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Abstract:

Silica nanoparticles (SiNPs) are highly promising nanocarriers for biomedical applications,
particularly in drug delivery and adsorbtion, due to their well-controlled size, porous structure,
and tunable surface properties. This study investigates two distinct synthesis approaches: (i) a
sustainable, low-temperature aqueous sol-gel method for producing SiNPs in the 500-700 nm
range, and (ii) a water-in-oil (W/O) microemulsion technique that employs surfactants and co-
surfactants to precisely regulate nanoparticle formation. The study emphasizes the significant
influence of surfactant selection—comparing cationic cetyltrimethylammonium bromide
(CTAB) and non-ionic Triton X-100 (TX-100)—on SiNP size, stability, and dispersity, thereby
offering a highly tunable strategy for nanoparticle morphology control. Comprehensive
characterization using dynamic light scattering (DLS), scanning electron microscopy (SEM),
X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area analysis, solid-state
nuclear magnetic resonance (SSNMR), X-ray photoelectron spectroscopy (XPS), and
photoluminescence (PL) confirmed the successful synthesis and structural properties of SiNPs.
The TX-100-mediated microemulsion method proved particularly effective in achieving highly
stable, reproducible, and monodisperse SiNPs, with a size limit of approximately 100 nm,
making them ideal candidates for drug encapsulation. The successful incorporation of procaine
(PRC) into TX-100-derived SiNPs further highlights the crucial role of surfactant-stabilized
interfaces in modulating the hydrolysis and condensation of tetraethyl orthosilicate (TEOS),
thereby enhancing drug loading efficiency. Moreover, the study underscores the importance of
reverse micelle dynamics in nanoparticle synthesis, providing a robust framework for further

optimization of SiNP-based drug carriers with improved stability and bioavailability. Overall,

this work highlights the critical role of surfactant and medium selection in SiNPs synthesis,

demonstrating their impact on nanoparticle stability, dispersity, and drug loading efficiency.
The TX-100-mediated microemulsion technique emerges as a superior approach for producing
stable, monodisperse SiNPs, advancing the design of nanocarriers for procaine drug delivery

applications as well using this SiNPs in adsorption of dyes to minimize a water pollution.

Keywords: Particle size tuning, silica nanoparticles (SiNPs), nanocarriers, CTAB and TX-100

micelles, microemulsion, Procaine drug, adsorbtion.




Résumé :

Les nanoparticules de silice (SiNPs) sont des nanotransporteurs trés prometteurs pour les
applications biomédicales, en particulier dans I'administration et I'adsorption de médicaments,
en raison de leur taille bien contrdlee, de leur structure poreuse et de leurs propriétés de surface
ajustables. Cette etude examine deux approches de synthese distinctes : (i) une méthode sol-gel
aqueuse durable a basse tempeérature pour produire des SiNPs dans la gamme 500-700 nm, et
(ii) une technique de microémulsion eau-dans-huile (W/O) qui utilise des tensioactifs et des co-
tensioactifs pour réguler avec précision la formation des nanoparticules. L'étude souligne
I'influence significative du choix du tensioactif — en comparant le bromure de
cetyltriméthylammonium cationique (CTAB) et le Triton X-100 non ionique (TX-100) — sur
la taille, la stabilité et la dispersibilité des SiNPs, offrant ainsi une stratégie hautement
modulable pour le contrdle de la morphologie des nanoparticules. Une caractérisation compléte
a l'aide de la diffusion dynamique de la lumiére (DLS), de la microscopie électronique a
balayage (MEB), de la diffraction des rayons X (DRX), de I'analyse de la surface spécifique
selon la méthode de Brunauer-Emmett-Teller (BET), de la résonance magnétique nucléaire a
I'état solide (ssSNMR), de la spectroscopie photoélectronique a rayons X (XPS) et de la
photoluminescence (PL) a confirmé la synthése réussie et les propriétés structurelles des SiNPs.
La méthode de microémulsion médiée par TX-100 s'est avérée particulierement efficace pour
obtenir des SiNPs hautement stables, reproductibles et monodispersées, avec une taille limite
d'environ 100 nm, ce qui en fait des candidates idéales pour I'encapsulation de médicaments.
incorporation réussie de la procaine (PRC) dans les SiNPs dérivées du TX-100 souligne encore
davantage le réle crucial des interfaces stabilisées par des tensioactifs dans la modulation de
I'nydrolyse et de la condensation de I'orthosilicate de tétraéthyle (TEOS), améliorant ainsi
I'efficacité de la charge médicamenteuse. De plus, cette étude souligne I'importance de la
dynamique des micelles inversées dans la synthese des nanoparticules, fournissant ainsi un
cadre solide pour I'optimisation des vecteurs médicamenteux a base de SiNPs avec une stabilité
et une biodisponibilité améliorées. Dans I'ensemble, ces travaux mettent en évidence le réle
essentiel du choix des tensioactifs et des milieux dans la synthese des SiNPs, démontrant leur
impact sur la stabilité, la dispersibilité et I'efficacité de chargement des nanoparticules. La
technique de microémulsion médiée par TX-100 apparait comme une approche supérieure pour
produire des SiNPs stables et monodispersées, faisant progresser la conception de
nanotransporteurs pour les applications d'administration de procaine, ainsi que l'utilisation de
ces SiNPs dans I'adsorption de colorants afin de minimiser la pollution de I'eau.

Mots clés: Ajustement de la taille des particules, nanoparticules de silice (SiNPs),
nanotransporteurs, micelles CTAB et TX-100, microémulsion, médicament procaine,
adsorption.
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List of abbreviations and symbols

BET: Brunauer, Emmett and Teller
CMC : critical micellar concentration
CPT : camptothecin

CTA : tension actives concentration
CTAB : Cetyltrimethylammonium Bromide
D.l water : Deionized water

Dh: The hydrodynamic diameter

DLS: Dynamic light scattering

Ems: electron microscopes

EO : ethylene oxide

HMSNs : hollow mesoporous silica

IR : infrared

LSiNPs : Large Solide Silica spheres
M(OR)m : alkoxides

MCM-41 : mesoporous silica

MSNSs : mesoporous silica nanoparticles
NMR: nuclear magnetic resonance spectroscopy
O/W : oil-in-water

PCS : photon correlation spectroscopy
PDI: particle dispersion index

PL: Photoluminescence Spectroscopy
PRC: Procaine

R : the perfect gas constant

SEM: scanning electron microscopy
SiNPs : Silica nanoparticles

T : temperature

TA : tension actives

TEM: transmission electron microscopy

TEOS : tetraethoxysilane




Tf: fusion temperature

Tk: The Krafft temperature
TX-100 : Triton X-100
UV : ultraviolet

VB : brilliant vert

WI/O : water-in-oil

XPS: X-ray Photoelectron Spectroscopy

XRD: X-ray diffraction

y : interfacial tension
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General introduction:

The field of biomedical engineering and nanotechnology has witnessed remarkable
advancements, bringing profound changes to multiple industries by enabling the manipulation
of materials at the nanoscale. Silica nanoparticles (SiNPs) defined as promising and attractive
type of inorganic nanocarriers, among the diverse range of nanoparticles, have drawn
significant interest because of their unique characteristics and their versatility across a wide
range of applications, encompassing catalysis, sensing, separation methods[1][2], drug
delivery[3], excellent biocompatibility[4], and biodegradability[5], their significant interest is
due to their unprecedented internal surface area and pore volume, adjustable pore dimensions,
stable colloidal properties, and the potential for targeted modifications on both the inner (pore)
surfaces and the external particle surface.[6] Stdber process is used for synthesizing the SiNPs
through the implementation of soft template (micelle) strategies, this method involves the
hydrolysis of tetraethoxysilane (TEOS) either in an alcohol-water solution[7] or exclusively in
a water-based solution, followed by the condensation of the resulting silanols.[8] Typically,
ammonia solution or sodium hydroxide is employed to regulate the pH of the medium, aiming
for a pH level within the range of 11-13.[9] Considerable advancements have been achieved in
regulating the properties of mesoporous and nonporous silica nanoparticles[10], particularly
concerning particle size and pore structure[11]. The synthesis of these materials entails the
condensation of hydrolyzed silicate species around a supra-micellar assembly of cylindrical
ionic and nonionic surfactant micelles, which serve as templates. This procedure is contingent
on various experimental factors, including pH, temperature, the nature, and concentration of
silicate precursors, as well as the choice of surfactant.[10][12][13] However, no
straightforward method currently exists for reliably controlling particle diameters across a
spectrum of sizes. The existing approaches rely on manipulating various parameters to achieve
this goal. In both acidic[14][15] and basic media[16][17], the effect of the silicate/surfactant
ratio[18][19], solvent content, temperature, (co)-surfactants, organic and inorganic additives or
type of cosolvents was investigated and various particle morphologies have been so far
prepared.[20][14] The various methods mentioned previously to control particle size of SiNPs
to less than 100 nm all impact the supramicellar assembly through the charge screening effect
of cylindrical micelles. Different concentrations of the base catalyst result in different rates of
condensation, and because of silica's isoelectric point at pH = 2, these species become

deprotonated (charged), which significantly influences the aggregation number of




supramicellar assemblies.[21] [22]Moreover, the interplay between the supramicellar assembly
process and the rate of silica formation is further influenced by the concentrations of the
surfactant and silicate precursor. Consequently, the structural stability of the supramicellar
assembly, including its aggregation number, and ultimately, the particle size, is highly
responsive to alterations in the reaction conditions, which justifies the size of silica
nanoparticles obtained in the Stober synthesis which typically falls within the range of 20 to
800 nm.[23][24] In a different research investigation, reverse microemulsion, involving the
dispersion of water in oil, has been employed for nanoparticle structural manipulation and
functionalization, creating significant prospects for enhancing drug delivery [25]. Within the
realm of microemulsion and reverse microemulsion synthesis, the manipulation of the interface
between the water and oil phases through surfactants plays a pivotal role in governing the size,
shape, and stability of droplets. In the production of SiNPs, renowned for their versatility among
inorganic nanoparticles, a substantial body of research has documented their synthesis using
the reverse microemulsion approach.[26][27] In many microemulsion synthesis processes that
were reported in literature, Triton X-100 (TX-100) stands as the preferred surfactant.[28][29]
TX-100 is a non-ionic surfactant characterized by its composition: it features hydrophilic
ethylene oxide (EO) units at one end and a hydrophobic end that comprises an aromatic group
with an attached alkyl chain. The diversity in TX-100 composition originates from variations
in the number of repeating EO units, their polydispersity, and the structure of the alkyl chain
linked to the aromatic group. Several studies have highlighted how subtle changes in the
structure of TX-100-based micelles, the choice of co-surfactants, and the molar ratios of the
three phases (water/oil/alkanol) can lead to alterations in the morphology of SiNPs, affecting
their size, shape, and polydispersity.[30][31] However, through microemulsion synthesis,
CTAB was also the surfactant of choice. highlight, a quaternary ammonium compound
extensively employed as a surfactant in the synthesis of mesoporous silica nanoparticles
(MSNs), hollow mesoporous silica (HMSNs) and core-shell MSNs.[32][33] Schacht and
coworkers [34] were the pioneers in showcasing the synthesis of micrometer-sized mesoporous
ordered hollow spheres through interfacial reactions in emulsions, utilizing CTAB as the
templating surfactant, but the drawback of the process was that it was time-consuming. Methods

for producing nanospheres encompass both hard templating and soft templating approaches.

Within these methods, the soft-templating approach stands out as the most appealing option due

to its advantages of streamlined production procedures, cost-effectiveness, and suitability for
large-scale manufacturing. Nonetheless, soft-templating techniques frequently exhibit

inconsistent results, even when employing identical chemical reagents, leading to reduced
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reproducibility. This inconsistency is likely attributed to the substantial impact of interfacial
interactions among solvents and surfactants.[35] In the realm of nanotechnology, the
encapsulation process involves ingeniously incorporating therapeutic agents, such as Procaine
local anesthetic, which plays a pivotal role in numerous crucial therapeutic procedures[36],
elaborating its extensive application in the field of medicine, renowned for its lower
neurotoxicity compared to other local anesthetics commonly employed in clinical
settings.[37]'[38] Additionally, procaine exhibits numerous commendable attributes, including
notable water solubility and a comparatively rapid decomposition rate.[39] In the context of
general anesthesia or postoperative intravenous analgesia, procaine further presents distinctive
advantages such as quick awakening, minimal hepatotoxicity[40], effective analgesia [41][42],
and reduced postoperative discomfort[43], loaded inside nanoparticles, paving the way for a

new frontier in drug delivery systems with enhanced precision and efficiency

The problem is even more acute in the case of industrial effluents, which have a much more
pronounced toxic character. The dyes and additives used by the textile industries can pose a
serious threat to the environment, as their presence in water, even in very small quantities, is
highly visible and undesirable; consequently, their presence in aquatic systems reduces light
penetration and thus retards photosynthetic activity. They also have a tendency to complex

metal ions, producing micro-toxicity for wildlife and other organisms.

With this in mind, we set out to study the removal of two non-ionic food colorants, cationic

Carmine and brilliant vert (VB) in aqueous solution, by a silica-based nanoparticle (NPS).

The initial section of this chapter will focus on fundamental principles concerning emulsions

and microemulsions. Subsequently, the second part will detail the procedure for synthesizing
silica nanoparticles through the conventional Stéber method. To begin, We'll explore the notion
of colloidal silica, examining its characteristics and various practical uses, and we will delve
into the basics of the sol-gel process to elucidate the underlying principles governing the
synthesis of silica nanoparticles. Next, we will examine the structural properties of reverse
micelles as a specific case study. Following that, we explore how reverse micellar systems can
be utilized to produce silica nanoparticles through the hydrolysis-condensation of alkoxysilane
precursors. In wrapping up this chapter, we delve into an examination of the consistent

production of size-regulated silica nanoparticles via microemulsion synthesis.

The synthesis and characterization of silica nanoparticles require a well-defined methodology,

precise selection of reagents, and advanced analytical techniques to ensure reproducibility and




comprehensive understanding of the material properties. The second chapter details the
experimental procedures employed in the preparation of silica nanoparticles, along with the
chemical reagents used.

A range of characterization techniques was utilized to evaluate the physicochemical properties,
morphology, surface structure, and functional attributes of the synthesized nanoparticles.
Dynamic Light Scattering (DLS) was used to determine particle size distribution and
polydispersity index, providing insight into the stability of the colloidal suspension. Electron
microscopy techniques, including Scanning Electron Microscopy (SEM), were employed to

investigate the morphology and aggregation behavior of the nanoparticles at the nanoscale.

Structural and textural properties were analyzed using X-ray Diffraction (XRD) to assess
crystallinity, while Brunauer—Emmett—Teller (BET) surface area analysis provided information
on porosity and specific surface area. X-ray Photoelectron Spectroscopy (XPS) was conducted
to study the surface chemistry and elemental composition of the silica nanoparticles.
Furthermore, Photoluminescence Spectroscopy was performed to explore optical properties,
which can be significant for applications in sensing and bioimaging. Nuclear Magnetic
Resonance (NMR) spectroscopy was utilized to characterize the chemical environment of

silicon and identify potential functional groups within the synthesized materials.

The chapter three explores the synthesis of silica nanoparticles (SiNPs) under varying
conditions, including synthesis temperature, template concentration, pH levels, and preparation
media. These parameters significantly influence particle size, morphology, and dispersion
stability. A systematic investigation was conducted to optimize synthesis conditions and
achieve well-defined nanoparticles. Additionally, comprehensive characterization was
performed to evaluate the structural, morphological, and surface properties of the synthesized

SiNPs, providing insight into their potential applications.

The chapter four investigates the potential of silica nanoparticles (SiNPs) for environmental
and biomedical applications. First, the adsorption efficiency of SiNPs for dye removal is
explored, highlighting their role in wastewater decontamination. Various factors influencing
adsorption performance, such as surface properties and interaction mechanisms, are examined.
Additionally, the ability of SiNPs to encapsulate drugs is assessed, emphasizing their potential
in drug impregnation. Through these studies, the multifunctionality of SiNPs in both

environmental remediation and pharmaceutical applications is demonstrated.
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1.1 Introduction:

There is a very specific type of chemical substance that is both soluble in water and
soluble in hydrocarbon or vegetable oils. In a world of technological superlatives, they have
recently been called “supermolecules.” precisely because of their extraordinary properties and
endless practical applications. After reading the title of this thesis, the reader will understand
that it deals with surfactants, traditionally called “surface-active agents,” which form micelles
at a certain concentration. “surfactant” It defines the properties of these substances particularly
well: they are compounds that have surface activity. The word surfactant is therefore more
precise than surface agent, and is above all much more general than the old word “tensioactive,”
which literally means “producing an effect on tension.” Today, we know of surfactants that are
not used for their effect on tension and that can produce emulsifying effects. These
microemulsions will be used as templates to make silica nanoparticles which has numerous
applications in industry as well as in many scientific fields, such as heterogeneous catalysis,

electrochemistry, analytical chemistry, and molecular biology like drug delivery.

1.2 General concepts of aqueous micellar systems, emulsions, and

microemulsions.

Classical micelles represent dispersed colloidal systems resulting from the spontaneous
organization of surfactant molecules. These molecules, characterized by a dual nature with
hydrophobic tails and hydrophilic heads, In fact, when dissolved in water, these molecules
adopt a conformation designed to reduce unfavorable interactions between the the hydrophobic
part and water. Generally spherical systems in the nanometer range are formed spontaneously
(Figure 1.1)
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Figure 1.1: Diagram of a molecular surfactant and its organization into self-assembled

structures within an aqueous environment.

These systems, known as tension actives (TA) micelles, consist of a hydrophobic core
and a hydrophilic crown. However, their formation depends on certain conditions such as
temperature and concentration. As illustrated in Figure 1.2, at low concentrations, amphiphilic
molecules are dispersed in isolation in water. The accumulation of TA at at the water/air
interface gradually lowers the surface tension to a minimum value corresponding to interface
saturation. Above this concentration, the TA will organize themselves into micelles. The
concentration at which micelles begin to form is called CMC (critical micellar concentration).

the concentration at which micelles begin to form (Figure 1.2).[44][45]

Emulsions and microemulsions are liquid-liquid dispersions. Taking water and oil as reference
phases, two types of emulsion can be distinguished: oil-in-water (O/W) emulsions, in which
water is the continuous external medium, and their symmetrical counterparts, water-in-oil

(W/O) emulsions, in which oil is the dispersant medium.
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For emulsions, the size of the dispersed phase is generally between 200 and 10,000 nm. They
are characterized by the large number of interfaces separating the two immiscible liquid media.
They are therefore thermodynamically unstable systems that tend to revert to the situation
where two distinct phases coexist, separated by a limited interfacial zone. To make them stable,
it is therefore necessary to add a surfactant or a surfactant/cosurfactant pair whose role is to
lower the interfacial tension y by adsorbing at the interface between the two liquids[46].
Depending on the experimental conditions, the water/surfactant(s)/oil mixture, which now

appears visually single-phase, becomes isotropic and low-viscosity.

Called a microemulsion by Schulman et al[47]. This type of mixture was only demonstrated in
1943, when Hoar and Schulman obtained a translucent solution by gradually adding a co-
surfactant, hexanol, to the turbid water/surfactant/oil mixture[48]. Thermodynamically stable,
microemulsions are composed of a continuous phase containing a dispersed phase of small
dimensions, less than 100 nm, whose coalescence is slowed by the presence of the surfactant
film at the interface with the continuous phase. The size and morphology of the dispersed phase
as well as the macroscopic properties of the microemulsion such as stability, viscosity or

conductivity are mainly governed by two types of variables[49] :

+ Composition variables: relative percentages of the system's three main constituents, i.e.

water phase, oil phase and surfactant(s).

+ Formulation variables: nature of surfactant and oil, ionic strength of water, temperature,

for example.

