

V.2.1. UV-VIS Spectroscopy

UV-VIS spectroscopy may be used to measure the absorption, transmission, and reflectivity of a

wide range of substances and technologically significant materials.

Transmittance

100

80

60

40 -

20

[ T —

PVAI/SIO,

PVA/SIO,/TiO,1% |

PVA/SIO,/TiO,3% _

PVA/SIO,/TiO,5%

I ' I ' I ' I I I
300 400 500 600 700 800
Wavenumber (cm™)

Fig. V.3 UV-VIS transmittance spectra of Neat PVA and PVA/SiO, and PVA/SIO; films with different

TiO> content:1%, 3%, 5%.
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Fig. V.3 shows the UV-VIS transmittance spectrum in the range between 200-800 nm for neat PVA,
PVA/silica, and PVA-silica-TiO, composites with different TiO2 contents.

Neat PVA exhibits good transparency (88-90%) in the visible region (400-780 nm). Furthermore, it is
observed that increasing SiO> content results in higher transparency (91-92%) in the same region due to
the smaller particle size and higher dispersity. It can be noticed also that the transmittance decreases in
general with increasing TiO2 content up to (4.69-6.80%) for the sample containing 5 wt%. This is
because TiO: particles absorb and scatter the light from the composites film [17]. These results are similar
to those described by Chiang, and Mallakpour et al [18].

The appearance of the absorption peaks around 250 nm was noticed in all samples containing TiO2. This
observation suggests the presence of a titanium portion in the composites, and the intensity of these peaks
is dependent on the loading of TiO- in the core of the composites; it decreases with increasing the filler
concentration. However, no absorption peaks were observed in the samples that do not contain TiO2[19].
So, the existence of conjugated structures was verified by peaks varying from 200 to 300 nm, as
investigated by the FT-IR technique. The characteristic bands present at 288 and 236 nm in neat PVA
and PVA/silica samples are due to the = — transition of the unsaturated bond Si=0 from silica, C=0,
and/or C=C primarily in the tail-head of neat PVA polymer [20]. Because of the presence of lone pairs
of electrons on the hydroxyl substituent and Si-O-Si, the absorption bands at 298.50 nm and 290.50 nm

are due to n— 7 transitions [21].

V.3. Thermal Properties
V.3.1. Thermogravimetric Analysis

The thermogravimetric thermograms of neat PVA, PVA/SIO2, and PVA/SiO2/TiO, composites
are shown in Fig. V.4a, Fig. V.4b, and Fig.V. 4c, respectively.
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Fig. V.4 (a, b and c) TGA thermograms of neat PVA (a), PVA/SiOz (b), and PVA/SiO: films with
different TiO2 contents:1%, 3%, 5% (c).

As shown in Fig. V.4a, the thermal degradation of neat PVA shows three major weight loss regions [22].
The small first region occurs at temperatures between 80-150 °C with a maximum weight loss
temperature at Tmax, stepl = 95 °C. This is due to the evaporation of free and bound water molecules.
In this stage, a small weight loss can be observed (5%). This weight loss can be attributed to the removal
of residual solvent molecules [23].

The second region, presenting a maximum decomposition rate, occurs in the temperature range from 224
to 486°C. This weight loss was estimated to be 15 % and corresponds to the degradation of the (-OH)
side group leading to the formation of a polyene at Tmax, step2 =270 °C. The third step, observed at
410-450 °C range where Tmax, step3 =430 °C, can be related to the decomposition of the main chain of
PVA polymer (cleavage of C—C backbone) which is currently called carbocation or so-called carbonation
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[22]. This last step, occurring at 600 °C, induces a weight loss of 95 wt.% corresponding to a total residue
of 05 %.

