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Abstract

Water contamination resulting from dye-polluted industrial wastewater is an increasingly con-
cerning topic, as it endangers the aquatic ecosystem. The research has been focusing on finding
clean and sustainable ways to remove the pollutants dispersed in water. A promising solution
has been found in photocatalytic materials, able to transform pollutants into harmless species.
Moreover, the sol-gel route for the synthesis of such photocatalysts has been proven really ver-
satile and e ective. This work aimed at testing the photocatalytic activity of sol-gel synthesized
titanium dioxide thin films, in order to find high performance formulations, while keeping the
synthesis as sustainable and environmentally clean as possible. In the first chapter, the state of
art concerning water pollution and the usage of titanium dioxide photocatalysts to overcome this
issue was summarized. The main structures, properties, and the aspects of the sol-gel synthesis
of such material were presented in detail. In particular, the e ect of surfactants and nanocellu-
losic materials on the properties of the sol-gel and the produced thin films was described and
further investigated in this work. Chapter 2 presented the materials and the procedures followed
for the synthesis and testing of the TiO, sol-gels. The formulation was conducted varying dif-
ferent parameters such as the type of solvent, the amount of titanium precursor, the order of
addition of the reagents and the type of templating agent. Three types of surfactants were used
(sodium dodecyl sulfate, Lutensol ON70 and Ecosurf eh-3) and two types of nanocellulose
were implemented in the sol-gel synthesis of TiO,. Each formulation was naturally aged for
maximum 8 weeks while performing tests every two weeks. The samples to be tested were all
deposited with the dip-coating method onto glass substrates and annealed. They were subjected
to a first two hours screening photocatalytic test, measuring the degradation of a rhodamine B
solution. After the best samples were determined, they, alongside other samples, were subjected
to a longer photocatalytic test, lasting 6 hours. To further characterize the prepared samples,
Dynamic Light Scattering analysis and Scanning Electron Microscopy were used to determine
the average particles size, inside the sol-gel, and to analyze the surface morphology of the dip-
coated samples, respectively. In the third chapter, these results were shown and discussed. The
photocatalytic tests revealed that the water and Ecosurf eh-3 based sol-gels were the best per-
forming ones in terms of how quickly they could degrade the dye-polluted solution. Organic

solvents based formulations were quite mediocre in terms of photoactivity, while presenting
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better aesthetic appearance. In addition, the nanocellulose-based ones, were also not outstand-
ing in terms of photocatalytic properties. In conclusion, this work contributed in finding new
and well-performing solutions for the treatment of dye-polluted wastewater while also reducing
the overall environmental impact of the materials synthesis by using non-toxic, weakly harmful

and clean reagents to produce TiO, photocatalytic thin films.

Keywords: titanium dioxide, photocatalysis, sol-gel, surfactants, nanocellulose.
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Abstract in lingua italiana

La contaminazione acquatica derivante dall’inquinamento da coloranti delle acque reflue in-
dustriali ¢ un problema sempre pit importante al quale la ricerca sta provando a trovare una
soluzione che sia sostenibile e in grado di ridurne 1I’impatto. Promettenti in questo campo sono
1 materiali fotocatalitici, capaci di trasformare gli inquinanti in specie non pericolose. Questo
lavoro di tesi si ¢ posto come obiettivo il testare 1’attivita fotocatalitica di diversi rivestimenti
contenenti biossido di titanio e sintetizzati tramite tecnologia sol-gel, con lo scopo ultimo di in-
dividuare le formulazioni migliori, mantenendo al contempo il processo di sintesi il piu sosteni-
bile possibile. Nel primo capitolo ¢ stato riassunto lo stato dell’arte riguardante I’inquinamento
delle acque e I'utilizzo di fotocatalizzatori a base di biossido di titanio per superare questo prob-
lema. Sono state presentate in dettaglio le principali strutture, le proprieta e gli aspetti della sin-
tesi sol-gel di questi materiali. In particolare, I’e etto dei surfattanti e della nanocellulosa sulle
proprieta del sol-gel e dei film sottili prodotti ¢ stato descritto e poi successivamente approfon-
dito in questo lavoro. Nel capitolo 2 sono stati presentati i materiali e le procedure seguite per
la sintesi e la sperimentazione dei sol-gel di TiO,. La formulazione ¢ stata condotta variando
diversi parametri come il tipo di solvente, la quantita di precursore, 1I’ordine di aggiunta dei
reagenti e il tipo di agente "template”. Tre di erenti surfattanti (sodio dodecil solfato, Luten-
sol ON70 e Ecosurf eh-3) e due tipi di nanocellulosa sono stati utilizzati nella sintesi del TiO,.
Ciascuna formulazione ¢ stata lasciata reagire per un massimo di 8 settimane, eseguendo test sui
campioni ogni 2 settimane. Tutti i film sottili testati, sono stati prodotti tramite rivestimento ad
immersione su substrati in vetro e successivamente ricotti. Inizialmene sono stati testati con un
processo breve di degradazione fotocatalitica di una soluzione di rodamina B, della durata di 2
ore. Una volta identificati i campioni migliori, questi, assieme ad altri, sono stati testati tramite
un processo di fotocatalisi pit lungo, della durata di 6 ore. Per arricchire la caratterizzazione
dei campioni prodotti, sono state condotte analisi con tecniche di di usione dinamica della luce
e di microscopia elettronica a scansione, per determinare, rispettivamente, il diametro medio
delle particelle sintetizzate e la morfologia superficiale dei rivestimenti. Nel terzo capitolo, i
risultati delle analisi sono stati riportati e discussi. I test di fotocatalisi hanno dimostrato come i
sol-gel a base di acqua e Ecosurf eh-3 fossero 1 migliori nel degradare velocemente le soluzioni

di colorante. Le formulazioni create usando solventi organici hanno mostrato risultati inferi-



ori, nonostante i rivestimenti fossero esteticamente eccellenti. Infine, anche quelle basate sulla
nanocellulosa hanno portato a risultati relativamente mediocri. In conclusione, questo lavoro
di tesi ha contribuito a individuare nuove e performanti soluzioni per il trattamento delle acque
contaminate dai coloranti, mantenendo allo stesso tempo basso I’impatto ambientale legato alla

sintesi dei film sottili di TiO,, dato I’utilizzo di reagenti atossici, puri e poco pericolosi.

Parole chiave: biossido di titanio, fotocatalisi, sol-gel, surfattanti, nanocellulosa
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1 ‘ Introduction

1.1. State of art: water pollution and treatments

Environmental pollution is surely one the biggest problems of the world of today. It is present

in many di erent forms that concern mainly air and water contamination. The latter is partic-
ularly dangerous for the aquatic ecosystem, causing severe problems to plants and organisms.
Among the many causes of water pollution, industrial wastewater containing high quantities
and di erent kinds of dyes is one of the most prevalent.