1.2.1 Surfactants and aggregate formation

A molecule is considered surface-active if it has the ability to decrease the tension
present at the interface between two different media (liquid/gas, liquid/liquid, liquid/solid). it
enhances the affinity of two immiscible phases, and in certain instances facilitates the dispersion
of one phase within the other. This characteristic behavior of surfactants arises from their
amphiphilic properties, with a structure comprising a segment soluble in aqueous solvents and

another segment exhibiting a pronounced affinity for organic solvents.

In aqueous or organic solutions, surface-active molecules combine to provide a favorable
environment for each of their two parts. Figure 1.2 describes the empirical evolution of surface

tension (y) as a function of surfactant concentration (Cra) It demonstrates that y initially
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decreases, until it reaches a minimum value when Cta becomes equal to a concentration called

the critical micellar concentration (cmc). Above cmc, surface tension remains almost constant.

() 1

Figure 1.2:Variation in surface tension as a function of surfactant concentration

According to Gibbs' fundamental equation for surface effects[50] (Equation I-1), the

minimum value of y is equal to I'TaART with R the perfect gas constant and T the temperature.

dy

T —I'TART

This relationship means that the surface concentration of surfactant I'rabecomes invariant when
Cra is equal to cmc. Once surpassing the critical micelle concentration (CMC), surface-active
molecules lose the ability to intercalate at the interface, leading them to spontaneously form

aggregates known as micelles.
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Similarly, when surface-active molecules are introduced into a water-in-oil or oil-in-water
mixture, they will intercalate at the water/oil interface[51]. The hydrophilic heads maintain
contact with the water while the lipophilic tails stay in contact with the oil, facilitating the
dispersion of one liquid within the other, contingent upon experimental parameters. The

interfacial tension between the two liquids has the potential to decrease significantly (y <<

103N /m), As a result, minimal agitation is needed for the mixture to spontaneously transition

into a highly refined, transparent, and enduring dispersion known as a microemulsion[52]. This
transformation can be seen as the generation of a pseudo-phase[53] Comprised of aggregates
formed through the self-organization of surfactant molecules.

Figure 1.3's water/surfactant/oil ternary diagram illustrates that when surfactant proportions
are low and water concentrations are high, direct micelles, characterized by spherical or
cylindrical aggregates, are formed. These structures consisting of oil stabilized by a surfactant
interfacial layer. Conversely, when oil concentrations are high, reverse micelles, also exhibiting
spherical or cylindrical aggregates, are formed. On this occasion, water is enveloped and
stabilized by an interfacial layer of surfactant. Between the areas where direct and reverse
micelles form, there exists a bicontinuous phase where water and oil domains intertwine,
resembling spongy microstructures. Underneath the region spanning from direct to reverse
micelles, the water/surfactant/oil combination displays a series of phase equilibria referred to
as the Winsor zone[49][54][55]. The single-phase microemulsion (Winsor V) coexists with
either the oil phase (Winsor 1), the water phase (Winsor I1) or both (Winsor I11). As surfactant
concentration increases, other larger structures appear. These include lamellar, cubic and

hexagonal structures.
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Figure 1.3:Water/surfactant/oil ternary diagram

In addition to the ratio of constituents, various parameters may impact the self-assembly of
surfactant molecules within the mixture. These factors encompass the chemical composition of
both the hydrophilic and lipophilic segments of the surfactant, their geometric configuration,

and the respective significance of each component.

1.3 General information on sol-gel methods:

The foundations of the sol-gel process were established in 1845 by J. J. Ebelmen[56],
with the first practical application emerging in the 1930s through a patent by the German
company Schott for producing rear-view mirrors in 1939[57]. This technique allows for the
production of inorganic materials through hydrolysis and condensation reactions of metal
alkoxides or other organometallic compounds, typically at lower temperatures than those
required by traditional ceramic or glass manufacturing methods. The sol-gel process can create
transparent inorganic or hybrid polymers with adjustable porosity, allowing for doping with
different substances to achieve specific optical characteristics.
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Due to its low production temperature and solvent processing, the sol-gel method enables the
incorporation of compounds with low thermal stability, and even facilitates the inclusion of
microorganisms[58][59]. Although silicon-based precursors are the least expensive, the cost of
precursors for the sol-gel process remains relatively high. For instance, silica glass
manufactured through the sol-gel method is priced approximately 100 times higher than its

fused alternative.

1.3.1 The fundamentals of sol-gel chemistry

Sol-gel synthesis of ceramics is generally based on alkoxides of formula M(OR)m or R’
nm(OR)m where M is usually a metal (typically Al, Ti, Zr, V), or silicon (in our case). where

R and R'are organic groups of the CnH2n+1 alkyl type, for example[60][61][62].

Typically, the R' chain remains intact throughout the process and is consequently present in the
final material. There exists the potential to introduce functionalities onto the R' chain, such as
an amine or epoxy function, to introduce novel properties to the monomer and, consequently,
to the final material[63][64].

Similarly, instead of alkoxides, we can also use other organic groups such as carboxylates[65]
or chelating groups[66] like Bdicarbonyl derivatives (acetylacetonates, acetoacetates, etc.) or
polyols, amino derivatives[67], etc. or simply halides[68] (chloride, for example) or
hydrides[69]. It is even possible to use several different groups within the same monomer, to
play on their reactivities. Although these groups typically undergo elimination during the

hydrolysis stage of the process, their significance remains paramount[66].

An important benefit of this method is that the precursors are often liquid or solid, which are

typically soluble in conventional solvents, facilitating mixing. Nonetheless, caution must be
exercised regarding the varying reactivity among monomers in such scenarios. As evident, the
options are virtually limitless, and the selection of specific group(s) and monomers will be

dictated by the intended end-use.
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1.4 Colloidal silica
1.4.1 Definitions

A colloidal silica solution is made up of silica particles dispersed uniformly throughout
a liquid, with the particle sizes ranging from 2 to 1000 nm. These suspended silica particles are
commonly known as colloidal silica or silica colloid. A colloid is considered monodisperse if
all its particles possess identical sizes. The stability of colloidal solutions is primarily defined
by the fact that particles do not quickly clump together or settle. The visual characteristics of
colloidal solutions change depending on the size of the particles. They are transparent to the in
the visible range when the particle diameter is below 50 nm (assuming no significant absorption
occurs), but become opaque when the particle diameter exceeds 100 nm, especially at higher
concentrations. These differences in opacity are due to the scattering of visible light (spectral
range: 400 to 800 nm) by the particles. When the size of the particles is smaller than about
1/10th of the wavelength (approximately less than 50 nm), they adhere to Rayleigh's theory.
This theory explains that the intensity of scattered light changes significantly with particle size
to the 6th power and inversely with wavelength to the 4th power. When particle size approaches
the wavelength, they adhere to Mie's theory, which suggests that scattering is minimally

influenced by wavelength, and that scattered light has a color similar to incident light (white in

the case of daylight).

Nanoparticles are identified by the ISO TS/27687 standard as particles with a diameter of less
than 100 nm[70]. Nevertheless, concerning colloidal silica, I'll broaden this concept to
encompass submicron particles (with a diameter less than 1 um). Specifically, colloidal silica
exhibits consistent properties within this size range, except for heightened light scattering and

accelerated sedimentation with increasing particle diameter.

1.4.2 Colloidal silica properties and applications

The desirable characteristics of colloidal silica have frequently positioned it as a
preferred material, commonly utilized as an additive or carrier, in numerous commercial
products, as exemplified in Figure 1.4. These products find utility across diverse applications,
including optics, catalysis, electronics, cosmetics, pharmaceuticals, reinforcement of composite
materials, coatings, abrasives, the food industry, the textile industry, the paper industry, and

more.
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Figure 1.4:illustrates how colloidal silica is incorporated into everyday products for various
applications.

Silica is a cost-effective substance with well-established and understood synthesis methods.
The widespread utilization of amorphous silica and colloidal silica can be attributed to several

favorable properties, including:

transparency from ultraviolet (UV) to infrared (IR),
biocompatibility and non-toxicity,

high physico-chemical stability,

high colloidal stability in aqueous solution,

a surface that can be easily functionalized,

an oxygen diffusion barrier,

a low refractive index.

The utilization of silica particles at the nanoscale has prompted their integration into

numerous fields, and we will provide comprehensive examples thereof.

1.4.3 Construction materials

In the construction industry, the ability of silica nanoparticles (SiNPs) to enhance the

mechanical strength of cement-based materials is highly desirable (see Figure 1.5). Zapata and

14
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colleagues[71] investigated the rheological and hardened characteristics of superplasticized
cement mortar containing SiNPs. By adding appropriate amounts of superplasticizer, SiNPs
were found to boost the compressive strength of the mortar. Similarly, Senff et al[72]. examined
the impact of SiNPs on the rheological properties and strength of cement mortars. Their findings
revealed noticeable differences in the rheological behavior of the mortars. Moreover, the
addition of SNPs led to significant increases in torque, yield stress, and plastic viscosity of the
mortars. Lin and colleagues[73] noted that incorporating silica nanoparticles (SiNPs) into
sludge/fly ash mortars counteracted the adverse effects of sludge inclusion, particularly in terms
of setting time and initial strength. The SiNPs exhibited accelerated formation of structures
during rheological testing. The utilization of silica nanoparticles (SiNPs) was observed to
enhance various properties of cement-based construction materials, including mechanical,
engineering, and physiochemical aspects such as compressive strength, split tensile strength,
flexural strength, and setting time.

Aggregate

Hones
structural
micropores

Increases
durability

Nanosilica
added
concrete
Increases

Cement compressive Decreases
shrongth workability

Increases
split tensile

strength

i

Nano-Silica

Figure 1.5:Utilizing nano-silica in concrete exhibits advantageous enhancements, augmenting
its overall performance and properties.[74]

1.4.4 Medication delivery systems

MSNPs offer significant advantages as a drug delivery system, primarily due to their
capacity to enclose various drug molecules within their pore channels and their ability to
regulate the release of drugs in a controlled manner. The particles incorporate drug molecules

15
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through adsorption, a process by which they are absorbed onto the particle surfaces.

Furthermore, SiNPs are engineered for a wide range of biomedical and biotechnological uses
including but not limited to cancer therapy, DNA transfection, drug delivery, and enzyme
immobilization[75][76].

MSNPs have been employed as drug delivery platforms for a diverse array of pharmaceutical
compounds, varying in hydrophobicity/hydrophilicity properties, molecular weights, and
biomedical effects. (Figure 1.6)[76]

Munoz et al[77]. investigated the suitability of MSNPs as carriers for the hydrophobic drug
Ibuprofen. According to their findings, the interaction between Ibuprofen molecules and SiNPs
primarily stemmed from the bonding between the carboxylic acid group present in Ibuprofen
and the silanol groups within the silica matrix. Lu et al[78]. explored the utilization of non-
gated MSNPs for delivering hydrophobic anticancer medications, specifically camptothecin
(CPT) and paclitaxel (Taxol), to human cancer cells. Their study revealed that these MSNPs
successfully transported anticancer drugs into human xenografts implanted in mice, leading to

the inhibition of tumor growth.
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Figure 1.6:Encapsulation Capability of MSNPs

1.4.5 Polymer-based nanocomposites

One of the notable uses of SiNPs lies in their incorporation into polymer

nanocomposites. In this role, SiNPs function as fillers or reinforcements, enhancing the thermal,

mechanical, physical, and chemical attributes of advanced composite materials. Figure 1.7[79].
Kang et al[80]. noted that incorporating 400nm silica particles into epoxy resulted in a 13%
enhancement in thermal properties. Meanwhile, Ragosta et al[81]. found that the epoxy groups
interacted with the silanol groups on the silica surface, enhancing interfacial adhesion within
the composite. This robust interfacial adhesion contributed to the heightened fracture toughness

of the silica-epoxy nanocomposite.
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Figure 1.7:The preparation of the nanostructured solid Polymer—silica composites

1.5 Preparation of the nanoparticles

1.5.1 The sol-gel process

The processes central to materials development encompass hydrolysis and condensation
reactions. These reactions are initiated by introducing the precursors to water, occasionally in
conjunction with a catalyst. These two stages are never perfectly separate; their progression can

be regulated through pH adjustments in the medium.

In research, colloidal silica is typically produced using the sol-gel method. This process
commences with the acid or base hydrolysis of an alkoxysilane like tetraethoxysilane (TEQS),
followed by the subsequent basic condensation of the hydrolyzed silica monomers, resulting in

the formation of silica particles.

Initially, the alkoxy groups undergo hydrolysis, either partially or completely depending on the
conditions, resulting in the formation of -OH groups. Taking tetraethoxysilane (TEOS) as an

example, complete hydrolysis leads to this outcome. Figure 1.8:

FtO  oft HO,  oH
‘4 v/
sl + 4H0 === Si._
“OEt HO/ OH

+ 4 EtOH

EtO

Figure 1.8:Reaction diagram for the hydrolysis of tetraethoxysilane.
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As ethanol is liberated, silanol groups are generated, which have the capability to undergo

condensation reactions, exemplified by the oxolation reaction. Figure 1.9

., OH HO o ,O"'
Y g
Si —_— HO“"‘SI S\l"'OH + H,0

~
OR HO OH

Figure 1.9:Reaction diagram for the condensation of two silanol groups: oxolation reaction.

It's important to note that condensation can also occur through the interaction of an alkoxide

with the hydrolyzed monomer, known as the alkoxolation reaction. Figure 1.10

HO  oH EtO,  OFt EtO OH

“ .,

@)

Si Si —_— EtO“"Sl \S\l’”OH +

~ ~
OEt
A= 4 EtO OH

Figure 1.10:Alkoxolation reaction diagram.

The advancement of condensation reactions leads to the creation of oligomeric clusters with
varying degrees of branching, dispersed within the synthesis solvent, forming a sol.
Subsequently, chromophores or nanoparticles can be introduced into this sol, imparting

additional properties to the final material.

Afterward, the oligomers undergo intermolecular interactions with each other and branch out
more and more, occupying an increasing volume fraction. As viscosity gradually escalates, the
liquid undergoes a transition into a solid state, known as the sol-gel transition. Following this
transition, the resulting gel is subjected to drying to yield the ultimate material, which could
manifest as either a dense or porous monolith, a film if the sol has been coated onto a surface,

or even as a powder. Figure 1.11
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Figure 1.11: Diagram of the different possibilities offered by the sol-gel process [82].

The texture of materials synthesized through this method is closely tied to the specific
characteristics of the monomer employed, as well as the soil preparation and drying conditions.
Various parameters such as pH, temperature, among others, can be adjusted to tailor the desired
material properties. For instance, incorporating bases or acids can impact gelation Kinetics, with
bases hastening condensation kinetics and acids expediting hydrolysis kinetics. Additionally,

the choice of specific solvents or surfactants can aid in regulating porosity[83][84].

In the sol-gel process, silicon offers the advantage of low reactivity, facilitating precise control
over both hydrolysis and condensation stages. This is attributed to the stability of silicon
alkoxides, a result of silicon's small ionic radius (0.26 nm), moderate electronegativity, and
fully saturated coordination of 4. In contrast, transition metals like titanium form alkoxides with
significantly higher reactivity[66], primarily due to their larger ionic radius (0.61 nm for
titanium), lower electronegativity, and often unsaturated coordination (typically 6 for titanium).
As a result, they can be used in a completely different way, for example by using chelating
groups that satisfy their coordination requirements, and by working in a controlled atmosphere.
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Hence, silicon stands as the most prevalent choice in materials, owing to its straightforward
processing, cost-effectiveness, and the favorable optical characteristics exhibited by the

resultant material, silica, particularly when utilizing tetraalkoxysilanes.

1.5.2 Impact of operating conditions

In the realm of controlling sol-gel reactions, the hydrolysis ratio (h), defined as the molar
ratio between added water and precursor, is logically the most important factor in hydrolytic
sol-gel processes. Consequently, the quantity of water and its method of introduction constitute

pivotal elements in the reaction.

The concept is straightforward: when dealing with a highly reactive precursor, the abrupt
introduction of significant water volumes will promptly yield unwanted precipitates.
Conversely, insufficient water will fail to hydrolyze the entire precursor. This aspect is also

influenced by the reactivity of the initial precursor.

Temperature also plays a significant role in controlling the kinetics of hydrolysis-condensation

reactions, as higher temperatures accelerate these processes.

Nonetheless, there is another parameter of paramount importance, especially in silicon-based
processes: the pH level of the reaction medium, which directly controls hydrolysis and

condensation reactions.

1.5.3 Influence of pH on hydrolysis-condensation mechanisms[85][86][87]

Particularly concerning silicon, the significance of pH rivals, and sometimes even

surpasses, that of the hydrolysis ratio, largely due to the relatively sluggish kinetics of

hydrolysis-condensation reactions. The direct influence of pH on hydrolysis and condensation
reactions is well-established, as demonstrated in the subsequent graph depicting TEOS.
Figure 1.12
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Figure 1.12: The graph demonstrates the relationship between pH and the kinetics of TEOS
hydrolysis and condensation, Condensation kinetics are estimated through the gelation
time[88].

This shows the catalytic action of H+ or OH- ions on both reactions. From this simple graph

we can deduce the broad outlines of the influence of pH on hydrolysis-condensation reactions.

At pH 7 (neutrality), representing the lowest concentration of H+ and OH-, hydrolysis Kinetics
are minimal. Consequently, both species seem to act as catalysts for the hydrolysis reaction.
Condensation kinetics have a minimum around pH=2, which corresponds to the isoelectric
point for silica[86]. We also see a drop in kinetics towards pH>8: in this pH range there is
competition with silica redissolution[85], which corresponds to the cleavage of Si-O-Si bridges:

depolymerization occurs. The mechanisms governing these reactions have been examined in

existing literature, revealing variations based on pH. Under neutral conditions (pH=7),
hydrolysis advances through the following mechanism. Figure 1.13
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Figure 1.13:Mechanism of hydrolysis in neutral media

The absence of a catalyst in the reaction occurs at a sluggish pace due to two primary factors.

Firstly, water's efficacy as a nucleophile is limited, resulting in its reduced capability to initiate

silicon attack. Secondly, the alkoxy group's inefficiency as a leaving group necessitates its
protonation. However, under the prevailing pH conditions, this protonation process is
constrained. Introducing H+ ions will thus facilitate the creation of a more effective leaving

group by promptly protonating one of the alkoxy groups at the onset of the reaction. Figure 1.14
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Figure 1.14:Protonation of the precursor in an acid medium.
The hydrolysis reaction is therefore greatly accelerated, as shown in Figure 1.15.
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Figure 1.15:Acid hydrolysis mechanism.

H

At the conclusion of the reaction, the alkoxonium species formed can transfer its proton to either
an alkoxy or water molecule, thereby regenerating the catalyst. It's worth noting that as the
number of hydrolyzed groups increases, the reactivity of the precursor diminishes. This decline
stems from the inductive effects exerted by the -OH groups, which deplete the metal of electrons

and impede the formation of the positively charged intermediate.
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In an alkaline environment, the hydroxide ion supplants water as the nucleophile in the reaction,

owing to its heightened reactivity. Figure 1.16

RO RO,
s~ X \

|
HO 4+ RO=™—M—0OR === HO-~--:-M--{;;OR

’

RO OR

Figure 1.16:Hydrolysis mechanism in a basic environment.

In this scenario, the reactivity of the precursor escalates with each hydrolysis step, attributed to
the robust negative charge borne by the silicon in the reaction intermediate. This charge is
stabilized, particularly in instances involving electron-withdrawing groups like hydroxy, and is
further enhanced by steric effects facilitated by the diminutive size of -OH groups. Similarly,

the alcoholate generated undergoes a reaction with water to rejuvenate the catalyst.

