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“Only those who dare to fail greatly can ever achieve greatly.”
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Abstract (ENG)

Two extremes in a current world are present: the deficiency of drinking water in
underdeveloped countries and the growing amount of emerging pollutants in highly
industrialized areas. Two opposite scenarios but the solution could be unique:
nanotechnologies for water purification. If on the one hand the aim is to make drinkable
water contaminated mainly by bacteria, organic substances and dyes, on the other hand
the industrialization and the advancement of technology have introduced hormones,
microbes and viruses, pharmaceutical products, detergents and microplastics on the list

of wastewater contaminants.

Emerging pollutants are not removed by current waste water treatment common to most
urban waste water treatment plants, therefore there is a need to investigate new
technologies, such as nanotechnologies, capable to remove potentially toxic

contaminants from water.
This thesis proposes four main solutions, as key points of innovation.

Development of nano — photocatalysts used in AOPs for removing (bio-) organic

pollutants. (Chapter 1).
Four different nano-photocatalysts have been developed and characterized:
1. Commercial titanium dioxide nanosol (TAC);
2. Thermally synthesized carbon nitride powder (g-C3Na);
3. Heterocoagulated titanium dioxide nanosol with silica dioxide (Ti0;:Si0,);

4. Titanium dioxide powder supported on graphene oxide, obtained with sonochemical

method (TGO).

The structural, colloidal and optoelectronic properties were measured, and correlated to
the functional ones, using the Rhodamine B dye as an organic pollutant model and UV
lamp or solar simulator as an irradiation source. The functional performance was coupled
by cost and environmental sustainability profiles evaluated with Life Cycle Assessment

and Life Cycle Costing models, applied to the materials use phase. The union of the three



aspects made it possible to identify decision-making intervals relating to the variables:
type of material, source and time of irradiation, which guaranteed maximum functionality,
while keeping costs and environmental impact to a minimum. The study showed that the
TAC material and the composite formulated by it (TiO,:SiO,) guarantee greater decision
areas, favouring their use, compared to other materials, which suffer from the high
consumption of energy necessary for preparation (TGO) or of the lowest photocatalytic

efficiency (g-CsNa).
Semi-pilot plant study for the photodegradation of water pollutants. (Chapter 2).

In response to the need to transfer knowledge and technologies developed on a
laboratory scale to a scale of industrial interest, the nano-photocatalysts were
immobilized on fabric supports and inserted as active matrices in a pre-pilot plant capable
to treat approximately 6L of recirculated water continuously. From a multi-variable
optimization (type of irradiation, working temperature, type of fabric, type of coating),
based on the functionality of the nano-photocatalysts, the application of a Ti02:Si0;

coating on cotton at a working temperature of 25 °C, emerged as a winning strategy.

Experimental evaluation of the reactivity of nano-photocatalysts and assessment of

their potential (eco-) toxicity. (Chapter 3).

In response to the increasingly felt need to have fast and simple methods available to
evaluate the indicators, associated with the surface reactivity of nanomaterials, predictive
of their functional and biological reactivity, experimental models have been developed
and investigated for the evaluation of the oxidative power of nano-photocatalysts,
mediated by the production of reactive oxygen species (ROS). The consumption of the two
redox pairs GHS / GSSG and Cysteine / Cystine, at the forefront of cellular defence from
oxidizing agents, as well as the «OH mediated oxidation of p-nitroaniline (RNO) was
evaluated. It was found that the material that most requires chemicals in its synthesis,
TGO, has a high oxidative power while the coupling of SiO; with TiO; allows to increase
the photocatalytic efficiency, in spite of a decreased ROS production, thus doing of the
TiO,:SiO, material an excellent candidate in terms of Safe and sustainable by design
(SSbD). As a predictive tool, a computational model based on machine learning was also

used, which identifies the characteristics of the nanoparticles and the exposure conditions
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and correlates them with the consumption of antioxidants and the generation of ROS,
providing indications on which parameters are most they influence the oxidizing power,

with a view to optimizing the nano-photocatalyst, according to the SSbD approach.

Identification and characterization of new class of pollutants: micro — nano plastics

(MNPs). (Chapter 4).

In response to the growing interest in managing an emerging class of pollutants, namely
micro-nano plastics and evaluating the impact that may derive from exposure to both
humans and the environment, some major plastics have been characterized (PE, PS and
PET) and studied the methods of dispersion in environmental matrices, exploiting
approaches and protocols developed from the study of nanoparticles. Thanks to the
participation in the European project PlasticsFate (Plastic fate and effects in the human
body - GA: 965367), we had access to a repository of representative MNPs, different by
type of polymer, origin, size and use scenarios. The study showed that by simply
measuring the zeta potential and the isoelectric point, it is possible to identify whether
synthetic additives are present and how they influence the state of dispersion. In response
to the need to optimize dispersion protocols, two dispersants of different nature were
tested to ensure reproducibility of the physico - chemical and biological characterizations:
Bovine Serum Albumin (BSA) and Sodium Surfactin. In particular, the latter will be
analysed for its biocompatibility and considered by the project as a valid alternative to the
use of BSA (dispersant of choice for nanoparticle dispersion protocols in the nano-safety

field), since it has a very high degree of efficiency.

Abstract (ITA)

La carenza di acqua potabile nei paesi sotto sviluppati e la crescente quantita di inquinanti
emergenti nelle zone fortemente industrializzate rappresentano due criticita estreme
dell’attuale quadro globale. Se da una parte I'esigenza & quella di rendere potabile I'acqua
contaminata principalmente da batteri, sostanze organiche e coloranti, dall’altra parte
I'industrializzazione e I'avanzare della tecnologia hanno introdotto nuove categorie di
inquinanti come ormoni, microbi e virus, prodotti farmaceutici, detergenti e

microplastiche nella lista di contaminanti delle acque reflue.
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Gli inquinanti emergenti non vengono rimossi dalle attuali tecniche di purificazione delle
acque comuni alla maggior parte degli impianti urbani di purificazione, da cui la necessita
di indagare nuove tecnologie, come le nanotecnologie, in grado di sottrarre all’acqua
contaminanti potenzialmente tossici.

Questa tesi propone quattro soluzioni principali, come punti chiave di innovazione.

Sviluppo di nano-fotocatalizzatori utilizzati in trattamenti AOP per rimuovere

inquinanti (bio-) organici. (Capitolo 1).

Sono stati sviluppati e caratterizzati quattro diversi nano-fotocatalizzatori:

1. nanosol di biossido di titanio (TAC) di origine commerciale;

2. polvere di nitruro di carbonio sintetizzato termicamente (g-CsNa);

3. nanosol di biossido di titanio etero-coagulato con biossido di silice (TiO2:SiO3);

4. polvere di biossido di titanio supportata su grafene ossido, ottenuta con metodo

sonochimico (TGO).
Le proprieta strutturali, colloidali e optoelettroniche, sono state misurate, e correlate a
quelle funzionali, utilizzando come modello di inquinante organico il colorante Rodamina
B e come fonte di irraggiamento lampada UV o simulatore solare. Alle prestazioni
funzionali sono stati affiancati profili di costo e sostenibilita ambientale valutati con
modelli di Life Cycle Assessment e Life Cycle Costing, applicati alla fase di utilizzo dei
materiali. L'unione dei tre aspetti ha permesso di individuare intervalli decisionali relativi
alle variabili: tipo di materiale, fonte e tempo di irraggiamento, che garantissero la
massima funzionalita, mantenendo costi e impatto ambientale al minimo. Dallo studio &
emerso che il materiale TAC e il composito da esso formulato (Ti02:Si0,) garantiscono
aree di decisione maggiori, favorendo il loro impiego, rispetto agli altri materiali, i quali
soffrono dell’alto consumo di energia necessario alla preparazione (TGO) o della piu bassa

efficienza fotocatalitica (g-CsNa).

Studio di un impianto semi pilota per la foto-degradazione di inquinanti acquatici.

(Capitolo 2).

In risposta alla necessita, oggi primaria, di trasferire conoscenze e tecnologie messe a
punto su scala di laboratorio ad una scala di interessa industriale, i nano-fotocatalizzatori

sono stati immobilizzati su supporti tessili ed inseriti come matrici attive in un impianto
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pre-pilota in grado di trattare in continuo circa 6L di acqua a ricircolo. Da una
ottimizzazione multi-variabile (tipo di irraggiamento, temperatura di lavoro, tipo di
tessuto, tipo di rivestimento), sulla base della funzionalita dei nano-fotocatalizzatori,
emersa come strategia vincente |'applicazione di un rivestimento di TiO2:SiO; su cotone,

ad una temperatura di lavoro di 25 °C.

Valutazione sperimentale della reattivita dei nano-fotocatalizzatori e della loro

potenziale (eco-) tossicita. (Capitolo 3).

In risposta alla necessita sempre piu sentita di avere a disposizione metodi veloci e
semplici per valutare gli indicatori, associati alla reattivita superficiale dei nanomateriali,
predittivi di una loro reattivita funzionale e biologica, sono stati sviluppati e investigati
modelli sperimentali per la valutazione del potere ossidativo dei nano-fotocatalizzatori,
mediato dalla produzione di specie radicaliche ad ossigeno (ROS). E stato valutato il
consumo delle due coppie redox GHS / GSSG e Cisteina / Cistina, in prima linea nella difesa
cellulare da agenti ossidanti, cosi come la ossidazione mediata da *OH della p-nitroanilina
(RNO). Si e evinto che il materiale che maggiormente richiede chimici nella sua sintesi, il
TGO, ha un elevato potere ossidativo mentre I'accoppiamento della SiO, con il TiO;
permette di aumentare I'efficienza fotocatalitica, a dispetto di una diminuita produzione
di ROS, facendo cosi del materiale TiO,:Si0; un ottimo candidato in un’ottica di SSbD.
Come strumento predittivo, & stato anche utilizzato un modello computazionale basato
sul machine learning, che identifica le caratteristiche delle nanoparticelle e le condizioni
di esposizione e le correla con il consumo di antiossidanti e la generazione di ROS,
fornendo indicazioni su quali sono i parametri che maggiormente influenzano il potere
ossidante, in un’ottica di ottimizzazione del nano-fotocatalizzatore, secondo |'approccio

SSbD.

Identificazione e caratterizzazione di una nuova classe di inquinanti: micro-nano

plastiche (MNPs). (Capitolo 4).

In risposta al crescente interesse per gestire una classe emergente di inquinanti, ovvero
le micro-nano plastiche e valutare quale impatto possa derivare dall’esposizione sia
dell’'uomo che dell’ambiente sono state caratterizzate alcune plastiche di maggiore rilievo

(PE, PS e PET) e studiati i metodi di dispersione in matrici ambientali, sfruttando approcci
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e protocolli messi a punto dallo studio delle nanoparticelle. Grazie alla partecipazione al
progetto europeo PlasticsFate EU (Plastic fate and effects in the human body — GA:
965367), abbiamo avuto accesso ad un repository di MNPs rappresentative, differenti per
tipologia di polimero, origine, dimensioni e scenari di utilizzo. Dallo studio € emerso che
attraverso la semplice misura del potenziale zeta e del punto isoelettrico & possibile
individuare se sono presenti additivi di sintesi e come influenzano lo stato di dispersione.
In risposta all’esigenza di ottimizzare i protocolli di dispersione, per garantire
riproducibilita alle caratterizzazioni chimico-fisiche e biologiche sono stati testati due
disperdenti di diversa natura: Bovine Serum Albumin (BSA) e Sodium Surfactin (SS). In
particolare quest’ultimo verra analizzato per la sua biocompatibilita e considerato dal
progetto come valida alternativa all’utilizzo del BSA (disperdente di elezione per i
protocolli di dispersione delle nanoparticelle in ambito nano-safety), poiché presenta un

grado di efficienza molto elevato.
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Chapter 1:

Introduction
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1.1. Concept and objectives

“We ourselves are made of water. Human beings are the way that water has found to go

around even away from rivers.” Anonymous

Clean water is essential for life, and ensuring the availability and sustainable management
of water and sanitation became in 2015 one of the 17 Sustainable Development Goals
(SDGs) which world leaders agreed upon to achieve a better world in 2030[1]. The World
Health Organization (WHO) and the United Nations International Children’s Emergency
Fund (UNICEF) declared that in 2019 one in three people had no access to clean water.
Consequently, 2.2 billion residents are unable to reach clean water, 4.2 billion have not

lavatory and 3 billion cannot wash their hands[2], especially in underdeveloped countries.

On December 14 of 2019 the European (EU) Green Deal was presented to EU Commission.
The aim of the political initiatives set is to achieve climate neutrality by 2050. The
objectives envisaged various sectors of concern such as construction industry, food,
energy, transport, recycling and biodiversity[3]. In the latter field the objective is
environment preservation to ensure seas, oceans and other environments are able to

support humanity. The priorities of Green Deal are:

- Protection of biodiversity and ecosystems

- Air, water and soil pollution reduction, especially from pharmaceuticals and
microplastics pollution, harmful and persistent

- Fostering the circular economy

- Improved waste management

- Ensuring sustainability of the blue economy and the fisheries sectors[4].

Evidently the water quality of aquatic environments is deteriorating and this is attributed
to pollutants such as dyes, metals, persistent organic pollutants (POPs) etc...[5].
Additionally, there are new generation pollutants i.e., Emerging Contaminants (EC),
including Pharmaceuticals and Personal Care Products (PPCPs)[6], antimicrobials, animal

and human hormones[7], micro - nano plastics (MNPs)[8] and detergents. The
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contaminants are derived from different sources, i.e. effluent discharges from wastewater
treatment plants, industrial wastewater, agricultural practices and urban rainwater
runoff. This underscores the growing calls for all stakeholders to accept responsibility and
reduce their environmental impacts in order to ensure future sustainability.
The need for alternatives for the water treatment and pollutant remediation methods to
complement or replace existing technologies is clear[9]. Nanomaterials have the potential
to act like effective adsorbents, filters, disinfectants and reactive agents[10-12].
This great potential comes from the properties of nanomaterials which show:

- high surface area

- absorbent properties

- antibacterial and antiviral properties

- high reactivity

- photosensitive.

In this thesis we took the advantage of nanotechnologies to provide more effective

responses to water challenges. In details:

1. The photocatalysis ability to degrade organic pollutants was investigated as a
green alternative to Advanced Oxidation Processes (AOPs) in wastewater
treatment.

2. In addition to the organic contaminants, the MNPs were also examined.

3. Finally, the challenging objectives of developing models for the prediction of nano-

photocatalysts functionality and their hazardous potential were also addressed.

The vision that inspired this thesis is to support the water challenge
“Improving water quality and ecosystems”, by providing solutions
for the implementation of the Sustainable Development Goal “6”

dedicated to water[13].
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Solution 1 Solution 2

Development of nano-
photocatalysts used in
AOPs for removing (bio-)
organic pollutants.

Semi-pilot plant study for
the photodegradation of
water pollutants.

Solution3 ~ Solution4

Experimental evaluation of
the reactivity of nano-
photocatalystsand
assessment of their (eco-)
toxicity.

Identificationand
characterization of new
class of pollutants:
micro-nano plastics (MNPs)

Figure 1.1. Key points of innovation researched and developed in this thesis.

As seen in Fig. 1.1, this thesis proposes four main solutions as key points of innovation.

1. Development of nano—photocatalysts for sustainable purposes (See chapter 2).

2. Semi — pilot scale up (See chapter 3).

3. For each solution, experimental models for the characterization of physico -
chemical properties and performances attributes were used and optimized (See
chapter 4). Data were exploited to derive information on the safety and
sustainability profiles of the proposed nano—photocatalysts.

4. New class of pollutant (MNPs) are characterized (See chapter 5).

1.2. From vision to action

1.2.1. Solution 1: Development of nano—photocatalysts used in AOPs for removing (bio-)
organic pollutants

Four different nano-photocatalyst (NM) were developed and characterized:

1. commercial source titanium dioxide nanosol (TAC);
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2. thermal synthesised graphitic carbon nitride powder (g-C3Na);

3. heterocoagulated nanosol of titanium dioxide coupled with silica dioxide
(TiO2:Si0,);

4. titanium dioxide-graphene oxide powder obtained by sonochemical method

(TGO).

The aim was to compare the photocatalytic activity of the samples by varying their
chemical composition while applying diverse irradiation sources. In particular we
investigate the reactivity under visible light irradiation, as a more sustainable alternative
to UV, since most of the water remediation plants are already placing natural light

environments that can exploit sun’s rays to activate the photocatalysts[14,15].

e The composite material TiO,:SiO, represents the best strategy in terms of
photocatalytic efficiency normalized for the quantity of active phase present.

e No particular differences were found between the tests conducted under UV light
and the tests conducted under visible light, supporting the fact that few photons
present in the solar spectrum are sufficient to obtain good results of degradation
of pollutants[16].

e The result follows the Safe and Sustainable by Design (SSbD) concept and allow

the usage of less expensive, safer and environmental friendlier techniques.