Industrial colorants are often classi ed as harmful, toxic, non-biodegradable and even carcino-
genic compounds [1, 2]. Many sectors make use of these colorants for various purposes that
space from the application in paper, textile, plastics and apparel industries, to give a specic
colour to the products, to the applications that exploit their other properties, such as uores-
cence, in order to monitor the manufacturing processes [3]. Around 20% of the aforementioned
dyes is reported to end up in the wastewater, mainly due to losses during synthesis and pro-
cessing operations [2]. Furthermore, these compounds are very persistent in water and even
small quantities (in the order of few ppms) are capable of changing the colour of the polluted
water [1, 4]. In recent years, research has been focusing more and more on céiveeand
sustainable ways to reduce this dye-induced contamination. Nowadays, it is important also to
match the sustainability standards in order to solve the problem of water pollution without in-
troducing more waste into the environment and avoiding the usage of toxic or harmful products
that may cause further issues. Manyelient approaches have been attempted to reach this goal:
membrane lItration, adsorption techniques, ion-exchange removal, photocatalytic degradation
and others [2]. Among those, photocatalysis stands out as a faggm and reliable process.
Filtration and adsorption approaches have aws related to theaey of the Itration or to the
mechanical stability of the adsorbant, as well as its need to be substituted or regenerated when
saturated [2]. Photodegradation, on the other hand, has been proven to be a good method to re-
duce the concentration of pollutants in wastewaters, and it became continuously more prevalent
in the research eld, and, more recently, also in some industrial applications. The process is
based on the use of a photocatalyst which is a semiconductor material able to absorb radiation
and then catalyse the degradation reaction of the dye [1]. A material which is typically used for
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this aim is titanium dioxide; more details about this and about the photocatalytic process will
be explained further in this work.

TiO, can be synthesized in many @rent ways, one of which is the sol-gel method. This
approach is quite simple and at the same time reliable, making it interesting from the research
point of view [5, 6]. One of the aims of this work is to improve the synthesis of titanium sol-gels

in order to obtain a stable and highly photoactive sol of ;Ti@noparticles, by modifying the
standard formulation already produced in previous thesis works with surfactants and cellulose
at the nano-scale.

1.2. Industrial dyes

Dyes can be classi ed with derent criteria, which may depend on their chemical structure or
their usage and application method. A classi cation made on the colorant usage is reported in
the following:

A

acid dyes: they are water-soluble anionic dyes that are used to dye protein bers, such as
wool and silk. They are called "acid dyes" because they require an acidic environment to
bind to the bers. Acid dyes are used in the textile industry to produce a wide range of
colors, including bright and deep shades;

basic dyes: these water-soluble dyes are used to dye synthetic bers, such as nylon and
acrylics. They are called "basic dyes" because they require a basic environment to bind
to the bers. Basic dyes are often used to produce bright and intense colors. They are
used when brightness of shade was more important than the resistance to colour change
or fading due to exposure to light sources or washing. These dyes are also referred as
"cationic dyes" because they yield coloured cations in solution;

disperse dyes: these dyes are used to dye synthetic bers, such as polyester and acetate.
They are called "disperse dyes" because they are insoluble in water and must be dispersed
in a carrier uid, such as hydrocarbons or phenols, before being applied to the bers.
Disperse dyes are often used to produce bright and deep shades;

reactive dyes: these dyes are used to dye cellulosic bers, such as cotton and rayon. They
are called "reactive dyes" because they chemically react with the bers to form a covalent
bond. Dyes which contain azo groups £N-) fall under this category. Reactive dyes are
often used to produce a wide range of colors, including bright and pastel shades;

vat dyes: these dyes are used to dye cellulosic bers, such as cotton and linen. They are
called "vat dyes" because they require a vatting process to become soluble in water to be
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applied to the bers. This process involves the reduction of the colorant in an alkaline
bath, commonly done using sodium hydrogensul te. Vat dyes are often used to produce
deep and rich shades [3].

Another classi cation can be made based on the chemical nature of the dye, identifying inor-
ganic or organic colorants. The former are typically made from inorganic compounds, such
as metal salts or oxides, and are often used in the production of pigments and coloring agents
for paints, ceramics, and plastics. On the other hand, organic dyes are typically derived from
natural sources, such as plants or animals, or are synthesized using organic compounds, such as
aromatic hydrocarbons or heterocyclic compounds. They are widely used in the textile, paper,
and cosmetic industries [3]. The industries that are prevalently responsible for water pollution
involving dye-contaminated wastewaters are the ones using mainly organic compounds. Rho-
damine B falls under this category and, due to its importance in this research, it will be discussed
more in details in the following section.

1.2.1. Rhodamine B

Rhodamine B is a synthetic organic basic (cationic) dye that belongs to the class of xanthene
dyes. A xanthene dye is a type of synthetic organic dye that contains a xanthene ring as its
chromophore. The xanthene ring is a rigid structure composed of three fused aromatic rings,
which gives the dye its distinctive color and chemical properties [3]. The chemical structure
of Rhodamine B (Figure 1.1) consists indeed of a xanthene core to which two diethylamino
groups, responsible for the dye uorescence properties, are attached [3, 7, 8].

Figure 1.1: Rhodamine B chemical structure.

Rhodamine B is a versatile dye that is relatively cheap and easy to produce, which has con-
tributed to its widespread use in industrial applications. Hence, it is commonly used as a dye
for textiles, paper, and plastics. It can be used to dye a wide range of materials, including
cotton, silk, wool, and nylon, and produces a bright and long-lasting pink to red color. The
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dye is also used as a uorescent tracer in the oil and gas industry, where it is injected into oil
reservoirs to track the ow of uids [3, 8]. Due to its extensive usage in industrial applications,

it can end up being discharged into wastewater streams along with other pollutants, and if not
properly treated, it can have adversesets on aquatic life and ecosystems. Moreover, it is a
non-biodegradable compound that is dult to remove from wastewater using conventional
treatment methods, such as coagulation, occulation, and sedimentation. This is because it is
highly stable and can persist in the environment for long periods, posing a risk of bioaccumula-
tion and biomagni cation in aquatic organisms [1, 9]. Also, rhodamine B and other industrial
dyes can also impact the aesthetic quality of water bodies by imparting color and reducing clar-
ity, which can have social and economic implications for local communities that rely on water
resources [1].