In the tetraalkoxysilane condensation process, it is observed that two distinct reactions occur.
One of these reactions involves alkoxidation, where a non-hydrolyzed molecule reacts with
another molecule that has undergone at least partial hydrolysis. Figure 1.17 Producing an
alcohol molecule is the result of this reaction, which is thus more advantageous under
conditions of low hydrolysis ratios, where in a significant portion of the alkoxy groups remains

unhydrolyzed.
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Figure 1.17:Mechanism of the alkoxolation reaction.

And the alkoxolation.reaction, which takes place between two at least partially hydrolyzed

molecules, ultimately generates a water molecule. Figure 1.18
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Figure 1.18:Oxolation reaction mechanism.

The impact of pH on both reactions mirrors that of the hydrolysis step. This influence is
exerted through the protonation of leaving groups under acidic conditions or the deprotonation
of a hydroxy group, followed by the action of (OR)3SiO- formed as a nucleophile in a basic

medium.

Considering these mechanisms and the observed kinetics (Figure 1.12), it becomes evident that
an acidic pH promotes the replacement of -OR groups by water, thereby facilitating hydrolysis,
especially for pH values below 4. Consequently, hydrolysis reactions prevail over condensation
reactions. Thus, under such conditions, the formation of species characterized by long, loosely-
branched chains can be anticipated. On the contrary, a higher pH level promotes condensation
reactions, especially within the pH range of 4 to 10, where the kinetics of condensation reactions
significantly surpasses that of hydrolysis reactions. Consequently, one should anticipate the

formation of compact particles under these conditions.

It's important to highlight that these reactions are balanced, and under extremely acidic
conditions (pH < 2), reverse reactions can take place in the case of hydrolysis, resulting in re-

esterification. This occurs as the hydroxy groups attached to silicon are protonated. Conversely,

27
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in a basic environment (pH > 10), reverse reactions can occur for condensation, leading to the

cleavage of Si-O-Si bridges and the formation of silanolates.

1.6 Synthesis of silica nanoparticles:

Stober et al[7] were pioneers in employing the sol-gel technique for the synthesis of silica
nanoparticles. Their research illustrated that when tetraethoxysilane (TEOS) dissolved in
ethanol underwent hydrolysis and subsequent condensation in the presence of water and

ammonia, it resulted in the creation of silica particles.

Two theoretical frameworks have been suggested to elucidate the process of nanoparticle

formation, with both revolving around the nucleation and subsequent growth of silica grains.

The model proposed by Matosoukas and Gulari[89][90] mechanism, depicted in Figure 1.19.
It involves an initial nucleation phase triggered by the supersaturation of hydrolyzed TEOS
monomers (Si(OH)4), followed by a subsequent growth stage facilitated by the deposition of
hydrolyzed TEOS monomers onto the surface of existing particles.

——eos]
— [Si(OH),]
—— [SiO,]

=
o
|

Nucleation
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o
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time

Figure 1.19: Evolution of TEOS, Si(OH)4 and SiO2 concentrations as a function of time
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1.6.1 Surfactant-assisted Synthesis of Silica Nanoparticles

1.6.1.1 Utilizing direct Systems

There is significant interest in investigating the potential of surfactants for fine-tuning the
porous characteristics of silica nanoparticles (SiNPs). Nooney et al. employed both cationic and
non-ionic surfactants as templates and demonstrated that by adjusting the TEOS-surfactant
ratio under diluted conditions[91], they could synthesize mesoporous silica nanoparticles
(MSNPs) with diameters ranging widely from 65 to 740 nm. They observed the formation of
spherical MSNPs with uniform surfaces. Additionally, they put forward a mechanism detailing
the generation of structured MSNPs employing CTAB as a template Figure 1.20. Based on this

mechanism, particle growth may proceed through one of the following potential pathways.

1. Continuous deposition of monomeric silica and surfactant ions onto pre-existing
primary particles.
Ordered aggregation, characterized by the systematic clustering of primary particles.
Random aggregation, involving the irregular clustering of primary particles.

Monomer
Addition

£y |
g 3) w Aggregative GO Silica Polymer
' - 9 1 & silica Oligomer

Surfactant

)'/\ Monomeric
Silica

Figure 1.20:mechanism detailing the generation of structured MSNPs employing CTAB as a
template
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Zhang et al[92]. synthesized a novel mesoporous silica sphere with a consistent diameter and
mesopore canals resembling a starburst pattern, utilizing CTAB as a templating agent. They
adjusted the arrangement of pore diameters within the sphere by modifying the concentration
of ethanol. Ethanol was proposed to serve as a "spacing agent," allowing for the modulation of
interactions between ethanol, the cationic surfactant, and the hydrophilic-hydrophobic
equilibrium within the self-assembly system. The team suggested a "Liquid Crystal Initiated
Templating” mechanism to explain the formation of the hexagonal array of micellar rods. In

this mechanism, the process initiates with the regular hydrolysis of alkoxide, followed by the

organization of surfactant molecules, and ultimately, the surfactant binds with silica oligomers.
This mechanism is applicable for the synthesis of mesoporous silica MCM-41. Additionally, a
mechanism for producing mesoporous silica featuring an egg-shell and starburst pore canal
structure was suggested. According to this mechanism, initially, surfactant micelles and
micellar rods were formed in an extremely diluted aqueous solution. Subsequently, these rods
underwent self-assembly into a lamellar phase. Furthermore, it was noted that a mixed lamellar-
hexagonal membrane, with water layers separating them within the surfactant silicate system,

was generated. Figure 1.21
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Figure 1.21:mechanism explain the formation of the hexagonal array of micellar rods.

1.6.1.2 Utilizing Microemulsion Systems

Initially, emulsions and microemulsions garnered attention primarily within industrial
sectors such as petrochemicals, textile impregnation and finishing, pharmaceuticals, cosmetics,
and paints, as outlined in the review authored by Schwuger et al[93]. The method of preparing
silica nanoparticles through micellar formation was first elucidated in the 1990s by Osseoasare
and Arrigada[94]. They conducted the hydrolysis-condensation reaction of tetraethyl

orthosilicate (TEOS) within an inverse micellar system, utilizing ammonia as a catalyst. This

technique has demonstrated significant appeal for generating nanoparticles with precise size

and morphology control, owing to its capacity to manipulate two distinct sets of parameters:
the composition of the microemulsion and the amounts of reagents employed. Furthermore,
studies have indicated that this synthesis approach achieves both small particle size and

uniformity, in contrast to the traditional Stéber method[94][95].
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1.6.1.2.1 The water-in-oil microemulsion field

In the realm of water-in-oil microemulsions, a uniform distribution of water
nanodroplets is suspended within a continuous oil phase. These nano-droplets of water are held
stable at the oil interface through the action of surfactant molecules, which organize into reverse
micelles. While water/oil/surfactant ratios are undeniably pivotal for the formation and
endurance of microemulsions, they also play a crucial role in determining the dimensions and

configuration of the reverse micelles[96].

1.6.1.2.2 Properties of reverse micelles

The prevailing consensus in numerous studies indicates that spherical reverse micelles

comprise nano-scale water droplets encased within a monolayer of surfactants, depicted

schematically in Figure 1.22.

Figure 1.22:The structural cross-section of a spherical reverse micelle.
The surfactant film functions as a barrier, effectively separating the water nanodroplets and
inhibiting their eventual merging. Consequently, within the reverse micellar phase, the water
nanodroplets remain distinct, with their size primarily dependent on the quantity of solubilized
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water and can be finely regulated by adjusting the W ratio, which represents the molar

concentration ratio of water to surfactant[97]. Equation -2

_ __[H20]
Surfactant

Equation 1-2

Inverse micelles undergo Brownian motion as well. This motion causes collisions where the
interfaces can briefly merge to create temporary structures lasting microseconds. This facilitates
the exchange of contents between nanodroplets without traversing the continuous oil phase[98].
However, when the particles reach a certain size, content exchange is hampered because it
would require a large change in the curvature of the surfactant film surrounding the reverse
micelles, which is not energetically favorable. Surfactant molecules adhere to the surfaces of
particles, providing stabilization and shielding them from additional growth[99]. As a result,
nanoparticles obtained in such a medium are generally quite distinct and characterized by a

narrow size distribution.

1.6.2 Exploring the Reverse Micelle: An Enclosed Environment for Chemical
Reactions

The reverse micelles comprising the water-in-oil microemulsion serve as nanoreactors
facilitating nanoparticle synthesis. The constrained environment of these nanoreactors presents
a significant benefit for achieving controlled size and architecture in nanoparticle synthesis.
There are two main approaches to nanoparticle synthesis nanoparticles by microemulsion. The
initial method entails the preparation of two distinct microemulsions, each containing varied
reagents solubilized within their respective micelles, followed by the combination of these two
microemulsions. In the second method, nanoparticles are produced within a singular
microemulsion. The reagents are incrementally introduced into the microemulsion and

subsequently migrate into the micelles due to their affinity with water.

1.6.2.1 Choice of microemulsion components

Managing nanoparticle synthesis via microemulsion inherently requires regulating the
parameters governing the microemulsion. The selection of these components holds utmost

significance, as they directly influence the interfacial fluidity within the microemulsion,
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namely, the elasticity of the surfactant film[100]. This factor directly impacts intermicellar

exchange, thereby influencing the size of the synthesized nanoparticles.

1.6.2.2 Surface active agent

Many investigations have documented how the properties of microemulsions are
affected by the surfactant, which varies based on factors such as the length or quantity of alkyl
chains, the size of the polar head, or its ionic nature[101][102]. It is widely acknowledged that
the selection of surfactant directly influences the shape, size, and elasticity of micelles, thereby
impacting the size of nanoparticles synthesized within them. A wide array of surfactants is
presently accessible in the market. Both ionic and nonionic surfactants are viable options for
regulating film elasticity. Some of the frequently employed surfactants include sodium dioctyl
sulfosuccinate (AQT), the Triton X series, the Brij® series, Igepal CO-520, cetyl trimethyl
ammonium bromide (CTAB), sodium dodecyl sulfate (SDS), and various others. Moreover,
there's often a requirement to incorporate a co-surfactant to enhance interfacial fluidity.
Although this co-surfactant may be selected from those mentioned earlier, long-chain alcohols

like hexanol are also commonly employed for this purpose.

1.6.2.3 The oil phase

The nature of the oil phase, or solvent, can additionally impact the size of the produced
nanoparticles. However, its effect is secondary compared to the surfactant and becomes
noticeable only with significant variations in chain length. Hence, the primary factors
determining its suitability will be its compatibility with the selected surfactant and its toxicity
level. Typically, the oil phase consists of cyclohexane or heptane. Occasionally, toluene,

chloroform, Hexane, or octane may also be utilized.

1.6.2.4 The aqueous phase

The characteristics of the agueous phase can exhibit significant diversity. Frequently, it

serves as the medium wherein the precursors for in situ nanoparticle synthesis are dissolved.

Additionally, it may function as a colloidal entity, indicating that micelles encapsulate pre-
synthesized nanoparticles. Selection of the aqueous phase (including factors like pH,

composition, etc.) is determined by the solubility or stability requirements of these components.
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1.6.3 Microemulsion silica synthesis

The process adheres to the traditional sol-gel mechanism, which entails the hydrolysis
of a silica precursor followed by the condensation of the resulting silica monomers. Within
water-in-oil microemulsions, nanoparticle generation occurs within the reverse micelles

themselves, as depicted in Figure 1.23[103].
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Figure 1.23:Visualization of the synthesis of silica nanoparticles using water-in-oil
microemulsion.

The silica precursor, initially dissolved in the oil phase, undergoes hydrolysis upon contact with
aqueous micelles through diffusion. Subsequently, the hydrolyzed silica monomers migrate into
the aqueous phase, where they undergo condensation to produce nanoparticles. The hydrolysis
step can be carried out either by acid or base catalysis. On the contrary, the condensation process
necessitates catalysis, which must be basic to yield spherical nanoparticles. Thus, this stage
involves the introduction of a base, typically ammonia, although alternatives such as sodium
hydroxide (NaOH) can yield comparable outcomes. Following a reaction duration spanning
from several hours to a few days, the microemulsion is typically destabilized by the addition of
a substantial volume of alcohol or acetone. Subsequently, the nanoparticles are retrieved and

subjected to washing through centrifugation cycles.
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I1.1 Introduction

In the first chapter, it was demonstrated that micellar systems provide an effective
reaction medium for constructing a silica matrix with precise control over its size and
morphology. In this subsequent chapter, we will employ this approach to acquire hybrid
nanomaterials that integrate diverse compositions (organic/inorganic) and structures
(oxide/metallic). While the microemulsion pathway has been predominantly utilized in this
study for synthesizing cluster@SiO2 nanoparticles, we have also explored the Stéber method.
Our objective was to produce cluster@SiO2 nanoparticles ranging in diameter from 100 to 700
nm, suitable for our specific applications. These fabrication processes allowed us to assess the
merits and drawbacks of both synthesis techniques while confirming their synergistic

capabilities.

I1.2 Synthesis of Silica Nanoparticles
11.2.1 Chemicals and Reagents

Cationic surfactant Cetyltrimethylammonium bromide CAS:57-09-0 (CTAB, Sigma, Bio
Ultra for molecular biology, > 99%)

Nonionic surfactants TX100 (99%) CAS:9002-93-1

Procaine hydrochloride > 97% CAS:51-05-8 were purchased from Sigma-Aldrich
Tetraethyl orthosilicate (TEOS, Aldrich, > 99%) CAS:78-10-4

Sodium hydroxide (naoh, Eka pellets > 98%) CAS:1310-73-2

Ammonium hydroxide 30% solution CAS:1336-21-6

N-Hexane anhydrous, 95% CAS:110-54-3

Butan-1-ol for molecular biology, > 99.5% CAS:71-36-3 Sigma Aldrich,

Absolute ethanol > 99.8%) CAS:64-17-5 was purchased from Honeywell

Deionized water (D.l water) from a Millipore system Milli-Q 18 MX c¢cm was used in all

synthesis steps
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11.3 Preparation of monodispersed silica nanoparticles (SiNPs)
e in agueous medium

Synthesis of monodisperse SiNPs was carried out according to the method proposed by T.
Ribeiro et al[8]. With little modifications. Briefly, a known amount of the surfactant (CTAB or
TX-100 ) was dissolved in water (22 mL) at 25 °C under vigorous stirring. After 35 min, 1.75
mL of sodium hydroxide solution with a concentration of 2M, followed by a dropwise addition
of 2.5 mL of TEOS within 5 min. Immediately, the reaction temperature was raised up to 40 C°
and left under vigorous stirring for 2 h. After cooling, the obtained dispersion was centrifuged
at 12000xg for 30 minutes and washed three times with a 1:1 water/ethanol mixture and one
time with absolute ethanol. Afterward, the supernatant was removed and the precipitated gel
phase was further dried at 60°C in a ventilated oven for 24 hours. The obtained powder was
calcined at 500°C for 2 hours to retrieve pure SiNPs. The same experiment parameters were

conducted at a low concentration of NaOH 0.2M.
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Figure 11.1:General diagram showing the synthesis of silica-based mesoporous nanoparticles
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11.3.1 SiNPs from lonic surfactant CTAB:

Large Solide Silica spheres (LSiNPs) were prepared by firstly mixing (0.09 g) of
cationic surfactant CTAB with deionized water (1.7 ml) at ambient temperature. After 10
minutes under vigorous stirring, (2 ml) of Butan-1-ol and (8 ml) of n-Hexane were added to the
aforementioned aqueous solution. Secondly, after 10 minutes under stirring (800 rpm), a
dropwise addition of (0.3mL) TEOS is carried out followed by (0.06ml) of ammonia and the
whole mixture is left 24h under stirring. An equivalent volume of ethanol is then added to the
mixture to break the formed emulsion. The large LSiNPs were isolated by centrifuging the
obtained solution at 14000 rpm for 30 min. The product obtained was further washed several

times successively with ethanol and D.l. water to remove the unreacted chemicals. The final

product was retrieved after a drying process at 60°C during 24 hours.

11.3.2 SiNPs from Nonionic surfactant TX-100:

For TX-100, 0.25 M of the nonionic surfactant was mixed directly with (2 ml) of Butan-
1-ol and (8 ml) of n-Hexane at ambient temperature. The same protocol applied to CTAB
preparation from the second step was adopted until the final stage and the purification of the

nanoparticles by drying.
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Figure 11.2:Schematic illustration of the formation of SiNPs particle structures.
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I1.4 Characterization Techniques

11.4.1 The theoretical foundation of dynamic light scattering

Dynamic light scattering (DLS), alternatively referred to as photon correlation
spectroscopy (PCS), is a technique for assessing variations in light intensity over time. Thanks
to its precision, speed, and consistent reproducibility, DLS has emerged as a widely adopted
approach in nanotechnology. With advancements in instrument design and data analysis
methodologies, contemporary DLS equipment not only enables particle size determination but

also facilitates measurements of zeta potential and the molecular weight of macromolecules.

The fundamental principles underlying DLS are as follows: Particles in suspension undergo
Brownian motion, causing fluctuations in light intensity. These particles exhibit random
movement within the liquid medium, with the velocity of Brownian motion contingent upon
both particle size and the viscosity of the surrounding medium (such as water or organic
solvents). Studies have shown that smaller particles in less viscous mediums experience faster
Brownian motion. As light traverses through the colloidal solution, it interacts with the
particles, resulting in light scattering that can be detected at specific angles. The detected signal
represents the combination of numerous scattered photons, holding statistical significance.
Instantaneous light intensity varies around a mean value, with fluctuation amplitude correlating
with particle size. At any given moment, the light intensity is considered comparable to that at
another moment within a very brief timeframe[104]. As previously mentioned, particle velocity
during Brownian motion follows the Stokes-Einstein equation and is directly related to particle

size.

__ KpT
- 6N Ry

Equation 1: The Stokes-Einstein equation
Translational diffusion coefficient [m2/s] — “speed of the particles”
Boltzmann constant [m2kg/Ks?]

Temperature [K]

Viscosity [Pa.s]

Hydrodynamic radius [m]
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e The basic DLS setup

Figure 11.3 illustrates the essential configuration of a DLS apparatus. Here, a
monochromatic laser is directed towards the sample confined within a cuvette. Should particles
be present in the sample, the incident laser beam undergoes scattering in various directions.
Subsequently, the scattered light is captured at a specific angle over time, and this signal is
employed to ascertain the diffusion coefficient and particle size through application of the
Stokes-Einstein equation.

P
\

Detector '

Scattered light

il

-

Time

Figure 11.3: illustrates the core configuration of a DLS measurement setup. the sample is
enclosed within a cuvette, and the scattered light emitted by the incident laser is detectable
across various angles [105].

Typically, a gray filter is interposed between the laser and the cuvette to attenuate the incident
laser light. These filter settings can be automatically regulated by the instrument or manually
adjusted by the user. In instances where turbid samples are analyzed, the detector may become
overwhelmed by the influx of photons. Consequently, the laser light is attenuated to ensure the

detector receives a signal that is both adequate and manageable for processing.
e Measurement

When analyzing large particles, the scattered spot's intensity fluctuates slowly owing to
their sluggish motion. Conversely, for small particles, the density of scattered spots fluctuates
rapidly due to their swift movement. The relationship between large and small particles can be
mathematically expressed. Notably, the correlation function's decay rate is indicative of particle
size, with small particles exhibiting significantly faster decay rates compared to large particles.
Ultimately, particle size and distribution are determined by examining variations in light

intensity and the correlation function thereof.
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As mentioned earlier, the measurement of particle size in the sample relies on particle
movement rather than direct measurement. The term "hydrodynamic diameter" denotes the size
of smooth, spherical particles that diffuse at a rate equivalent to the particles within the sample.
It is important to consider this distinction when comparing DLS measurement results with those
obtained from other techniques, as they may pertain to different physical parameters of the

sample.