1.2.2. Solution 2: Semi - pilot plant study for the photodegradation of water pollutants

After testing the four NMs in beaker at the laboratory scale, two of the materials (TAC and
Ti0,:Si0,) were deposited on fabric substrates by dip-pad curing process and integrated
in a semi-pilot 6 litres plant, designed to simulate a system suitable for wastewater
treatment, in real application. The aim of this study was to optimise the design of the

investigated system that per se presents many advantages:

1. immobilisation of nano-photocatalyst to eliminate any type of post-purification
treatment,

2. usage of low weight, low cost supports with great geometries flexibility already
tested for their capacity to form stable and washing resistant coatings with

Ti0,[17],
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3. integrate irradiation system that can be switched between UV and Visible light.
We have found that:

e 100% biodegradable cotton fabric irradiated by visible LEDs is the best solution.

e The very low intensity of UV radiation fabrics activation under visible LED expands
the applicability of the technology to sunlight, since the measured intensity of the
UV radiation component, in the visible LED, is much less than the annual solar
average.

e Results of multivariable optimization study are translated into updated
recommendations for the design and technical application of these efficient and
cost-effective TiO2-based photocatalysts, suitable for the development of a range

of technologies aimed at protecting the environment.

The design options proposed in solutions 1 and 2 were evaluated also in terms of
sustainability and safety profiles. In particular, Life Cycle Assessment (LCA) and Technical
Economic Assessment (TEA) models were applied to assess cost / effectiveness and
environmental impacts, whilst experimental models described in solution 3, provided

indications on material functionality, photo-oxidation mechanism and safety potential.

1.2.3. Solution 3: Experimental evaluation of the reactivity of nano-photocatalysts and
assessment of their (eco-) toxicity

Different experimental models were adapted to the investigated systems at the aim to
predict different performance attributes, such as the capacity to decompose an organic
dye, the capacity to decompose the ¢OH radicals mediated photooxidation and, the

oxidative potential against cell natural antioxidant defences using:

1. rhodamine B dye discoloration under UV or Visible light irradiation, as a model of
organic pollutants degradation (RhB model);

2. p-nitrosodimethylaniline assay, specific for the assessment of eOH radical
reactivity (RNO model);

3. thiol group assay (Ellman reagent) to evaluate the oxidation of Glutathione (GSH)

and Cysteine (Cys) as probes of cell oxidative stress (GSH / Cys model).
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The difference between the found reactivity trends were discussed and
mechanistic hypothesis, extremely useful for implementing a safe-and-
sustainable-design, were formulated.

Part of these results contributed to support the alternative tests for the
assessment of NPs hazard potential and exposure / fate behaviours (participation
to EU project PATROLS — Physiologically Anchored Tools for Realistic Nanomaterial
hazard assessment - GA: 760713 and ASINA - Anticipating Safety Issues at the
Design Stage of Nano Product Development - GA: 862444).

Part of these results contributed provided descriptors to computational models
that correlate physico - chemical properties to hazard and exposure related effects
(participation to EU project NanolnformaTIX - Development and implementation

of a Sustainable Modelling Platform for Nanoinformatics - GA: 814426).

1.2.4. Solution 4: Identification and characterization of new class of pollutants: micro —

nano plastics (MNPs)

Finally, the characterization of micro — nano plastics (MNPs) to support the evaluation of

potential risk to human health and environment was performed.

Thanks to the collaboration and involvement in the PlasticsFate EU project (Plastic
fate and effects in the human body — GA: 965367), we had access to a repository
of representative MNPs, differing for polymer type, source / size and use scenarios
was provided.

Contribution to MNPs basic characterisation, in order to:

- define their physico - chemical identity (morphology, surface chemistry)

- study dispersibility in order to provide a dispersion protocol

- support the characterisation environmental matrices and human compartments

simulant fluids.

With this study it was possible to identify two dispersing media that allow to obtain stable

suspensions of MPs. Furthermore, from the studies conducted in the simulant media, a

change in the colloidal behaviour was noted, in particular it seemed that the MPs covered

themselves with negative charges by shifting their Z-potential / pH and pHi.p. towards

acid pH.
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1.3. Core concept

In this thesis work | set out to develop nanotechnology based safe-and-sustainable-by-
design solutions, as water remediation strategies, by implementing a data-driven
methodology molded on industrial six sigma practice[18,19], whose steps are identified
by the capital letter of the selected model DMADV: Definition, Measure, Analysis, Design
and Verification. | report in the following paragraphs the state of the art and the proposed

solutions advance beyond it, for each step of the addressed methodology.

1.3.1. Definition

Solution 1 proposed in this thesis work aims to develop and test nano-photocatalysts for
water purification with the safe and sustainable by design strategy. This requires a
definition phase to understand the advantages / disadvantages of the most used material
up to now: TiOy; as well as the advantages in the development and use of new materials
that can respond to the limitations of the reference material. The Define phase includes a
series of actions such as the definition of the problem and the identification of

requirements for new materials with the aim of advancing the current state of the art.

The following materials have been chosen for developing the proposed nano-

photocatalysts:

benchmark material: titanium dioxide (TiO>).
- synthesized materials: graphitic carbon nitrides (g-C3sNa).
- composite materials: titanium dioxide — graphene oxide (TGO), titanium dioxide —

silicon dioxide (TiO2 — SiO3).

Titanium Dioxide (TiO>)

Titanium dioxide exists in three different crystal structures (Fig. 1.2): rutile, anatase,
brookite and in the amorphous phase. The brookite consists of an orthorhombic structure,
the other two forms instead have a tetragonal structure containing three distorted
octahedra, specifically the one relating to rutile contains two molecules of TiO; per
primitive cell. The forms that are most widespread in nature are those of rutile and

anatase. The TiOg octahedra represent the basic structural unit in the various polymorphic
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structures, in which the greatest differences between the different morphologies are in
the number of shared octahedra, in particular two in the rutile, three in the brookite and
four in the anatase. Rutile is the most thermodynamically stable form and is the most used
industrially while anatase is metastable. Of the three forms, however, this is the most
active in photocatalysis and therefore the most used technologically (however, both are

still used as photocatalysts)[20].

The synthesis of TiO; occurs mostly hydrothermal in steel pressure vessels called
autoclaves by precipitating a precursor in agueous solution. The control of temperature
and internal pressure are the factors that determine the size of the particles or nanorods.
Another synthesis method is the solvothermal method where the solvent is non-aqueous.
This method allows for better control of particle size and particle size distribution. Then
there is the sol-gel method, a very versatile process used in the ceramic field. In this
method the precursors form a sol by polymerization and hydrolysis thanks to the alkaloid
metals. TiO; nanostructures can also be synthesized by direct oxidation of a titanium
metal using oxidants or under anodization. With this method, TiO, nanorods, planes or
nanotubes are mainly produced. Other methods can be electrodeposition, sonochemical

method or microwave method, all less used methods[21,22].

Anatase §.

Rutile

Brookite

Figure 1.2. TiO; crystal structure.

24



Titanium dioxide has been the most investigated semiconductor material used in
photocatalysis for the purification of water (Fig. 1.3)[23]. TiO2 is a NM with a high chemical
and photochemical stability, declared safe, non-toxic and not subject to photo-
degradation. Moreover, TiO; is widely produced industrially, so it is now a low-cost
material, easy to extract and synthesize. TiO; is a versatile material: rutile form is used in
paints. It can be used as a screen in sun creams, it is used for electrochemistry, as a
capacitor or in solar cells, one field of application is as a colouring agent in food. The
anatase form is mostly used as a photocatalyst due to its high photocatalytic activity, high

specific area, photochemically stability[24].
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Figure 1.3. Publication and citation of TiO, used as photocatalyst in water to remove pollutants. 9234 result from Web
of Science Core Collection for: TiO, photocatalysts water.

The photocatalytic activity of TiO, can be divided into various steps. First, the
photoreduction phase: the TiO; electrons need enough energy to pass to the valence
band. It is known that the band gap of TiO; is 3.2 eV, therefore the energy of the photon
able to excite the e of TiO, corresponds to 380 nm and therefore to UV light[20]. When
the electrons are excited, they pass from the valence band to the conduction band with
formation of holes (h*). The electrons and holes thus generated emerge on the surface of
titania and react with the adsorbed species. The photo-generated electrons react with the
adsorbed oxygen to form hydroxyl radicals (¢OH) and superoxide (O2¢°), highly reactive

and main intermediates of the oxidation of organic pollutants. Then there is the photo-
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oxidation phase, in which the positive gaps previously formed in the conduction band
oxidize the hydroxyl radicals and the adsorbed water molecules. The ¢OH radicals
produced contribute to the process of degradation. Eventually, the organic materials
decompose into carbon dioxide and water (mineralization process)[12-13]. The following

are the main reactions involved in the photodegradation mechanism:
TiOz2 + hv = Ti0;" (e + h*)
H,O + h* > eOH + H*
e +0; 2 0y¢
020" + H* 2 HO,e
H* + Oz + HO* = H,0; + O,
H,0, + hv & 2 «OH

The greatest disadvantages that nanometric TiO, brings with it are partly due to its
intrinsic characteristics such as the band gap that makes it active only under UV light, and
partly due to its nanometric shape. TiO, nanoparticles in agqueous suspension form
aggregates making active sites unavailable that could be involved in photocatalyst
reactions. Furthermore, due to the nanometric size, recovery from the suspension is
difficult. Finally, despite having a large surface area, compared to other materials such as
coal, it does not have a high capacity to absorb pollutants[27]. In the perspective of the
Green Deal and green chemistry, the goal of the scientific committee is to find a method
to obtain the reactivity of TiO; under the irradiation of visible light to efficiently use the
abundant natural resource that is sunlight. A number of strategies can be used such as
adding metallic / non-metallic elements as doping or coupling with other materials. These
strategies allow a reduction of the band gap resulting in the need for an energy closer to

the wavelength of the visible spectrum to excite the electrons of the semiconductor[28].

Graphitic carbon nitrides (g-C3Na)

g-C3N4 is a light-yellow compound belonging to the carbon nitride family. It has an angular
planar phase similar to graphite, with one difference: that it has nitrogen bonds

coordinated at three and at two and each carbon atom is bonded with three nitrogen
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atoms. This material exhibits good chemical stability, low cost preparation and specificity
in composition[29]. g-CsN4is a n-type semiconductor with advantages as non-toxic, metal-
free and offers a large-scale commercial application. The material has a "graphite-like"
structure as the name also indicates, that is, it is made up of nano-sheets of tris-triazine
units repeated in two-dimensional space and these sheets, in turn, are stacked and held
together by secondary interactions such as Van der Waals ties[30]. The band gap of g-C3N4
is 2.7 eV and the wavelength corresponding to the absorption edge of the solar spectrum

is 460 nm[31]. Is a promising organic alternative, active under visible light, to TiO..

There are several mechanisms for preparing this compound, but the most effective ones
for the production of a crystallographic phase free of contamination involve a thermal
polymerization mechanism starting from an organic substrate containing nitrogen atoms
in structure, such as urea, melamine or amide-type. It is therefore preferable to start from
melamine, a bulk that comes from renewable and harmless raw materials[32]. By

subjecting the melamine to a heat treatment at 550 °C for 4h (Fig. 1.4) a g-CsNa4 is obtained.

HzN\“/Nx\]/NHz 550 °C, 4h NN N_N N_N

v Y Y \[/
Y Thermal N. _N__N.__N__N__N__N
polymerization Y X AN \ N

NH,

Melamine g-C3N4 nanosheets

Figure 1.4. g-CsN4 nanosheets synthesis.

Due to the rapid recombination of the photogenerated electron-hole pairs, several new

strategies are being investigated by manipulating the polymeric structure (nanorods,
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nanosheets, nanospheres and porous structures) of g-CsNa because morphology and
structure are parameters that influence optical properties[31,33]. Heterogeneous

photocatalysis by g-CsN4 can be divided into successive stages:

- capture of visible light strongly influenced by the surface morphology and the
structure of the photocatalysts, therefore the smooth surface of 2D g-C3N4 is a
disadvantage that can be avoided by building a hierarchy of microporous or
mesoporous architectures.

- excitation charge and e / h* generation;

- separation and migration of photogenerated electron pairs. the rapid
recombination of electron-hole pairs in the mass and on the surface of a
photocatalyst is considered the main deciding factor in the realization of the
maximum photocatalytic activity, which is one of the most challenging e
problematic scientific problems in the heterogeneous photocatalytic process

- reactions occurring on the surface of the catalysts.

The electron-hole photoexcitation of g-CsNs is listed in Eq. (1). The VB and CB potentials
of g-CsNg are approximately a 1.30 and 1.40 eV, respectively. The standard redox potential
of 0,/ 02 (0.13 eV vs. NHE) is much higher so the g-C3N4 reacts with the O, adsorbed on
the surface to produce radicals (Eq. (2)). The redox potential of OH / OH (1.99 eV vs. NHE)

is also higher than that of g-CsN4, and some ¢OH radicals can be produced (Eq. (3)).

g-CsNa+ hv 2 g-CsNa—h* + g-C3Ns- e (1)
g-C3Na—e + 02 2 g-CNa + 03°” (2)
Oz+2H++3g—C3N4—e‘9 OH + eOH +g—C3N4 (3)

Doping with suitable elements on the surface of g-CsNs4 could simultaneously improve
these restrictive disadvantages through the acceleration of the separation of the charges

and the promotion of the catalytic reaction[34].

Titanium dioxide — Graphene oxide (TGO)
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Recently as a carbonaceous doping material, graphene oxide (GO) has attracted the
attention of the scientific community, unique for its properties as it has a high surface
area, a structure consisting of flexible sheets, excellent electrical conductivity and thermal
and excellent mobility of charge carriers. It has a high electrical conductivity due to the
very high mobility of electrons, it is also one of the most resistant materials in nature, with
an elastic modulus of 1 TPa, higher than that of diamond. Pure graphene is insoluble and
chemically not very reactive, while functionalized graphene can be made soluble in
various solvents, and thanks to the presence of surface hydroxyl groups it can better
adsorb organic particles, for example those of pollutants[35]. The crystalline structure of
graphene consists of layers of carbon atoms arranged on hexagonal cells. It is a two-
dimensional material in which the carbon atoms are sp? hybridized, in which three of the
four valence electrons participate in the bond with the first neighbours (o bond), while
the fourth is delocalized in an electron orbital oriented perpendicular to the plane (mt
bond). The VB and CB of graphene consist of two types of bonding orbitals, m and
antibonding m* orbitals, which produce a single sheet of semiconductor graphene with
zero band gap. It is a material that has a non-stoichiometric atomic composition,
therefore, there is no precise relationship between the carbon, oxygen and hydrogen
atoms that form it. They are stacked structures of GO monolayers held together by
hydrogen bonds, moreover, compared to graphite, the spacing between the planes is
larger, from 6 to 12 A (depending on the quality of the material and humidity) against 3.35
A of graphite[36].

141.5pm
-

g
o ‘J_F’ < . Graphene Oxide

Graphite

Figure 1.5. graphite - graphene oxide transformation.
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One of the most commonly used synthesis techniques for the production of GO is the
modified Hummer method, which consists in the exfoliation and oxidation of graphite. In
this method, sulfuric acid (H.S04) and sodium nitrate (NaNOs) act as intercalation reagents
in the carbonaceous structure, and potassium permanganate (KMnQ4) oxidizes the acid-
intercalated graphite to GO (Fig. 1.5). A brown paste in suspension is obtained, which is
then diluted with water and H;0; to increase the degree of oxidation and remove excess
of manganese from the dispersion, followed by washing with hydrochloric acid (HCI) and

water.

What we are trying to study in the laboratory is the synthesis of a composite material
consisting of titanium dioxide and graphene oxide, which is an excellent support as it
contains, on the surface, numerous reactive oxygen functional groups (hydroxyl, epoxide,
ketone and carboxyl)[29,37]. Once the graphene oxide powder has dried, the TiO>/ GO
(TGO) composite can be formed. One of the methods mainly used is the use of an

ultrasound probe[38].

The heterojunction between graphene and TiO, promotes the separation of the hole /
electron pair in TiO3, hindering its recombination. Also, the formation of the Ti— O - C
bond using carbon as a dopant of TiO; allows to extend at visible wavelength range the
activation of TiO3[39]. The photocatalytic process is promoted by GO, which absorbs
visible photons. The photoexcited electrons in the high-energy GO states are then
delocalized (with kinetics in the range 0.1 —0.2 ps) onto the TiO; structure. In the presence
of dyes, two different mechanisms activated by visible light must be considered: in the
case of a pure TiO; catalyst the adsorbed dyes can inject photo-excited electrons on the
surface of the Titania; in the presence of the TGO composite this mechanism can couple
with an alternative: the dyes with photo-excited electrons are adsorbed by the GO and
delocalize the charges. In both cases oxidized dye molecules can independently evolve
towards transients or stable by-products and consequently towards the degradation of
the substrate. The mechanism is complex and it can be concluded that GO operates as a
sensitizer to visible light of TiO,, but in the presence of species that absorb the visible the
degradation process can be dominated by direct auto-oxidation of the species that absorb

the visible[40].
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Titanium dioxide — Silicon dioxide (Ti0,:Si0>)

Despite having numerous positive characteristics, titanium dioxide still has a high band
gap (Eg), which limits the application of photocatalysis, in the UV range, as only 4% of the
solar energy that the Earth receives is made up of radiation. UV (capable of activating
TiO), while 45% of the energy falls within the visible light range. It is therefore necessary
to reduce the band gap of this semiconductor and consequently improve the absorption
in the visible region. At the same time, it is necessary to work following the Safe-by-design
approach with the aim of minimizing the toxicity and potential risk of nanoparticles, both
those used in the human and terrestrial environment, throughout its life, even while it is
used in industries where products containing nanoparticles are made. TiO; is known to
induce changes in cell growth[41]. A silica coating can be a modification strategy thanks
to its chemical inertness, biocompatibility and low reactivity, therefore the low ability to

produce ROS[42].