Rhodamine B is often used for photocatalytic degradation tests because it is a highly stable dye
that is di cult to degrade under normal conditions. This makes it a good candidate for testing
the e ciency of photocatalytic degradation processes, which use a catalyst and light to break
down organic compounds into smaller and less harmful molecules. Additionally, Rhodamine
B has a well-de ned absorption spectrum and emits strong uorescence, which allows for easy
monitoring of its degradation and the evaluation of thecency of the photocatalytic process.
Moreover, Rhodamine B has been widely used as a model organic pollutant in studies of pho-
tocatalytic degradation processes, so the results obtained using this dye can be compared with
those obtained in other studies, which helps to establish a common benchmark and facilitate the
comparison of results [10].

1.3. Dye-pollutants disposal and degradation

Several treatments are available to reduce pollution caused by dye-contaminated wastewater.
The main objectives are the removal of such pollutants from the water bodies and their degra-
dation (mineralization) into non-harmful substances. The main processes to achieve these goals
are summarized in Figure 1.2. Advanced oxidation processes (AOPs) are among the best in
terms of e ectiveness in degrading the colorants. Increasingly more interest is put towards
these treatments in order to optimize them and making them also cesties [7]. Photocatal-

ysis surely is one of the main AOPs widely researched for the degradation of organic dyes;
indeed, it is central also to this work and will discussed in details in the following.
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Figure 1.2: Main methods used for dye-polluted wastewater treatment [7].

1.3.1. Photocatalysis

In general, a photocatalyst is a material capable of absorbing light and accelerates a chemical
reaction. Semiconductors are a class of materials typically employed in this eld. They are

in between conductors and insulators since they show an energy gap between the valence and
conduction bands but this is not so big, allowing for the absorption of light in an accessible
range of wavelengths ] (Figure 1.3) [11].

Figure 1.3: Valence and conduction bands in: conductors, semiconductors and insulators [12].
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Typically used semiconductors for photocatalysis have band gaps that allow them to absorb
visible or UV light. After absorbing a photon with an energy ) that matches the one of the

gap, a photo-generated electron-hole pair is created. The absorption of the radiation promotes
an electron to the conduction bang ge) while leaving an equivalently positively charged hole

in the valence band (8") (Equation (1.1)) (Figure 1.4) [13-16]..

Semiconductor h! e g+ hyg (1.1)

Figure 1.4: Schematic representation of the electron-hole pair through the absorption of light.
(E;=bandgap energy, wvalence band, cbconduction band) [11].

In presence of pollutant adsorbates onto the photocatalyst, the charge carriers can move to the
surface of the catalyst and initiate the redox reaction. The positive holes are responsible for
the production of OH radicals through the oxidation of water or OFEquation (1.3)). These
hydroxyl radicals are extremely reactive and can subsequently oxidize organic compounds, pro-
ducing at the end COand HO (Equation (1.4)). On the other hand, electrons excited to the
conduction band can be quickly trapped by the molecular oxygen adsrobed on the photocatalyst,
which is then reduced to generate a superoxide radical anion (Equation (1.5)). This species, in
presence of Hions can further react to produce a hydroperoxyl radical (Equation (1.6)). The
latter can undergo further electrochemical reduction yieldig@HEquation (1.7)). The pre-
viously mentioned radicals can also enhance the degradation reaction of pollutants by creating
new reaction pathways as shown in Equations (1.8) and (1.9) [13-16].
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ecst g energy (1.2)
H,O+hid  OH (1.3)

OH + org:pollutant H,O0+ CGO, (1.4)
O+ed O (1.5)

0, +HT  OOH (1.6)
OOH+ OOH H,0,+ 0, (1.7)

O, +org:pollutant H,O+ CGO, (1.8)
OOH + org:pollutant H,O0+ CGO, (1.9)

Photocatalysis can be used in many elds of application as summarized in Figure 1.5. The main
advantages connected to this this advanced oxidation process are:

" the catalysts are usually non-toxic and reusable;

" the reaction byproducts can reach simply Gd HO in case of complete mineraliza-
tion;
" the degradation of dyes is hon-selective, meaning that various pollutants can be degraded

simultaneously;

~ the activation mechanism is based on light (visible or UV) irradiation which is considered
as a renewable source [17].

Overall, it is a versatile and clean process aimed at reducing water pollution and it is accessible
through many dierent materials. In the context of this work, titanium dioxide is furtherly
investigated for its role as a photocatalytic material.
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Figure 1.5: Fields of application of photocatalysis [18].

1.4. Titianium dioxide

Titanium belongs to the IVA group of elements and is widely distributed in the Earth's crust, it
Is in fact the ninth most abundant. Its average concentration in the crust of the planet is 4400
mg/kg (ca. 0.6% by weight) [19, 20]. Due to its high aity to oxygen, Ti does not exist in

the pure metallic state in nature, in fact it is mostly found inH#isoxidation state; also the3

and+?2 states exist even though they are far less common. Moreoveaid Tf* compounds

are readily oxidized to the tetravalent state by air, water, and other oxidizing agents [19]. TiO
is the natural occuring oxide form of Ti and it also known as Titanium (IV) oxide, titania or Ti
white [21].

1.4.1. Crystalline structure

Titanium dioxide can exhibit three derent polymorph structures: rutile, anatase, and brookite.

In nature, the only stable occuring one is rutile. On the other hand, anatase and brookite are
metastable and, in particular, the latter is rarely researched due to its synthesis being fairly
di cult to perform [20]. In all the three forms titanium ¢T) atoms are coordinated to six
oxygen (G ) atoms to form an octahedral structure (FJQFigure 1.6).
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Figure 1.6: Crystal structures of Ti@nhree polymorphs: (a) rutile; (b) anatase; (c) brookite
[22].

Rutile and anatase show a tetragonal geomatry while brookite exhibit an orthorombic one. More
in details, rutile consists in a slightly distorted EiGctahedron while anatase structure is made

by highly distorted octahedral units. Moreover, each octahedral unit of the rutile structure is
surrounded by ten close octahedrons; instead, anatase units are in contact with eight neighbour
octahedrons. For these two polymorphs there are alsereinces in the Ti-Ti and Ti-O bonds
length. For anatase the rst one is longer than rutile one, while the latter is instead shorter for
anatase with respect to rutile (Table 1.1). This discrepancy is re ected in these polymorphs
having distinct mass densities; indeed, anatase and also brookite are the less dense structures.
Their metastable nature causes them to convert to rutile phase and ¢isi® enhanced and

sped up by thermal treatments at temperatures between 400°C and 1200°C, depending on pa-
rameters such as Tgsynthesis method and heat ow conditions [23, 24]. In particular, the
anatase to rutile conversion is reconstructive and irreversible since it involves the breaking and
reforming of the material bonds. The TiPhase is the main factor in uencing the material nal
properties, hence, researching the various aspects of polymorph-to-polymorph transitions is of
fundamental importance [24]. Among the drent forms of titanium dioxide, anatase and rutile
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are the most used in various elds of application while brookite, given its large cell volume and
synthesis complexity, is barely present in research literature [23, 24].