In data analysis stemming from experiments, the distribution coefficient (or particle dispersion
index, PDI) is a crucial parameter. It serves as an indication of the uniformity in particle size
and plays a significant role in characterizing particle dimensions. When PDI falls below 0.05,
systems are deemed monodispersed, as is often the case with certain emulsions adhering to
specific standards. If PDI registers below 0.08, the system is considered near monodispersed,
albeit limited to analysis via a single exponential decay method in DLS, which may restrict
resolution capabilities. A PDI value ranging from 0.08 to 0.7 signifies a moderately dispersed
system, offering optimal suitability for algorithmic applications. Conversely, a PDI exceeding
0.7 indicates a system with a broad size distribution, rendering it less compatible with the light

scattering analysis method[104].

11.4.2 Electron Microscopy

Ruska and Kbnoll introduced electron microscopes (EMs) in 1931, marking the
beginning of a continuous evolution that transformed these instruments into remarkably
versatile tools[106][107]. Electron microscopy encompasses two primary techniques: scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Despite both
methods capable of detecting various signals arising from interactions between electrons and
matter, they are conventionally treated as distinct disciplines due to differences in instrument
design, sample preparation requirements, and the type of information they provide. Scanning
electron microscopes (SEMs) are typically more user-friendly, making them readily available
to novice electron microscopists seeking a tool for microstructure analysis. In standard imaging
mode, SEMs only examine the surface, allowing for the observation of samples of diverse
shapes and sizes without requiring extensive preparation time. Numerous contemporary SEMs
enable the observation of samples at low voltages, facilitating the analysis of beam-sensitive
materials in a non-destructive manner. Recent technological progress, especially in low-voltage
SEM, has significantly enhanced its appeal for investigating materials that were previously

challenging to image at high resolutions[108][109].
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Figure 11.4: a) A schematic representation illustrating the configuration of a scanning
electron microscope column and the positioning of secondary electron detectors. b) The
signals produced when a sample is exposed to an electron beam in the scanning electron
microscope

e Basics:

Electron microscopy operates on the fundamental principle of electron-sample interactions,
where an electron beam interacts with the sample. The interactions between electrons and
matter are intricate, leading to various events occurring within the interaction volume when
electrons hit the sample. These diverse events generate different signals, as depicted in a
schematic summary in Figure 11.4. Numerous detection systems exist to capture the emerging
signals, enabling a wide range of experiments to be conducted in electron microscopy (EM).
Because various signals stem from a series of interactions within the interaction volume, the
spatial resolution of an emitted signal hinges not only on the electron beam's probe size but
significantly on the interaction volume's dimensions. Typically, X-ray and backscattered
electron (BSE) signals are more pronounced at higher accelerating voltages but come at the
expense of reduced spatial resolution. Conversely, the secondary electron signal becomes
stronger and more precisely localized as accelerating voltages decrease, rendering it the

preferred signal for low-voltage scanning electron microscopy (LV-SEM) experiments. In the
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context of the upcoming discourse, LV-SEM will be delineated as encompassing primary beam

energies ranging from 300 eV to 5 keV, with a project-specific maximum of 2 keV.

11.4.3 X-ray diffraction

X-ray diffraction stands as a potent method for examining crystalline solids. First observed
in 1895 by the German physicist Wilhelm Rdntgen, X-rays serve as the foundation for a variety
of analytical techniques, including radiography, spectroscopy, and diffractometry. These
electromagnetic radiations fall within a spectral range characterized by wavelengths in the
angstrom (A) scale. In 1912, Max von Laue demonstrated that the similarity between X-ray
wavelengths and assumed interatomic distances mimics the function of light in optical gratings,
giving rise to a diffraction phenomenon governed by the same principles as interference.
Essentially, a crystal represents an arrangement of atoms, ions, or molecules exhibiting a
regularly repeating pattern in all three spatial dimensions. Since interatomic distances are
typically of the order of an angstrom, comparable to X-ray wavelengths, a crystal forms a three-
dimensional lattice capable of diffracting X-rays. Consequently, in 1913, William Henry and
William Lawrence Bragg (father and son) successfully determined the crystal structure of
sodium chloride, paving the way for the elucidation of numerous other metal salt structures.

e Basics:

X-ray diffraction entails exposing a clay sample, whether oriented or non-oriented, to X-
ray radiation with wavelengths ranging from 0.1 to 10 nanometers. This radiation permeates
the crystal structure[110], absorbing energy and stimulating the atoms, which subsequently emit
radiation in various directions. Radiation emitted by atomic planes in synchrony produces a
coherent beam detectable by instruments. Bragg's law expresses the requisite condition for this
radiation to synchronize.

e Bragg's law

When we analyze the directions in which a signal is detected, we observe a straightforward
principle: if we envision parallel planes traversing the atoms and designate d as the distance
separating these planes (also known as the "interplanar spacing'), constructive interference

occurs under certain conditions.

Zdhkl' Sinehkl =n.A
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Equation 2: Bragg's law

d 1 is half of the deflection

N is an integer called "diffraction order

Azis the X-ray wavelength (remember, we're working in monochromatic mode).

Incident Diffracted
beam beam

Figure 11.5:Reflection of X-rays by a family of reticular planes spaced at distance d[111].

In the setup of a Bragg-Brentano diffractometer, the X-ray detector records peak intensities
when positioned along a cone. This cone, although truncated within the sample due to X-ray

absorption by both the sample and its holder, corresponds to imaginary atomic planes according
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to Bragg's law. Each peak can thus be linked to specific sets of atomic planes, known as Miller

indices (hkl), in a process referred to as peak indexing.

(001) (101) (201)

Intensity
A

R

25 angle

Figure I1.6:illustrates the process of peak indexing, depicting the correlation between a
diffraction peak and a specific atomic plane represented by Miller indices (hkl). Note the
depiction of the incident beam's shape.

11.4.4 BET (Brunauer, Emmett and Teller)

The evaluation of a powder's surface holds significance in determining numerous
properties. The method employed and the property under consideration greatly influence the

outcome across various assessment techniques.
The BET method assesses the physisorption of gas to ascertain the "surface area” of a specimen.

Gas molecules can penetrate between particles and into all pores, cracks, and surface texture,

to obtain a measurement of the microscopic surface area of the sample.

Frequently, the specimen is in powder or granular form, and the outcome is expressed as area

per unit mass, mass area, or specific area.
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It can also be calculated as area per unit volume, or as the absolute surface area of an object.
e Application of BET theory (Brunauer, Emmett and Teller)

The BET model is applied to determine the specific surface area of solids meeting the

following assumptions:

Adsorption is localized at defined sites.
The adsorbate molecule is small enough to cover the solid surface well.
Interactions between adsorbed molecules are negligible.

From the second layer onwards, adsorption energy is constant and equal to the heat of

liquefaction.

Calculation of specific surface area using the BET method

The BET method (Brunauer, Emmet, and Teller) enables the determination of the specific
surface area, S, of a sample[112]. This approach enables the determination of the volume, Vm,
required to cover the surface with a monolayer of N2 molecules. While the fundamental

assumptions of this theory seldom align with reality, this method yields consistent outcomes.

Practically, we employ the linear expression to describe monolayer formation, which is valid
within the range of 0.05 < P /P0 < 0.35[113].

P 1 +C—1XP
Va(Py—P) Vm CVm' P,

Va: Represents the adsorbed volume at relative pressure

Vm: The gas volume required to cover the entire surface of a monomolecular layer(volume

adsorbed to the monolayer).
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C': The BET constant, influenced by temperature and the variance between the adsorption

energy of the initial layer and the liquefaction energy of the adsorbate, can be approximated

by the following equation:

1
Vm|[(Po / P)=1]

0.1 0.2 0.3

Figure I11.7:Linear and real representations of the BET isotherm

(E,—E})
RXT

C =exp

The value E1 represents the heat released during the adsorption of the initial layer, while EL
signifies the heat of liquefaction. Parameter C denotes the affinity between the adsorbed
molecule and the solid surface: when this affinity is strong, E1 significantly surpasses EL,
resulting in a high value for C (e.g., nearing 100). Conversely, in cases of weaker affinity, E1

approaches or equals EL, leading to lower values for C, potentially just a few units.

The Sger surface area and C parameter can be deduced from the adsorption isotherms, by

plotting where a straight line is obtained by

P/(Va(P0-P)) = f (PO — P). The specific surface area and C parameter can then be deduced

from the adsorption isotherms, and by extracting the slope value and y-intercept.
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P
V(P —P)

B P
—f(P—O

The BET surface area is calculated from VVm using the equation

mX Na X a,,

SpET = mXxXVm

SBET: Specific surface area in (m2/g).
Na: constant (Avogadro number = 6.023 1023).
Ay, - Surface area occupied by the N2 molecule (0.1627 nm2/nitrogen molecule).

m : Sample mass (g) and VM : The molar volume of N2 at TPN (22414cm3/mol).

e Measuring the specific surface area of adsorbents

The specific surface area of an adsorbent is defined as its surface area per unit mass. This
metric serves to assess surface chemical characteristics such as the adsorption of chemical
elements, metals, and phosphates in various substrates like soils and finely divided solids, as
well as water retention capacity. Typically, it is quantified in units of square meters per gram
(m2/g)[114].

The specific surface area offers insights into two key aspects:

e Adsorption capacity of solids: A higher specific surface area indicates a more effective

adsorbent, as it provides more sites for adsorption to occur.
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e Surface irregularities, including pores and other imperfections

These irregularities result in an actual surface that is always greater than the ideal surface

without imperfections.

These features are reflected in the specific surface area measurement, offering information

about the surface morphology and the availability of active sites for adsorption processes.

The utilization of the BET model forms the cornerstone of the most traditional approach to

determining specific surface area.

Another technique for assessing specific surface area is known as the B-point method, which
relies on analyzing the Type Il isotherm graph. According to convention, this method

identifies a pivotal inflection point labeled as "B."

At this juncture, the curve transitions from its Langmuir-like shape, exhibiting a reversal in

curvature.

Figure 11.8:Application of the B-point method to a type Il isotherm

This method operates under the assumption that at this stage, the layer is monomolecular,
whereas beyond this stage, multiple layers are present.

With the knowledge of Vm, corresponding to point B, and the specific area am, determining

the catalyst's surface area becomes straightforward.
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11.4.5 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) relies on the photoelectric effect first observed
by H. Hertz in 1887[115], offering a non-invasive method to analyze surface properties. then
explained by A. Einstein in 1905[116]. K. Siegbahn[117], who was awarded the Nobel Prize in
Physics in 1981, pioneered the development of XPS technology in the 1950s, shaping its

advancements to date.

XPS analysis involves examining the kinetic energy distribution of photoelectrons emitted from
a sample when subjected to X-rays with a known energy (hv). The primary focus of this
technique lies in observing how the binding energy of photoelectrons changes based on the

chemical environment of the atoms they come from.

Utilizing this metrology, we can ascertain the electronic structure and chemical context of the
atoms within the sample, quantify elemental composition across different layers, gauge the
thickness of nanoscale surface layers, and potentially reconstruct chemical profiles by accessing
angular information through the instrument. Due to the short mean free path of emitted
photoelectrons within the material, typically on the scale of a nanometer, this characterization
technique is particularly effective for surface investigations of the sample. Consequently, the
depth of analysis is limited to around 10 nm[118].

X-ray photoelectron spectroscopy is based on the principle of conservation of incident photon

energy.

The energy equation is outlined as follows: hv = EB + Ec + gech, where hv represents the
energy of the incident X-ray photon (h étant la constante de Planck et v la fréquence du
photon incident), EB denotes the binding energy of the electron to the nucleus, Ec indicates
the kinetic energy of the ejected electron measured in vacuum, and gech accounts for the

energy necessary for the electron to traverse the material/vacuum boundary (exit work).

Figure 2.9 illustrates this principle of energy conservation:
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Figure 11.9:Conservation of total energy during photoelectron phenomena, and when
measured by a spectrometer.

In X-ray photoelectron spectroscopy (XPS), emitted photoelectrons are captured and analyzed
based on their kinetic energies. By utilizing the energy balance equation, which involves
constants W and hv, the bond energies (EB) can be calculated. This method relies on the atom-
specific spectrum of core electron binding energies, allowing for the identification and
quantification of elements within a compound. Essentially, XPS serves as an elemental analysis
technique. Figure 11.10 exhibits distinct peaks corresponding to the S2p and S2s sulfur
photoelectron , indicating the incorporation of the polymer into the carbon nanotubes.
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Figure 11.10:shows an example of an XPS spectrum measured on a sample showing the
presence of polymer in carbon nanotubes.

e Experimental device
An X-ray photoelectron spectrometer is comprised of several components: an X-ray source

equipped with a monochromator, a sample manipulator, a series of collection lenses, an electron

analyzer, an electron detection system, a computer for data processing, and an ultra-high

vacuum pump essential for achieving a vacuum level on the order of 10~ %mbar.

In this section, our attention is directed towards the X-ray source, the monochromator, and the

photoelectron analyzer.

e Source de rayonnement X

X-ray radiation is generated when high-energy electrons collide with a metal anode,
causing them to decelerate and release photons that exhibit the distinctive characteristics of
the metal composing the anode. Figure 11.11 shows a schematic diagram of an X-ray source:
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Figure 11.12:Schematic diagram of an X-ray source [119].

A few amperes of current pass through the tungsten filament encircling the anode, inducing
heating through the Joule effect. This temperature rise triggers the thermionic emission of
electrons from the filament. Subsequently, these electrons are accelerated by a high voltage,
reaching up to 20 kV, before colliding with the metal anode, thereby initiating the production
of X-ray emissions. To safeguard against anode overheating from repeated impacts, a cooling
circuit is employed to reduce its temperature. These operations occur within an environment of
extremely high vacuum to preserve the integrity of the filament and other components of the
high-voltage source. Additionally, this vacuum environment prevents any undesirable

interactions between electrons, photons, and impurities.
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e Monochromator

The monochromator offers the benefit of isolating a solitary line from the unresolved
Kal,2 doublet of X-radiation, effectively removing satellite peaks and suppressing the

presence of the continuous white spectrum.

The method employed for constructing a monochromator relies on the dispersion of X-rays

through diffraction on a crystal, following Bragg's law:

nA=2d sin0

With n the diffraction order

A the X-ray wavelength

d the crystal's inter-reticular distance

0 Bragg angle

Figure 11.12 illustrates a schematic representation of the monochromator, serving the dual

function of wavelength selection and beam focusing onto the sample.

crystal

R represents the radius
of the Rowland circle

X-ray source

Figure 11.13:Monochromator schematic diagram[119].
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Quartz crystal proves to be an appropriate choice for such applications due to its slight
flexibility when not excessively thick. Furthermore, it diffracts the Ka line of aluminum to first

order at a Bragg angle of 78.5°.

e Photoelectron analyzer

During XPS measurements, photoelectrons emitted from the sample are gathered, sorted
based on their kinetic energy, and subsequently detected by a specialized analysis system. This
system is segmented into three distinct components: The input optics include electrostatic lenses
designed to gather photoelectrons emitted by the sample and concentrate them onto the input
slit of the analyzer. The analyzer then sorts the photoelectrons based on their kinetic energy,
while the detector tallies the quantity of photoelectrons[119].

Among contemporary spectrometers, the 180° hemispherical concentric analyzer is commonly

employed as the primary analyzer. Figure 11.13 illustrates its operational principle.

input slot width W1 output slot width W>

R, median radius

Figure 11.14: Operation of the 180° hemispherical concentric analyzer [119].

The analyzer comprises two half-spheres positioned concentrically, where one has a radius
denoted as R1 and the other as R2. The median radius is represented by RO. By applying
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potentials of -V1 and -V2 to the inner and outer spheres respectively, an electric field
perpendicular to the spheres’ surfaces is established. The electric field causes the photoelectron
trajectory to disperse based on their Kinetic energy concerning a characteristic energy, Ea,
dependent on the analyzer's geometry and the potential difference, V2-V1.

_ eV, —Vq)

R, R,
(R_1 - R_1)

a

Where e is the electron's charge.

Electrons entering the analyzer with energies lower than Ea experience significant deflection
by the electric field, directing them towards the inner sphere upon impact. Conversely,
electrons possessing energies surpassing Ea encounter minor deflection, leading them to strike
the outer sphere. Consequently, only electrons with energy Ea are permitted to traverse the

analyzer along the median circular trajectory, as depicted in Figure 11.14.

Figure 11.15:Electron path through the analyzer as a function of input energy.

Energy resolution, denoted as AE, plays a critical role in XPS analysis. When the energy

disparity between two XPS peaks, each representing distinct chemical environments, falls
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below the AE resolution, differentiation between them becomes unfeasible, leading to a loss

of information regarding these environments.

Energy resolution relies on the analysis energy Ea, the largest widths of the entrance and exit

slits denoted as W, and the acceptance angle da for photoelectrons.

AE=E, (RK0 + (8a)?

As the analysis energy Ea and slit width decrease, energy resolution also decreases. However,
sensitivity improves with increasing Ea, and slits that are too closed decrease the number of
photoelectrons detected, consequently elevating the signal-to-noise ratio. Therefore, finding a
balance is essential.

In order to detect electrons with varying kinetic energies, they are subjected to a potential

delay of R at the input of the detector, reaching up to the analysis energy Ea.

Eq = Ecin — eR
With E;;, the kinetic energy of the photoelectrons

Hence, by adjusting R, it becomes feasible to sweep across the energy spectrum. Alternatively,
another approach involves modifying the voltages applied to the half-spheres to manipulate Ea,

all the while maintaining the voltage R constant[119].

11.4.6 Photoluminescence Spectroscopy

The advent of lasers has significantly accelerated the advancement of spectroscopic
detection methods. This is due to the valuable contributions of non-linear frequency mixing
techniques in detecting luminescence from photoexcited materials, alongside the emergence of
ultrafast laser sources driving the development of rapid detection electronics. Consequently, the
field of spectroscopy has thrived, establishing itself as a formidable tool for characterizing

materials and semiconductor devices. Moreover, the continual pursuit of novel light-emitting
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devices and the demand for innovative materials further motivate the swift evolution of optical

spectroscopy[120].

Photoluminescence (PL) spectroscopy serves as a valuable method for investigating and
characterizing materials, shedding light on dynamic processes within them. This non-invasive
technique provides insights into the electronic structure of materials without causing
damage[121].

e Basic Principle

Photoluminescence (PL) involves the absorption of photons by a substance, followed by the
re-emission of photons. From a quantum perspective, this process entails the excitation of
electrons to higher energy states and their subsequent return to lower energy states, releasing
photons in the process. When a photon with sufficient energy surpasses the material’s band gap,
it can elevate an electron from the valence band to the conduction band, bridging the forbidden
energy gap through absorption. During photoexcitation, electrons typically acquire surplus
energy, which they gradually dissipate before reaching the lowest energy level within the

conduction band. Eventually, these electrons return to the valence band as their energy levels

decrease. During this transition, the excess energy shed by the electron is transformed into a
luminescent photon, which is then emitted from the material. Consequently, the energy
exhibited by the emitted photon serves as a precise indicator of the material's band gap energy,
denoted as Eg. This sequence of events, wherein photon excitation is succeeded by photon

emission, is termed photoluminescence[122].
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Figure 11.16:illustrates the fundamental concept of photoluminescence spectroscopy (PL).

11.4.6.1 Photoluminescence exhibits various modes.

Resonant radiation: When a photon with a specific wavelength is absorbed, it triggers
an immediate emission of an equivalent photon. This process occurs rapidly, typically
within about 10 nanoseconds, with minimal change in the internal energy of the
chemical substrate between absorption and emission phases.

Fluorescence: In instances where the chemical substrate experiences internal energy
transitions prior to reemitting absorbed energy, the process remains swift. However,
some of the initial energy dissipates, resulting in emitted photons with lower energy
compared to those absorbed.