After adding silica to the PVA matrix an improvement in the thermal stability of the PVA/SIO;
membranes was observed (See Fig. V.4b), in this case, the PVA/SiO2 thermogram shows four weight-
loss regions with a slow and gradual degradation [24]. It may be due to the loss of the crystalline structure
which changes to a more amorphous state, caused by hydrogen bonding between PV A chains and silanol
ends of the silica [24]. This explanation was early discussed and confirmed above by the FT-IR and DSC
sections. The first weight loss is estimated at 6%. This is due to the silanol groups implicating the self-
condensation reaction associated with the removal of the residual solvent molecules (water and ethanol)
at temperatures of 30-170 °C [25].

The remaining regions of weight loss occurred in the temperature ranges as follows: 170-390 °C, 390—
490 °C, and 490-690 °C with maximum weight loss temperatures of 120, 330, 455, and 590 °C,
respectively. These temperatures indicate the degradation of hydroxyl groups with other organic residues
of PVA and silica networks. The final residual weight corresponds to 76.9%-83.6% of the global weight
with a total residue of 20 %. It can be inferred that attaching a silica network to the PVA matrix polymer
increases the thermal stability of the films.

Fig. V.4c presents the TGA curves of PVA/SiO2 with different nano-TiO> content. It can be observed
that the heat tolerance of neat PVA was increased after integration with the silica network.

The TGA thermograms of PVA/SiO2/TiO2(1%), PVA/SIO2/TiO2(3%), and PVA/SIO2/TiO2(5%) show a
similar behavior towards the thermal degradation as those of PVA/SiO; hybrid films. The thermograms
show four major weight loss regions, and the difference lies in the amount of the final residual weight.
Sample PVA/SiO2/TiO2 (1%), has a final residual weight of 17.84 % concerning the global weight at a
temperature of 700° C. The PVA/SiO2/TiO2 (3%) sample and PVA/SiO,/TiO, (5%), have a final residual
weight of 22.73 % and 31.12 % respectively. This indicates that there is an enhancement of thermal
stability of PVA/SiO2 with increasing the content of nano-TiO2 (1, 3, 5%). It can be concluded that the
Ti02 nanoparticles as a reinforcing filler led to an enhancement of the thermal stability of PVA/SIO>

nanocomposite films.

V.3.2. Differential Scanning Calorimetry

DSC analysis is an important technique for measuring the thermal properties of materials.

In this work, DSC was used to measure the crystallization and melting temperatures (Tc, Tm).
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Fig. V.5 (a, b, c) DSC curves of (a): melting peaks for neat PVA and PVA/SiOz, (b): crystallization
peaks for neat PVA and PVA/SIO, (c): melting peaks for PVA/SiO2, and PVA/SIO; films with
different TiO2 contents:1%, 3%, 5%.

Fig. V.5 (a, b, c) shows the DSC curves of neat PVA, PVA/SiO, and PVA/SiO2/TiO2 nanocomposites
with different contents of nano-TiO2 (1%, 3%, and 5%). The curves show both exothermic and
endothermic reactions. PVA reveals a relatively large and sharp melting endothermic peak at 193°C
corresponding to the melting point (Fig. V.5a), while a larger and less sharp very weak, and broad melting
endothermic peak of PVA/SIO: is observed at around 167°C with a decrease by 26°C compared to neat
PVA.

On the other hand, there is an exothermic peak that corresponds to the crystallization region (Tc) and is
observed for Neat PVA at a temperature of 112°C (Fig. V.5b) but does not appear for PVA/SiO2: This
Loss of crystallization is caused by the crosslinking reaction between PV A chains and the silanol ends of

silica as was already explained in the previous results. Other works also provided similar discoveries
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[26]. For example, Bin et al [27] reported this kind of behavior for PVA-VGCF (vapor growth carbon
fiber) and PVA-MWNT (multi-wall carbon nanotubes) composites.

Fig. V.5c shows the DSC curves of PVA/SIO./TiO, nanocomposites, it can be observed that the
endothermic peak of PVA segments decreased rapidly and disappeared for all samples containing TiO>
nanoparticles. These results are in contrast with what is generally reported in the literature [28]. It can be
concluded that the depression of the melting temperature and broadening of the peak indicates that the
regular structure of the PVVA molecules was altered by the presence of silica and nanoparticles of TiOo.