Table 1.1: TiQ polymorphs main properties [20, 23].

Property Rutile Anatase Brookite
Refractive index 2.72 2.52 2.63
Dielectric constant 114 31 -
Crystal lattice Tetragonal| Tetragonall Orthorhombic
a=9184

: a=b=4593 | a=b=3784
Lattice constant (A) b=5447
c=2959 c=9515

c=5145
Molecule per cell 2 4 8
Volume (A3) 62.07 136.25 257.38
Density (gcmq) 4.13 3.79 3.99

1.4.2. Electronic properties

Titanium dioxide is classi ed as a wide bandgap semiconductor with values that change de-
pending on the speci ¢ crystalline phase: 3.02 for rutile, 3.2 for anatase and 2.96 for brookite.
TiO; is also a n-type semiconducting material due to oxygen vacancies being the most prevalent
defect inside its crystalline structure (Figure 1.7).

Figure 1.7: Oxygen vacancies (coloured in magenta) present inside the crystal lattice.of TiO
Ti atoms are coloured in blue and O atoms are coloured in yellow [25].
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In general, the electronic behaviour is deeply connected to the crystal structure and the material
composition. Structural defects are inevitably present in every polycrystalline material. Point
defects occur when atoms are missing from their constituent position in the lattice (vacancies)
or when external atoms occupy the empty space in between atomic sites (interstitials). These
defects contribute to the electrical properties of the material in two ways: providing ionization
to it or producing an ionic current in response to the application of an external electric eld.
Oxygen vacancies occur when oxygen atoms are missing from thecfy&tal lattice, leaving
behind an electron that can contribute to the electronic properties of the material. These elec-
trons act as shallow donor states, introducing additional electrons into the conduction band of
the TiO, material and increasing its electrical conductivity [23, 25]. The n-type nature of tita-
nium dioxide means that the majority carrier is the negatively charged electron. WheisTiO
illuminated with light that has sucient energy to generate electron-hole pairs, these electrons
can be excited from the valence band to the conduction band, increasing the number of free
electrons available to participate in electrical conduction [23, 25]. This last concept is also key
to the photocatalytic properties of titanium dioxide and will be discussed more in details in the
next sub-section.

1.4.3. Photocatalytic properties

Titanium dioxide photocatalytic capabilities became an increasingly researched topic after the
discovery made by Fujima and Honda in 1972 about the possibility of splitting water into oxy-
gen and hydrogen using Ti&emiconductor materials in a photo-electrochemical cell [13].
The semiconducting nature of titanium dioxide allows it to interact and absorb light radiation
possessing sucient energy (or wavelength) to create reactive oxidizing species (ROS) able to
cause the photocatalytic degradation of pollutants. As seen before, the light energy must be
enough to match the material bandgap; in the case of & in particular anatase, UV radi-
ation (390 nm) is needed to match the gap of 3.2 eV. The absorption of a photon is able to
excite an electron to the conduction bangdg(g leaving behind a positive hole in the valence
band (kg*); this can be written in the compact form of Equation (1.10) [13].

TiO+h!  eg+hyg (1.10)

The photo-generated charge carriers can either be trapped*an@i G in the lattice of the
material or recombine with a consequent energy dissipation (Equation (1.2)), the latter repre-
senting the main limiting factor in semiconductor photocatalysis [13, 14]. The subsequent steps
were already reported in 1.3.1. In Figure 1.8 the photocatalytic reactions are visually summa-
rized.
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Figure 1.8: Schematic representation of the jljg@otocatalytic process [13].

It has to be underlined that the charge carriers dynamics, hence the photocatalytic activity of ti-
tanium dioxide, is strongly related to the crystalline structure. Indeed, it has been demonstrated
that the anatase phase shows an higher photoactivity compared to the rutile phase. This is be-
cause the overall reaction €iency is determined by the rate of the oxidation reaction (which
depends on the amount of photo-generated charge carriers) and the rate of the electron-hole
recombination. These are strongly related to the carriers dynamics which is inherently in u-
enced by the potential barrier present in the subsurface region of the photocatalyst, in the so
called space charge layer (SCL). This barrier is responsible for the ba@d structure bend-

ing. Its e ectis negligible for systems (Tiarticles) with dimensions lower than 10 nm while

it becomes fundamental for systems with sizes bigger than 20 nm. The band bending is higher
in the case of anatase resulting in an higher relaxation time for the charge carriers (due to the
surface hole trapping); on the other hand, rutile surface band bending is lower, leading to a
quicker bulk charge recombination. This drence in the lifetime of the photo-generated car-
riers is maintained also at the smaller nanoscale showing the intrinsic nature of this disparity in
photoactivity between the two polymorphs and highlighting the fundamental role of the TiO
surface defects [26]. The photocatalytic performance of titanium dioxide is in uenced by many
factors including the more intrinsic one mentioned above, but also:

N

particle size and structure, which in uence the amount of adsorbate, hence the rate of
reaction;

surface area, which again determines the size of the exposed area useful for the reaction;

concentration of the pollutant solution: higher initial concentrations usually lead to slower
reaction kinetics while keeping a xed amount of catalyst;
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" pH: the acidic or alkaline nature of the solution can in uence the surface charge gf TiO
resulting in di erent adsorpion eciency;

" reaction temperature, which is strictly connected to the reaction rate;
" light intensity and irradiation time [2].

Overall, titanium dioxide is an advantageous material to be used as a photocatalyst due to a
good trade-o between the eciency of the reaction, the stability of the material, and the low
cost [2, 27].

1.4.4. Titanium dioxide applications

Titanium dioxide, due to its versatility, is widely employed in manyetient applications. Ti®

is commonly used as a white pigment, able to produce excellent opacity and brightness while
being also very stable to the UV and solar radiation. These characteristics make it suitable for
industrial sectors like:

~ paints and coatings;

" plastics, where the light stability improves the weathering resistance of the products;
" textiles;

~ ceramics;

~ cosmetics, in particular in sunscreen, again, for its UV-blocking properties [28, 29].