The introduction of SiO; allows to reduce the hole / electron recombination speed[43],
the radical being available for a longer time and it is able to attack and degrade more
organic molecules[23] increasing the photocatalytic efficiency. Moreover, SiO, added to
TiO; could act as dispersant increasing the homogeneity in the particle size distribution
with the consequent increase of surface area and thus photocatalytic activity[14,44]. The
composite material is synthesized starting from commercial TiO, and SiO; suspensions
through heterocoagulation method, an electrostatic interaction between negatively
charged silica nanoparticles and positively charged titania nanoparticles (Fig. 1.6).
Heterocoagulation involves the adsorption of particles of a dissimilar nature in the event
of a collision as a result of their individual Brownian movement. The adsorption of
nanoparticles to the surface of other nanoparticles is mainly governed by a variety of
forces, such as electrostatic interactions, hydrophobic interactions, and secondary
molecular interactions. With electrostatic attractions, a given charged nanoparticle can
adhere to an opposite charged nanoparticle. Therefore pH, surface charge (electrostatic
interactions) and magnetic agitation (Brownian motions) are the main factors that
influence the adhesion between nanoparticles of different nature and the formation of

the composite material[45].
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Figure 1.6. Heterocoagulation processes.

1.3.2. Measure

The functionality of nano-photocatalysts is evaluated through pollutant models, usually
organic dyes, such as rhodamine B; a parameter called Photocatalytic efficiency (%) is
provided which allows to know in a certain time the percentage of degraded dye.
Secondly, it is important to evaluate the production of radicals, especially ROS (reactive
oxygen species), intermediaries in the degradation of pollutants in photocatalysis. For this
purpose, many experimental models have been proposed, in general they require a lot of
time, a lot of economic resource and a lot of experience on the part of the operator who
conducts the tests. Thirdly, it is necessary to evaluate the oxidative stress that nano-
photocatalysts can induce when they are inserted in the context of use (waters with living
beings). For this purpose, it becomes important to be able to more truthfully replicate the
final conditions, then study how the NPs disperse in aqueous environment and simulate
the waters where they will be used, such as river or sea waters rich in mineral salts and
free ions. In this paragraph the state of the art of each aspect to be considered will be

discussed.
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Dye model to evaluate photocatalytic efficiency

The use of dyes to test the photocatalytic efficiency is an easy and versatile tool to
demonstrate the technological benefits of photocatalysis[46]. Dyes were originally used
to study water purification techniques from the textile industry where dyes are used on a
large scale. Over time they have become laboratory scale models thanks to the many
advantages they present: easy to find, easy to monitor with spectroscopic techniques,
many dyes are low cost and very available. The dye that have the greatest attraction

among the scientific community is rhodamine B (RhB)[47].

Rhodamine B (C2sH31CIN2O3— structure in Fig. 1.7a) is an indicator and a dye (red in water
— green in powder) widely used in various fields, such as histology as biomarker and the
study of degradation kinetics for water purification. It belongs to the group of fluorescent
dyes and has a molecular structure composed of xanthene-core, amine and imine groups.
Rhodamine B exists in two forms in equilibrium, a fluorescent one which dominates in an
acid environment and a non-coloured one which dominates in a basic environment[48]. It

is soluble in water and has a well-defined absorbance peak at 554 nm (Fig. 1.7b).

RhB is used more and more as an organic pollutant model, thanks to its traceability with
a spectrophotometer. It is possible to evaluate the degradation kinetics at different
experiment times and RhB concentrations. The possibility of a secondary mechanism, such
as de-ethylation, and sensitization decrease the generality required for a contaminant

model used to test a new photocatalytic material.
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Figure 1.7. (a) Rhodamine B structure. (b) Emission spectra of rhodamine B.
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ROS and oxidative stress assessment

ROS (reactive oxygen species) are highly reactive chemical species originating from
oxygen. Include peroxides (H20;), superoxide (¢0y), hydroxyl radicals (¢OH - ROS more
reactive), singlet oxygen (0). In photocatalysis, ROS are primary intermediates of
photocatalytic reactions, the identification, the quantification and the kinetic evaluation
of ROS are important in terms of understanding photodegradation mechanisms,
improving the efficiency of degradation and using the various technologies developed for
practical applications[49]. In the biological field ROS cause oxidative stress, the term
Oxidative Stress indicates the set of alterations that occurs in biological tissues, cells and
macromolecules are exposed to an excess of oxidizing agents. The effect consists of
metabolic damage and cell death. Any disturbances in normal redox state can have toxic
effects for the production of peroxides and free radicals that damage all components of
the cell, including proteins, lipids and DNA. Oxidizing species and free radicals play very
important physiological roles, such as defence against bacteria, transmission of
biochemical signals between cells, blood pressure control etc... It is only their excess,
generally referred to one or more classes of oxidants, that is implicated in oxidative stress,

now considered to be associated with over one hundred human pathologies[50,51].
The common methods to ROS detection are different[52]:

e fluorescent methods: Fluorescent probes are often sensitive to oxidants and only
become fluorescent when oxidized by a ROS. there are cell-permeable probes that
allow to identify the oxidative state of the cell and non-cell-permeable probes.
Most probes are oxidized by a free radical mechanism to one electron, which
produces an intermediate probe radical and the products are fluorescent. some
compounds produce by-products which are not sufficient to quantify each
radical[53].

e Chemiluminescence methods: Chemiluminescence analysis is generally used in
superoxide detection. chemiluminescent probes are sensitive to radicals and easy
to use. The probes may react with O,* to form a photon, which is captured by a
photometer or scintillation counter without the requirement of a light source of

excitation. The above reaction also involves the radical steps and intermediates of
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the probe play a pivotal role during this mechanism, hence the limits of the
luminescent the probes are also similar to those of fluorescent probes, including
not complete selectivity of the radicals, the probes can spontaneously generate
radicals by overestimating the measurement[54].

Chromatography methods: Chromatography methods are used in the separation
and identification of the hydroxyl radical. The ¢OH reacts with specific reactants
to generate stable compounds detectable by chromatographic assays, of which
liguid chromatography and its combination with mass spectrometry is often used.
The reagents generally used for the stabilization of free radicals are benzoic acid,
salicylic acid and DMSO (ESR technique). The chromatography methods are fast,
efficient and sensitive in the detection of hydroxyl radicals, while the reaction
process and products are complicated and the treatment of the pre-detection is
complex, which makes it less popular than other methods. Considering the non-
specificity of fluorescent probes and luminescent probes towards hydroxyl
radicals, the chromatographic assay could be used as a means of verifying the
existence of ¢OH[55].

Spectrophotometry methods: are well-established means of detection of ROS.
They work based on the reaction between radicals and redox substances and the
difference in absorbance at different wavelengths between substrates and
products makes it possible to semi-quantify free radicals. the probes used in these
methods are not very sensitive and specific[56].

Electrochemical biosensor: biosensors work based on the following mechanism:
superoxide could reduce some proteins, while these proteins are re-oxidized by
the electrode with a suitable one potential; during this process there is an electric
current signal generated and then captured by the sensor, and considering the
proportional relationship between the strength of the electric signal and
superoxide, the concentration of the latter could be determined. The main
drawback of this method is the limited types of proteins that could be coated on
the surface of the electrodes. biosensors may not be suitable for the production
of commercial probes because, due to their instability and uncertainty in the
number of layers for different proteins, the composition of their electrodes must

be designed on the basis of certain experiments[57].
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In general, the methods developed up to now for ROS detection are able to permeate
cells, give real-time information and do not kill cells. In the other hand the methods are
not very specific and not very sensitive, intermediates are produced which can invalidate
the measurement. All measurement techniques require expensive instruments and
probes and require a great deal of experience on the part of the operator[52]. Using tests
that must be a cell culture means having time, experience and financial resources. Being
able to test the large number of new nanomaterials produced every day becomes difficult,
very consumed and expensive. Therefore, the need for low-cost, fast tests that do not
require cells is increasing[58,59]. During my thesis work | optimised a fast, acellular
method, which does not require particular experiences and tools. The method is based on
the oxidation of a specific probe molecule for the ¢OH radicals, N, N — dimethyl - 4 -

nitrosoaniline (RNO — CgH1oN20).

The oxidative power cannot be simply quantified as the degree of ROS generation but it is
necessary to evaluate the alteration of the antioxidant capacity. In this regard the
consumption of glutathione (GSH) is precisely the key step to be able to evaluate the
oxidative power of nanoparticles in the laboratory. GSH is a molecule capable of oxidizing
and reducing easily, thus protecting proteins and other cellular materials from the action
of free radicals in the body[60]. Cysteine (Cys) is an amino acid constituent of proteins and
precursor of GSH with -S termination and its consumption can be interpreted in terms of
oxidation, and therefore damage, of the proteins that expose the -S group[61]. Both of
these compounds in the reduced form (GSH and Cys) when mixed with Ellman's reagent
(2-2 'dinitro 5-5' diphthiobenzoic acid) have a yellow colour (A = 412nm) which allows
them to be analysed using spectrophotometric techniques[62]. Ellman's reagent is used
for the analysis of thiols that react with the compound by breaking the disulphide bridge,

producing an ion that is yellow in neutral pH water.

The set of GSH - Cys - RNO and RhB models allows to provide indication on the mechanism
by which nano-photocatalysts degrade RhB, whether by direct oxidation or by the
production of eOH radicals. Moreover, we can predict if the investigated materials have

the ability to induce oxidative stress in cells.
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Nanomaterials properties affecting their exposure and fate

Nanoparticles are particles formed by atomic or molecular aggregates with a diameter
between approximately 1 and 100 nm (according to the EU recommendation 2011 / 696
/ EU). They generally occur in the form of powder and are subsequently inserted into

aqueous matrices. When this happens, various phenomena can occur[63]:

- Agglomeration: when the particles are inserted into aqueous matrices, forces are
established which tend to attract the particles to each other, thus forming an
aggregate. This phenomenon is more or less intensified by the chemical nature of
the nanoparticle, by its intrinsic properties and by the presence of dispersants,
which prevent the aggregation of the nanoparticles[64].

- Diffusion and sedimentation: it can be instantaneous and occurs when the
nanoparticles are not stable in suspension and tend to precipitate: it can be lasting
over time, in this case a deposit will be seen only after time which can go from
hours to days or months[65].

- Dissolution and ion release: for soluble particles, which therefore have the ability
to release ions in solution, such as ZnO or Ag[66]. The degree of dissolution of the
nanoparticles is another fundamental parameter to understand the availability of
ion in solution. For example, the metallic nanoparticles once dissolved increase the
availability of ion in the aqueous environment or MNPs can release ion absorbed

before. These ions can become a source of risk, a cause of oxidative stress[59].

Understanding these phenomena is necessary to evaluate the effective dose of
nanoparticles and ions that can reach the cells, in in-vitro tests or in a broader view in the
case of nanoparticles placed in an aqueous environment such as the cellular environment
in case of ingestion or inhalation of nanoparticles or nanoparticles dispersed in rivers,
lakes or seas. To limit the time and resources required for in vitro or in vivo studies, the
European Commission has funded numerous projects (PATROLS — ASINA -
NanolnformaTIX) that aim to develop in silico tools that allow predicting the risk and

calculating the effective dose of nanoparticles[63,67,68].

The behaviour of nanoparticles that are composed of metal oxides or polymers depends

on the very nature of the nanoparticle and its intrinsic properties. With the aim of
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providing information from every point of view, an important step is to characterize the
nanoparticles at the physical - chemical level[69]. Both metal oxide nanoparticles and
MNPs were physical - chemical characterized through different techniques, that give

information about morphology, chemical composition, surface area and chemistry etc...

At the same time, it is essential standardize and harmonize dispersion protocol for each
type of nanoparticle that allows to obtain stable suspensions (at least for the time of the
measurement), reproducible and quality data, minimize test artefacts. The most
widespread protocol for metal oxide nanoparticles was developed during a European
project NANOREG and is called the 'Nanogenotox dispersion protocol'[70]. This
methodology requires the addition of a specific quantity of Bovine Serum Albumin (BSA).
BSA is a protein derived from cows. BSA has numerous biochemical applications, it is a
small, stable and moderately non - reactive protein. BSA is used for its ability to boost
signal in tests, its lack of effect in many biochemical reactions, and its low cost, as large
guantities can be readily purified from bovine blood, a by - product of the livestock
industry. It is a very popular molecule in the field of nanoparticles because it is
biocompatible and does not interfere with in vitro toxicology studies, it also has a

remarkable dispersing property, preventing the aggregation of the nanoparticles.

If there is a well - defined and widely used protocol for nanoparticles, the first studies are
underway for MNPs. The scientific community expert in nanoparticles proposes the same
path carried out in the last decades for the metal oxide NPs, i.e. the first step is to create
a dispersion protocol then we move on to a chemical - physical characterization of
reference material (another critical point of the study of MNPs). Then the knowledge will
be transferred to real MNPs, coming from sampling in soil, sea water etc ... at the same
time another key point is the study of the phenomena mentioned above, sedimentation,
agglomeration, diffusion in simulating matrices. We try to replicate in the laboratory the
real conditions in which the nanoparticles are found, both biological and environmental
conditions can be simulated: in the first case, simultaneous body fluids are recreated,
therefore salivary, pulmonary, gastrointestinal and other fluids; in the second case it is
possible to recreate the saline, chemical and physical conditions of rivers and lakes by
studying the behaviour of the nanoparticles at the same temperature as real water, under

current or in stagnation conditions.
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1.3.3. Analysis

The nano-photocatalysts developed / investigated during the thesis work are evaluated

on:

e the basis of the functionality
e the oxidative stress they can induce

e and on cost and environmental sustainability profiles.

The data collected on oxidative stress are used to develop a model, based on the concept
of machine learning, which can be predictive of oxidative stress in order to reduce the
complexity, albeit minimal, of laboratory tests and allow a first screening and subdivision
of photocatalysts according to the same oxidative they can generate. To our knowledge
there is neither an explicit mechanistic interpretation nor a predictive model specific to
outcomes that relate to oxidative stress. In order to study and examine the usage of
machine learning application in this thesis, we used a machine learning algorithm that is
able to predict the oxidative stress potentials of the nanomaterial’s studies while

providing knowledge to be used in a SSbD approach.

An innovative aspect is the consideration of process parameters and general LCA
performance criteria as well as the characteristics of nanomaterials for the selection of
the best SSbD solution. So, in this section | will describe the four criteria considered to
evaluate the photocatalysts investigated during my thesis project. | followed the four main

criteria used in industries for the decision of the best material:

1- Functional performance(s) of the addressed solution (Design for Performance): the
aim is to provide chemical - physical descriptors of the photocatalytic functionality
that compare the experiment parameters, such as the photocatalyst used, the
type of irradiation used, the working temperature, the photocatalyst and pollutant
concentrations etc... the first question to ask is 'Did | make a good catalyst, or not?'.
A good and complete characterization of the material under examination, carried
out by combining different techniques, is able to answer the question. However,
itis necessary to combine the characterization of reproducibility studies where the
material is taken from different synthesis batches and is tested at least 3 times.

After carrying out the tests, the descriptors have to be built, a part where the
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different knowledge and different techniques must come together to define a
scale of goodness of the material[71]. In the case of photocatalysis, the most used
descriptor is the photocatalytic efficiency calculated as the ratio between the
absorbance at time t and the absorbance at point 0. But this parameter does not
consider another important factor involved. So, the focus shifted to the descriptor
called Turn Over Frequency (TOF), that considers moles of catalyst, time in second
of experiment and efficiency of reaction, as derived by the measured absorbance.
A parameter is the kinetic constant k calculated from a pseudo first order equation
that superimposes the data in the time graph as abscissa axis, natural logarithm of
the absorbance ratio at time t and absorbance at time 0 as the coordinate axis.
Finally, it is important to evaluate the quantity of hydroxyl radicals that are
produced during the photocatalysis reaction. This is possible with
photoluminescence techniques or by incubating photocatalysts with an ¢OH

scavenger such as nitroaniline.