V.4. Physical Properties
V.4.1. Water absorption.

It is to be recalled that dried films were immersed in distilled water at room temperature (25° C)
Fig. V.6 (a, b, c) shows the extent of water absorption for neat PVA, PVA/SiO, composite, as a function

of titanium percentage (1, 2, and 3%).
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Fig. V.6 (a, b, c) Extent of water absorption of Neat PVA and PVA/silica hybrid and PVA/silica hybrid
as a function of TiO> content. S: Neat SiO, P: Neat PVA, PS: PVA/SiOz, PST1: PVA/SIO2/TiO2 (1%),
PST3: PVA/SIO/TiO2 (3%), PST5: PVA/SIO2/TIO2 (5%).
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PVA absorbs much water through its hydroxyl groups. There is a considerable decrease in the water
absorption (from 78 to 55%) for the films containing silica compared to neat PVA. The silica may create
hydrogen bonds with the PVA chain; which decreases the volume of water consumed by the polar
hydroxyl groups. Based on these observations, it can be concluded that these hybrid films may be used
as water perm selective membranes [29]. Pereira et al [23] and Nakane et al [14] investigated the rate of
hydrolysis of PVA/silica hybrid materials and have also reported that the solubility and degree of swelling
in water decreased linearly with silica content in the composites [29]. A reduction in water uptake
capacity was observed at low nano-TiOz content (1%). This is due to The TiO, composition which would
form a wall of hybrid films, being non-porous and by filling its empty spaces, therefore, a reduction in
water uptake capacity may have occurred.

The reaction between TiO2 and PVA through its available hydroxyl groups enhanced the resistance of
water leading to a further decrease. In this case, these results seem to be very similar to those reported by
Chen et al [30]. But, when increasing the amount of nano-TiO; (3 and 5%) an increase in the water
absorption was also observed suggesting aggregation of the particles.

Since PVA is currently used as a biomaterial, it can be proposed that these novel hybrid materials can be

considered potential candidates for biomedical applications.
V.4.2. Water Contact Angle
Contact angle measurements are the best way to verify whether a surface is hydrophilic or

hydrophobic. A high water contact angle implies a more hydrophobic surface. The water droplet and

contact angle of the specimens are presented in Table V.2 and Fig.V.7.

Table V.2 The contact angle of PVA and PVA/SiO2/TiO2 nanocomposites incorporated at various TiO:

concentrations.

Sample TiO2 content  Contact angle
(%) (degree)
PVA 0 50.82+0.01
PVAI/SIO: 0 63.86+0.03
PVA/SIO./TiO2 1 72.08+0.50
PVA/SIO./TIO> 3 67.12+0.04
PVA/SIO./TiO2 5 64.04+0.04
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Fig. V.7 Images of Deionized water droplets on Neat PVA and hybrid films

Since PVA contains a lot of hydroxyl groups in its structure, it consequently exhibits higher
hydrophilicity. Thus, PVA has a lower contact angle than other samples in which fewer hydroxyl groups
are present. When 40% silica was added to PVA, the contact angle increased dramatically going from
64.04° to 72.08°. This behavior is essentially attributed to the decrease in the number of hydroxyl groups
on the surface of PVA, which can interact with silanol groups of silica (condensation reaction) as was
explained in FT-IR, DSC, and water absorption results.

As shown in Table 3, the contact angle of the films increased after adding 1% nano-TiO2, suggesting that
the nanoparticles are uniformly distributed in the core of the polymer and are well linked to the PVA
chains. However, a reduction in the contact angle was detected in samples containing 3 and 5% nano-
TiO2. This is attributable to the agglomeration and migration to the surface. This has a consequence to
render the material surface more hydrophilic. These results are consistent with those obtained by EI-Wail
et al [31] and Vahid Goudarzi et al [32].