Titanium dioxide is used also as a ller element in adhesives and paper production. However,
the interest shown towards this material in advanced scienti ¢ and industrial applications fo-
cuses on its nanometric form. TiManoparticles and thin Ims are widely employed in the

eld of catalysis and most importantly photocatalysis. Titanium dioxide is very important in
the chemical sector as a catalyst for the water splitting reaction. Its photocatalytic properties,
previously mentioned in this work, make it a suitable material for a plethora of applications,
some of them are shown in Table 1.2 [28].
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Table 1.2: The main applications exploiting BTiPhotocatalytic properties [28].

Material for residential and oce buildings Exterior tiles, kitchen and bathroom components, interior furnishings, plastic surfaces, building stones
Self-cleaning Indoor and outdoor lamps and related systems Translucent paper for indoor lamp covers, coatings on uorescent lamps and highway tunnel lamp cover glass
Materials for roads Tunnel wall, soundproofed wall, tasigns and re ectors
Others Tent material, clothes for hospital garments and uniforms and spray coating for cars
Air-cleaning Indoor air cleaners Room air cleaner, photocatalyst-equipped air conditioners and interior air cleaner for factories
Outdoor air puri ers Concrete for highways, roadways or footpaths, tunnel walls, soundproofed walls and building
- X Drinking water Puri cation river water, groundwater, lakes and water storage tanks
Water disinfection
Others Fish feeding tanks, drainage water and industrial wastewater
Antitumor activity Cancer therapy Endoscopic-like instruments
Self-sterilizing Hospital tiles To cover the oor and walls of operating rooms, silicone rubber for medical catheters and hospital garments and uniforms

Other important elds of application of titanium dioxide are dye-sensitized solar cells (DSSCs),
where it is used mostly as an electrodic material, and gas-sensors, where the presence of oxygen
vacancies in the lattice structure has a key role [11].

Nanometric TiQ is surely central for the aim of this work, in particular for its photocatalytic
applications. The advantages connected to this material in terms of anti-pollution, non-toxicity
and sustainability are very promising. For these reasons, cleaner amneng synthesis routes
have been researched and will be discussed in details further in this thesis.

1.5. Sol-gel method

The sol-gel method is a versatile wet chemical technique used to make several types of or-
ganic or inorganic polymers and ceramic materials [30]. A typical sol-gel process involves the
formation of a colloidal suspension (a sol) through the subsequent reactions of hydrolysis and
polymerization of a precursor which is typically an inorganic metal salt or a metal-organic com-
pound, like a metal alkoxide (in this case the bulk sol-gel process is referred as "the alkoxide
route"). After complete polymerization, an integrated network is formed and it takes the name
of "gel". The sol is de ned as a dispersion of one phase into another, where 1-1000 nm sized
particles are dispersed in a wet medium [11, 23, 30]. On the other hand, the gel is a sponge-like
solid whose pores are lled with the liquid phase [23]. This technique is particularly popular
due to the several advantages iteos:

it allows the production of high purity and homogeneity materials;
it does not require high temperatures and pressures to be performed,;

it allows for complex shapes and geometries to be easily and homogeneously coated;
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" itenables a good control of the reaction and deposition parameters such as the microstruc-
ture of the nal coating or the ease in adding doping elements [11, 23].

In the following, a more detailed description of the metal alkoxide route will be presented,
highlighting the reactions involve and the steps to reach the nanostructured product.

1.5.1. The metal alkoxide route

The metal alkoxide process involves several reactions and steps, which are explained in detalil
below:

1. Hydrolysis reaction: the rst step in the metal alkoxide process is the hydrolysis of metal
alkoxides. These are soluble compounds which are formed by the reaction of a metal
oxide with an alcohol. The general formula for a metal alkoxide is M{@Rhere M
is the metal, R is the alkyl group (B...1), and n is the number of alkoxide groups.
The hydrolysis reaction involves the reaction of the metal alkoxide with water or with an
OH-bearing organic solvent to form a metal hydroxide and an alcohol (Equation (1.11))
[11, 30, 31].

M(OR), + H,Q MOH + ,ROH (1.11)

The hydrolysis step is usually carried out in the presence of an acid or a base catalyst to
increase the rate of reaction;

2. Condensation reaction: the second step is the condensation of metal hydroxides to form
a sol. The metal hydroxides formed in the hydrolysis reaction are unstable and tend to
condense to form metal oxide oligomers. The condensation reaction involves the reaction
of the previously formed metal hydroxides with each other or with the former alkoxides
to form M-O-M bonds (Equations (1.12) and (1.13)) [11, 30, 31].

M(OH),+ M(OH)}] M O M+ ,ROH (alcohol condensation (1.12)

M(OH),+ MORY M O M+ H,O (water condensation (1.13)

The produced metal oxide oligomers are the fundamental building blocks of the porous
interconnected network. While the condensation reaction proceeds, the gel starts forming
and the overall viscosity of the solution increases [11, 31]. The nal product of the rst
two reactions is strongly in uenced by several factors such as: reactivity of the metal
alkoxide, temperature and pH of the reaction medium, amount of water or HO-bearing



16 1| Introduction

species present in the reaction, and presence of additives [11];

3. Ageing: the sol is then aged to form a gel. This process allows the metal oxide oligomers
to continue to condense and cross-link to form a more compact and less porous three-
dimensional network structure. The ageing process is usually carried out at room temper-
ature and can take several days, depending on the type of metal alkoxide and the solvent
used [31];

4. Drying: the gel is then dried to remove the solvent and any unreacted reagergseiidi
drying methods can be used, including atmosplitecmal drying, supercritical drying,
and freeze-drying, each of which has drent e ects on the gel network structure. High-
temperature heating of the porous gel leads to densi cation, resulting in the removal
of pores and the production of a xerogel. However, the xerogel has a relatively low
surface area and pore volume, and the gel may experience high shrinkage. In contrast,
supercritical drying produces aerogels that have a high pore volume and surface area, and
the original gel network remains mostly intact. The third drying method involves freezing
the solvents to form a cryogel, which experiences relatively lower shrinkage than xerogel
[31-33];

5. Calcination: the dried gel is then calcined at a high temperature to form the nal ceramic
nanoparticles. Calcination involves the removal of any remaining organic material and the
transformation of the metal oxide oligomers to form the crystalline ceramic nanoparticles.
The calcination temperature and time depend on the type of ceramic and the desired
particle size and morphology [11, 31].

The di erent reaction steps involved in the sol-gel process are summarized in Figure 1.9.

Figure 1.9: Steps of the sol-gel method for the preparation of metal oxide nanoparticles [31].
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Moreover, the versatility of the sol-gel method allows for a wide variety of nal products, made
by tailoring the reaction and deposition paths after the sol formation. Some examples are:

~ dip- or spray-coated substrates which are then calcined to obtain dense Ims;
" precipitation to obtain ultra- ne particles arrays;
"~ spin-coated ceramic bers [11, 30, 34].