Regulation: over the years a lot of information has been collected on the toxicity
of nanoparticles for the environment and health and these partly raise the
concerns of regulatory and government bodies about the harmful effects of
nanoparticles. It is important to ensure that the health and environmental
potential impacts of nanoparticles are well under control[72]. Nanotechnologies
are being used more and more in various environments, new materials of
nanometric dimensions are created every day and like any new material used in
industries, whether medical or environmental, nanomaterials must also be tested
and evaluated from the point of view of safety. Before being placed on the market,
all materials must be tested to verify that they comply with the requirements of
government regulations. But first of all, these regulations must exist. When the
class of nanomaterials was born there were no guidelines that would allow the
establishment of limits and evaluation criteria, scientific projects were funded all
over the world, by associations such as EPA (Environmental Protection Agency)
and FDA (food and Drug administration) (in the united states) or the commission
European Union, designed to define the limits and criteria for evaluation together

with governments[73,74]. Community education, engagement and consultation
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tend to occur "downstream" once there is at least a moderate level of awareness,
often during the process of disseminating and adapting technologies. Upstream
engagement, on the other hand, occurs much earlier in the innovation cycle and
involves: dialogue and debate on options and pathways of future technology,
bringing often expert - led, horizon - exploring approaches to technology
forecasting and to a scenario that plans to involve a wider field of perspectives and
inputs. It is precisely this latter way of thinking that has developed the safe by
design approach which takes into account safety and compliance with regulations

from the very first steps of designing a product or material[75].

Environmental (& social) sustainability of process and product through its life cycle
(Design for Environmental): The Life Cycle Assessment (LCA) is an analytical and
systematic methodology that evaluates the environmental footprint of a product
or service, throughout its life cycle. It starts from the extraction phases of the raw
materials making up the product and then passes in sequence to assess the
environmental impact in the phases of production, use and disposal of the product
or service[76]. Usually we speak of CO; emissions into the atmosphere generated
by the consumption of energy and material for each step in the life of the product
or service. The quantity of CO, emitted is a fact that helps to understand the
impact generated on the environment by the product. The purpose of this study
allows to identify the product or service or the methods with which they are
produced with the least environmental footprint and to choose the most eco -

sustainable strategy. LCA studies are regulated by ISO 14040 standards[77].

LCA studies include four phases:

Definition of the objective and field of application: the motivation, the context and
the type of public to which the product or service is intended are defined. Impact
categories and impact assessment methods are also defined, as well as quality
requirements.

Life Cycle Inventory (LCl): in this phase the data are collected and the modelling of
the system in question is defined. Data of necessary resources and emissions are

acquired as well as the waste flow[78].
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Life Cycle Impact Assessment (LCIA): in this phase the potential dangers for human
health and the environment are assessed, combined with the data on the
consumption of resources and energy and in accordance with the ISO standards,
the damage is classified and characterized by providing indicators real impact. In
this phase it is possible on a case — by - case basis to normalize or group the impacts
and provide each of them with a different weight.

Interpretation: it is the phase of correlation of all data to propose
recommendations in accordance with the objectives of the study. In this phase the
critical points are identified to then improve the modelling and obtain more robust

conclusions[79].

Cost (Design for Costing): to evaluate the cost of a product, the TEA (technical
economic analysis) software models are used, which allow the calculation of
capital costs, operating costs and revenues based on technical and financial input
parameters. It is increasingly used in the chemical, oil, bioprocess and energy
sectors to study new technologies or optimize existing ones. You can evaluate the
economic feasibility and anticipate if a process will be profitable enough, so it can
help companies to avoid bad investments. TEAs can help the research and
development phase to steer researchers towards the most promising path. TEA
models combine elements of cost design and modelling with process or tool sizing,

estimate capital costs and operating costs[80].

The criteria just described can be defined in a 4 - dimensional space, difficult to represent.
Then the functionality and cost criteria are merged. Therefore, it is possible to define the
Safe by Design strategy in an easily representable 3 - dimensional space and evaluate
which material is actually good for the application in question, taking all aspects into

account.

1.3.4. Design

In Table 1.1 the design cases of this thesis have been listed. As far as nano-photocatalysts
are concerned, they have been studied at laboratory level and in semi - pilot plants using

rhodamine B as a model of pollutant. At the laboratory level four materials have been
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studied: TAC, TiO2:SiO, 1:3, TGO and g-CsNs. While in the semi - pilot plant TAC and
Ti02:Si02 1:3. For both cases the main end point is the functionality of the photocatalysts
expressed as photocatalytic efficiency and TOF. The final effects coming from the different
type of material, from the radiating light (UV and visible) were studied, in the semi - pilot
plant the effects of the working temperature and the type of support for the nano-

photocatalysts were investigated.

The third case study aims to evaluate the tendency to produce ¢OH radicals (RNO model)
and the oxidative stress induced by photocatalysts (GSH / Cys model). The study was

conducted in dark and UV light conditions for all four materials investigated in the thesis.

A regard the MNPs, the most relevant materials such as PE (polyethylene), PU
(polyurethane) and PET (polyethylene terephthalate) were chosen and they were
characterized at the chemical - physical level and in relevant matrices such as river and

sea water, at different exposure times.

Table 1.1. Design cases of thesis.

DESIGN CASES Case study Model Material End point Parameters
TAC Photocatalytic
Ti02:5i02 1:3 efficiency Materials
Lab scale RhB
TGO light
[
T g-C3Na TOF
=
8
® Photocatalytic Materials
o - . TAC efficiency Light
Semi — pilotplant RhB i :
E BLOED Ti02:5i02 1:3 PRI
a TOF temperature
=]
5 : TAC
g HOSHdacun Ti02:5i02 1:3 Mol f MODEL Material
2 GSH — Cys - RNO i02:Si02 1: oles o aterials
Oxidati TGO consumed / m? light
xidative stress g-CaNa
Dimension
P —chem Shape
PR PE — PU - PET : Materials
characterization Chemical surface
Colloidal information
Behavi . Dimension Material
ehaviourin . . aterials
: Simulantfluid PE - PU - PET g )
relevant matrices Chemical surface Time of exposure
Colloidal information

1.3.5. Verify

In the context of experimental research, test beds (semi - pilot plants) play an important
role in enabling the development of new products and processes, providing a range of

services that help designers create the experimental environment, collect data on it and
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produce samples for quality and performance evaluation. Furthermore, pilot plants are
necessary for the scale - up and validation of production processes, for technical -
economic purposes, also helping to define the safe operating environment within which

the plant must operate, to ensure compliance with safety codes and regulations.

The pilot plant allows to obtain representative data of an industrial plant, to study the
physical effects on the chemical reaction, the long - term effects on the material
components, the encrustation phenomena of equipment and the corrosion phenomena.
In addition, the pilot can be used to produce representative quantities of the product for
the control of quality[81,82]. A plant design phase is required, following the guidelines of
standard plants used in urban areas. All the parameters analysed in a real plant such as
the water flow rate, the dimensional proportions and the pollutant concentrations are all
to be evaluated and engineered in the pilot plant with the aim of replicating the real
conditions in the best possible way. It is important to evaluate in the mass production of
a material or its use in the field before using a large amount of time and construction of a
plant, in the changes to be made to adapt to a new or a new production. Understanding
at this level the problems that can occur during a scale - up allows a quick and inexpensive
resolution. On the other hand, however, it is necessary to guarantee the same quality and
performance of the material found on a laboratory scale. This step is used to:

— Define the physical spaces required and the arrangement of the different parts

of the system.

— Evaluate, validate and finalize all process and control parameters.

— Define and validate the operations to be carried out and in what order.

— Focus on all the critical steps that need to be monitored.

— Evaluate production and costs[83,84].

There may be many aspects to be assessed on a case — by - case basis, based on the
objective to be achieved. In the case of photocatalysts intended to be used for the
purification of water from pollutants, different aspects must be evaluated such as the best
working temperature which maximizes the photocatalytic efficiency but which does not
require further steps. The ideal case is that the greatest efficiency occurs at the
temperature at which the water to be purified is already found[85,86]. Also, the type of

light used to irradiate the photocatalysts is an important aspect, because as already
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mentioned above, the UV radiations in the solar spectrum are a minimum quantity,
perhaps not necessary to make the material express the photocatalytic activity. Inserting
UV lamps in an urban installation may not be so simple, due to the costs of electricity, the
individual protections that workers should adopt etc ...[14,15]. Another fundamental
aspect to be evaluated is the release of nanoparticles into the environment. It is therefore
an obligation to ensure that the material is not dispersed by immobilizing the
nanoparticles on a support that could be a fabric. Fabrics, especially natural ones, show
hydrophilic behaviour and a high affinity to metal oxides, such as TiO,, which can be firmly

bonded to fabric fibres.
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2.1. Introduction

In urban areas, water is purified through Wastewater Treatment Plants (WWTPs). These
allow for the introduction of wastewater from agricultural processes, industries and
household waste, back into the system as drinking water, at best, or as irrigation water.
Wastewater management in combination with sanitation and hygiene offers the best cost
- effective alternative to reap multiple benefits in terms of health improvements, food
security, increased production and income and new job opportunities. The traditional
water purification treatments aim to reduce undesired chemical compounds, organic and
inorganic materials, and biological contaminants below certain limits, established in
Europe by the EU Water Framework Directive (WFD), in compliance with more specific
legislation, such as the Drinking or Bathing Water Directive, the Floods Directive and the

Marine Strategy Framework Directive, as well as by international agreements[1].
Water remediation treatments can be divided based on detected contaminants in:

- Physic: sedimentable and non - sedimentable suspended solids are eliminated.

- Physical - chemical: the non - sedimentable residues are completely removed and
the chemical characteristics are corrected (iron removal, desilication,
fluorination).

- Purification: the organoleptic characteristics of the water are improved with
absorption on activated carbon and demineralization.

- Disinfection: the presence of microorganisms is eliminated (chlorination,

ozonation)[2].

All post - treatment problems use resources and costs. If the plant includes an anaerobic
phase, there is also the biogas to be disposed. Scientific research efforts are put to solve
the following problem: extensive use of chemicals such as chlorine which allows
disinfection but at the same time produces by - products that can be dangerous
(disinfection — by - product). In the disinfection step, bacteria, viruses and other pathogens
are killed thanks to hydroxyl radicals. However, traditional disinfection does not allow to
eliminate persistent organic pollutants (POPs ) and pharmaceuticals and personal care

products (PPCPs )[3,4]. This is why Advanced Oxidation Processes (AOPs) are introduced
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as a set of chemical treatments designed with the aim of eliminating recalcitrant
contaminants through the use of hydroxyl radicals generated with non - hazardous

chemical elements[5,6]. In AOPs three main phases are involved:

1. *OH production.

2. initial attack of the target molecules by ¢OH and partial breakdown of the
molecules;

3. sequential attack of the «OH to complete mineralization (contaminants are turned

into CO; and H;0).

Photocatalysis is referred to as the acceleration of a photoreaction by the presence of a
semiconductor catalyst. For this reason, photocatalysis can be considered as an effective
AOP. Semiconductor materials are used for photocatalysis due to their band structure: in
a semiconductor the valence (lower energy band) and conduction (higher energy band)
bands are separated by a band gap. When the semiconductor is irradiated with sufficiently
energy light, equal to or greater than the amount of the band gap, an electron in the
valence band can absorb the energy of the photon and pass into the conduction band,
leaving a gap in the valence band. The electrons that are promoted to the conduction
band are able to move through the semiconductor generating hole (h*) / electron (e”) ion
pairs. The h*/ e  recombination process is very favoured and in the order of nanoseconds,
however this time is sufficient to allow the charge transfer to species adsorbed on the
surface of the semiconductor. The released electrons are able to react with water and
oxygen molecules on the surface to form free radicals (Reactive Oxygen Species — ROS).
These radicals are very reactive species that are able to decompose most organic

compounds as well as biological contaminants present in aqueous media[7-9].

Nanomaterials (NMs) are the suitable candidates as photocatalysts in AOPs because of
their small size (10 — 100 nm) and therefore high surface areas. The photocatalysis
reaction occurs at the surface of the catalysts and therefore increases their efficiency
necessary to maximize the surface / volume ratio of the catalysts. Furthermore, nano-
photocatalysts having the crystal lattice in a state of almost perfection, electrons and

holes migrate to the surface in a very short time with a maximization of a photoactivity
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[10]. NMs also have high absorbency and reactivity, antimicrobial properties for

disinfection and biofouling control[2,10].

The main catalysts used are metal oxide compounds such as TiO,, ZnO and Ce0;[12], but
it all presented the big disadvantage of being active only under UV light. In recent years,
the scientific community is moving in the direction of active photocatalysts under the
irradiation of sunlight, a unique natural resource that is abundant, inexpensive and risk -
free. Replacing UV rays with solar rays also allows for greener chemistry, to respect the
Green Deal mentioned above, without however renouncing the photocatalytic efficiency
for the degradation of pollutants[13,14]. The requirements to define a material as a good
catalyst are: (i) photoactive (ii) activated by visible irradiation (iii) chemically and
biologically inert (iv) stable (not subject to photo - corrosion) (v) economical (vi) non -

toxic[15].
To overcome the disadvantages, two main ways are possible:

1. doping TiO2: the oxygen vacancies can be easily created in the grain boundaries of
the polycrystalline samples which form a grain boundary defect state in the band
gap of TiO,. Oxygen vacancies are active electron traps. Since the oxygen defect
states lie close to the CB of TiO,, the electrons captured by oxygen defects can be
promoted to the surface by visible light absorption where they engage in
degradation of pollutants[16]. The metals used to doping TiO, are N[17], S[18],
B[19], Fe[20], Mo[21] and C[19].

2. Surface sensitization: facilitates electron transfer between the dye molecules and
the host semiconductor. The insertion of noble metals such as Au or Ag allow to
exploit the concept of plasmon resonance. When the electric field of light interacts
with the unbound electron in metal nanostructures, a powerful evanescent
electromagnetic wave is generated on the surface of these nanostructures. This

can increase absorption and photocurrent[22].

During my thesis research, different TiO, - based photocatalysts were synthesized and
characterized: TiO,:SiO, 1:3 obtained by heterocoagulation and TiO; - graphene oxide
(TGO) obtained by sonochemical method. The introduction of SiO; allows the reduction

of the hole / electron recombination speed[23], the increase of the radicals’ availability
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and the increased ability to onset and degrade more organic molecules[24]. Thus, it is
supposed that the introduction of SiO, in TiO; allows an improvement of the
photocatalytic efficiency. In TGO composite, the heterojunction between graphene and
TiO, promotes the separation of the h*/ e pairs in TiO,, hindering its recombination. Also,
the formation of the Ti — O - C bond in TGO composite allows to extend at visible
wavelength range the activation of TiO;[25]. Both composite materials were synthesized
in our laboratory starting from commercial TiOz (nanosol in Ti02:Si0; 1:3 and powder in
TGO), in particular for the TGO material, the synthesis of graphene oxide was performed

through the modified Hummer method starting from graphite powder[26].

Following the way of shifting the activation of the photocatalyst into the visible light
range, we investigated a novel material graphitic carbon nitride (g-CsNa4) selected due to

its visible light sensitive material with an adequate band gap (2.7 eV).

In this work, we focused on the development of a laboratory - scale photocatalysts by
investigating their quantum efficiency when irradiated by UV and visible light, using a solar
simulator. Photodegradation of rhodamine B (RhB) was used as a reaction model. The
photocatalytic efficiency, the Turn over Frequency (TOF) and Chemical Oxygen Demand
(COD) values were the endpoints of interest. In addition, sustainability and cost studies
(during the use phase) were identified as evaluation criteria to select the best trade - off

material and define the better strategy by following a Safe — by - Design paradigm.

2.2. Materials & Methods

2.2.1. Materials

TiO2 nanosol (NAMAA41, 6 wt%), called TAC and SiO; nanosol 40 wt% (Ludox® HS - 40) were
purchased from Colorobbia (Italy) and Grace Davison (USA), respectively. TiO; nano-
powder DT - 51 was purchased from CristalACTiV™, melamine 99%, rhodamine B (dye
content =95%) target dye, ion exchanger Dowex® 50 W x 4 acidic cation exchanger resin,
hydrogen peroxide - H,0, (30%), hydrochloric acid - HCI (37 %), sodium nitrate — NaOH (>
99 %), potassium permanganate - KMnQO4 (99.5 %) and absolute ethanol (> 99.8 %) were
purchased from Sigma Aldrich (Italy). Graphite GS25E powder was purchased from
Magaldi (Italy). Sulphuric acid - H,S04 (96 %) was purchased from Titolchimica (Italy).
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2.2.2. Photocatalyst preparation

2.2.2.1.TiO2:Si07

Acid TiO2 nanosol (TAC, pH = 1.5) was used as benchmark material and precursor to
Ti02:Si0; suspension. TAC was obtained diluting at the 3 wt% concentration with distilled
water (DI) water. SiO; nanosol 40 wt% (Ludox® HS - 40) was diluted at the concentration
3 wt% with DI water and treated with ion exchange Dowex® 50 W X 4 acidic cationic
exchanger resin in order to decrease the pH from 10 to 4 (SiO2-R). Ti02:SiO, composite
was prepared by the heterocoagulation method. TAC suspension was dropped into SiO»-
R suspension and the Ti0,:SiO, sample was obtained through electrostatic interactions
between negatively charged silica nanoparticles and positively charged titania
nanoparticles. The electrostatic interactions between SiO; and TiO; surfaces were
promoted by mixing the sols in well - defined ratios (Ti02:Si0; 1:3) and by ball milling for

24h with zirconia spheres (diameter 5 mm) as grinding media.