V.5. Conclusion

The results obtained from our study lead us to draw several important conclusions. Firstly, we
successfully synthesized PVA/SIO»/TiO, hybrids using the sol-gel method, and found that the addition
of TiO2 nanoparticles to the PVA-SiO2 composite resulted in significant improvements to the material's
properties. In particular, the hybrid films showed enhanced water uptake, thermal stability, and optical
properties compared to both neat PVA and PVA/SiO,. Furthermore, we observed that the addition of
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40% TEOS (SiO») had a positive impact on the properties of PVA, and that the water absorption of the
films improved with the inclusion of the inorganic component.

Our results indicate that PVA/SiO2 hybrids filled with TiO, nanoparticles hold great potential for use as
UV masks, due to their selective absorbance of UV light, transparency, and ability to form fibers. In
addition, these films could be used in various applications such as filtration, separation, and tissue
engineering, among others. Overall, our study highlights the promising properties and potential
applications of PVA/SiIO./TiO> hybrids, and suggests avenues for future research and development in
this field.
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The objective of this thesis was to prepare and characterize new organo-mineral hybrid materials
based on poly (vinyl alcohol) / silica gel / Nano-TiO», and the study of nanoparticles of titanium
dioxide (TiO2) (from 1 to 5 %) on the properties of poly(vinyl alcohol) (PVA)/silica films. To
obtain properties that conventional polymers do not possess. PVA/SiO2/TiO2 has been successfully
synthesized by the sol-gel method.

Class Il PVA/SiO2 was synthesized. This choice has many advantages, compared to class I, namely
the presence of a strong bond, Si-C, between the mineral part and the organic part of the hybrid.
The protocol for the synthesis of the hybrids was established by taking inspiration from similar
works found in the literature such as the temperature of the hydrolysis and condensation reaction,
the water content, the mixing time, and the pH. The experimental deposition and cooling

conditions were also optimized.

This new material was prepared by the sol-gel method using poly(vinyl alcohol) powder with
tetraethyl orthosilicate (TEOS) as a precursor source of silica. Several characterization techniques
have been used such as Fourier transform infrared (FT-IR), water absorption, the contact angle
with water, ultraviolet-visible spectrometry (UV-VIS), and thermogravimetric analysis (TGA).

The few results obtained on the properties of this hybrid film are promising and encourage us to
continue this study. (FTIR, XRD) were implemented and confirmed the formation of the Si-O-Si
and Si-O-C bridges characteristic of this network Adding TiO2 nanoparticles to the PVA-SIO-
composite revealed that the properties of the resulting material were significantly improved. The
properties of PVA have been improved with the addition of 40% TEQOS (SiO). UV-VIS tests
indicated that the UV protection properties of the hybrid films were significantly improved with
the addition of TiO2. According to TGA tests, hybrid films are more heat resistant than pure PVA
films. The water contact angle results revealed that TiO2 nanoparticles used as a doping compound
possess a significant influence on the hydrophilicity of PVA/SIO; as thin films. These hybrid films
showed significant improvement in water absorption, thermal stability, and optical properties
compared to pure PVA and PVA/SiOz. Finally, this thesis allowed us to develop hybrid materials

with very interesting properties.
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This study showed that PVA/SIO: filled with TiO2 nanoparticles has the potential to be used as a
UV mask, due to their selective UV absorbance. With transparency, and the ability to form fibers,
the films could find applications as a means of filtration, separation, the field of food packaging,
tissue engineering, and many other applications.
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Recommendations

The current work has provided valuable insights into the development of hybrid composites.
However, in order to further explore the durability performance and microstructure of the
materials, several additional studies are recommended.

First, it would be beneficial to investigate the effect of Nano-TiO2 on the mechanical properties
of PVA/SIO2 Hybrid films.

Additionally, the durability performance of the hybrid composites prepared in this study should
be studied in more detail. Furthermore, studying the microstructure of the different composites
both before and during the tensile test could provide a better understanding of the materials'
behavior.