These last examples are visually grouped and summarized in Figure 1.10.

Figure 1.10: Scheme of the possible sol-gel process routes and steps to tailor the nal
product's morphology [11].

The dip-coating deposition technique will be subject of further discussion later in this work due
to its central role in samples preparation. Now the main components of a sol-gel reaction will
be presented more in detail.

1.5.2. Precursors

Due to the widespread use of the alkoxide sol-gel method, the most important precursors are
metal alkoxides. Their main characteristic is the high reactivity of the M-O-R (where M is the
metal and R is the alkyl group8..+1) towards OH-bearing solvents, most importantly water,

to readily produce the metal hydroxide molecule alongside with an alcohol, as it was reported
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previously [11, 35, 36]. There are, however, more features that make these compounds suitable
for the sol-gel preparation of nanoparticles. The most relevant aspects are:

~ the ionic character of the M-O bond: the metal element in uences the electronegativity

di erence of the bond, which is then re ected in variations in reactivity and solubility.
The polar character of the metal-oxygen and oxygen-carbon bonds is what determines
the high reactivity towards the hydrolysis reaction;

the e ect of the alkyl chain, which again determines the reactivity of the bond. In par-
ticular, the R group can modify the polarity of the O-R bond through the donation or
subtraction of electronic charges;

the nature and dimension of the alkyl substituent: the dimension of the R group is directly
connected to its steric hindrance, and thigets the level of alkoxide-oligomerization. In
general, higher bulkiness and branching of the akyl chain lead to a decrease in the degree
of association of the alkoxide molecules. This is directly re ected in variations regarding
the sol-gel process, &cting the molecular-level homogeneity of the system;

the nature and size of the metal atom: alongside with the last point, also the dimension
of the M atom a ects the degree of alkoxide oligomerization. In particular, bigger atoms
have stronger tendency in increasing the coordination number, hence, the degree of asso-
ciation increases [35]

Alongside with these chemical characteristics, also some physical properties of metal alkoxides
are fundamental for their central role in sol-gel technology. Examples of these are:

A

solubility: metal alkoxides are soluble in many organic solvents, such as ethanol and iso-
propanol. This makes them easy to dissolve and allows for easy handling and processing
in the sol-gel technique;

low molecular weight (depending on the R chain length): metal alkoxides have a rela-
tively low molecular weight, making them easy to handle and react in the sol-gel process.
The low molecular weight also allows for the formation of nanopatrticles with controlled
properties, such as particle size and shape;

volatility: this is strictly connected to the last point. The high volatility in metal alkoxides

is signi cant because it facilitates the production of pure precursors through distillation.
Nonetheless, this property should be considered during the sol-gel synthesis to prevent
undesirable alterations in composition in multi-component solutions.

stability: metal alkoxides are stable under certain conditions, such as dry and air-free
conditions. This characteristic makes them suitable for long-term storage [35, 36].
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Metal alkoxides are also very versatile from the production point of view, as they can be synthe-
sized from various metals and various types of alcohols, leading to a wide range of compounds
with di erent properties.

Sol-gel preparations utilize not only alkoxides as precursors, but also inorganic and organic
salts. The introduction of certain oxides in multi-component systems is achieved through the
use of these salts, especially in cases where the use of alkoxides may not be feasible or required.
The utilization of these alternatives to alkoxides entails a distinct chemistry that presents sev-
eral challenges, including the elimination of anions from the system. Overall, this may lead
to various di erences in the chemical and physical properties, as well as the structure and mi-
crostructure of the nal products. The most used inorganic salts are:

N

nitrates: they are mainly used to introduce elements from the | and Il groups into the
sol-gel. They are used in alternative to the corresponding alkoxides due to them having
lower solubility in their parent alcohol. Nitrates can however lead to issues regarding the
crystallization of the gel during the drying step [35];

" chlorides: also chlorides are used instead of the corresponding alkoxides to overcome
solubility issues. They are also cheaper but they require acidic environments (with the
addition of peptizing agents such agR{y) to allow the formation of a sol-gel due to
high gelation rates in basic solutions [35].

On the other hand, the most relevant organic salts are:

" carboxylates: the chemical properties of carboxylate salts can enhance the hydrolysis
reaction, leading to the formation of hydroxides and free acid. Additionally, the range
of bonding modes between -CO@nd metal ions, such as ionic, bridging, and chelate
bonds, can be advantageous in achieving homogeneous gels in multi-component systems.
Moreover, acetates of the | and 1l groups metals are favorable precursors due to their water
solubility, low volatility, and facile puri cation by crystallization from solutions. Addi-
tionally, they undergo thermal decomposition between 150 to 450°C to produce oxides
[35];

" acetylacetonates: the main advantage connected to these complex precursors is the high
thermal and kinetic stability [35].

1.5.3. Peptizing or chelating agents

In sol-gel chemistry, peptization is the process responsible for the dispersion of agglomerated
particles to form a stable colloidal suspension by adding a controlled amount of electrolyte
which takes the name of peptizing agent (or chelating agent). Upon addition to the sol, the
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peptizing agent undergoes dissociation into its constituent ions which subsequently adsorb onto
the surface of the particles, forming a layer that induces repulsive forces among them. The
thickness of this layer is determined by the concentration of peptizing agent and the duration
of the peptization process. As the adsorbed layer thickens, the distance between the particles
increases, leading to the creation of larger pores [37, 38]. Common peptizing agents used in
sol-gel formulations include acids (such as hydrochloric acid or acetic acid), bases (such as
ammonia or sodium hydroxide), surfactants (such as cetyltrimethylammonium bromide), poly-
mers (such as polyethylene glycol or polyvinyl alcohol), and, to some extent, organic solvents
[39]. Articles in literature report the bene cial @ct of peptization in titanium dioxide sol-gels
comparing it with the unpeptized ones. In the case of acid chelating agénitmdiare readily
adsorbed onto the surface of TiQarticles; due to them having the same surface charge, they
are repelled through the so called "double-layer repulsicc¥, leading at the end to a sta-

ble sol formation with minimum levels of aggregation. On the other hand, unpeptized sol-gels
show strong particles agglomeration in non-uniform clusters [40]. Surfactants and their role in
the sol-gel chemistry will be discussed more in detail later in this work due to their importance
in the sol-gel synthesis optimization.