2.2.2.2TGO

The graphene oxide used was synthesized from graphite powder using the modified
Hummer method as described by Adly and co - workers[26]. 2 g of NaNOs and 25 mL of
concentrated H,SO, were added to a synthesis flask, when the sodium nitrate is
completely dissolved 2 g of graphite powder were added for exfoliation. The compound
was kept under mechanical stirring for 2 h with an ice bath. Making sure that the
temperature was < 20 °C, 4 g of KMnOs were slowly added and left under mechanical
stirring for 24 hours, a colour changes of the mixture from black to dark green was noted
and a progressive thickening until a smooth and homogeneous paste was obtained. After
24 h, while maintaining mechanical stirring, 100 mL of deionized H,O were added to the
paste. In this phase KMnQO4 oxidizes and causes a violent increase in temperature and
brown gas emissions. The temperature was kept constant at 98 °C for 15 minutes then
200 mL of hot deionized water were added. When the temperature dropped below 60 °C,
H,0; (30 mL — 30%) was added to eliminate KMnOQOs residues. Gold - coloured bubbles
formed on the surface. The obtained sample was washed with HCI (10%) for three times
and one with deionized water to eliminate the residues of H,SOa. Finally, the suspension
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was dried in a vacuum oven at 80 °C for 24h to obtain the GO sheets. After that the powder

was hand-ground and sieved (mesh 80 um).

TGO composite was obtained mixing 0.1 g synthetized GO and 0.5 TiO, DT-51 (ratio TiO; -
GO 5:1) nano - powder through sonochemical route. In the specific, TiO, DT - 51 powder
was dispersed in 20 mL of absolute ethanol and then graphene oxide was added. The
composite was subjected to 1 hour of ultrasound probe (Bandelin sonoplus), maintaining
an ice bath which prevents overheating of the suspension. After the suspension was dried

in an oven at 120 °C until complete evaporation of the solvent [24].

2.2.2.3g-CsNs

g-C3Ns4 was synthesized starting from Melamine. By subjecting this powder to a heat
treatment at 550 °C for 4h with a thermal gradient of 2 °C / min, a yellow powder was

obtained. Also, in this case the powder was hand - ground and sieved (mesh 80 um).

2.2.3. Physico - chemical characterization methods

To facilitate understanding, the codes of the various samples characterized and used were

reported in Table 2.1.

Table 2.1. Code and description of each analysed sample.

Sample CODE Description
TAC Commercial TiO; (supplier Colorobbia) acid
suspension 3 wt%
SPRAY FREEZE DRIED commercial TiO; acid
TAC SFD .
suspension 3 wt%
. Commercial SiO2 Ludox HS - 40 (supplier
i
2 Colorobbia) suspension 3 wt%
Commercial SiO; Ludox HS - 40 (supplier
SiO2-R Colorobbia) suspension 3 wt% treated with
ionic exchange resin to pH=4.
) ) Composite material obtained by
Ti0,:Si0; 1:3 . .
heterocoagulation based TAC and SiO;
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. . SPRAY FREEZE DRIED composite material

TiO2:Si0; 1:3 SFD . . . .
obtained by Ti0,:Si0; 1:3 suspension
Commercial TiO owder supplier

Ti0, DT51 , . 2 P (supp
Cristal ACTiV™)

TiO, DT51 - US TiO, DT51 after 1h of ultrasounds

G Commercial graphite powder (supplier
Magaldi industry)

o Graphene oxide synthetized by Hummer
modify method

GO -US GO after 1h of ultrasounds

160 Composite material based on GO and TiO;
DT51
Material obtained from melamine through

g-C3N4 .
heating treatment

Dynamic Light scattering (DLS) / Electrophoretic Light scattering (ELS)

The hydrodynamic diameters distribution, zeta potential and pHi..,. of TAC, SiO, TiO,:SiO>
1:3, TiO, DT51 - US, GO, TGO and g-C3N4 suspensions, dispersed at 0.3 wt% in DI water,
were evaluated by using a Zetasizer instrument (Malvern Instruments, Zetasizer Nano -
7S, Malvern, UK) based on the dynamic light scattering (DLS) and electrophoretic light
scattering (ELS) techniques. For particle size distribution evaluation, about 1 mL of the
sample was measured consecutively three times at 25 °C. The size distribution (nm) was
reported as the intensity - weighted mean diameter derived from the cumulant analysis
(Z - average) and was the average of three independent measurements. The reliability of
the measurements was controlled by using the automatic attenuator (kept between 6 and
8) and the intercept autocorrelation function (< 0.9) as quality criteria[27]. The zeta
potential was measured on 700 pL of the sample at 25 °C, setting the measurement time,
the attenuator position, and the applied voltage to automatic. After a 2 min temperature

equilibration step, the samples were measured three times, and the data were obtained
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by averaging the three measurements. The data of zeta potential (mV) were derived by
electrophoretic mobility using Smoluchowski’s formula. The reliability of the
measurements was controlled by check the phase plot graph. The same instrument
coupled with an automating titrating system was used to create zeta potential vs. pH
curve to identify the pH at which the zeta potential sets to zero, namely the isoelectric

point (pHie.p.). The titrants used were 0.1M KOH solution and 0.1M HClI solution.

X - Ray Diffraction (XRD) Analysis

The analysis was conducted on powder samples: TiO, DT51 - US, G, GO, TGO and g-C3Na.
TAC and Ti02:SiO; 1:3 obtained by Spray Freeze Drying (SFD) technique[28].

The X - Ray diffraction spectra were obtained with a Bruker D8 Advance X - ray
diffractometer, using CuKa monochromatic radiation (1.5406 A). The instrument was
equipped with a particular fast detection system (Accelerator), capable of providing
spectra with a better signal / noise ratio than normal detectors in a few seconds of

acquisition. The samples were analysed in the 26 range 5° - 80°.

Brunauer — Emmett — Teller (BET) Analysis

BET measurements on powder sample: TiO; DT51 - US, G, GO, TGO and g-CsNs were
carried out to calculate the specific area (m?/ g) on powder samples using N, as adsorptive
gas, Sorpty 1750 CE instruments and each sample were pre - treated under vacuum at 120

°C (Mode Sonos 351 - Mazzali).

Fourier Transform Infrared Spectroscopy — Attenuated Total reflectance (FTIR-ATR)

This analysis was carried out using the Nicolet iS5 instrument (Thermofischer, Italy), with
the measurement parameters: 24 scans, 0.1 cm™ resolution, spectrum measured from
100 to 800 nm wavelength. The powder sample does not require pre - treatments. The
analysis was conducted on powder samples: TAC SFD and Ti0,:Si0; 1:3 SFD, GO, TGO and
g-C3Na.

Thermo Gravimetric Analysis (TGA)

A Netzsch Jupiter® F3 instrument was used to carried out TG analysis. The powder samples

(TAC SFD and Ti0;:SiO; 1:3 SFD, TGO and g-C3N4) were heated up to 800 °C, in air flux, at
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arate of 10 °C / min. The weight of the sample was recorded as a function of temperature.
This technique allows to know the degradation kinetics of a material. The powder sample
does not require pre - treatments. The instrument also allows to obtain the DSC
(differential scanning calorimetry) graph, which measures the difference in flow between
a sample under examination and a reference sample, obtaining intrinsic information of

the material under examination which is not dependent on the working environment.

Scanning Electron Microscope (SEM)

The morphology and dimensions of the nanoparticles and the degree of integration of the
composites were observed using the Field Emission Scanning Electron Microscope (FESEM
ZEISS Sigma HV). The powder samples: TiO, DT51, G, GO, TGO and g-CsN4 were attached
onto an aluminium holder using carbon tape. All samples were gold - coated (thickness =
5 nm) (Spatter Quorum Q150T ES) to increase the conductivity and obtain well - defined

images.

Transmission Electron Microscope (TEM)

A thorough morphological analysis on TAC and TiO2:Si0, 1:3 was performed by
transmission electron microscopy (TEM). One drop of NM diluted in DI water (30 pug / mL)
was deposited on a film - coated copper grid and then air dried. The samples were

examined by FEI titan TEM operating at an acceleration voltage of 300 kV[29].

Band Gap Measurements

The measurement of the band gap of a semiconductor involved the use of optical diffuse
reflectance spectroscopy. The powder samples (TAC SFD, TiO2:SiO; 1:3 SFD, TiO, DT51 —
US, TGO and g-CsN4) were characterized by a LAMBDA 750 UV / VIS / NIR
spectrophotometer (Perkin Elmer) equipped with a 150 mm integrating sphere. The
powder sample was placed inside the sample holder, pressed and inserted inside the
sphere. The spectrum was recorded by relating the %reflectance (R) to the wavelength
(nm). The data was then processed through the Kubelka - Munk equation (F(R) remission

fraction):

(1-R)?

FR) = —5¢
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Tauc plot was obtained from the equation:
ahv = A(hv — Ey)"

Where a was the absorption coefficient and was proportional to F(R) and specific for the
material, h was a Plank’s constant, v was the frequency of the incident radiation, A was a
constant and n indicates the electronic transition, in this case n = 2. Finally, it was possible

to achieved the Eg (band gap) value by graphical method.

2.2.4. Degradation tests

The photodegradation tests were carried out using Rhodamine B (RhB) as a model of
organic trace pollutant. RhB is a synthetic dye that is commonly use in water remediation
due to the easy detection of small concentrations by UV - Vis absorption analysis using a
single beam spectrophotometer Hach Lange, DR3900. RhB imparts a deep magenta hue

to its water solutions and displays a well - defined absorbance peak at 554 nm (Fig. 2.1).
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Figure 2.1. RhB absorbance spectra.

In our experiment, we used 150 mL f 7 ppm RhB solution. The lamp was switched on 60

min before starting the test in order to stabilize the power of emission; simultaneously,
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the catalyst in 0.1 g / L concentration was introduced in RhB solution to reach the
adsorption—desorption equilibrium. For the composite materials, photocatalytic tests
were also carried out for the SiO, and GO samples as negative control. The aim was to
demonstrate that by themselves they are not active, but once coupled to TiO; they
increase its photocatalytic activity. Another control test was carried out by subjecting the
RhB solution only to light sources to ensure that the dye molecules did not undergo

photolysis.

In order to evaluate the degradation kinetics, an aliquot of 5 mL was withdrawn,
centrifuged for 8 min at 8000 rpm (Digicen 21R — Orto alresg) and analysed at time 15, 30,
60, 90 and 120 minute (Ax) through UV - Vis analysis in the range of 350 — 700 nm. The A«
was measured in correspondence to the maximum of the absorbance peak detected.
Before starting the degradation tests, after 60 min of absorption, the initial absorbance
(Ao) was determined. The order of photocatalytic degradation reactions was ascertained
from the pseudo first - order kinetic model:
In (j—:) =kx*t

The photocatalytic efficiency was calculated at t = 120 min. It indicates the ratio between
the amount of reagent consumed and the amount of reagent initially present in the

reaction environment, and it was determined by the following formula:

A
Photocatalytic efficiency (%) = (1 — A—X> * 100
0

where Ax was the peak value at time t and A is the peak value at time 0. In order to
facilitate the comparison between the different photocatalysts, normalizing for the
amount of active phase the turn over frequency (TOF) parameter was calculated. The TOF

parameter was calculated by following equation:

<m01 of product)
t(s)

TOF =
mol of active phase
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where mol of product was calculated as the initial concentration of reagent per efficiency
reached at the time t (in second), mol of active phase (only TiO; in composite cases) were

the moles of the active phase arriving in the RhB solution.
The photocatalytic tests were carried out using two different light sources:

- OSRAM ultra - vitalux 300 W lamp was used as the UV light source, mounted on a
lamp holder 20 cm from the bottom of the beaker (UV - A 60 W / m?), arranged in
the dark room so that only the photons emitted from the lamp irradiate the
suspension of RhB and photocatalyst. The latter was maintained under magnetic
stirring at 600 rpm and the temperature during the test was kept constant at 28
°C by a flow of water around the beaker (600 mL / min). The emission spectrum of

UV light is shown in Fig. 2.2.
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Figure 2.2. Emission spectrum of UV lamp([30].

- SUN2000 solar simulator (ABET technologies) was used as the visible light source,
which uses a 150 W Xenon lamp (Fig. 2.3 spectra light). The light beam illuminates
an area of 10 x 10 cm with an irradiance of 1000 W / m? (UV - A 40 W / m?). In this
case it was not necessary to control the temperature because it did not vary during
the test. As in the previous case, the suspension was kept under magnetic stirring

at 600 rpm so that the entire suspension was irradiated with light.

64



6,00

5,00

< 4,00

m-2

3,00

Irradiance (W

N
o
o
>
_z

1,00 A V
W

0,00 T T T T T T T 1
300 500 700 900 1100 1300 1500 1700 1900

Wavelength (nm)

Figure 2.3. Visible spectrum light.

2.2.5. Chemical Oxygen Demand (COD)

COD is an indicator of water pollution and represents the quantity in mg of oxygen
necessary to chemically oxidize both organic and inorganic pollutants present in a litre of
water. It is a standardized parameter that allows to evaluate the efficiency of the
remediation treatment for natural or waste water. By now the tools that allow to calculate
the COD are very small and fast, this also allows to carry out measurements in the field.
As an oxidizing agent, potassium dichromate with a bright orange colour is mainly used,
capable of oxidizing 95 - 100% of the organic matter present in the sample to be
analysed[31]. The COD test was performed with the standard procedure: after mixing the
reagent tube (LCK 514 100 - 2000 mg / L O;) for 15 seconds, add 2 mL of sample. Mix for
15 seconds and wait 15 minutes. The test tube was placed in the thermo-digester (Langer
LT 200) for 2 hours at 148 °C. When the temperature had dropped to room temperature,
the measurements using UV - Vis spectrophotometer Hach Lange, DR3900 was
performed. The RhB solutions after 120 min of irradiation by both UV and visible light
(photocatalytic test) using Ti0,:Si0; 1:3, TiO, DT51 — US, TGO and g-CsNa4 as photocatalysts
were analysed by COD test. For TAC sample the COD test was carried out on RhB solution
after 60 min of irradiation because a total RhB degradation was obtained already in this
time. Positive (7 ppm RhB solution — after 120 min irradiation) and negative (tap water
and distilled water) controls were also measured and considered.
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2.2.6. Functional, Sustainability and Cost model

Considering the main purpose of the Green deal of obtaining climate neutrality also
through the rules of green chemistry, it is necessary to know the level of environmental
sustainability for the proposed materials, to know if they do not impact too much on the
amount of electricity spent for their production. Furthermore, for the development of
materials, considering the final use in large - scale plants, the economic factor also plays
a significant role. Therefore, in this thesis work we evaluated the photocatalysts studied
on the basis of the functional properties (photocatalytic efficiency parameter), the
environmental sustainability and the cost (for their production and use) employing a multi
- criteria analysis. To do this, we applied a Life Cycle Assessment (LCA) analysis to identified
the optimal photocatalyst. For the environmental sustainability and the cost, the phases
of synthesis and use of the photocatalysts were evaluated, according to the gross energy

requirement (GER). In particular, the following energy inputs were considered:

synthesis process of the TiO,:SiO; 1:3 sample: through 24h of ball milling;
- US process and subsequent drying in an oven for the TiO, DT51 - US sample;

- US process and subsequent drying in an oven for the TGO sample;

energy consumption of UV and visible lamps.

The Italian energy mix with low voltage power supply was used for the analysis. The
environmental impact data were obtained with the Ecoinvent v.3.7 database and with the
Open LCA software. The method of use remained the CLM 2001 and the CO; emissions in

Kg - equivalents per KWh of electricity were equal to 0.41615 Kg CO, - eq / KWh.

As regards energy costs, a value of 0.13 € / KWh was considered (updated to the year
2021).

In the specific, the multi-criteria optimization algorithm was applied to the functionality
data (photocatalytic efficiency) and cost (Kg CO2 - eq / kWh), which allowed to define the
materials and the relative conditions of optimal use in the photocatalytic process that now
respond to the maximum functional performance, minimum environmental impact and
minimum cost of production. The multi - criteria analysis does not offer solutions of
maximum or absolute minimum but allows the decision maker (designer, end user) to

restrict the field of choice (of materials and operating conditions) in line with the
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requirements of the optimization problem by making a choice between those proposals
that best meet specific needs according to a hierarchy that the decision maker can choose

a priori or posteriori.

In our study the variable "cost" was chosen as the control function (f - ¢). The dependent
variables "photocatalytic efficiency" (f - 1) and "CO, emissions" (f - 2) were the variables

of the performance space. It followed that in the decision space the variables were:

- continuous variable x - 1 = time of exposure to bright light

- variable interruption x - 2 = type of user material.

The algorithm has been implemented on an IT platform that allows to tackle the problem

in three phases:

1) interpolating the response functions (performance variables) as a function of the
values of the decision space

2) solving the MOOP (Multi - Objective Optimization Problem) to maximize
photocatalytic performance and minimize environmental impacts by identifying a
subset of the decision-making space that meets these criteria

3) reducing the subset of the decision space into a maximum acceptable cost for the

identified solution.