Phosphorescence: Phosphorescence involves the absorbed photon energy transitioning
through intersystem crossing to a state with higher spin multiplicity, typically a triplet
state. Once trapped in this triplet state, quantum mechanics dictates that the transition
back to lower singlet energy states is forbidden. As a consequence, there is a gradual
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radiative transition back to a singlet state in phosphorescence, lasting from minutes to hours.
The typical lifetime of phosphorescence ranges from 107-4 to 10"-2 seconds, considerably
longer than that of fluorescence. Consequently, phosphorescence is less common than
fluorescence because molecules in the triplet state often undergo intersystem crossing to the

ground state before phosphorescence can occur[121].

e Instrumentation of photoluminescence

An analytical instrument called a spectrofluorometer is employed to record and measure the
fluorescence emitted by a sample. This device conducts scans of excitation, emission, or both
wavelengths to capture the fluorescence data. Additional attachments enable the examination
of signal variations concerning time, temperature, concentration, polarization, or other factors.
Figure 11.16 depicts the block diagram of the fluorescence spectrometer. These spectrometers
utilize laser sources, incorporating monochromators (wavelength selectors), laser sources for

sample illumination, detectors, and corrected spectra[123].

] Excitation
Source
monochromator

monochromator

Figure 11.17:Photoluminescence Instrumentation.
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11.4.7 UV-visible spectroscopy

e Definition

UV-visible spectrophotometry is an analytical method that involves examining alterations
in the light intensity transmitted through a colored solution within the wavelength range of 200
to 800 nm. This technique is widely utilized to ascertain the concentrations of absorbing
substances across various applications[124]. The outcomes typically yield emission or
absorption spectra, resembling curves that depict how absorption changes in relation to

wavelength.

In molecular absorption spectrophotometry, we choose photons with a frequency vo that the
molecule being analyzed can absorb. Consequently, when a beam of intensity lo traverses
through a solution containing the absorbing molecule, the intensity of the transmitted beam,

denoted as |, decreases compared to 1o[125].

visible
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Figure 11.18:Principle of molecular absorption spectrophotometry
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UV-visible molecular absorption spectrophotometry finds applications in analyzing molecules
dissolved in solution, serving both qualitative and quantitative purposes. In both scenarios, it
relies on Beer-Lambert's law, which defines the correlation between transmitted intensity (1)
and incident intensity (lo). UV-visible spectroscopy enables the determination of concentration.
Typically, this involves employing a calibration curve that correlates absorbance with
concentration or utilizing the known molar extinction coefficient. This analytical method is
frequently employed in a quantitative capacity to ascertain the concentration of a chemical

species in solution, relying on Beer-Lambert's Law.

It has been demonstrated that:

A=—logqo (I/ o) = £Cl

I/10: is the transmittance of the solution (unitless).
A : is the absorbance or optical density at a wavelength A.

g . is the molar extinction coefficient (in . molt-cm™). It depends on wavelength wavelength,

the chemical nature of the entity and the temperature.

€:is the length of the optical path in the solution through which it passes. the thickness of the

cuvette used (in cm).

C: is the molar concentration of the solution (in mol.I"%). In the case of a gas, C can be

expressed as an inverse volume (units of length reciprocal to the cube, cm™).

This equation holds significant value in analytical chemistry. Specifically, with knowledge of
€ and &, the concentration of a substance can be inferred from a straightforward absorbance
measurement at the given wavelength. Absorbance and extinction coefficient € are sometimes
defined using natural logarithms instead of decimal logarithms. While the Beer-Lambert law
proves valuable in characterizing numerous compounds, it should not be regarded as universally
applicable for determining the concentration and absorption of all substances. For highly
intricate molecules, such as organic dyes like xylenol orange or neutral red, a quadratic
relationship between the extinction coefficient and concentration is occasionally
contemplated[126].
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e Principle of UV-visible spectrophotometry

The spectrophotometer serves as a tool for determining the absorbance of a solution across
various wavelengths. It achieves this by directing a beam of a selected wavelength through a
cuvette containing the solution under examination (refer to Figure 11.18). The molecules in the
solution absorb the light beam to a greater or lesser extent, and the absorbance for that particular

wavelength is defined accordingly.
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Figure 11.19:Schematic diagram of a spectrophotometer ,Single- and multichannel single-
beam spectrometer (with diode array)

Molecules exhibiting a UV-visible absorption spectrum absorb photons within the range of 190
nm to 800 nm, corresponding to their energy levels. Upon absorbing UV-visible photons, the
energy of their valence electrons escalates, a phenomenon directly tied to changes in the

molecular energy of electronic transitions[127].
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II1.1 Inroduction

The synthesis of silica nanoparticles (SiNPs) involves meticulous monitoring across
varying synthesis temperatures, concentrations of products like templates, pH levels, and media
of preparation. This comprehensive approach ensures precise control over the synthesis process
and facilitates the production of high-quality SiNPs.

I11.2 Characterization of Surfactants (CTAB and TX-100)

111.2.1 Surface tension measurements

Surface tension (y) was measured using a Kriss K6 tensiometer with the platinum ring
detachment technique. The concentration of surfactant was incrementally adjusted by adding
small amounts of a concentrated surfactant solution. Readings were taken after each addition
following thorough mixing, maintaining a temperature of 25 £ 0.5 °C. The y values were
calculated as the mean of three readings, with an accuracy of £ 0.5 mN/m. The critical micelle
concentration (CMC) values were determined by extrapolating the linear portions of the y
versus surfactant concentration plots from both the pre-micellar and post-micellar regions, and

identifying the concentration at the intersection point.

In an aqueous medium, surfactant solutions at low concentrations behave like simple electrolyte
solutions, with most surfactant molecules existing as free monomers. However, when the
concentration reaches a specific point called the critical micelle concentration (CMC), micelles
begin to form. Within a homologous series, the CMC of surfactants is influenced by the number
of carbon atoms in the hydrophobic chain. The length of the surfactant chain is a key factor in
micellization [128], with hydrophobic interactions being the primary driving force. During
micelle formation, entropy increases as water molecules in the hydration shell around the
hydrophobic parts of monomeric amphiphiles are released. With longer hydrophobic chains,
more water molecules are freed, resulting in a greater increase in entropy. Consequently,
micellization occurs at lower concentrations, reducing the CMC value. Adding a single
methylene group (-CH2) to the hydrophobic chain typically halves the CMC value. However,
the influence of the head group and counter ion on the CMC is relatively minor. It has been

reported that replacing the methyl group in dodecyl trimethyl ammonium bromide with an ethyl




Chapter 03 Solids characterization

group decreases the CMC from 15.13 to 13.97 mM. Since surface tension measurements are

highly accurate and capable of detecting small micellar aggregates

Figure 3.1 illustrates the variation of surface tension versus the logarithm of concentration (log
C) for the different surfactants used at 25 °C. It is evident that the CTAB surfactant exhibits a
CMC at 1 mM. The number of carbon atoms in the alkyl chain and the head group of surfactants
significantly influence their CMC values. For instance, nonionic surfactants like Triton X-100
(CMC = 0.21 mmol-L—1) have much lower CMC values compared to cationic surfactants like
CTAB (CMC = Immol-L—1). Nonionic surfactants form a higher number of micelles at the

same total surfactant concentration than ionic surfactants.
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Figure I111.1:Surface tension as a function of the of concentration of CTAB and TX-100
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111.2.2 study of conductivity of CTAB as a function of temperature and concentration

Temperature also has an effect on the solubilization of ionic surfactants in solution.

As the temperature rises, the solubility of ionic surfactants tends to increase slowly.

Figure 111.2. Above a certain temperature, known as the Krafft temperature, solubility increases

very rapidly. This indicates that the surfactant's solubilization mode changes at the Krafft
temperature. from monomolecular to micellar solubilization. micellar solubilization. The Krafft
temperature corresponds to the point at which surfactant solubility reaches CMC. Below the
Krafft temperature, the surfactant is not soluble enough for it to be in sufficient concentration
to form micelles. The Krafft temperature depends on all the effects that can affect the CMC of
a surfactant (chain length, polarity, etc.). The effect of electrolytes on Krafft temperature is

more difficult to interpret, as they have a dual effect on CMC and solubility [129]

Temperature has two opposing effects on the hydrophilic character of hydrophilic character of
non-ionic surfactants. A first increase in temperature to around 50°C produces a reduction in
the hydration of the hydrophilic group. Hydrogen bonds depend on the agitation of water
molecules. As temperature rises, this agitation increases, making it increasingly difficult to
establish hydrogen bonds. This is the effect that produces the cloud point of non-ionic

surfactants, which therefore tends to favor micellization: CMC decreases. On the other hand,
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as the temperature rises, water molecules near the hydrophobic part become increasingly

disorganized, so antagonism decreases and micelle formation suffers: CMC increases.

The Critical Micelle Concentration (CMC) is the concentration at which surfactant micelles
start to form. The figure shows the conductivity of a CTAB solution at various surfactant
concentrations. A noticeable change in the rate of conductivity increase indicates the CMC of
the surfactant. The CMC for CTAB is 0.001 M. At surfactant concentrations below the CMC,
the conductivity increases steeply due to the high ionization degree of surfactant molecules, as
the monomers act as strong electrolytes. Beyond the CMC, the rate of conductivity increase
slows down because of micelle formation. The electrostatic repulsion between individual
micelles and the encapsulation of surfactant molecules' hydrophobic tails within the micelles
lead to fewer binding sites for electron movement. This reduction in available binding sites
decreases the net electrostatic charge and lowers the ionization degree. Additionally, the
neutralization of micellar charge resulting from the electrostatic interaction between the
hydrophilic head and hydrophobic tail within a surfactant micelle also contributes to the lower
ionization degree. [17].
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Figure 111.2:conductivity of CTAB as a function of temperature and concentration
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111.2.3 viscosity test of CTAB and TX-100 surfactants

the study of the viscosity of the CTAB (cetyltrimethylammonium bromide) surfactant
as a function of temperature reveals several key observations that suggest interesting physical
transitions of the surfactant Figure 111.3.

At 15 °C, CTAB is in a crystalline form with a viscosity of 15 centipoise (cp). This indicates
that the surfactant molecules are in a highly ordered, solid-like state, resulting in relatively high

viscosity. As the temperature increases from 15 °C to 17 °C, the viscosity increases to 20 cp.

This increase could be due to the partial melting of the crystalline structure, leading to a more
disordered liquid-crystalline phase. In this phase, the surfactant molecules are still somewhat
ordered but can move more freely than in a solid state, resulting in higher resistance to flow
(higher viscosity).

Beyond 17 °C, the viscosity begins to decrease significantly, reaching 2 cp at 27 °C. This
suggests a phase transition from the liquid-crystalline state to a more disordered liquid state. As
the surfactant transitions to a fully liquid phase, the molecular mobility increases, leading to a
dramatic reduction in viscosity. The surfactant molecules are now able to move more freely,

resulting in lower resistance to flow.




Chapter 03 Solids characterization

The viscosity remains constant at 2 cp from 27 °C to 36 °C. This indicates that the surfactant is
now in a stable liquid phase where further increases in temperature do not significantly affect
the molecular interactions and, consequently, the viscosity. The molecules are sufficiently

disordered and mobile, maintaining a consistent low viscosity.

the viscosity of TX-100 (Triton X-100) surfactant as a function of temperature indicates another

interesting set of phase transitions and behavior.

At 25 °C, the viscosity of TX-100 is very high, at 850 centipoise (cp). This suggests that at this
temperature, TX-100 forms a highly structured and possibly gel-like phase, where the surfactant
molecules are tightly packed or form large aggregates/micelles that significantly hinder flow,

resulting in high viscosity.

As the temperature increases from 25 °C to 60 °C, the viscosity drops dramatically to 20 cp.
This decrease suggests a phase transition from a structured or gel-like state to a more fluid, less
ordered liquid phase. With increasing temperature, the thermal energy disrupts the structured
arrangement of the surfactant molecules, leading to the breakdown of large aggregates or the
melting of the gel phase into smaller micelles or individual molecules, thus reducing viscosity.

The viscosity remains constant at 20 cp from 60 °C onwards. This indicates that the surfactant
has reached a stable liquid phase where the molecular interactions are no longer significantly
affected by further increases in temperature. In this phase, the surfactant molecules are likely

in a well-dispersed state, possibly as individual molecules or small micelles, resulting in low

and stable viscosity.
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Figure 111.3:Study of viscosity test of CTAB and TX-100 surfactants

111.2.4 Study of size of surfactants (CTAB , TX-100) using DLS

Dynamic Light Scattering (DLS) is a powerful technique for analyzing the size distribution of

particles in a solution, particularly for studying micelles and other surfactant aggregates.
e For CTAB (Cetyltrimethylammonium Bromide)
First Peak at 2.4 nm:

This peak likely represents the individual micelles formed by CTAB. The size of micelles for
CTAB in an aqueous solution is generally in the range of 2-5 nm, so 2.4 nm is a reasonable

size for micelles.
Second Peak at 690 nm:

his larger peak suggests the presence of larger aggregates or possibly vesicles. In some cases,
surfactant molecules can form larger structures due to interactions beyond simple
micellization, leading to the formation of larger aggregates. The size of 690 nm indicates

significant aggregation.
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Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

e Size of CTAB surfactant at SE2 M at25°C |

Figure 111.4:size of surfactants CTAB surfactant at at 25°C and 5x10”(-2) M using DLS

e For TX-100 (Triton X-100)

First Peak at 11 nm:

his peak represents the micelles formed by TX-100. The typical size of TX-100 micelles is

around 8-12 nm, so 11 nm is consistent with the expected size of TX-100 micelles.
Second Peak at 500 nm:

This intermediate peak suggests the presence of larger aggregates similar to the second peak
observed for CTAB. These aggregates might form due to interactions between micelles

Third Peak at 5000 nm:

This very large peak indicates the presence of much larger structures, possibly larger aggregates
of micelles. The formation of such large structures can occur due to a variety of factors
including high surfactant concentration, temperature, and the specific nature of the nonionic

surfactant TX-100, which can promote extensive aggregation under certain conditions.

The presence of multiple peaks in DLS data indicates a distribution of particle sizes rather than

a single uniform population.

For both surfactants, the presence of larger peaks suggests that in addition to forming micelles,

there are significant interactions leading to the formation of larger aggregates.
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Size Distribution by Intensity
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e Sive of TX{100 surafactant at 0.01M at 25°C

Figure 111.5:size of surfactants TX-100 surfactant at 25°C and 1x107(-2) M using DLS
Using Dynamic Light Scattering (DLS) to determine the size of CTAB and TX-100 surfactants

in an organic solution (n-hexane and butane-1-ol).
e For CTAB (Cetyltrimethylammonium Bromide)
First Peak at 0.8 nm:

This very small peak likely represents the presence of individual CTAB molecules. In non-polar
solvents like n-hexane, the CTAB molecules might not form typical micelles but instead exist

as small clusters or monomers.
Second Peak at 250 nm:

This intermediate-sized peak suggests the formation of larger aggregates or possibly reverse
micelles. In an organic solvent like n-hexane, CTAB can form reverse micelles where the
hydrophilic headgroups are inside and the hydrophobic tails are interacting with the solvent.

The size of 250 nm indicates these reverse micelles or small aggregates are relatively large.

Third Peak at 1700 nm:

This very large peak indicates the presence of even larger aggregates or possibly vesicle-like

structures. In some cases, surfactants can form large, complex structures in non-polar solvents
due to the tendency of the hydrophilic heads to cluster together more tightly, resulting in large

aggregates.
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Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

[ Size of CTAB in oreanic mediaat 0.4M |

Figure 111.6:size of surfactants CTAB surfactant in an organic solution (n-hexane and butane-
1-ol) at 25°C and 1x(10)*(-1) M using DLS

Figure I1I 6: size of surfactants CTAB surfactant in an organic solution (n-hexane and
butane-1-ol) at 25°C and 1 x 10~* M using DLS
e For TX-100 (Triton X-100)

Single Peak at 95 nm:

The presence of a single peak at 95 nm suggests that TX-100 forms relatively uniform
aggregates in the organic solvent mixture. This size indicates that TX-100 likely forms reverse
micelles or small aggregates in the non-polar solvent environment. The relatively larger size
compared to typical micelles in water (8-12 nm) is due to the different solvent environment

promoting larger aggregate formation.

Reverse Micelles: Both CTAB and TX-100 can form reverse micelles in non-polar solvents

like n-hexane. Reverse micelles have the hydrophilic headgroups inside and the hydrophobic

tails interacting with the solvent, leading to different sizes and structures compared to aqueous
solutions.

Solvent Influence: The combination of n-hexane and butane-1-ol affects the micelle formation,

as butane-1-ol can act as a co-surfactant or cosolvent, influencing the micelle size and stability.

Aggregation: Larger peaks indicate significant aggregation, which can result from increased

surfactant concentration and the nature of the organic solvent.

CTAB in Organic Solvent: Shows a wide range of aggregation states from small clusters or

monomers (0.8 nm) to large aggregates or vesicles (1700 nm).
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TX-100 in Organic Solvent: Forms relatively uniform aggregates (95 nm), likely reverse

micelles, influenced by the solvent environment.

These interpretations provide insights into how surfactants behave differently in organic
solvents compared to aqueous solutions, highlighting the role of solvent properties in

determining micelle and aggregate structures.

e Size of TX-100 surfactant 0.25 M at 25°C

Size Distribution by Intensity

Size (d.nm)

e Reocord 324: TX-100 with C=0.25M at 25 C°

Figure 111.7:size of surfactants TX-100 surfactant in an organic solution (n-hexane and
butane-1-ol) at 25°C and 0.25 M using DLS
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111.3 Preparation of monodispersed silica nanoparticles (SINPs):

This study presents our investigation into the synthesis of silica nanoparticles employing
two distinct methods: one utilizing an aqueous medium and the other employing the reverse
microemulsion method in conjunction with the sol-gel process and cooperative self-assembly
templating. Our primary focus is on understanding the impact of surfactant charge within the
system, we conducted the synthesis through two different approaches, one in a microemulsion
(W/O) based medium and the other in a water-based medium. In both methods, we employed a
two surfactants: the cationic surfactant CTAB and the non-ionic surfactant TX-100 separately
in both techniques, while keeping all other parameters fixed. This systematic approach enables
us to exercise precise control over the size and ensure reproducible preparation of SiNPs, with
a notable aim of achieving a size of 110 nm.

111.3.1 In aqueous medium

Synthesis of monodisperse SiNPs was carried out according to the method proposed by
T. Ribeiro et al. [130] With little modifications. Briefly, a known amount of the surfactant
(CTAB or TX-100 ) was dissolved in water (22 mL) at 25 °C under vigorous stirring. After 35
min, 1.75 mL of sodium hydroxide solution with a concentration of 2M, followed by a dropwise
addition of 2.5 mL of TEOS within 5 min. Immediately, the reaction temperature was raised up
to 40 C° and left under vigorous stirring for 2 h. After cooling, the obtained dispersion was
centrifuged at 12000xg for 30 minutes and washed three times with a 1:1 water/ethanol mixture
and one time with absolute ethanol. Afterward, the supernatant was removed and the
precipitated gel phase was further dried at 60°C in a ventilated oven for 24 hours. The obtained
powder was calcined at 500°C for 2 hours to retrieve pure SiNPs. The same experiment
parameters were conducted at a low concentration of NaOH 0.2M.