It is also recommended to use SEM or TEM Microscopy to study the morphology and dispersion
of the TiO2 nanoparticles.

Finally, it would be beneficial to examine the recyclability of crosslinked PVA and PVA/SIO,, as
well as crosslinked PVA/SiO2/TiOz hybrid composites. These studies will provide a more
comprehensive understanding of the properties of the hybrid composites and could lead to

further advancements in their development.
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Abstract: This thesis is focused on the preparation and characterization of poly (vinyl alcohol)/silica
gel/Nano-TiO., and the study of titanium dioxide (TiO2) nanoparticles (from 1 to 5%) on the properties of poly
(vinyl alcohol) (PVA)/silica films. This new material was prepared by the sol-gel method using poly (vinyl
alcohol) powder with Tetraethyl Orthosilicate (TEOS) as a precursor source of silica. TEOS was hydrolyzed
and condensed in water and ethanol in the presence of hydrochloric acid (HCI) used as a catalyst. Fourier
transform infrared (FT-IR), water absorption, water contact angle, ultraviolet-visible spectrometry (UV-VIS),
and thermogravimetric analysis (TGA) were used to characterize the hybrid films obtained. The
PVA/SiO2/Nano-TiO: films were successfully synthesized. Owing to the FT-IR Analysis, the chemical bonds
have clearly shown that the PVA backbone is linked to the (SiO2-TiO.) network. UV-VIS tests indicated that
the hybrid films' UV shielding properties were drastically enhanced as a result of the addition of TiO..
According to the TGA tests, the hybrid films are more heat tolerant than neat PVA films. The water contact
angle results revealed that TiO2 nanoparticles used as a doping compound possess an important influence on
the hydrophilicity of PVA/SIO; as thin films. The film's water resistance has also been enhanced.

Keyword: Sol-Gel Method; Poly (vinyl alcohol); Silicon Dioxide; Nano-Titanium Dioxide; Hybrid Films;
Spectroscopic Characterization.

Résumé : Cette these porte sur la préparation et la caractérisation de poly(alcool vinylique)/gel de silice/Nano-
TiO, et I'étude de nanoparticules de dioxyde de titane (TiO>) (de 1 & 5%) sur les propriétés du films poly(alcool
vinylique) ) (PVA)/silice. Ce nouveau matériau a eté préparé par la méthode sol-gel en utilisant la poudre de
poly(alcool vinyligue) avec de l'orthosilicate de tétraéthyle (TEOS) comme source précurseur de silice. Le
TEOS a été hydrolysé et condensé dans de I'eau et de I'éthanol en présence d'acide chlorhydrique (HCI) comme
catalyseur. L'infrarouge a transformée de Fourier (FT-IR), I'absorption d'eau, I'angle de contact avec I'eau, la
spectrométrie ultraviolet-visible (UV-VIS) et l'analyse thermogravimétrique (TGA) ont été utilisés pour
caractériser les films hybrides obtenus. Les films PVA/SiO2/Nano-TiO- ont été synthétisés avec succes. Grace
al'analyse FT-IR, les liaisons chimiques ont clairement montré que le squelette du PVVA est lié au réseau (SiO2-
TiOy). Les tests UV-VIS ont indiqué que les propriétés de protection contre les UV des films hybrides étaient
considérablement améliorées grace a l'ajout de TiO2. Selon les tests TGA, les films hybrides sont plus
résistants a la chaleur que les films PVA purs. Les résultats de I'angle de contact avec I'eau ont révélé que les
nanoparticules de TiO2 utilisées comme dopant possedent une influence importante sur I'hydrophilie du
PVA/SiO- sous forme de couches minces. La résistance a I'eau du film a également été ameliorée.

Mot clé : Méthode Sol-Gel ; Alcool Polyvinylique; Dioxyde de Silicium; Nano-Dioxyde de Titane ; Films
Hybrides ; Caractérisation Spectroscopique.
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