2.3. Results & Discussion

2.3.1. Physico - chemical characterization

Colloidal characterization

Table 2.2 shows the hydrodynamic diameter, Z - potential and pHi.p. values of pristine

materials and composite materials.

Table 2.2. Hydrodynamic diameter (dp.s), Z - potential (mV), and pHi.,. of pristine and composite materials used as

photocatalysts.
Z Potential
Sample dois (nm) pH PHi.e.p.
(mv)
TAC 27 +36 1.5 7.7
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SiO2 30 -45 7 <1.5
Ti02:Si02 1:3 317 +38 4 5.2
TiO, DT51 - US 1304 -31 7.5 3.4
GO 5203 -28 5 n.a.

TGO 2211 -22 5.5 5.2
g8-C3Ny > 6000 -22 5 2.2

As regards the sample TiO;: SiO; 1:3, a significant increase in the hydrodynamic diameter
was observed compared to the pristine materials TAC and SiO,. The increase was due by
both the steric hindrance of SiO;-R heterocoagulated on the TAC surface[32] and the
consequent electrostatic destabilization due to progressive neutralization of the TAC
surface charge with the increase in negatively charged SiO,-R content. This was further
demonstrated by the shift of the pHi..p. toward acidic pH (from 7.7 to 5.2). The TiO,:SiO;
1:3 sample was obtained by the self - assembled heterocoagulation process between TAC
and SiO;-R, which exhibit, at the working pH = 4, potentials opposite in sign and high
enough to preserve colloidal stabilization (Fig. 2.4). Therefore, TAC and SiO,-R were able

to promote the heterocoagulation between positive TAC and negative SiO; nanosurfaces.

The sample TiO, DT51 - US had a negative zeta potential (-31 mV — pH = 7.5) depending
on the sites with Bronstead acidity due to H2SO4 residues of the material synthesis[33]
and acidic pHiep. = 3.4, different from the typical pHiec.p. of TiO,. The Z - potential of a TGO
sample refers to the surface groups, the GO having on the surface epoxide, carboxyl and
hydroxyl groups shows a strongly acidic behaviour showing a pHiep. < 1.7[34]. Compared
to TiO, DT51 — US and GO, the TGO composite showed a more basic isoelectric point (from
3.4 (TiO, DT51 - US), 1.7 (GO) to 5.2).
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Figure 2.4. Z - potential vs. pH curves of TAC (red), SiO; (blue), and Ti0,:SiO, 1:3 (green) nanosuspension.

Morphology and superficial area characterization

Fig. 2.5 show TEM images of TAC and TiO,:SiO; 1:3[29]. The micrograph of the TAC sample
(Fig. 2.5a) showed a very fine primary structure, but organized in the form of scattered
aggregates, as the DLS data confirmed (Table 2.2). The diameter of the primary NPs was
about 5 nm, corresponding to the crystal lattice. In Ti0;:S5i0; 1:3 sampleTiO; nanoparticles

were randomly distributed in a silica matrix (Fig. 2.5b).

Figure 2.5. TEM image of a) TAC b) TiO,:5i0, 1:3 [30].
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TiO, DT51 — US sample appears aggregated with micrometric size (Fig. 2.6a), as also
demonstrated by hydrodynamic diameter (dpis = 1304 nm -Table 2.2). On the other hand,
a nanometric structure was observed in a higher magnification imagine (Figure 2.6b),

confirming the presence of 20 nm primary particles, as declared in literature[31, 32].

Table 2.3. Specific surface area (s.s.a.) determined by BET analysis.

Sample s.s.a. (m?/ g)
TiO, DT51 - US 91
G 21
GO 23
TGO 76
2-CaNa 11

EHT = 5.00 KV 1 Signal A = SE2 swe 7wz || Mag= 9D00K X 200nm EHT = 5.00 kv 1 Signal A = SE2 D 7 ez
WD = 6.0mm S000pm  Spesmeni= 00 ps pr—— Cupat To= Gl e WD = 6.0 mm 3000 pn

Specrien| = 01 e 320

Figure 2.6. SEM image of TiO, DT51 powder at different magnitude.

SEM images (Fig. 2.7) on GO - US showed the typical layered - sheet morphology of
graphene - based samples[37]. This founding confirmed the successful exfoliation during

GO synthesis.
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Figure 2.7. SEM images of GO — US sample at different magnitude.

The SEM images of the TGO composite (Fig. 2.8) showed the presence of both phases
interconnected with each other. A structure based on graphene oxide sheets surrounded
by TiO2, nanoparticles was recognized. The distribution of TiO, NPs on graphene oxide

sheets was homogeneous.

2 .
P BN a
Mag= 8B4KX 2pm EHT =10.00 kV 1 Signal A = SE2 o = = 70.00K X 200nm EHT = 5.00 kv 1 Signal A = SE2
o To=Cpaie —i WD = B.4 mm 000y Speimen = 005 e WD = 3.4 mm 20pn_ Specnisnl= 00pa

Figure 2.8. SEM image of TGO at different magnitude.

The SEM image (Fig. 2.9) of the g-CsNs sample showed a disordered structure
characterized by heterogeneously distributed layers and agglomerated structures. This
was confirmed by the hydrodynamic diameter data (> 6000 nm), consistent with SEM
image. The observed morphology had repercussions on low surface area, as

demonstrated by BET value (11.07 m?/ g — Table 2.3).
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Figure 2.9. SEM image of g-CsN,.

Crystallographic characterization

XRD analysis was used to identify the crystalline phases of photocatalysis studied.

Fig. 2.10 shows XRD patterns for TAC SFD (black) and TiO,: SiO, 1:3 SFD (red). Anatase A
(JCPDS 21-1272) was predominant in the commercial TAC sample and there were small
amounts of brookite B (JCPDS 29-1360 / 26 = 30.81) and rutile R (JCPDS 65—-0190 / 26 =
27.44). In the silica - modified samples, there was a wide band centred at 26 = 22°, the
characteristic peak for amorphous SiO; (JCPDS 29-0085)[38]. The presence of silica also
induced a decrease in the crystallinity of the TAC peaks consistent with the electrostatic

interactions that occur between TAC and SiO»[39].
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Figure 2.10. XRD diffractograms of TAC SFD (black) and TiO,:Si0, 1:3 SFD (red); A= anatase B=brookite R=rutile.

Fig. 2.11a shows XRD patterns for G and GO samples. Graphite G (in red) had an intense
characteristic peak at 26 = 26.4°. During the oxidation of the graphite powder, oxygen
atoms were introduced as different functional groups: OH, COOH and epoxy groups, these

stick to the graphite surface. The GO spectrum shows a wide band at 26 = 10.7°, which
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corresponds to the crystalline plane (200) of the GO sheets. In Fig. 2.11b the characteristic
graphite peaks were recognized in the GO sample demonstrating an incomplete oxidation
of G to GO[26]. However, the low intensity of the peaks confirmed that only a small

amount of graphite was not - oxidized.

a) : b)
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Figure 2.11. XRD diffractograms of G (red) and GO (black); a) full spectrum b) zoom from 0 to 7500 counts (y axis).

XRD patterns for TiO, DT51 - US, GO and TGO samples are shown in Fig. 2.12a. The sample
based on TiO, DT51 - US consisted entirely of the anatase crystalline phase as declared by
supplier. The TGO composite showed a polycrystalline structure with peaks of anatase
TiOz at 26 =25.37°,37.07 %, 37.89 °, 38.58 °, 48.07 °, 53.97 °,55.1 °, 62.71 °, 68.78 °, 70.41
¢, 75.08 ° corresponding to diffraction planes (101),(103),(004),(112),(200),(105),
(211),(204),(116),(220),(215) respectively (JCPDS 21-1272). The peaks of the GO

sample were appreciated in the diffraction pattern of the composite TGO (Fig. 2.12b).

33 W 41 43 45 41 a8 B & G
2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 2.12. a) XRD diffractograms of TiO, DT51 - US (black) A: anatase, graphene oxide (blue) and composite TGO
(red).
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The Fig. 2.13 shows the XRD model for g-CsN4 and it was possible to see two characteristic
peaks at 13° and 27° (JCPDS Card No. 46 - 1088). The small peak at 13° represented the
(100) facet. The intensity of this peak detected the presence of imperfections in the
structure, usually dependent on the synthesis temperature[40]. The peak of intensity
greater than 27° represented the (002) facet characteristic of graphitic materials due to

the interaction of the interlayer with the conjugated aromatic system[41,42].

et (Coupled TwaTheta/Thetal WL=1, 54000

Figure 2.13. XRD diffractogram of g-C3N,.

FTIR-ATR

Fig. 2.14a shows the FT-IT ATR spectra of the TAC SFD and TiO;: SiO; 1:3 SFD samples. For
the TAC sample the broad peak at 3200 and at 1650 cm™ corresponded to surface
adsorbed water and hydroxyl groups, respectively. The main peak at 500 — 700 cm™ was
attributed to Ti - O stretching and Ti — O - Ti bridging stretching modes. As regards the
TiO:SiO, 1:3 SFD sample, it was possible to attribute to the silica the peak around 1100
cm™ due to the vibrations of the symmetrical Si— O - Si stretching, of the Si - OH stretching
and of the asymmetric Si - O - Si stretching. The characteristic absorption bands of the
stretching vibrations of Si - OH and OH bound to hydrogen of physiosorbed water

molecules were integrated into a large peak at 3400 cm™[43,44].

FT-IR ATR spectrum of the GO and TGO samples are reported in Fig. 2.14b. GO sample
showed a peak around 1600 cm™ attributable to the skeletal vibration of the graphene
oxide planes. In case of TGO sample the broadening of the spectra below 1000 cm™ has
been attributed to the formation of Ti — O - C bonds. The existence of Ti - O - C bonds

confirmed that chemical bonds were firmly constructed between graphene and TiO;
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nanostructures. For both samples the wide absorption from 2900 to 3700 cm™ was

consistent with the OH stretching vibration of the surface hydroxyl groups[25,26,45].
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Figure 2.14. FT-IR ATR spectrum of nano-photocatalysts: (a) TAC SFD (blue) and TiO:Si0, 1:3 SFD (grey) (b) GO
(orange) and TGO (black) (c) g-C3Na.

Regarding g-C3N4 FT-IR ATR spectrum (Fig. 2.14c), the multiple peaks in the wavenumber
range 920 — 1700 cm™ were recognized though the stretching vibrations of the conjugated
CN rings could be seen. The acute absorption peak at 802 cm™ referred to the breathing
mode of the triazine units. The broad absorptions at 2800 — 3400 cm™ were assigned to

the N —H and O — H stretching vibration modes[42,46].

TG / DSC analysis results

The TGA curve of TAC SFD sample (Fig. 2.15a) show a total weight loss in air of 9% until to
800 °C[47]. A mild endothermic effect was observed at from 260 °C to 400 °C, probably
caused by the desorption of CO; and the water and organic compounds degradation. The
exothermic signal was detected from 400 °C to 800 °C to which was possible to assign the

anatase - rutile polymorphic phase transition[47,48].

The Ti0,:Si0; 1:3 SFD sample (Fig. 2.15b) shows a weight loss of 3%, the presence of SiO»
seemed to thermally stabilize TiO; phase. The DSC curve indicated a prominent
endothermic peak below 100 °C due to free absorption water and an exothermic peak at
500 °C which corresponded to the crystallization of the anatase phase in the brookite or

rutile phase of TiO,[49,50].
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The weight loss curve of TGO sample (Fig. 2.15c) shows the typical behaviour of GO[51].

The weight losses were separated into unique events namely loss of adsorbed water, loss

of oxygen moieties, and finally combustion at 30 — 100 °C, 100 — 300 °C and 300 — 700 °C

respectively. The decomposition of functional groups was confirmed by the endothermic

peak of the DSC curve.

Fig. 2.15d shows the TG and DSC graphs of g-CsN4 sample. Two phases were distinguished:

during heating from 25 °C to 540 °C the g-CsN4 absorbed heat slowly (as demonstrated by

DSC). When the temperature was increased from 540 to 720 °C, a drastic mass loss of g-

C3sNa was noted which reaches about 95% with a strong exothermic peak at about 720

°C[41,52].
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Figure 2.15. TG (blue) and DSC (orange) analysis results of a) TAC SFD b) TiO,:SiO; 1:3 SFD c) TGO d) g-CsN..
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Band Gap

The light energy necessary to activate (therefore to bring an electron from the valence
band to the conduction band) a semiconductor with band gap about 3 eV falls within the
UV range[13]. Therefore, the photocatalysis processes using (unmodified) TiO, exploit UV
irradiation. It is known that the band gap value of TiO; can range from 3.0 for the rutile
form to 3.3 for the anatase form. TiO; based materials that are made up of a mix of the
two forms have intermediate band gaps in this range[53]. In fact, the TiO, DT51 - US

sample, declared by the supplier 100% anatase, showed a band gap of 3.3 eV (Table 2.4).

Table 2.4. Band Gap value of nano-photocatalysts.

Sample E; (eV)
TACSFD 3.1
TiO2:Si0; 1:3 SFD 3.2
TiO, DT51 - US 3.3
TGO 3.2
g-C3N4 2.7

While the TAC SFD which was a mix of anatase (84%) and rutile (16%)[54], as also
highlighted by the XRD spectrum (Fig. 2.10), had a band gap of 3.1 eV. The presence of
SiO; and GO led to a slight decrease of TiO; band gap. It has been assumed that this slight
decrease is not sufficient to shift photocatalytic activity into the visible range. On the other
hand, the g-CsNs showed a band gap of 2.7 eV resulting the most promising sample as

photocatalysts with visible light applications.

2.3.2. Photocatalysts tests

To evaluate the photocatalytic efficiency, we used a Rhodamine B as organic pollutant
model. This molecule has a well - defined absorbance peak at 554 nm and we verified that
it was not photodegraded by UV light (photolysis phenomenon - Fig. 2.16a). On the other
hand, in presence of photocatalyst based on TiO, under irradiation the RhB molecules

were photodegraded with an attendant decreasing of absorbance peak at 554 nm (Fig.
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2.16b). In fact, Rhodamine B is a common used model in laboratory water remediation

studies[55].
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Figure 2.16. RhB absorbance spectra at different time (0, 15, 30 and 60 min) (a) without photocatalyst (b) with
photocatalyst (TiO,:Si0;, 1:3) under UV light.

The results of the photocatalytic tests, expressed as photocatalytic efficiency, under UV

and visible illumination are shown in Fig. 2.17a and b respectively.

The TAC and TiO, DT51 — US samples were used as benchmark materials. Under UV light,
TAC showed a photocatalytic efficiency of 100% while the TiO, DT51 — US of about 63%
(Fig. 2.17a). The same trend was found under visible light, but the efficiencies were lower
than UV light (Fig. 2.17b). This was explained by the values BET (Table 2.3) and DLS (Table
2.2). The TiO, DT51 — US showed a lower BET value and a higher DLS than the TAC. The
more aggregated TiO, DT51 — US and the lower surface area available led to have fewer
sites where radicals can be produced and that are involved in the photodegradation of
the RhB[56]. Furthermore, from literature[57] was known that the anatase / rutile mix, as
showed in TAC sample by XRD diffractogram (Fig. 2.10) exhibited greater photocatalytic
activity. This was because the charge carriers are displaced between the two
crystallographic phases and as soon as a charge carrier flows in one direction or the other,

the holes move in the opposite direction and inhibit electron / hole recombination.

79



120

100

80

60

40

20

0
TAC

TiO2 DT51 - US

photoctalytic efficiency (%)

m UV light Mvisible light

Figure 2.17. Photocatalytic efficiency of TAC and TiO, DT51 - US under UV light (blue) and visible light (green) after 120
min of photocatalysts test.
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Figure 2.18. Photocatalytic efficiency of TAC, SiO, and TiO,:SiO, 1:3 sample at 120 min of photocatalytic experiment
under (a) UV light (b) visible light.

Comparing the TAC and Ti0,:Si0; 1:3 sample, the benchmark material (TAC) showed a
greater photocatalytic efficiency, both under UV and visible light. This was also confirmed
by the kinetic constants degradation in Fig. 2.23a, in fact the kinetic constant (k) of
TiO,:Si0O; 1:3 was about one order of magnitude smaller than that of TAC. Unfortunately,
it appears that the presence of silica did not improve the photocatalytic performance of
TiO,, as expected. However, normalizing the data for the amount of active phase (TiO),

we found that the presence of silica had improved the photocatalytic performance of TiO;,
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as shown by TOF data (Fig. 2.19). We hypothesized that the silica coating on TiO2 NPs
increased the production of active species (¢OH) due to the ability of the silica layer to
hinder the recombination of radicals but limited oxidative stress in cells[58]. This founding
confirmed that the our SSbD strategy consists of introducing of SiO; in TiO; allows to
reduce the use of the active phase in photocatalysts with actually enhancement of the

photocatalytic activity without any significant deterioration of its biological impact.
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Figure 2.19. TOF value at 120 min of photocatalytic experiment: under (a) UV light (b) visible light.