111.3.2  In organic medium

e SiNPs from lonic surfactant CTAB

Large Solide Silica spheres (LSiNPs) were prepared by firstly mixing (0.09 g) of cationic
surfactant CTAB with deionized water (1.7 ml) at ambient temperature. After 10 minutes under
vigorous stirring, (2 ml) of Butan-1-ol and (8 ml) of n-Hexane were added to the

aforementioned aqueous solution. Secondly, after 10 minutes under stirring (800 rpm), a
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dropwise addition of (0.3mL) TEOS is carried out followed by (0.06ml) of ammonia and the
whole mixture is left 24h under stirring. An equivalent volume of ethanol is then added to the
mixture to break the formed emulsion. The large LSiNPs were isolated by centrifuging the
obtained solution at 14000 rpm for 30 min. The product obtained was further washed several
times successively with ethanol and D.l. water to remove the unreacted chemicals. The final

product was retrieved after a drying process at 60°C during 24 hours.
e SiNPs from Nonionic surfactant TX-100

For TX-100, 0.25 M of the nonionic surfactant was mixed directly with (2 ml) of Butan-1-
ol and (8 ml) of n-Hexane at ambient temperature. The same protocol applied to CTAB
preparation from the second step was adopted until the final stage and the purification of the

nanoparticles by drying.

111.3.3 Results and discussion

In this study, we explore the synthesis of silica nanoparticles via two distinct methods:
the conventional sol-gel process in water and the innovative water-oil process. By comparing
the properties and characteristics of the nanoparticles produced through these two approaches,
we aim to shed light on their respective advantages and limitations, offering valuable insights

for the development of tailored nanoparticle designs.

I11.4 Characterization of SINPs in Aqueous Medium

111.4.1 DLS of SiNPs in Water Mediated by (CTAB, TX-100)

The impact of varying the concentration of sodium hydroxide (NaOH) became evident
when comparing the average diameters determined through dynamic light scattering (DLS) for
synthesis of SiNPs from CTAB template. Figure 111.8 As the concentration of NaOH decreases,
the average diameter also decreases, starting at 711 nm for silica nanoparticles with 2M NaOH
and reducing to 271 nm (SiNPs) at 0.2M NaOH, all while maintaining a remarkably narrow
size distribution. This observation aligns with findings from prior studies and can be attributed
to the direct correlation between the hydrolysis rate of the silicate source and pH (for pH values
greater than7)[85]. This impacts the equilibrium of charges at the outer layer of the micelles,
consequently affecting the formation of micelle clusters that give rise to the particles. The pH's
impact on the rate of hydrolysis introduces a time-dependent alteration in the repulsion forces

between micelles. This becomes evident when we examine the reduction in the measured pH
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following TEOS hydrolysis [131]The synthesis begins with an initial pH (pH;) of 11-12, and
the final pH (pH) varies from 10 (in the case of the highest NaOH concentration) to 5 (with the
lowest NaOH concentration). This implies that, irrespective of the NaOH concentration used,
the majority of the hydroxyl functional groups are consumed during the TEOS hydrolysis.
However, the remaining quantity of hydroxyl ions undergoes a significant alteration in
magnitude. This has a substantial impact on the charge equilibrium within the micelles[132],
leading to enhanced repulsion (stability) at lower NaOH concentrations, resulting in smaller

micelle clusters and, consequently, smaller nanoparticles.

To determine the effect of NaOH concentration on silica nanoparticle size with TX-100 as a
template, we conduct experiments under varying NaOH (0.2M-2M) concentrations and on the
same overall reaction conditions (SiNPs from CTAB template), including the concentration of
silica precursors, reaction time, and temperature. and analyze the resulting particle size and
morphology. At the end The base concentration of NaOH can affect the size of silica
nanoparticles synthesized using different surfactants, including nonionic surfactants like TX-
100. While the specific effect of NaOH concentration on silica nanoparticle size may vary
depending on the synthesis conditions, it generally plays a role in controlling the reaction
kinetics, pH, and growth of the nanoparticles. similar results are obtained with the nonionic TX-
100 compared to the CTAB template even though the surfactants differ in the micelle size due

to hydrophilic-hydrophobic interactions, CMC and concentration[133],The hydrodynamic
diameter (Dh) obtained by dynamic light scattering SiNPs from (theTX-100 template and 0.2M
NaOH) and SiNPs from (the CTAB template and 0.2M NaOH) in (Figure 111.8).
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Figure 111.8: The hydrodynamic diameter (Dh) obtained by DLS on SiNPs prepared via the
aqueous process: (A) particle size distribution of SiNPs (CTAB template NaOH= 2 M); and
particle size distribution of SiNPs (CTAB template NaOH= 0.2 M); (B) particle size
distribution of SiNPs (TX-100 template at 2 M NaOH); and particle size distribution of SiNPs
(TX-100 template at 0.2 M NaOH)

111.4.2 Scanning Electron Microscopy (SEM) of SiNPs mediated by (CTAB) in water
preparation

SEM has investigated and unveiled the morphological and intriguing characteristics of

silica nanoparticles, The SEM analysis of SiNPs Figure 111.9 reveals an average particle size

of approximately 700 nanometers, this suggests that the primary dimension of the nanoparticles
falls within this range. The well-defined size distribution further underscores the consistency in
the size of these silica nanoparticles. The SEM analysis of SiNPs reveals a distinctive and
intriguing morphology. Predominantly, the nanoparticles our sample exhibit a rod-shaped
structure, and they maintain a high degree of uniformity in their shape. The prevalence of rod-
shaped silica nanoparticles suggests a controlled and effective synthesis process. These rod-
shaped nanoparticles are of significant interest due to their inherent anisotropy, Additionally,
spherical silica nanoparticles could be observed, each with a diameter of approximately 100
nanometers [134]. in the context of their agglomeration state The rod-shaped silica
nanoparticles are characterized by a loose agglomeration state, meaning they are not tightly
aggregated , These loosely agglomerated nanoparticles form small clusters, which suggests

some degree of attraction or adhesion between them ,The clusters of rod-shaped nanoparticles
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may be due to electrostatic interactions, or other intermolecular forces that promote their
proximity, The agglomeration state of the rod-shaped nanoparticles is likely influenced by
factors such as surface properties (the CTAB surfactant). The SEM images reveal that the silica
nanoparticles are distributed quite evenly across the sample surface. This even dispersion is a
notable feature, indicating a relatively consistent distribution of nanoparticles. However, there
are minor signs of aggregation or clustering, though they are not prominent. This suggests that
while most of the nanoparticles are well-dispersed, there may be localized areas where a small
number of particles have come together. The presence of some aggregation might be due to

various factors, such as electrostatic interactions[134][135].

The Dynamic Light Scattering (DLS) analysis Figure 111.9 reveals that the hydrodynamic size
of our silica nanoparticles from (the CTAB template 2M NaOH) is primarily centered at 685
nm, as indicated by the prominent peak in the size distribution. The Zeta Potential analysis, as
revealed by Dynamic Light Scattering (DLS), unveils a bimodal distribution with two distinct
peaks: one at -36.8 mV and another at -11.6 mV, shedding light on the surface charge
characteristics of our silica nanoparticles derived from the CTAB template. The presence of
two distinct peaks in the zeta potential distribution suggests that our silica nanoparticles from
the CTAB template may consist of two subpopulations with different surface properties or
charges. The peak at -36.8 mV is associated with highly negatively charged nanoparticles,

which are expected to be stable and well-dispersed in the solution. The peak at -11.6 mV

indicates another subpopulation with a slightly less negative zeta potential, which may still
contribute to stability but could have different surface properties or interactions. Overall, this
zeta potential data suggests that the majority of our nanoparticles are characterized by a highly

negative zeta potential which suggests strong electrostatic repulsion between the nanoparticles.
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Figure 111.9:(A) SEM image of SNPS (CTAB template (B) hydrodynamic diameter
distribution SiINPS (CTAB template NaOH=2 M) (Polydispersity index = 0.5) ; (C) zeta
potentials of SINPS (CTAB template NaOH=2 M).
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111.4.3 Scanning Electron Microscopy (SEM) of SiNPs mediated by (TX-100) in water
preparation

The SEM images of SiNPs synthesized using the TX-100 surfactant as a template with
a high NaOH(2M) base concentration in a sol-gel method Figure 111.10 reveal that the shapes
characterized by the formation of Aggregates and Nanoclusters, These aggregates and
nanoclusters appear to be composed of individual nanoparticles closely adhering to one another,
giving rise to complex, multi-particle structures, Within these aggregates, there is a prominent
feature: a "multilayer spherical aggregated structure and a more polyhedral shape appears[13].
This structure indicates that the individual nanoparticles within the aggregates are organized in
a manner resembling spherical layers, It's important to note that while the individual
nanoparticles may be roughly spherical in shape, the organization within the aggregates results
in a distinctive multilayered configuration, The proposed mechanism of the formation of silica
spheres. the SEM images show that the spherical nanoparticles are around 500 nm meanwhile
the complete aggregate is bigger by around an order of magnitude.The behavior of nonionic
surfactant (Triton X-100) after reaching the CMC (Critical Micelle Concentration) they start to
aggregate into micelles. These micelles have a prolate shape with a monolayer or multilayer

spherical aggregated structure with no obvious nonpolar-polar boundary[136] using TX-100

with high NaOH base concentration is an increased propensity for agglomeration of silica

nanoparticles[13]. NaOH, can lead to rapid hydrolysis and condensation reactions in the sol-

gel process, resulting in the formation of larger agglomerated structures.

111.4.4 DLS and the SEM analysis of SINPs from TX-100 surfactant

The Dynamic Light Scattering (DLS) Figure I11.10analysis reveals a bimodal size
distribution of our silica nanoparticles from (TX-100 template and 2M NaOH) , presenting
distinct peaks at 500 nm and 5000 nm, reflecting a complex structure of primary nanoparticles
and multilayer spherical aggregates within the sample, The first peak at 500 nm represents the
core size of individual spherical silica nanoparticles before aggregation. These primary
nanoparticles are relatively uniform in size. The second peak at 5000 nm indicates the presence
of much larger aggregates, characterized as multilayer spherical aggregated structures. These
aggregates are formed when individual nanoparticles come together, leading to a significant
increase in size. The Zeta Potential analysis, as revealed by Dynamic Light Scattering (DLS),
demonstrates a highly negative zeta potential of -33.8 mV, indicating robust electrostatic

repulsion and
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excellent stability of the multilayer spherical aggregated structures within our silica
nanoparticles from the TX-100 surfactant template.
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Figure 111.10:(A) SEM image of SNPS (TX-100 template);(B) hydrodynamic diameter
distribution SINPS (TX-100 template NaOH= 2 M) (polydispersity index = 0.8); (C) zeta
potentials=-33.8 mV of SNPS (TX-100 template NaOH=2 M).
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111.4.5 Energy-Dispersive X-ray Spectroscopy (EDS)

The EDS analysis of silica nanoparticles (From CTAB Template) table or Figure 111.11,
reveals a composition dominated by oxygen and silicon. The high weight and atomic
percentages of oxygen and silicon are consistent with the expected SiO2 structure. The presence
of carbon is likely due to residual organic material, possibly from the CTAB surfactant. The
weight and atomic percentages of carbon are relatively low, suggesting that the calcination
process was effective in removing most of the organic contaminants. The presence of sodium
in our sample due to the use of NaOH as a catalyst during the sol-gel process. The EDS analysis
of silica nanoparticles synthesized using NaOH as a catalyst in the sol-gel process and calcined
to remove the TX-100 surfactant yielded data similar to that of nanoparticles prepared from
CTAB, indicating consistent elemental composition and successful removal of the templating

agent .
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Figure 111.11:The EDS analysis of SiNPs in water preparation and after calcination (From
CTAB and TX-100 Templates and 2M NaOH ) using Sol-Gel method in water environment

111.5 Characterization of SiINPs mediated by (CTAB, TX-100) in
microemulsion

111.5.1 Scanning Electron Microscopy (SEM) of SiNPs mediated by (CTAB)
the SEM analysis of solid silica nanospheres formed from microemulsions(SiNPs from
CTAB Water in Oil microemulsion) , (Figure 111.12)The spherical solid shape of the majority

of the silica nanospheres, with diameters around 285 nm, The presence of some silica
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nanospheres with diameters above 1 um indicates a degree of size variation in our
sample.Consequently, with the addition of 0.14M CTAB, the hydrolysis reaction occurred so
rapidly that TEOS droplets could not form. As a result, the silica spheres obtained under these
conditions at 0.14M CTAB and NPs were in a solid state[137]. 1-butanol -water mixture was
considered based on the trend showing that increasing the chain length effects the TEOS
hydrolysis [138]. To stabilize TEOS water droplets, al-butanol -water mixture and a specific
quantity of CTAB are utilized. CTAB micelles envelop the water droplets, acting as templates
for the creation of hollow silica spheres. Upon introducing an ammonia aqueous solution into
these systems, hydrolysis of TEOS at the interface occurs, leading to the deposition of silica.
The decrease in TEOS concentration at the interface prompts TEOS within the water droplets
to diffuse from the interior to the interface due to concentration differences. Consequently,
achieving silica spheres can be realized through calcination or washing. If not all of the TEOS
inside diffuses to the interface, the spheres will exhibit partial hollowness or solidity, leading
to a distinct morphology[137].The proposed mechanism of the formation of silica spheres is
shown in Figure 11.2. Figure 111.12, similar to our synthesis of SiNPs

CTAB may promote the aggregation of silica nanospheres in certain conditions. This can lead
to non-uniform particle size distributions and hinder the desired properties of the nanospheres.
While CTAB can be effective in controlling the size and shape of nanoparticles, it may not be
as precise or versatile as other surfactants . CTAB imparts a cationic charge to the nanosphere,
This charge can affect the electrostatic properties, After nanoparticle synthesis Removing
CTAB from the surface of silica nanospheres can be challenging. Its cationic nature can result
in electrostatic interactions that keep it attached to the nanoparticle surface. In this emulsion
system, the co-surfactant 1-butanol plays a crucial role in enhancing stability by facilitating the
formation of smaller and more uniform water droplets. However, it's important to note that the
cationic charge of CTAB surfactant can adversely affect the electrostatic properties of the
nanoparticles, potentially hindering the beneficial effects of 1-butanol.

111.6 Aligning Dimension: Comparing SiNPs Size and Morphology via DLS
and SEM
111.6.1 DLS and the SEM analytics of SiNPs from CTAB surfactant

The Dynamic Light Scattering (DLS) analysis Figure 111.12 reveals a complex interplay
of particle size distribution, we have one peak at 283 nm with 10% intensity and another at

1700 nm with 24% intensity. This suggests that the larger nanospheres at 1700 nm are
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contributing more to the overall scattering. the Number Percent This represents the
contribution of each size particle to the number of particles present in the sample. the
nanospheres at 283 nm have a higher number percent (30%), indicating that there are more
nanospheres of this size. The discrepancy between intensity and number percent can occur due
to the volume distribution of particles. If the larger nanospheres at 1700 nm are much larger in
volume than the smaller ones at 283 nm, they will scatter more light (higher intensity percent)
but are less numerous in the sample (lower number percent). The polydispersity index (PDI) of
0.8 suggests a relatively broad size distribution , It indicates that the particles vary in size, and
some are significantly larger than others , and the tendency of these nanospheres to stick
together. in the end the larger silica nanospheres contribute more to the scattered light intensity,
while smaller ones dominate in terms of the number of particles present in the sample. using
Dynamic Light Scattering (DLS), providing insights into their zeta potential Figure 111.12 The
positive zeta potential of 31 mV for our silica nanospheres synthesized via a water-in-oil
emulsion using a CTAB cationic surfactant as a template suggests electrostatic stabilization,
which typically prevents particle aggregation in a colloidal suspension. However, the observed
tendency of the nanospheres to stick together in SEM images despite this positive zeta potential

can be explained by Surface Chemistry, The cationic surfactant CTAB used in the synthesis

can provide a positive surface charge to the nanospheres, contributing to the positive zeta

potential[32]. Even with a positive zeta potential, agglomeration can still occur due to weak
physical forces or other factors. The size and shape of the nanoparticles can also influence their
propensity to agglomerate. Smaller particles might experience stronger Brownian motion,

which hinders agglomeration. Figure 111.12
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hydrodynamic diameter distribution NPS (CTAB ) (Polydispersity index = 0.8) ;(D) zeta
potentials of SINPS (CTAB template 31mV).
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111.6.2 Scanning Electron Microscopy (SEM) of SiNPs mediated by (TX-100)

SEM analysis of silica nanospheres synthesized by emulsion via water in oil using TX-
100 nonionic surfactant as the template Figure 111.13. The silica precursor, initially soluble in
the oil phase, hydrolyzes by diffusion on contact with aqueous micelles. The hydrolyzed silica
monomers thus formed migrate into the aqueous phase, where they condense to form a
nanoparticle. The hydrolysis step can be carried out either by acid or base catalysis. The
condensation step, on the other hand, requires catalysis that can only be basic to obtain spherical
nanoparticles. This stage therefore requires the addition of a base, generally ammonia [139].
The average size of the silica nanospheres is approximately 110 nm Figure 111.13, This
suggests that the synthesis process is producing relatively uniform-sized nanoparticles, the
silica nanospheres exhibit a uniform spherical shape, The loose agglomeration and clean surface

the absence of debris or contaminants on the surface of the nanoparticles is a positive sign.

111.6.3 Coherent Finding of SiNPs of Size and Morphology Harmony with DLS and
SEM

The DLS hydrodynamic size of 107 nm Figure 111.13 and the SEM size of 110 nm are
remarkably consistent. This suggests that the silica nanospheres are well-dispersed , The low
polydispersity value of 0.2 in the DLS analysis indicates that the size distribution of the
nanoparticles is very narrow and that most of the particles are very close in size to the measured
107 nm.

A zeta potential of -25.1 mV Figure 111.13 indicates that the silica nanospheres have a

negatively charged surface , The negative charge is typically attributed to the presence of surface
groups, such as silanol (Si-OH) groups, which are common on the surface of silica
nanoparticles. A zeta potential of -25.1 mV, while negative, is moderately strong and suggests
good electrostatic stability. Nanoparticles with a relatively high absolute zeta potential value

(positive or negative) tend to repel each other, which can prevent aggregation or agglomeration
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111.6.4 Energy-Dispersive X-ray Spectroscopy

Analysis of the EDS data Figure 111.14 of SiNPs via emulsion from CTAB surfactant
reveals critical insights into the elemental composition and purity of the synthesized silica
nanospheres. that the nanospheres have a significant presence of oxygen, While oxygen is an
essential component of silica this high oxygen content suggest the presence of oxygen-rich
species or potentially some surface oxidation . Silicon is also present but to a lesser extent, The
presence of carbon suggests that there are significant carbon-based materials in our sample.
This may be due to organic residues from the synthesis process or some form of surface
contamination such as unreacted CTAB surfactant.

The EDS analysis of the synthesized silica nanospheres, produced via a emulsion method with

TEOS as the precursor and TX-100 nonionic surfactant, has revealed their elemental

composition. The data indicates a predominant presence of oxygen and silicon, consistent with
the expected composition of silica. However, notably, a significant amount of carbon was
detected in the nanospheres, despite rigorous washing procedures. This suggests the persistence
of carbon-containing species, likely stemming from incomplete removal of organic
contaminants or surfactant residues and possibly Some carbon species might have adsorbed

strongly to the surface of the nanospheres during the synthesis process.
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Figure 111.14:The EDS analysis of SiNPs after calcination (From CTAB and TX-100
Templates) using Sol-Gel method in microemulsion .
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e ray diffraction (XRD)

In the X-ray diffraction (XRD) analysis of silica nanoparticles synthesized through water-based
and microemulsion methods using TX-100 and CTAB surfactants, distinctive patterns emerge,
revealing insights into the crystalline structure and characteristics of the nanoparticles in each

synthesis approach.