1.5.4. Templating agents

Templating agents are organic or inorganic molecules that are used to control the size, shape,
and texture of the resulting materials during the sol-gel process. The main usage of such agents
Is for the production of mesoporous structures because they are able to create a supporting
structure for the nanoparticles and leave controlled porosity after their removal [23, 41, 42].
Templating agents are mainly classi ed into two types:

A

soft templates: they are typically organic molecules that are incorporated into the sol-gel
precursor solution, where they assemble into micelles or other structures that guide the
growth of the sol-gel material. The organic template is subsequently removed from the
nal material by heating or washing. The advantages of using soft templates include their
ability to create materials with moderately controlled morphologies and pore structures,
as well as their ease of removal from the nal material. However, the main disadvantage is
that they can be dicult to control, and the resulting materials may have a higher degree of
disorder compared to those synthesized using hard templates. Examples of soft templates
are amphiphilic molecules like surfactants (ionic or non-ionic), block copolymers, and
other organic molecules [23, 41, 42];

hard templates: these are usually pre-formed solid particles that are used as molds for the
synthesis of sol-gel materials. The shape and size of the template determine the morphol-
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ogy and size of the sol-gel material that is formed around it. The template is subsequently
removed from the nal material by chemical (extraction techniques, dissolution) or phys-
ical (annealing) means, leaving behind the desired morphology. The advantages of using
hard templates include the ability to create highly ordered and controlled morphologies,
as well as the ability to synthesize nanocomposite materials. However, the main disad-
vantage is that they can be dtult to remove from the nal material, which can result in
residual impurities or defects. Examples of hard templates are: pre-formed nanopatrticles,
nanocrystalline cellulose, and other porous solids [23, 41, 43, 44].

In Figure 1.11 the two routes of soft- and hard-templating to obtain mesoporous titanium diox-
ide via the sol-gel technology are visually summarized and can be extended to other metal
oxides preparation.

Figure 1.11: Scheme of the soft and hard template-assisted synthesis aohttblled
mesoporous strcutures [41].

As previously said, surfactants and also nanocellulose (and their employment in sol-gel formu-
lation) will be analyzed more in depth in subsequent sections due to their central role in this
research work.

1.5.5. Parameters in uencing sol-gel formulations

The features of a sol-gel formulation are strongly dependent on several parameters that will
be reported below, which determine the structure of the synthesized nanoparticles, hence the
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properties of the nal product coated with the solution.

" Precursor type: the nature of the precursor in uences the solubility in the liquid solvent
and the reactivity towards the reactions of hydrolysis and condensation, ultimagsdi a
ing the size, morphology, and chemical composition of the nal particles. As seen before,
the precursor is typically a metal alkoxide, which is a compound containing a metal ion
bonded to an organic group. The length of the alkyl chain and the nature of the func-
tional groups that may be present in these compounds hae@son both the solution
and the nal deposited Ims, in particular on properties like durability and protectiveness
[45]. Di erent metal alkoxides can be used to prepare nanoparticles efedit metals
or metal oxides. For example, titanium tetraisopropoxide (TTIP) is a common precursor
for the synthesis of titanium dioxide nanopatrticles, while tetraethylorthosilicate (TEOS)
is a common precursor for the synthesis of silica nanoparticles [11, 45];

Solvent: the solvent, which represents most of the liquid phase of a sol-gel formulation,
can a ect the solubility of the precursor, the rate of hydrolysis and condensation, and the
nal size and morphology of the nanoparticles. Common solvents used in sol-gel synthe-
sis include ethanol, methanol, and water. Water is often used as a co-solvent to increase
the hydrolysis rate of the precursor, while ethanol or methanol can be used to control
the rate of condensation and prevent agglomeration of the nanoparticles. Moreover, the
volatility of this component is also an important aspect since it cacathe nal de-
posited products. In particular, high evaporation rates are traduced in cracked Ims and
they also in uence the particles distribution density [45, 46];

pH: the pH of the sol-gel can in uence the hydrolysis and condensation reactions that
occur during the process. In general, the pH caecathe size, morphology, and proper-
ties of the nal nanopatrticles or thin Ims [45]. For what concerns the former reaction,

it has been demonstrated that it is typically acid-catalyzed and at low pH values (acidic
conditions), the hydrolysis is faster, as the protons in the acidic solution can facilitate the
cleavage of metal-alkoxide bonds. The pH of the solution can alsctahe rate and
extent of condensation, as it can in uence the availability of hydroxyl groups and the sta-
bility of the metal complexes [11, 45]. About thee&ct on particle size and morphology

it has been reported, in the example of Ti@&noparticles, that increasing the pH can lead
to larger particle sizes, as the hydroxyl ions in the basic solution can inhibit the growth of
small particles. Conversely, decreasing the pH can result in smaller particles [47, 48];

Temperature: the temperature at which the sol-gel synthesis is carried out can in uence
the hydrolysis and condensation rates, as well as the crystal structure and morphology of
the resulting nanoparticles. Higher temperatures generally result in faster hydrolysis and
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condensation rates, which can lead to larger particles with more crystalline structures.
However, high temperatures can also cause the nanoparticles to agglomerate or can lead
to strongly gelled solutions [32, 45, 49];

Order of addition of the reagents: the order of addition of the reagents can play a signif-
icant role in determining the properties of the resulting sol-gels. The two main methods
of adding reagents in sol-gel synthesis are normal addition and reverse addition. The
former involves adding the precursor to the solvent (water or other hydrolyzing agent).
This method typically results in a relatively rapid hydrolysis and condensation of metal
alkoxides, leading to a relatively homogeneous sol-gel solution. However, because the
hydrolysis and condensation reactions occur simultaneously, it can bmildito con-

trol the size and distribution of the resulting nanopatrticles. In contrast, reverse addition
involves adding the water or other hydrolyzing agent to the precursor. This method typ-
ically results in a slower, more controlled hydrolysis and condensation of the precursor,
allowing for better control over the size and distribution of the resulting nanoparticles.
Moreover, the order of addition can alsoext the properties of the resulting deposited
thin Ims. In particular, it can aect their homogeneity, as well as the crystal structure
and orientation of the nanoparticles within the Ims [50, 51].

1.6. Surfactants

Surfactants are a class of organic compounds that display amphiphilic behavior. This unique
property is attributed to the presence of both hydrophilic and hydrophobic components, com-
monly referred to as the "polar head" and "non-polar tail", respectively (Figure 1.12(a)). Upon
dissolution of surfactants in solvents, the hydrophobic portion perturbs the solvent structure,
resulting in an increase in the system's free energy. Consequently, the surfactant spontaneously
reorients itself to minimize the contact between the solvent and the hydrophobic group, leading
to a decrease in the system free energy. In the case of apolar solvents, of course, the opposite
situation occurs [11, 52]. Surfactant molecules can also spontaneously organize themselves in
speci cally-shaped structures called micelles, which can be spherical, cylindrical or sheet-like
(Figure 1.12(b)). In the more common case of spherical micelles in a polar solvent, the molec-
ular structure exposes the hydrophilic heads towards the solvent and the hydrophobic groups
towards the inner part [11].
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Figure 1.12: (a) General representation of a surfactant molecule; (b) micellar structures formed

from the self-organization of the surfactant molecules [11].