Comparing TGO with its benchmark material (TiO2 DT51 — US), we found that the
introduction of GO contributed positively in the photocatalytic performance. In fact,
under both lights, TGO showed higher photocatalytic efficiency (Fig. 2.20), also confirmed
by the kinetic constants (Fig. 2.22), under UV irradiation the kinetic constant of TGO is an
order of magnitude higher than the benchmark material TiO, DT51 — US. This was further
confirmed by TOF values (Fig. 2.21). The presence of GO allowed to adsorb on its surface
organic contaminants that spread to the interphase with TiO, and were more easily
accessible by the radicals that are formed with the activation of TiO,[59]. GO was also
reported to act as a scavenger of electrons and increases their transfer rate. Therefore a
minimum concentration (16 wt%) of GO was able to increase the photocatalytic activity
and inhibit the hole / electron recombination[45]. GO could in turn be reduced under UV

radiation and also produce radicals capable of degrading pollutants[26].
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Figure 2.20. Photocatalytic efficiency of TiO, DT51 - US, GO, TGO and g-C3N,sample after 120 of photocatalytic test
under (a) UV light (b) visible light. The high catalytic efficiency of the GO is the high absorption rate that invalidates the

result.
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Figure 2.21. TOF value at 120 min of photocatalytic experiment under (a) UV light (b) visible light.

From literature[41,52,60] the g-CsN4 sample was a promising photocatalyst, especially
under visible light. Unfortunately, the data on g-CsNa contradicted this. As reported by
efficiency and kinetic constants results (Fig. 2.20 and Fig. 2.22, respectively), both under
visible light and under UV light, the sample g-CsN1 showed the lowest photocatalytic
performance. Comparing our results with literature[42,61,62], our experimental

conditions were stricter. In fact, usually 0.5 g / L of catalysis was used, but we worked at
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a concentration of five times lower. Furthermore, the pollutant concentration was much
lower than the 7ppm concentration used in this study. Further investigation will help to
understand the potentialities of g-C3sN4 as photocatalyst. A promising alternative could be
the coupling of g-CsNawith TiO,. It is expected that the coupling of TiO, with g-C3N4 can
improve the recombination of the electron - hole pair, expand the photo - response range

and promote oxidation and reduction processes[63].
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Figure 2.22. Kinetics degradation under (a) UV light and (b) visible light.

There were no significant differences in the results between irradiation with UV light and
irradiation with sunlight. The UV - A component of the light sources used were
comparable, in fact they are 60 W / m? for the UV light and 40 W / m? for the solar

simulator. This means that even if lower, the UV component in the solar spectrum was
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sufficient to activate the photocatalysts, moreover when the RhB dye is irradiated with
visible light it behaves as a photosensitiser[64], therefore it is able to pass to an excited
state and interact with the neighbour molecules, increased degradation. From this
perspective, the proposed TiO; - based photocatalysts, TAC, TiO,:SiO, 1:3 and TGO, do not
require expensive and time - consuming treatments to be activated under visible or
sunlight lightweight, with consequent benefits from a safety, environmental and

economic point of view[65].

COD is an essential parameter in the field of water treatment and their decontamination.
It represents the quantity of oxygen useful for the disinfection of a water (coming from
metropolis or from the houses of big cities, from rainwater, sewers or public pits). It is
evident that this data is used to ensure better monitoring of the water purification
performance. These essential criteria offer an immediate view of the quality of water
treatment and purification. COD values for the four photocatalysts, irradiated by the UV
and visible light sources were reported in Table 2.5. Current legislation in Italy defines
waters that can be discharged into the sewage systems COD < 5000 mg O, / L while it is
possible to release them on surfaces with COD < 160 mg O, / L[66]. Waters with greater

COD must undergo special purification treatments[67].

Table 2.5. COD values.

Sample Light Time (min) COD (mg 02/11)
RhB n.a. 0 561
Tap water n.a. 0 101
Deionized water n.a. 0 115
TAC visible 60 84
TiO,:Si0, 1:3 visible 120 158
TGO visible 120 138
g-C3Ny visible 120 208
TAC uv 60 174
TiO,:Si0; 1:3 uv 120 166
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TGO uv 120 139

g-C3Ny uv 120 126

In order to use the photocatalysts studied in urban water purification plants, the
maximum limit coincides with COD = 160 mg O, / L. In our case, the starting point (7 ppm
RhB solution, before light irradiation) has a COD = 561 mg O, / L. At the end of the
photocatalytic tests, both UV and visible light sources, the COD values of “wastewater”
fell below the threshold limit (160 mg O,/ L). TAC and Ti02:Si0O; 1:3 under UV light were
exceptions, but the data are very close to the limit. The only sample away from the limit

was the g-CsN4 under visible irradiation light which showed the lowest efficiencies.

2.3.3. Functional, Sustainability and Cost profile
UV light

The multi - criteria analysis allows to make a ranking of the goodness of the photocatalysts
considering functionality (photocatalytic efficiency), environmental sustainability and cost
(control function). First of all, the cost function was taken in account and it represents the
control function (where 100% means the maximum value obtained of cost efficiency),
therefore it was the function that determines the zones of environmental or functional
efficiency (the two dependent variables). Areas with efficiency > 60% are considered
acceptable. Fig. 2.23 shows the performance field relating to economic efficiency taking
in account the cost for the production of materials, which considers the preparation of
the composites and the US process for the TiO, DT51 - US sample (as reported in the
materials and methods section 2.2.6.). The results reported in Fig. 2.23 point out that TGO
and TiO, DT51 - US samples were not acceptable showing an economic efficiency zone <
60%. This because the two samples required 1h of US process and oven drying, steps that
imply high energy consumption and consequent high cost. On the other hand, TAC,

Ti02:Si0; 1:3 and g-C3Narequired minimal preparation.

The three solutions related to the hierarchy of performance functions allowing to identify
the three scenarios (Table 2.6): 1) dominance of environmental sustainability

performance, 2) fair relevance and 3) dominance of functionality performance.
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Figure 2.23. Performance space relating to ECONOMIC EFFICIENCY: control function for domain restriction.

Table 2.6. Division of weights to performance in the three scenarios.

. Functional |Environmental
Weight
performance| performance
1) Environmental dominance 30% 70%
2) Fair relevance 50% 50%
3) Functionality domanance 70% 30%

1) Dominance of environmental sustainability performance

In this case of the dominance for environmental sustainability performance, the
control function (cost) determined a restriction of the decision - making space (Fig.
2.24), in which we can see that the TAC material had medium (yellow — 60 - 80%) and
maximum (blue — 80 - 100%) efficiency for all irradiation times. While the materials g-
C3Na and TiO;: SiO; 1:3 showed a medium efficiency under 60 minutes of irradiation.
It was not possible to accept the choice of the TGO nanomaterial used at the maximum

irradiation times.
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Figure 2.24. Decision - making space and partition of the optimization domain as a function of the multicriteria
performance response (weights 30% functional, 70% environmental).

Despite the functional performance were in the 80% - 100% range, the cost factor
resulted unacceptable (grey - 40% - 60% of the maximum level of economic efficiency).
The production of TGO is uneconomical for a photocatalyst with discreet functional

performance.

2) Fair relevance

In the second scenario (Fig. 2.25), the economic control function limited the range of
acceptable case studies to only the TAC material with an efficiency of 80-100% for

irradiation times between 15 and 90 min.

When the functional component was considered more (respect the previous scenarios),
the g-CsN4 material has lost its efficiency due to its low photocatalytic efficiency (as shown
in Fig. 2.20a) while the TGO, despite not having reached acceptable levels, has increased
the percentage of cost efficiency because it had a good photocatalytic efficiency (Fig.

2.20a).
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Figure 2.25. Decision - making space and partition of the optimization domain as a function of the multicriteria
performance response (weights 50% functional, 50% environmental).

3) Dominance of functionality performance

In the scenario in which the functional performance was dominant, the control cost
function has imposed a restriction on the TAC nanomaterial only, which can be considered
as acceptable and responding to the simultaneous maximization of the functional —
environmental and economic performance indicators. Due to the highest photocatalytic
efficiency shown by TAC sample reacheing even 100% (Fig. 2.18), it resulted the most
promising photocatalyst. Although the TGO has increased (respect the previous scenarios)
its efficiency but the initial cost contribution for the preparation phase made it

disadvantageous.
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Figure 2.26. Decision - making space and partition of the optimization domain as a function of the multicriteria
performance response (weights 70% functional, 30% environmental).

It is important to underline that the environmental and functional coordinates have been
assessed in relation to the economic impact that essentially derives from the energy input
in the preparation phase of the nanomaterials in a "gate to gate" perspective. Energy
inputs for the synthesis of nanomaterials available in their final form or as semi - finished
products were not considered, as they concern processes prior to those studied in this
sustainable innovation study. This has led to a worse classification of composite materials,

as TGO in our case study, which required preparation such as US process and oven drying.

Visible light

The Fig. 2.27 reports the cost control function in the case of irradiation with visible light
through solar simulator. The economic efficiency performance range (minimum cost of
the solution) as seen for the UV irradiation solution with the effect of reducing the

acceptance range towards shorter irradiation values.
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Figure 2.27. Performance space relating to ECONOMIC EFFICIENCY: control function for domain restriction.

1) Dominance of environmental sustainability performance
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Figure 2.28. Decision - making space and partition of the optimization domain as a function of the multicriteria
performance response (weights 30% functional, 70% environmental).
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2)

The control function relating to the economic trend determined the restriction of
the decision - making sphere (Fig. 2.28).

The performance values in the range 80% - 100% of the maximum value were
obtained for the TAC material in the irradiation range at 15 - 60 min. The
acceptance of performance levels between 60% and 80% of the maximum value
has extended the choice also to materials g-CsN4 and TiO,:SiO, 1:3 for lower
irradiation ranges compared to TAC material. Also, in this

case for the materials TGO and TiO; DT51 - US the costs for the preparations made

these materials disadvantageous.

Fair relevance

In the scenario where the weights are equally distributed for functionality and
environmental sustainability, the control function has reduced the range of
acceptable cases to the only TAC material irradiated by visible light with an
efficiency in the 60 - 80% range for 15 - 120 min irradiation times. Compared to
the previous case, where the sustainability component weighed more, the g-CsN4
material loses efficiency because it shows a very low photocatalytic activity (Fig.
2.20b). On the contrary, the materials TGO and TiO2:Si0, 1:3 have acquired
efficiency because they have shown a high photocatalytic efficiency (Fig. 2.20b and
2.18b, respectively). Same trend seen in the case of UV irradiation, this confirms
that the differences between UV and visible light irradiation are minimal, matching

the criteria of environmental sustainability.
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Figure 2.29. Decision - making space and partition of the optimization domain as a function of the multicriteria
performance response (weights 50% functional, 50% environmental).

3) Dominance of performance functionality

In the scenario in which the functional performance is dominant, the control
function has imposed a restriction on only the TAC nanomaterial in the radiation
range 15 - 75min with an economic efficiency in the 60% - 80% range only (Fig.
2.30). It can be considered as acceptable and responsive to the simultaneous

maximization of functional-environmental and economic performance indicators.

Again, it is important to point out that energy inputs for the synthesis of nanomaterials
available in their final form or as semi-finished products were not considered and this

disadvantaged composite materials that may require preparation.
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Figure 2.30. Decision - making space and partition of the optimization domain as a function of the multicriteria
performance response (weights 70% functional, 30% environmental).

2.4. Conclusion

In this thesis work, an innovative method was exploited to compare the photocatalysts,
involving the calculation of the photocatalytic efficiency, the normalization for the
guantity of active sites with the TOF parameter, the control of the reduction of COD and
finally a profile of environmental and cost sustainability. Based on cost criteria, the use of
composite photocatalysts is not recommended, promoting single phase and unmodified
materials as commercial sample. However, if we consider environmental sustainability as
the predominant factor, from a Green deal perspective, the Ti0,:SiO, 1:3 composite
irradiated with both UV and visible light also obtained a very good score. Moreover, the
Ti02:Si02 1:3 composite is the most promising considering both TOF and COD parameters.
Regarding the carbon-based materials, an optimization of production process is
necessary. In fact, to make TGO a sustainable material the reduction of costs and the

environmental impacts are needed deriving from its production process. As regards g-
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C3N4, the optimization of condition (i.e. concentration) and a possible coupling with TiO;
could lead to advantages from both cost and sustainability point of view, becoming a good

candidate as photocatalysts.
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3.1. Introduction

The scale - up of a process is an integral part of innovation and is the basis for the success
and failure of a process. The scale - up of a process is defined as the set of considerations
and actions necessary to recreate laboratory data at an industrial level. It is not an
automatic transition because factors such as machinery materials, larger volumes, mass
transfers, heat transfers, etc. come into play. The fundamental steps for the creation of a
new material have been defined by the European community through the TRL codes
(Technology Readiness Levels), which define the technological maturity of the product.
During the TRL1 phase the technological principles are observed, at TRL2 a technological
concept is formulated. TRL3 and TRL4 include proof of concept developed and laboratory
validation of the product. TRL5 and TRL6 serve to validate and demonstrate the
technology in an industrial environment. TRL7 foresee the demonstration of a system
prototype in the operating environment. TRL8 and TRL9 are used to complete and test the

complete system in the operating environment[1].

Despite the huge effort spent to develop and characterize novel nano-photocatalysts,
which are especially active under solar light, knowledge gaps still persist for their full -
scale application, starting from the reactor design and scale-up and the evaluation of the
photocatalytic efficiency in pre - pilot scenarios[2,3]. One of the main objectives
addressed by more recent studies is to extend the use of TiO; - based photocatalysts to
solar (visible) light for the application in areas without electricity or as a sustainable
solution to avoid the use of bio - hazardous and costly UV light[4—7]. Nevertheless, the
majority of works are carried out on a laboratory scale, and the introduction of other
materials into TiO, dramatically increases the complexity of the photocatalyst preparation
and cost, and the modification with heavy metals or harmful organics could even improve
the degree of environment pollution[8,9]. Furthermore, the scale - up of nano - TiO; -
based photocatalytic technology in water purification systems poses a problem: the
recovery of nanoparticles. When studying a method of purification from pollutants, on the
one hand it is necessary to ensure the removal of the pollutant itself, on the other hand it
is essential to verify that no new pollutants are introduced or generated. If the
nanoparticles were left free in the water, they would be able to degrade the pollutants

present but if not controlled they could reach living beings and manage an acute or
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chronic toxic component. To avoid further treatments (introducing further costs and time)

the best strategy is to immobilize the photocatalysts on a support.

Considering the real application in large - scale plants for water purification, a
heterogeneous photocatalysis process is necessary involving the immobilization of nano-
photocatalysts on different support. This presents an important advantage: the
elimination of any type of post - purification treatments that usually involve sophisticate
separation processes to separate dispersed nanomaterials. In heterogeneous
photocatalysis the choose of the support represents a crucial aspect. We identified the
fabrics as ideal supports due to their availability in large quantities, low cost, great affinity

with TiO2 NPs and they are easily adaptable to any geometry.

Moreover, the fabrics functionalized with NPs show a high resistance to washing in the

washing machine[4,10], thus eliminating any type of post - treatment.

Finally, again to limit costs, it would be good if the photocatalysts were regenerable in
order to always reuse the same support functionalized with nanoparticles and minimize

waste and costs.

This work was focused on the semi - pilot plant optimization. We selected two NMs tested
at lab - scale (TAC and Ti0,:SiO2 1:3) which were immobilized on surface fabric supports
that were integrated in a semi - pilot plant scale (6 L capacity) reactor, using Rhodamine
B (RhB) as a reaction model[20]. We investigated the photocatalytic efficiency of TiO, —
based coating, when irradiated by both UV and visible light - emitting diode (LED) lights,
and identified the best design options, comparing photocatalyst and supports properties,

process parameters, and type of irradiation.

3.2. Materials & Methods

3.2.1. Materials

TiO2 nanosol (NAMAA41, 6 wt%), called TAC and SiO; nanosol 40 wt% (Ludox® HS - 40) were
purchased from Colorobbia (Sovigliana, Vinci (Fl), Italy) and Grace Davison (USA),

respectively. Rhodamine B (dye content = 95%) target dye, ion exchanger Dowex® 1 x X8
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basic anion exchanger resin and ion exchanger Dowex® 50 W x 4 acidic cation exchanger

resin were purchased from Sigma Aldrich (Milano, Italy).
3.2.2. TiOz - based Nanosuspensions

Acid TiOz nanosol (TAC, pH 1.5) was used to prepare two TiO; - based nanosuspensions:
TACR and Ti0;:SiO, 1:3 suspensions. TACR was obtained diluting TAC at the 3 wt%
concentration with distilled water (DI) water and treated with ion exchanger Dowex® 1 x
X8 basic anion exchanger resin in order to increase the pH from 1.5 to 4. This increase in
pH is necessary in order to avoid fabric damage caused by acidity, and the residual by the
synthesis of original TiO, can reduce the photocatalytic activity[21]. TiO,:SiO; (ratio 1:3) 3
wt% was prepared by the heterocoagulation method. SiO; nanosol 40 wt% (Ludox” HS -
40) was diluted at the concentration 3 wt% with DI water and treated with ion exchange
Dowex® 50 W x 4 acidic cationic exchanger resin in order to decrease the pH from 10 to 4
(SiO2-R). TiO; suspension (TACR) was dropped into SiO2-R suspension. The Ti0,:Si0; 1:3
sample was obtained through an electrostatic interaction between negatively charged
silica nanoparticles and positively charged titania nanoparticles. The electrostatic
interactions between SiO; and TiO; surfaces are promoted by mixing the sols in well -
defined ratios and by ball milling for 24 h with zirconia spheres (diameter 5 mm) as

grinding media.