111.6.5 X-ray diffraction (XRD) SiNPs in water preparation

In the X-ray diffraction (XRD) analysis of silica nanoparticles synthesized via the sol-gel
process using CTAB and TX-100 surfactants as templates in water preparation Figure 111.15
(A) ,distinct crystalline patterns emerged, revealing noteworthy differences in crystallinity and
morphology between the two templates. The sharp and intense peak at 26 21.70° (SiNPs from
TX-100 template) indicates a well-crystallized silica phase, The sharpness suggests a high
degree of crystallinity and Larger particles may result in sharper and more intense peaks
,/Additional Peaks (19°, 28.22°, 31.17°, 35.87°) Small peaks at these angles may signify the
presence of crystalline impurities could be from left over template or secondary phases
introduced during synthesis or calcination like residual of NaOH base. Compared with (NPs
from CTAB template) a peak at 21.70° also corresponds to a crystalline silica phase, but with
lower intensity compared to the TX-100 template. The lower intensity suggests lower
crystallinity or smaller crystallite size. SEM images Figure 111.15 (9,10) further elucidated the
structural variations, highlighting nanorod morphology in CTAB-synthesized nanoparticles and
larger aggregate formations in those derived from TX-100, offering valuable insights into the

templating effects on silica nanoparticle characteristics.

111.6.6 X-ray diffraction (XRD) SiNPs prepared by microemulsion process

The X-ray diffraction (XRD) analysis of silica nanoparticles prepared through the
microemulsion process using TX-100 and CTAB surfactant Figure 111.15 (B) reveals
distinctive features in the presence and absence of procaine. Sample of SiNPs (TX-100) exhibit
a Si02 peak at 20 of 21.70° and display a amorphous pattern with a broad hump at 21.70°. In
contrast, The (XRD) analysis of silica nanoparticles prepared through the microemulsion

process using CTAB surfactant Figure 111.15 (B) reveals distinct patterns, the sample exhibit
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a Si02 peak at 20 of 21.44°, indicating a crystalline phase. The silica nanoparticles SiNPs
(CTAB) display another sharp peak at 21.61°, suggesting a different crystalline pattern.

——NPs____in water preparation (8) SioZ

. TX-100

_sio2 (—NPs,,..from microemulsion
rd

*
k}'} * * \
e e Ao ornnd]

Intensity (a.u)
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- Sio2 ’— NPs_, in water preparation|

Angle 2 theta (°) Angel 2 theta |*)

Figure 111.15:XRD patterns of (A) silica nanoparticles synthesized through water-based using
TX-100 and CTAB surfactants, (B) silica nanoparticles prepared through the microemulsion
process using TX-100 and CTAB surfactants.

111.6.7 XPS Analysis

Comprehensive X-ray photoelectron spectroscopy (XPS) analysis facilitated the elucidation of
the surface chemistry inherent to the synthesized silica nanoparticles (SiNPs). The survey
spectra, as illustrated in Figure 111.16 a and 17 a, confirmed the elemental composition,
predominantly showcasing peaks for silicon (Si), oxygen (O), and carbon (C). The high-
resolution spectra for the silicon 2p orbital, detailed in Figures 09b and 10b, revealed binding
energies at approximately 99.81 eV for CTAB-mediated SiNPs and 102 eV for TX-100-
mediated SiNPs. These values are emblematic of the Si** oxidation state within the SiO lattice,

confirming the formation of the desired silica structure. [139][140]

In the O1s high-resolution spectra, shown in Figure 111.16 ¢ and 17 c, the observed binding
energies at 529.2 eV and 528.8 eV are characteristic of lattice oxygen in silicon dioxide, with

additional spectral features potentially indicative of surface hydroxyl groups or physisorbed
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water molecules. The latter are of particular relevance as they play a crucial role in the surface

chemistry of SiNPs, influencing interactions with biomolecules and drugs for delivery
applications.

The Cl1s spectra, presented in Figure 111.16 d and Figure 111.17 d, exhibit main peaks at 283
eV, with additional spectral features indicative of various hydrocarbon species. These are likely
attributable to residual surfactants or adventitious carbon contamination, which are commonly
observed in XPS analysis due to sample handling or preparation procedures. The presence of
these carbon species suggests a heterogeneous surface composition, which could potentially

affect the interaction dynamics of SiNPs with their cargo molecules.
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I1V.1 Introduction:

The dye industry causes very serious pollution for citizens and the environment, as they
are chemicals that are harmful to health, such as certain carcinogenic dyes, which cause water
pollution and require techniques to degrade them. Dyes are used in clothing, food, cosmetics,
medicines, etc. In this context, the use of silica nanoparticles as adsorbents is of great interest
due to their adsorption capacity and high specific surface area. The aim of our work is to
monitor the removal of brilliant green and carmine by SiNPs. In the second stage of this chapter

we will see the possibility of loading the PRC drug into these particles.

1V.2 Methods for removing dyes

Most colorants are very stable and cannot be easily biodegraded, which could lead to
serious adverse environmental effects for human and aquatic organisms. Numerous studies
have been carried out with the aim of limiting dye contamination. dye contamination. Various
techniques (Figure IV1) have been used to remove soluble dyes from industrial or domestic
effluents. They differ from one another and can be cited by way of illustration: adsorption,
electrolysis, flotation, precipitation, ion exchange, liquid-liquid extraction, membrane filtration,
etc....[141][142]

Industrial wastewater
treatment techniques

v
A4 A 4 \ 4 A4

Physical Chemical Physicochemical Biological
processes processes processes processes

\ 4

Oxidation Coagulation
techniques - flocculation

Adsorption

r

Membrane
processes

Figure 1V.1:Wastewater treatment techniques.
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Various studies have shown that adsorption is the most effective process for removing
organic micropollutants. Adsorption is used in industrial processes for the separation and
purification of gases and liquids, in a wide variety of fields such as petrochemicals, chemicals,
pharmaceuticals and the environment. Industrial applications generally only use the physical
adsorption properties of materials, as this phenomenon does not modify the molecular structure
of the adsorbate. matériaux car ce phénomene ne modifie pas la structure moléculaire de
I’adsorbat. De plus, il est reversible, ce qui permet de récupérer la molécule adsorbée et ainsi

de régénérer 1’adsorbant.

IvV.2.1 Adsorption process

e Definition

L’adsorption est définie comme le passage d’espeéces chimiques d’une phase liquide ou
gazeuse vers une surface solide. Il s’agit donc du passage de 1’état de dissous a celui d’adsorbé.
Le processus inverse s’appelle la désorption. adsorbed. The reverse process is called desorption.
This definition applies to all dissolved substances, whether ionized or not, and to all solid

surfaces. Adsorption takes place in three main stages:

1. Diffusion of adsorbate from the outer liquid phase to the phase near the adsorbent
surface.
Solute transfer through the liquid film to the grain surface.
Transfer of material in the porous structure from the outer surface of the grains to the

active sites.
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Adsorbate
molecule

o External mass transfer e Surface diffusion e Intraparticle diffusion

Movement of molecules Movement of molecules and adsorption
from the bulk solution to along the surface toward Movement of molecules

the adsorbent surface. the interior of the pores. inside the ROIeS gnd .
adsorption at active sites.

Figure 1V.2:Domain of existence of a solute during adsorption on a microporous material
[143]

IVV.2.2 Different types of adsorption

Adsorption at the solute/solid interface is a physical or chemical phenomenon by which

liquid or gaseous molecules attach themselves to the surface of a solid. This spontaneous

phenomenon is due to the existence of adsorption sites on the solid surface. These sites generate

forces. These forces lead to two types of adsorption:

Chemical adsorption (Chimisorption)
Physical adsorption (Physisorption)

Chemical adsorption (Chimisorption)

Chemisorption is generally irreversible, producing a modification of the adsorbed molecules.
These molecules cannot be accumulated on more than one monolayer. The only molecules
concerned by this type of adsorption are those that are directly. Only molecules directly bound
to a solid are concerned by this type of adsorption[144]. The heat of adsorption is relatively
high, ranging between 40 and 200Kcal/mol[145], the distance between the surface and the

adsorbed molecule is shorter than in the case of physisorption.
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1 Adsorbent
O Adsorbate

e Chemical bond

PR 0000000

Chemical adsorption Physical adsorption

Figure 1VV.3:Schematic representation of physical and chemical adsorption

e Physical adsorption (Physisorption)

Physical adsorption (or physisorption) involves weak interactions such as Van Der Waals
forces of attraction due to electrostatic depolarization interactions. Molecules adsorb onto
several layers (multilayers) with heats of adsorption often below 40 Kcal/mol.[146] which is
considered weak. These interactions are non-specific and reversible, and desorptioncan be total.
Physical adsorption is rapid and generally limited by diffusion phenomena, and does not lead
to modification of the adsorbed molecules. In fact, the energies involved in strong

physisorptions are similar to those involved in weak chemisorptions.

IVV.2.3 Criteria for distinguishing between physical and chemical adsorption

Experimentally, it is often possible to distinguish between the two types of adsorption;
but, in some cases, it is necessary to examine several criteria simultaneously in order to reach
a conclusion. The criteria for differentiating between these two adsorption modes are listed in
Tableau 1V.1
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Chemical adsorption Physical adsorption

Nature of Strong bonds, high Weak bonds (Van der Waals forces)
interactions adsorbent/adsorbate affinity

Possibility of superimposing several

i Determined by th ber of surf
Quantity adsorbed STerminec by Tne number of surtace layers of adsorbed atoms (multilayers)

sites (monolayer)

Heat adsorption = 50 kJ/mol = 50 kJ/maol

Adsorption speed slow fast

Reversibility of the
phenomenon

Limited Highly marked

Tableau 1V.1:Differences between chemical and physical adsorption

IV.2.4 Parameters affecting adsorption

They can influence the adsorption process, and in particular retention capacity and
kinetics. These include:

e Porosity

Porosity is linked to pore size distribution. It reflects the internal structure of microporous
adsorbents. However, pore volume, specific surface area and pore size have a greater effect on

adsorption.

e Type of adsorbate

Adsorption of a solute is strongly linked to the nature of the solute (molecule size, polarity,

nature and position of its functional groups, presence of unsaturation, solubility). The size of

the adsorbate molecules, which can greatly influence the adsorption process through their

arrangement on the surface of the material.

e Polarity

A polar solute will have more affinity for a solvent or for the most polar adsorbent.
Preferential adsorption of organic compounds with limited solubility in aqueous solutions
(hydrocarbons, chlorine derivatives, phenol and other benzene derivatives) is important with
hydrophobic adsorbents (activated carbons, porous polymers). On the other hand, it is

insignificant with highly hydrophilic polar adsorbents (silica gel, alumina, etc.).
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opH

The pH of the solution has an effect on both the adsorbate and the adsorbent (functional
groups). For compounds with a pKa close to the pH values studied, this parameter will have an

effect on the adsorption capacity of these solutes.

e Température

Adsorption is an endothermic or exothermic phenomenon, depending on the adsorbent
material and the nature of the adsorbed molecules. Numerous authors have noted the decrease
in adsorption capacity of organic compounds as temperature rises. Higher temperatures lead to
higher velocities (particularly for diffusion stages), but also to greater desorption, which in turn
leads to a reduction in adsorption capacity.

IV.2.5 Some adsorbents used for pollutant removal

e Activated carbon

Activated carbon, also known as activated charcoal or activated carbon, is a material
consisting essentially of carbonaceous material with a porous structure. Activated carbon is any
carbon that has undergone special preparation and therefore possesses a high degree of ability

to bind and retain certain molecules brought into contact with it. They are obtained by

carbonizing a precursor at high temperature.

Figure 1V.4:Activated carbon grain
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e Theclays

Clays, or argillaceous rocks, are a mixture of minerals and crystalline impurities. Clays
are products of the decomposition of siliceous rocks, by physical and mechanical
disintegration, followed by chemical alteration. Raw clay generally contains elementary
particles with grain diameters of less than two micrometers (2pum), which represent the
crystalline individuals (pure mineral phase) known as clay minerals, responsible for

properties such as swelling, plasticity and adsorption properties.
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Figure 1VV.5:3D representation of clay

e Zeolites

They are hydrated silico aluminates in the crystalline state. These
compounds have the property of slowly losing their water of crystallization on moderate
heating, without changing their crystalline structure. They become spongy and highly
adsorbent. Artificial zeolites exist, with very high adsorbing powers. They have the ability

to bind heavy metal salts found in water.
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Figure 1V.6:Schematic representation of a zeolite[147]

e Silica-based nanoparticles

Silica gels (Si02, nH20) are highly hydrophilic synthetic adsorbents with controllable
porosity and a specific surface area of between 300 and 800 m2/g. Silicas are used to
complex hydrocarbons, including halogens, and dyes. These characteristics show a highly
porous texture and, consequently, a high adsorption capacity for this gel. Results show that

adsorption can reach 80% of the total adsorption capacity.

Figure 1V.7:Schematic representation of a mesoporous silica-based nanoparticle

1V.3 Efficient Adsorption of Colorants Using Silica Nanoparticles

Silica nanoparticles (SiNPs) have garnered significant attention in various fields due to

their high surface area, tunable pore size, and versatile surface chemistry. One common method

106
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for synthesizing silica nanoparticles involves the use of surfactants as templating agents, which
help control the particle size and morphology. In this study, cetyltrimethylammonium bromide
(CTAB), a cationic surfactant, was employed as a template in the synthesis of silica
nanoparticles. The resulting nanoparticles were further utilized as adsorbents for the removal

of colorants, specifically bright green and carmine, from aqueous solutions.

The use of CTAB as a template is particularly advantageous due to its ability to form micelles
in aqueous solutions, which act as nucleation sites for the formation of silica particles. This
method enables the production of well-defined, monodisperse nanoparticles with a controlled

pore structure, making them highly effective for adsorption applications.

Bright green and carmine are widely used synthetic colorants in various industries, including
textiles, food, and cosmetics. However, their presence in wastewater poses environmental
challenges due to their potential toxicity and persistence. Therefore, developing efficient

adsorbents to remove these colorants from contaminated water is of great importance.

In this study, the adsorption capabilities of the synthesized silica nanoparticles were evaluated
by testing their efficiency in removing bright green and carmine from aqueous solutions. The
results offer insights into the potential application of these nanoparticles in water treatment
processes, contributing to the broader efforts of developing sustainable and effective methods

for pollutant removal. To achieve this objective, we used two characterization techniques: UV

visible spectrophotometry and light scattering (DLS).

1VV.3.1 Food colorants

e Carmine (C.1. 75470)

Water-insoluble natural colorant. It is obtained from dried female cochineal beetles. The
main component is carminic acid. For microscopic staining, carmine is used in combination
with an alum, usually aluminum-based. The result is a calcium-aluminum carminic acid lacquer

with high coloring power.

Its chemical structure is shown in Figure 1VV.8 and Figure 1V.9, and its characteristics are listed
in Tableau 1V.2
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Figure 1V.9:Reversible formation of aluminium carminic acid complexes[149]

Carminic acid and its derivatives are present in a wide range of foods such as ice creams,
confectionery, culinary products, desserts, beverages, dairy products and others. Carmine is

also widely used in cosmetics.[149]

Carmine

COININOI 1naine Carmine
C2:2H20013

492 .4 g/mol

chemical formula

molecular weight

solubility in water 0,599 g/l
Amax (nm) 371

LC. C.I. 75470

Tableau IV.2:Physical and chemical properties of Carmine
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e Toxicity

Although it is natural and poses no significant risk to human health or the environment, we

are including it on this list for ethical reasons. Carmine is a natural red dye used in many

consumer goods, including food, cosmetics and make-up.cosmetics and make-up because of

its bright red hue. There is also evidence that carmine can cause allergic reactions.

e Green shine

Brilliant green (Figure IV9) is an odorless cationic dye. It is used in a number of fields, such
as biological staining, dermatology and textiles, and for the confirmation of coliforms and
thermotolerant coliforms in food products, feed water and waste water. for confirmation of
coliforms and thermotolerant coliforms in food products, feed water and wastewater. It can also
be used as a medium for coliform enumeration in ice cream[150]. Brilliant green has a number
of effects on human beings, including gastrointestinal irritation, nausea, vomiting and skin
irritation...etc. Its chemical structure is shown in Figure 1VV.10and its characteristics are listed
in the Tableau 1V.3.[151][152]

Figure 1VV.10:Chemical structure of brilliant green[153]
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Green shine

Nom Usuel

Green shine

C27TH34N2048

Common name
Molecular mass 482.63 g.mol-1
Solubility in water High

Amax (nm) 625
PKa 2.62-4.93
1.C. 42040

Tableau 1V.3:Physical and chemical properties of Carmine

e Toxicity

Brilliant green causes several adverse effects in humans, including gastrointestinal
irritation, nausea, vomiting and skin irritation. Several studies have been carried out on the

elimination of brilliant green[154].

1V.4 Synthesis and characterization of NPS
IV.4.1 Preparation of nanoparticles

SINPS silica nanoparticles were synthesized by the direct precipitation method in the
following steps:

Synthesis is performed using a micellar solution of CTAB surfactant in water, to which the
silica source (TEOS) is added dropwise.The resulting mixture is left to stir (300 rpm) for one
hour at controlled temperature using an oil bath. After 30 min of stirring, the soda used as a
catalyst for the TEOS hydrolysis condensation reaction is added to the mixture, which is left to

stir overnight. The nanoparticles are separated from the reaction medium by adding an equal

volume of ethanol and centrifuging. Once the supernatant has been removed, the NPS are

washed with ethanol before being left to dry. A white powder is obtained after drying at
T1=70°C for 24 hours. To liberate the pores, the samples are calcined in a muffle furnace to
T2=500°C, then held at this temperature for t= 4 h. After calcination, the samples are stored in

closed vials until analysis.

IV.4.2 Characterization of nanoparticles (SINPS) by DLS

Controlling the structure of SINPS materials requires taking into account the structuring

agent (surfactant) CTAB and its properties in water as parameters for predicting nanoparticle

110
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characteristics. For the chosen concentration of CTAB, two types of structure were obtained by
light scattering, as shown in Figure 1V.11a and 11b. A spherical size of 2nm and a cylindrical
size of 100nm are obtained. The size of the nanoparticles depends on the size of the micellar

structures used as templates.

—C = 5.10°M a 25°C

cTAB

1 R _(nm)
1 10 10000

Spherical micelle cyiindrical micelle
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- N+ {:3

@ e

T nm

100nm

Figure 1V.11:a) Size distribution and intensity for CTAB b): Molecular structures of the
quaternary ammonium surfactant CTAB and its corresponding supramolecular assemblies
(spherical and cylindrical micelles, respectively) formed in the presence of water

e Effect of dilution

Figure IV7 shows the curves obtained by DLS for solutions with different powder NPS
concentrations at 25°C. According to the results obtained by DLS concerning the size
distribution in intensity, all three curves show the presence of a single peak centered at around
100 nm hydrodynamic diameter. This indicates that our nanoparticle has a homogeneous

monodisperse size, unaffected by dilution.
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Figure 1V.12:Intensity size distribution for the NPS nanoparticle powder for different
concentration

e Effect of calcination
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Figure 1V.13:Size distribution in intensity for NPS without and with calcination.

In order to study nanoparticle size before and after calcination, DLS measurements were carried

out. The results presented in Figure 1V.13 show that the nanoparticle retained its size after
calcination.
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IV.5 Colorants
1VV.5.1 Absorbance measurement

Due to the chemical functions found in the chemical structure of the various dyes,
they exhibit characteristic absorption spectra in the ultraviolet spectral range, between 400 and
800 nm, as shown in Figure 1V.14. These spectra clearly show the wavelength of the Carmine

absorption maximum at Amax=521nm and that of the bright green at Amax =625nm.