The classi cation of surfactants is based on their chemical nature, which divides them into two
main categories: ionic and non-ionic.

1.6.1. lonic surfactants

lonic surfactants are compounds that contain a charged hydrophilic group, also known as the
head group, and a hydrophobic tail. These surfactants can be further classi ed into four types:
anionic, cationic, zwitterionic, and amphoteric [11, 52].

N

Anionic: these surfactants have a negatively charged head group, which makes them
soluble in water. The most common types of anionic surfactants are alkyl sulfates (like
sodium dodecyl sulfate), alkylbenzene sulfonates, and alkyl ether sulfates [53];

Cationic: cationic surfactants have a positively charged head group, which makes them
also soluble in water. These surfactants are commonly used as antimicrobial agents and
fabric softeners. Examples of cationic surfactants include alkyl trimethylammonium salts
and alkyl pyridinium salts [53];

Zwitterionic: these surfactants have both a positive and negative charge. They are used
in personal care products such as shampoos, conditioners, and shower gels. Betaine,
sulfobetaine, and amine oxide are common examples of zwitterionic surfactants [53];

Amphoteric: they have both positive and negative charges on their hydrophilic head
groups, but their charge varies with pH. These surfactants are widely used in the pro-
duction of personal care products such as facial cleansers, body washes, and hair condi-
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tioners. Examples of amphoteric surfactants include cocamidopropyl betaine and lauryl
betaine [53].

1.6.2. Non-ionic surfactants

Non-ionic surfactants do not have a charged head group, but they have a polar group such as
hydroxyl, ether, or amide, and a hydrophobic tail. Moreover, they do not bear any sulphur
or nitrogen group. The most common categories of non-ionic surfactants are: variations of
polyethylene ethoxylates, such as polyethylene glycol (PEG), and alkyl polyglucosides (APGS)
(Figure 1.13) [11, 53].

Figure 1.13: Typical structures of common non-ionic surfactants: a) polyethylene ethoxylate,
b) alkyl polyglucoside. (Ralkyl chain, DR-degree of polymerization) [11, 54].

1.6.3. Surfactants application in sol-gel chemistry

Surfactants are widely used in the preparation of sol-gel formulations due to their ability to
act as spacers for the synthesized patrticles, leading towards more homogeneous solutions. In
general, surfactants are added to the sol-gel formulation to control the particle size, morphology,
and stability of the resulting nanopatrticles [55, 56]. As seen in previous sections, surfactants can
act both as peptizing and templating agents. In the former case, they can adsorb onto the surface
of the growing nanoparticles, forming a protective layer that prevents aggregation and stabilizes
them. The surfactant layer can also control the growth and morphology of the nanopatrticles by
selectively binding to certain facets and in uencing the direction of crystal growth. In addition,
surfactants can in uence the surface charge and surface area of the nanopatrticles, which can
in turn a ect their reactivity, adsorption, and dispersibility. They can also act as pore-directing
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agents due to their amphiphilic nature and ability to form micellar structures [11]. The latter are
exploited to either create templates for the production of highly porous materials with controlled
pore size or to better control the hydrolysis and condensation reactions due to the fact that water
is less available inside the micellar structures [11, 57]. lonic surfactants have been shown to be
less e ective for the production of porous oxides (especially for thin Ims applications) due to
the electrostatic-induced binding between them and the particles that makes it hard to remove
the template with extraction methods or heat treatments [11, 58].

List of commonly used surfactants

In this brief subsection a list of the most important surfactants used in sol-gel chemistry is
presented. All the information is collected in Table 1.3.

Table 1.3: List of the most used surfactants in sol-gel formulations.

Surfactant Chemical structure Type Reference
CTAB cetyltrimethylammonium bromide cationic [59]
SDS sodium dodecyl sulfate anionic [59]
PEG polyethylene glycol non-ionic [60]
Tweer® 20 polyoxyethylene sorbitan monolaurate non-ionic [11]
Triton ™ X-100 polyethylene glycol tert-octylphenyl ether | non-ionic [11]
PVP polyvinylpyrrolidone non-ionic [59]
Brij® 35, 58 polyoxyethylene lauryl ether (di-block copolymerhon-ionic [56]
Lutensol® alkyl polyethylene glycol ether non-ionic [61]
ON70

P-123 pluronic triblock copolymer non-ionic [62]
DTAB dodecyltrimethylammonium bromide cationic [63]

1.7. Nanocellulose

In this section, nanostructured cellulose alongside its applications in sol-gel technology will be
discussed. Prior to that, a brief introduction on cellulose and, in particular, its crystalline form
will be presented.
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1.7.1. Cellulose

Cellulose is a biopolymer that is found in plant cell walls and is one of the most abundant and
renewable resources on the planet. It is a complex carbohydrate that is composed of repeating
units of glucose molecules linked together in a linear chain. Cellulose is a vital material for
many industries, including the paper and pulp industry, the textile industry, and the biofuels
industry. It is also an important material for engineering applications, including as a reinforce-
ment material in composites [64, 65].

The structure of cellulose is composed of linear chains of glucose molecules linked together by
highly directional -1,4 glucosidic bonds (Figure 1.14) [64, 66]. The glucose molecules are ori-
ented in such a way that they form an elementary micro- bril structure with strong intermolec-
ular and intramolecular hydrogen bonds between hydroxyl groups and oxygens od adjacent
chains and within the same bril respectively. These brils contain both highly ordered (crys-
talline) regions and disordered (amorphous-like) regions within their structure. The strength of
the hydrogen bonds between the glucose chains gives cellulose its high strength aesissti

[64, 65]. Crystalline cellulose is present in several polymorphs (I, II, Ill, 1V), among which
cellulose | is the most important since it is the natural occurring structure, present for example
in wood, cotton, and plants [64].

Figure 1.14: Chemical structure of the cellulose repeating unit; in the picture the directionality
of the -1,4 glucosidic bond and the intramolecular hydrogen bonds (dashed line) are
highlighted [64].

1.7.2. Nanostructured cellulose production methods and properties

Crystalline cellulose can be extracted from several sources such as wood, plants, algae, tuni-
cates or biomasses from agricultural waste through chemical treatments that separate it from
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