——carmine — brilliant green
1,54

— brilliant green

1,0 -

0,5 -

500 600 700 "~ 50 600
A(nm) A(nm)

Figure 1V.14:Variation in absorbance as a function of wavelength for the two dyes (Carmine
and Brilliant Green)

e Concentration effect and calibration curve

Figure 1V.15 shows the variation of absorbance A as a function of A at different dye

concentrations. In order to verify the application of Bert Lambert's law and its limits, the curve

of variation of absorbance as a function of concentration was plotted for the maximum

wavelength in Figure 1V.16.
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Figure 1V.15:Carmine absorption spectra as a function of wavelength at different
concentrations at 25°C for both dyes
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Figure 1V.16: Calibration curve (Beer Lambert) for both dyes (Carmine and Brilliant Green)

In order to verify the application of Beer Lambert's law, curves of absorbance versus
concentration were plotted for the maximum wavelengths recorded. The linear curves obtained

for both dyes show that the law is verified in the concentration range studied.
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e pH effect
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Figure 1V.17:Bright Green Carmine absorption spectra as a function of wavelength at
different pH levels at 25°C.

1V.6 Study of Carmine and brilliant green adsorption on NPS nanoparticles

1VV.6.1 Introduction

The aim of this section is to study the influence of physicochemical parameters such as
contact time, initial dye concentration, adsorbent mass and the effect of agitation on adsorption
by calcined SiNPS.

IVV.6.2 Description of the experimental set-up

Dye adsorption experiments are carried out by bringing a quantity of nanomaterial
(SINPS) into contact with the dye solution without stirring. Then, in a 50 mL Erlenmeyer flask,
the solution is stirred with a magnetic stirrer to homogenize the solid-liquid mixture. Adsorption
is carried out at room temperature (25 + 1°C). At the end of the tests, the samples are filtered
and then analyzed by UV-visible spectrophotometry. The influence of various parameters
(calcined nanoparticle concentration, contact time, agitation and temperature) on the adsorption

capacity of the calcined nanoparticle was studied.
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IV.6.3 Study of NPS by UV-visible

The NPS (time effect)

0 sec
420 sec
— 660 sec

\
\

Figure 1V.18: absorbance (A) of NPS as a function of wavelength at T~25°C for different
contact times.

Figure 1V.18 shows the kinetics of NPS absorbance (A) versus length at T~25°C. The pattern

found indicates that our nanoparticle the NPS does not absorb in this studied range of A.

IV.6.4 Study of adsorption kinetics

In order to study the effectiveness of the nanoparticle (NPS) and its ability to remove the two
dyes, we carried out adsorption of the dyes with different masses of NPS. Tests were carried

out in two modes:

Firstly, the adsorption of the different mixtures without stirring was monitored as a function of
time using UV spectrophotometry. In the second, the mixture was placed under magnetic
stirring, followed by sampling at different time intervals until equilibrium was reached. After

filtration, the residual dye concentration was determined by UV spectrophotometry.
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Figure 1V.19:Influence of nanoparticle mass (NPS) on the adsorption of the two dyes
Carmine and Brilliant Green (BG) as a function of time without agitation
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Figure 1V.19 shows rapid adsorption during the first 5 minutes for Carmine and 1h for
VB. Thereafter, adsorption tends to level off. The rapid initial increase in adsorption is due to
the instant availability of a large surface area and the presence of free sites on it. The slowdown
in Kinetics at the plateau may be due to the saturation of sites on the nanoparticle surface. In the
light of these results, we can conclude that the equilibrium time is t=15min for Carmine and t=

45min for VB.

In the case of Carmine adsorption, we note from the graphs that NPS with Carmine show faster
adsorption kinetics than with VVB. In the case of VB, adsorption Kinetics are relatively slow and

the quantities adsorbed are greater.

IVV.6.5 The effect of agitation

The effect of stirring speed on the adsorption of Carmine dye and VB is shown in Figure 1V.20:
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Figure 1V.20:Effect of agitation on the adsorption of the two dyes Carmine and Brilliant
Green (VB) by the nanoparticle (NPS) as a function of time
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Figure 1V.15 shows that in the case of adsorption of VB adsorption, we can see that the
adsorption capacity of NPS increases as we increase the stirring speed, reaching equilibrium
around the first 10 minutes. In this case, the effect of agitation on the increase in VB adsorption
can be explained by the increase in electrostatic attraction between the negatively charged NPS

and the positively charged VB dye (cationic dye).

In the case of Carmine, on the other hand, agitation causes desorption after the first 10 minutes.
This can be explained by the fact that high agitation speeds break the adsorption forces in the

pores, preventing Carmine from diffusing properly into the NPS.

IV.6.6 Temperature effect on adsorption

The effect of solution temperature on the adsorption of the dyes Carmine and VB is

shown in Figure 1V.21.
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Figure 1V.21: evolution of adsorption of the two dyes by NPS as a function of temperature

Figure 1V.21 shows that carmine adsorption is favored by increasing temperature. This can be
explained by the fact that temperature stabilizes the physical attractive forces involved. For VB
adsorption, the adsorption capacity decreases with increasing temperature. These results show

that the adsorption reaction can be exothermic, and that increasing temperature induces an
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increase in the mobility of the dye particles in solution, and a decrease in the forces of dye

attraction or diffusion on the active surface of the nanoparticles.

1V.7 Impregnation of Procaine Anesthesia Drug in SINPs
IV.7.1 Introduction

Silica nanoparticles (SiNPs) have emerged as a versatile platform for drug delivery due
to their high surface area, tunable porosity, biocompatibility, and ease of surface modification.
The impregnation of drugs into SiNPs involves the incorporation of therapeutic molecules
within the nanoparticle structure like Procaine, either through physical adsorption, covalent
bonding, or encapsulation within mesoporous or solid silica frameworks. This approach
enhances drug stability, improves solubility, and allows for controlled and sustained drug

release, thereby improving therapeutic efficacy while minimizing side effects.

Mesoporous SiNPs (MSNs) are particularly attractive for drug loading due to their well-defined
pore structure, which enables the efficient encapsulation of hydrophobic and hydrophilic drugs.
The impregnation process is influenced by factors such as surface chemistry, pore size, drug-
polymer interactions, and the physicochemical properties of the drug. Various loading
techniques, including solvent evaporation, impregnation from solution, and covalent
functionalization, have been explored to optimize drug loading and release kinetics. In this work
we will study the possibility of loading the drug procaine in SiNPs and we will confirm this

through different analysis devices.

I\V.7.2 Comparison between X-ray diffraction of SiNPs loaded and free
of Procaine (PRC) prepared by microemulsion process

e XRD analysis of SINPs (TX-100) loaded and free of PRC

The X-ray diffraction (XRD) analysis of silica nanoparticles prepared via the
microemulsion process using the TX-100 surfactant Figure 1V.22 (c) reveals distinct features
both with and without procaine. Both samples exhibit a Si02 peak at 20 =21.70°.65 However,
when procaine is loaded onto the nanoparticles, the XRD pattern shows additional small sharp
peaks at 14°, 28.39°, and 35.78°, suggesting potential interactions or structural changes induced

by procaine.
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These differences in the XRD patterns indicate that the presence of procaine affects the

crystallinity of the silica nanoparticles during the microemulsion synthesis process.
e XRD analysis of SiINPs (CTAB) loaded and free of PRC

The X-ray diffraction (XRD) analysis of SiNPs prepared via the microemulsion process
using the CTAB surfactant Figure 1V.22 (d) reveals distinct patterns in the presence and
absence of procaine. Both samples show a SiO; peak at 20 = 21.44°, indicating a crystalline
phase. However, when procaine is loaded onto the nanoparticles, the XRD pattern shows a
sharp peak at 21.44° with lower intensity. Additionally, small sharp peaks appear at 16.32°,
19.45°, 24.57°, and 25.61° in the procaine-loaded sample, suggesting potential interactions or
the presence of crystalline impurities. In contrast, SINPs without procaine display a sharp peak
at 21.61° and a very low-intensity peak at 24.49°, indicating a different crystalline pattern.
These observed differences in XRD patterns suggest that procaine may influence the
crystallinity of the silica nanoparticles, possibly due to interactions or templating effects during

the microemulsion synthesis process.

The well-defined broad and sharp diffraction planes at 26 = 21.44° and 21.70° for CTAB and

TX-100-mediated particles indicate the presence of SiNPs across all synthesized materials.

However, a broader diffraction angle (20) spanning a range of 20°-25° reveals a mesoporous
amorphous nature, characterized by Miller indices of d (100). The broadness of the peak
suggests the possibility of indexing to the hexagonal phase of mesoporous silica nanoparticles.
This broadening indicates decreased crystallinity, reinforcing the amorphous
character.[102],[155] These findings are consistent with previous studies by Sharma et al.[139]
and Sarawade et al.[156], supporting the notion of comparable outcomes in the produced SiNPs.
Additionally, slight variations in the 26 range of diffraction peaks among mesoporous SiNPs
synthesized with different chemical and surfactant compositions may be attributed to variations

in the production quantities of SiNPs.[139]
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Figure 1V.22:(C) Comparison between SiNPs prepared through the microemulsion process
using TX-100 surfactant loaded and free of PRC and (D) Comparison between SiNPs prepared
through the microemulsion process using CTAB surfactant loaded and free of PRC.

e XPS Analysis

Upon functionalization with procaine, the N1s peak around 402 eV (Figure 1V.23 d and
Figure 1V.24 d) confirms the successful integration of the anesthetic. This peak is characteristic
of nitrogen atoms in organic amine functionalities, a group present in procaine. The integration
of procaine into the SiNPs is further supported by changes in the O1s and C1s spectra (Figure
4.23 ¢, e and 24 c, e), suggesting the formation of new chemical environments around these
elements, possibly due to the formation of Si-O-C linkages or the adsorption of procaine onto

the nanoparticle surface.

A comparative assessment of the XPS data from CTAB- and TX-100-mediated SiNPs, both
with and without procaine, underscores the nuanced influence of the surfactant environment on
the surface chemistry of SiNPs. The slight differences in binding energies and peak shapes in
the O1s and C1s regions between the two surfactant-mediated systems suggest variations in
surface-bound species and the degree of organic residue. The introduction of procaine clearly
alters the surface electronic environment, as evidenced by the N1s signals and the associated
changes in the oxygen and carbon regions, which could significantly impact the drug loading

capacity and release kinetics of the SiNPs.
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Figure 1V.23:XPS spectra of CTAB mediated silica nanoparticles by microemulsion with
Procaine. (a) survey (b) Si 2p, (c) O 1s, (d) N 1s and (e) C 1s.
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Figure 1V.24:XPS spectra of TX-100 mediated silica nanoparticles by microemulsion with
Procaine. (a) survey (b) Si 2p, (c) O 1s, (d) N 1s and (e) C 1s.
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e Characterization of SiNPs using sSSNMR Spectroscopy

Acquisition of 'H—?Si CP/MAS NMR spectra (Figure 1V.25) for three SiNPs (water
preparation, TX-100 W/O, and TX-100 W/O with PRC) enable analysis and composition of the
SiNPs surface. Each spectrum features a narrow pattern composed of two or more overlapping
patterns. Additionally, the water preparation (Figure 1V.25 a) is significantly lower in intensity
relative to both TX-100 W/O preparations. Therefore, indicating a significantly lower amount

of neighboring hydrogens from hydroxyl groups in Si(OH),. Each of the patterns can be

assigned to various Q-units present in each sample.
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Figure 1V.25:Experimental 1H-29Si CP/MAS ssNMR spectra for SiNPs prepared by (A)
water, (C) microemulsion with TX-100 without PRC, and (E) microemulsion with TX-100
with PRC with corresponding deconvolutions shown on the right (B, D, and F).




Chapter 04 Harnessing Silica Nanoparticles for
Efficient Adsorption and Targeted Drug Delivery

This is supported by the 2°Si{*H} spin echo spectra (Figure 1V.26) where the water preparation
has the greatest intensity, whereas the TX-100 W/O with and without PRC are significantly
lower in intensity. Each of the CP/MAS patterns can be assigned to various Q-units present in
each sample. For the water preparation (Figure 1V.25 a and d), the two distinct patterns can
be assigned to Q2-type silicon environments.”t Comparatively, for the microemulsion
preparations with TX-100 with and without PRC (Figure 1V.25 b to f), three distinct patterns
are present and can be assigned to Q2, Q3, and Q4 silicon environments. *H spin echo MAS
spectra were acquired at 12 kHz spinning for all three SiNP samples (Figure 1V.27). Faulkner
and coworkers "2 summarized the *H chemical shifts for various preparations of SiNPs and
comparing our preparations to theirs, the overall line shapes strongly resemble those previously
reported. Also, there is an additional small peak at 6iso = 2.34 ppm in the TX-100 W/O with

PRC, which could indicate the encapsulation of PRC.
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|
-80

Figure 1V.26:Experimental 29Si ssSNMR acquired at 9.4 T under spinning conditions (vrot =
12 kHz).
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Figure 1V.27:Experimental 1H MAS NMR acquired at 9.4 T under MAS conditions (vrot =
12 kHz).

e PL spectroscopy of SINPs from microemulsion preparation loaded
and free of PRC

The photoluminescence (PL) spectra of SiNPs, as shown in Figure 1V23, offer critical
insights into their electronic structure and the presence of defect-related emission centers. These
spectra reveal distinct emission peaks associated with specific electronic transitions and defects
within the SINPs. Figure 1V23a presents the PL spectrum of SiNPs synthesized via the TX-
100 microemulsion method without procaine. The pronounced peak centered around 415 nm is

typically attributed to the recombination of excitons at silicon-oxide-related defects, such as
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non-bridging oxygen hole centers (NBOHC) or oxygen-deficient centers (ODC).[157][158] In
Figure 1V.28 b, the PL spectrum of SiNPs with procaine shows an additional peak at 459 nm,
which may be linked to electronic transitions associated with procaine molecules. This peak
could result from n-* transitions within the aromatic rings or electronic transitions of nitrogen-
containing groups in procaine. The presence of this peak indicates that procaine molecules not
only absorb onto the surface but also influence the electronic structure of the SINPs. The PL
spectrum of CTAB-mediated SiNPs without procaine, depicted in Figure 1V.28 c, similarly
displays a dominant emission peak at 415 nm, attributable to the silicon-oxide network. The
similarity in emission between CTAB-mediated and TX-100-mediated SiNPs without procaine
suggests that the choice of surfactant does not significantly alter the primary defect centers

contributing to the PL

However, upon the addition of procaine, as shown in Figure 1V.28 d, the spectrum of CTAB-
mediated SiNPs exhibits a distinct emission feature at 445 nm, labeled as NOV, which does not
appear in the TX-100-mediated SiNPs with procaine. This NOV peak may indicate a different
interaction mechanism or complexation between procaine and the CTAB-mediated SiNPs,

which is absent in the TX-100 system. The comparative analysis of the PL spectra from both

CTAB- and TX-100-mediated SiNPs, with and without procaine, underscores the influence of
surfactant choice and drug incorporation on the defect-related luminescence properties of the
nanoparticles. The introduction of procaine appears to introduce new electronic states or modify
existing defect states, as evidenced by the emergence of new PL peaks and changes in peak
intensities. These alterations in PL characteristics not only provide a fingerprint of the material's
purity and defect states but also have implications for potential optical applications, where

controlled luminescence properties are essential.

In conclusion, the PL spectra analysis confirms the sensitivity of the SiNPs' electronic structure
to both synthesis conditions and subsequent functionalization with organic molecules. This
sensitivity is crucial for tailoring the optical properties of SiNPs for specific applications,

including bio-imaging and drug tracking within biological systems.
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Figure 1V.28:(a) The photoluminescence spectra of SiNPs from TX-100 by microemulsion
without procaine, (b) SiNPs with procaine drug from TX-100 by microemulsion. (c) SiNPs
from CTAB by microemulsion without procaine, and (d) SiNPs with procaine drug from CTAB

by microemulsion




V. Conclusion

The aim of this work was to study the use of a silica-based nanoparticle (NPS) in the
adsorption of two food colorants, carmine and brilliant green as the first application of NPS.
These dyes, recognized as potentially toxic, are present in industrial and domestic waste. Two
physico-chemical techniques were used: UV visible spectrophotometry and light scattering
(DLS).

Initially, the study focused on the synthesis of mesoporous silica nanoparticles (NPS) prepared
by the micellar template sol gel synthesis method. The silica phases develop around micelles
of the cationic surfactant CTAB, which are arranged in structures around 100nm in size.
However, the structural properties of the synthesized nanoparticles appear to be affected by the
structure of the template micelles. which serves as a template. The results obtained by DLS
concerning the nanoparticle size distribution (NPS) indicate that our nanoparticle has a
homogeneous monodisperse size of around 100nm. These nanoparticles are stable, unaffected
by dilution and retained their size after calcination. Secondly, we evaluated the performance
and capacity of nanoparticles (NPS) in the adsorption of two dyes, carmine and brilliant green.
The influence of various experimental parameters was studied using UV visible
spectrophotometry, such as contact time, adsorbent mass and the effect of agitation on
adsorption by calcined NPS. The results obtained for the no-stir mode showed slow kinetics
and a pronounced affinity of NPS for Brilliant Green in comparison with carmine. On the other

hand, in the case of VB adsorption, we find that the adsorption capacity of NPS increases when

we increase the stirring speed. This can be explained by the increased electrostatic attraction

between the negatively charged NPS and the positively charged VB dye (cationic dye). For
Carmine, on the other hand, agitation causes desorption after the first 10 minutes. This can be
explained by the fact that high agitation velocities break the adsorption forces in the pores and
prevent good diffusion of Carmine in the NPS. With regard to the effect of temperature, the

results show that Carmine adsorption is favored by increasing temperature.

This increase can be explained by the fact that temperature stabilizes the physical forces of
attraction involved. In the case of VB adsorption, the adsorption capacity decreases with
increasing temperature. These results show that the increase in temperature in the case of VB
induces an increase in the mobility of dye particles in solution and a decrease in the forces of

dye attraction or diffusion on the active surface of the dyes




decrease dye attraction or diffusion forces on the active surface of nanoparticles, as high stirring
speeds break the adsorption forces in the pores and prevent good diffusion of Carmine into the
NPS.

As far as the effect of temperature is concerned, the results show that carmine adsorption is
enhanced by increasing temperature. This can be explained by the fact that temperature

stabilizes the physical forces of attraction.

What is also important in this study we employed two different chemical surfactants, CTAB
and TX-100, to mediate the synthesis of silica nanoparticles (SiNPs) using an effective sol-gel
method at low and ambient temperatures. This approach allowed for a comparison between
SiNPs prepared in an aqueous medium and those synthesized via microemulsion, yielding
particles with diameters ranging from 110 to 800 nm. In the aqueous medium, small variations
in base concentration were sufficient to control the SiNPs diameter, as these changes affected
the concentration of hydroxyl ions. Additionally, maintaining a lower pH led to a slight decrease
in SiNPs diameter. The geometry of the aggregates formed by the surfactant molecules (TX-
100 and CTAB) in solution is influenced by the interplay between the hydrophobic affinity of

the carbon chain, electrostatic repulsions, and steric constraints of the hydrophilic polar heads.

These structural outcomes can be predicted by the surfactant parameters. In water-in-oil (W/O)

microemulsions, ionic surfactants stabilize the system through electrostatic repulsion, while
nonionic surfactants do so via steric repulsion. This study explored reverse micellar systems
containing water, (TX-100 or CTAB), 1-butanol, and n-hexane. Reverse micelles can form
within a specific concentration range of TX-100 or CTAB, requiring significant amounts of
surfactants and cosurfactants for microemulsion preparation. For the micellar system using TX-
100, the hierarchical distribution of the micellar interface facilitates the material exchange of
tetraethoxysilane (TEOS) and limits its hydrolysis within the micelles. This process promotes
the complete hydrolysis of TEOS in the micellar cores, resulting in SiNPs with excellent
monodispersity. Conversely, the reverse microemulsion of CTAB leads to an unstable
emulsion, producing SiNPs with flocculated dispersion due to an excess of water and
insufficient surfactant. This provided insights into the optimal and reproducible preparation of
SiNPs. The use of microemulsion with TX-100 enabled the completion of the synthesis process,

culminating in the successful incorporation of the anesthetic procaine.
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