3.2.3. Ceramized Fabric

The coated fabrics was obtained via the dip — pad - curing method. The fabric was
pretreated by washing in an ultrasonic bath for 15 min in DI water and dried in an oven at
100 °C. Then, the fabric was dipped in a 10 mL of TiO; - based suspension for 5 min,
squeezed in two rolls to eliminate the excess of suspension (pad stage), dried in an oven
at 100 °C, and finally cured at 130 °C for 10 min in order to fix the NPs to the fabric. A
single impregnation was carried out achieving the final dry add - on value (AO%), which is
defined as the percent amount of the finishing agent added to the fabric with respect to

the initial weight of the latter, i.e.,

Wy — W,

i
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where w; and wy are the weights of the fabric before and after the dip — pad - curing
process, respectively.

We tested four fabrics different in color, weight, and structure described in Table 3.1.

Table 3.1. Fabrics used as supports for nano - TiO; - based coatings.

Code Images Composition g/ m?

65% cotton

SP 450
35% polyester
65% cotton
SC 500
35% polyester
SM Not available 640
C 100% cotton 100

3.2.4. Semi - Pilot Plant and Irradiation Source

The photocatalytic tests were carried out in a 6 L semi - pilot plant[22], as schematized in
Fig. 3.1. The semi - pilot plant was designed and built by RAFT s.r.l., Montelupo Fiorentino
(Italy). It hosts two plastic windows for supporting ceramized fabrics (14.8 x 11.4 cm; 100
cm? fabric exposed area for each support), and on the top, there are three holes for UV or
visible light lamps. The homogeneity of water flow was ensured through a peristaltic
pump, and the feed bath was thermostated by a chiller (Julabo, F12). The LED strip lights
were provided by the Wiva Group (ltaly). The visible LED light is characterized by a wide
emission spectrum (Figure 3.2a) with a main peak at wavelength = 452 nm and a second
peak at wavelength = 569 nm. The UV LED light has a very narrow emission spectrum with
Amax = 384 nm (Figure 3.2b). The irradiance was calculated placing a radiometric UV probe
(UV - A 315-400 nm) on the fabric surface in order to evaluate the UV component
irradiance of the two light - emitting sources that resulted in 4.3 x 103 W / m? for visible

light and 150 W / m? for UV light.
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Figure 3.1. Schematized representation of a 6 L semi - pilot plant.
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Figure 3.2. Emission spectrum of (a) visible LED light and (b) UV LED light, including photographs of the corresponding
LED strips, mounting an air - cooling fan.

3.2.5. Characterization

3.2.5.1. Characterization on Fabrics

The untreated fabrics were morphologically observed by optical microscope using a Hirox
3D digital microscope, RH200 with a magnitude of lens x35 and x50. Specifically, we

observed the fabric weave, thickness, and color of a single fiber.
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The untreated / treated fabrics were observed also using the Field Emission Scanning
Electron Microscope (FESEM ZEISS Sigma HV). All samples were gold - coated (thickness =
5 nm) (Spatter Quorum Q150T ES) to increase the conductivity and obtain well - defined

images.

The hydrophilicity of untreated and TACR - treated fabrics was evaluated by contact angle
analyses. The measurements were carried out using a KRUSS DSA 30 S instrument, a 20
pL drop was deposited by sessile drop deposition method at room temperature (25 °C),

and a tangent - fitting method was used for the angle contact measurements.

3.2.5.2. Rhodamine B Degradation Tests

The photodegradation tests were carried out using Rhodamine B (RhB) as a model of
organic trace pollutant. RhB is a synthetic dye that is commonly use in water remediation
due to the easy detection of small concentrations by UV - Vis absorption analysis using a
single beam spectrophotometer Hach Lange, DR3900. RhB imparts a deep magenta hue
to its water solutions and displays a well - defined absorbance peak at 554 nm. In our
experiment, we used 3.5 mg / L RhB concentration. The lamp was switched on outside the
plant 30 min before starting the test in order to stabilize the power of emission;
simultaneously, the ceramized textile was put into RhB solution to reach the adsorption—
desorption equilibrium. In order to evaluate the degradation kinetics, an aliquot of 3 mL
was withdrawn and analyzed every 20 min (Ax) through UV - Vis analysis in the range of
350-700 nm to a final reaction time of 100 min. The Ax was measured in correspondence
to the maximum of the absorbance peak detected, considering the shift of the initial
absorbance peak of RhB. Before starting the degradation tests, after 30 min of absorption,
the initial absorbance (Ao) was determined. The photocatalytic efficiency was calculated
at t = 100 min. It indicates the ratio between the amount of reagent consumed and the
amount of reagent initially present in the reaction environment, and it was determined

by the following formula:

A
Photocatalytic ef ficiency (%) = ( 1-— A—x) * 100
0
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where Ay is the peak value at time t and A is the peak value at time 0. In order to facilitate
the comparison between the different photocatalysts, normalizing for the amount of
catalyst and the time of exposure, the turnover frequency (TOF) parameter was

calculated. The TOF parameter was calculated by following equation:

mol of product

mol of catalyst

TOF =

where

mol of product is calculated as the initial concentration of reagent per efficiency reached
at the time s

mol of catalyst are the moles of the catalyst deposited on the exposure area of fabric

calculated by the AO% parameter.

3.3. Result & Discussion

3.3.1. Characterization of Fabrics
A basic morphological characterization of fabrics, used as support for obtaining nano -

TiO; - coated photocatalysts, was carried out by optical microscope (Fig. 3.3).

Figure 3.3. Optical microscopy images of untreated fabrics: (a) SP; (b) SC; (c) SM; (d) C.

The images (Fig. 3.3) show the differences of color, warp, and weft of the target fabrics.
SP, SC, and SM fabrics are characterized by very intertwined fibers, whilst the weave of
the C fabric is more regular and expanded than other fabrics. This can explain the
significant differences in the absorption of the TiO; - based nanosuspensions (TACR and
TiO,:Si0; 1:3), as demonstrated by the add - on percentage (AO%) reported in Table 3.2.
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In fact, the fabric C being characterized by a large weave and low weight (Table 3.1)
adsorbs half the amount adsorbed by the other fabrics.

SEM analysis showed the changes in surface morphology induced by the presence of TiO;
nanoparticles confirming the formation of a homogeneous nano - TiO; coating on the
fabric’s surface. Unlike the smooth texture of the uncoated fibre (Fig. 3.4a), the fibres in
the TACR - coated fabric showed a certain surface roughness due to the thin layer of TiO,

adhering to the textile substrate (Fig. 3.4b).

1

20pm

30pm

Figure 3.4. SEM image (a) untreated fabric (b) TACR treated fabric.

Table 3.2. AO% parameters calculated.

Fabric AO% (TACR) AO0% (TiO2:Si02 1:3)
SP 5.9 8
SC 8.4 n.a.
SM 6.2 n.a.
C 3.8 3

n.a. not available.

In order to evaluate the hydrophilicity of fabrics and estimate the adsorption capacity of
the textile supports, before and after the TiO, treatment (TACR), contact angle

measurements were performed. The results are reported in Table 3.3.

Table 3.3. Contact angle measurements on untreated and TACR coated fabrics.

Fabric Untreated Coated
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SP 121+1 121+3

SC 113+1 n.d.
SM n.d. n.d.
C n.d. 122+4

n.d. not determined.

In general, all samples show hydrophilic properties, and no significant differences
between untreated and treated fabrics are found. Specifically, the SM fabric exhibits very
high hydrophilic behavior both on untreated and treated samples. In fact, the water drop
is absorbed so quickly that during the contact angle measurements, the values are not
detectable. This also occurs for untreated C and treated SC fabrics. In the case of SC fabric,
an increase in hydrophilicity induced by TiO; treatment is found. Otherwise, a decrease in
hydrophilicity induced by TiO; treatment was found in the C sample fabric. In any case, no
clear correlation between the variation of hydrophilicity between different samples and
the photocatalytic efficiency was found, as the results discussed in the following

paragraphs show.

3.3.2. Optimization of Photocatalytic Process

3.3.2.1. Effect of TiO, - Based Coatings Composition

Using SP as the target fabric, we evaluated the photocatalytic efficiency of TACR and
TiO2:SiO2 1:3 coatings under both UV and visible light irradiation. Very low differences
were observed between TiO; and Ti02:Si0; 1:3 compositions. This result (Table 3.4)
confirms the different mechanism occurring when the photodegradation of TiO; is tested
at a liquid and gas state. In fact, in a previous study[23], using NOy abatement (DeNOy) as
the experimental model, we found that the presence of SiO; significantly improved the

efficiency of the photocatalyst.

Table 3.4. Comparison between different TiO, - based photocatalysts. Tests carried out with SP fabrics under UV and

visible light.
Photocatalytic Efficiency
Irradiation Light Coating
%
Visible TACR 49

109



TiO02:Si02 1:3 51

TACR 64
uv
TiO02:Si02 1:3 60

The RhB photodegradation of the two photocatalysts over time is represented in Fig. 3.5,
showing a progressive decrease in the absorbance of the RhB peak at 554 nm. Moreover,
for both photocatalysts, a blue - shift of the Amax was detected. This is associated to a de-
ethylation of RhB molecules, which agrees with the hypothesized RhB degradation
mechanism (Fig. 3.6)[24], in the presence of supported photocatalysts. The assessment of
photocatalytic efficiency was done by considering the maximum of the absorbance peaks,
allowing an estimation of the overall reactivity, because we referred to the capacity of the
catalyst to photodegrade the dye and its by - products. The higher shift detected in the
case of the Ti0;:Si0; 1:3 photocatalyst can be attributed to a complete conversion of the
N, N, N, N’ - tetraethylated rhodamine molecule (Amax = 554 nm) to de-ethylated
rhodamine (Amax = 498 nm), as a consequence of the attack of oxidative radicals against N
- ethyl group[23], which was not achieved in the case of TACR. This was further confirmed
by Chen et al.[25] that showed different absorption mechanisms and consequently
different degradation mechanisms using TiO; or the Ti0,:SiO; 1:3 composite. In fact, they
declare that in the case of RhB absorption on Ti0,:S5i0; 1:3, the chromophore is absorbed
by the photocatalyst through the diethylamino groups while in the case of TiO,, it is
absorbed through the carboxyl groups. This difference results in an attack of the
chromophore ring and its cleavage in the RhB - TiO; case, while in the RhB - TiO,:Si0; 1:3
case, the auxochromic groups are attacked and produce the de-ethylation of the
alkylamine group. Moreover, they found that the blue-shift phenomenon due to the RhB
de-ethylation is more evident under visible light than UV, which is because the UV
radiation directly excites the TiO2, while under visible light, it is the RhB absorbed on the

surface of the photocatalyst to subsequently produce the active oxygen species.
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Figure 3.5. Absorbance of RhB solutions after irradiation under visible light at 0 min (orange), 40 min (gray), 80 min
(vellow), and 100 min (green). Time 0: Amax 554 nm; time 100: Amax 527 nm for TACR and 498 nm for Ti0,:5i0, 1:3.

I COCH

O e, = i
csz.\hll o \rP,csz
CHs Cs O
COOH

|“|~1H
CH,

909
HrsIJ o] =
CZHS
Figure 3.6. De-ethylation proposed mechanism of RhB by TiO,-based nanoparticles immobilized on fabric[24].

3.3.2.2. Effect of Temperature

The dependence of photocatalytic performance on temperature has been widely
investigated in the literature, and it is still under debate, with increasing temperature
promoting phenomena such as the desorption of adsorbed reactants and the rate of
recombination of photogenerated electron / hole pairs that are detrimental for the
photocatalysis[26,27]. Otherwise, it is well known that the temperature influences the
reaction kinetics, enhancing the activation energy and so speeding the photodegradation
process[28,29]. Photodegradation tests using SP fabrics coated with Ti0:Si0; 1:3, under

both UV and visible light sources, were compared at three working temperatures: 15 °C,
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25 °C (room temperature), and 38 °C. The results are shown in Table 3.5. Under UV LED
irradiation, the photocatalytic activity decreases by increasing the temperature, whilst in
the case of visible LED, no significant trend was observed. The dependence of
photodegradation efficiency by temperature is the result of synergetic (increase in
activation energy, increase in charge transfer kinetic) and detrimental effects (the
recombination of charge carriers and the altered adsorption equilibrium of reactants such
as dye molecules, water, and oxygen)[26,28—-30]. Therefore, in this case, the best
compromise is working at room temperature, matching environmental and economic

requirements[31].

Table 3.5. Effect of temperature. Tests carried out with TiO,:5i0, 1:3 - coated SP samples, under both UV and visible

LEDs.
Photocatalytic Efficiency
Irradiation Temperature °C

%

15 55

Visible 25 51

38 57

15 63

uv 25 60

38 59

3.3.2.3. Effect of Fabric Substrate

In order to investigate the effect of fabric substrates vs. type of irradiation (UV and visible
light sources), we carried out photocatalytic tests with TACR - coated fabrics, and the

results are reported in Table 3.6.

Table 3.6. Effect of fabric substrates. Tests carried out with TACR at T = 25 °C, under both UV and visible light sources.

Photocatalytic Efficiency %

Fabric
UV LED Visible LED
SP 49 64
SC 64 54
SM 56 59
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Overall samples showed a comparable photodegradation efficiency despite the type of
fabrics used and the type of irradiation source. Nevertheless, the fabric composition and
structure seem to affect the efficiency; the SP sample is even more reactive under a visible
source. The reactivity shown by the samples irradiated by visible LED was surprising,
considering that the TACR crystalline phase, corresponding to anatase with 16% of
brookite[21], has a band - gap, previously measured of 3.1 eV, that restricts its use only to
the ultra - violet range of light. Considering the UV light fraction intensity measured on
the fabric surface—UV LED (48.5 W / m?) and visible LED (4.3 x 10> W / m?), it is evident
that in the case of a visible lamp, the few photons achieving the fabric surface have
enough energy to activate the catalyst, and they are responsible for the photodegradation
reactivity, which is comparable with that obtained irradiating the samples with UV LED,
with a UV irradiation intensity that is five orders of magnitude higher. This result is quite
unexpected because even if it is reported that a few photons of energy (i.e., as low as 1 x
102 W / m?) can induce the photo - generation of electron—hole pairs[32], high intensities
(400-1000 W / m?) are needed to achieve a high photocatalytic reaction rate, particularly
in water disinfection treatment[33]. The really low intensity of ultraviolet radiation (UVR)
needed to activate our photocatalysts encourages their use and activation under solar
irradiation; considering that the UV light portion of the yearly average solar irradiance at
sea level, on a clear day, is about a few units W / m?, we can reasonably estimate that the
UVR intensity of the sun is in large excess of the amount needed to activate our
photocatalysts. From this perspective, the proposed TiO; - based photocatalysts do not
require costly and time - consuming doping treatments to be activated under visible LED
or solar light, with consequent benefits from safety, environmental, and economic points
of view[32].

In order to better compare the photocatalytic ability of coated fabrics and select the most
suitable fabric support, we calculated the TOF parameter (Table 3.7). The results show
that the C fabric presents the highest photoactivity, both under UV and visible LEDs.
Considering the natural source of cotton (100% biodegradable), its high availability at low
cost and the shown photo - induced reactivity under visible LED, which is one order of

magnitude higher than the other photocatalyst, also irradiated by UV light, it is evident
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that the cotton photocatalyst under visible LED becomes the best choice, matching the

criteria of sustainability and safety.

Table 2.7. TOF parameter calculated at time 100 min. Tests carried out with TACR at T = 25 °C, under both UV and
visible light sources.

Fabric UV LED Visible LED
SP 7.5x107° 9.8x10™
SC 8.9x 107 7.5x 107
SM 8.6 x 107 8.8x 107

C 1.02 x 1073 8.7x 10

3.3.2.4. Process Scalability

The treated fabrics were integrated and tested in the LED - based semi - pilot
photocatalytic reactor of Fig. 3.7a. Fig. 3.7b shows the pilot reactor based upon the best
design options identified performing tests with the semi - pilot reactor. The performances
obtained with the pilot plant and the evaluation about the scalability of the semi-pilot

plant are the objective of a future study.

Figure 3.7. (a) LED - based semi - pilot photocatalytic reactor tested (6L), used in this study; (b) Up-scaled reactor
(100L) built upon the best design options in the present study.

3.4. Conclusion

In response to the still persisting knowledge gaps for the full - scale application of nano-
photocatalysts in water / wastewater purification systems, we immobilized TiO; - based

nanoparticles as the coating of fabrics, obtaining large available, low cost, highly flexible
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photocatalysts that allow an easy implementation in many different geometry water
treatment reactors and the easy recovery and regeneration of photocatalysts. We
implemented the obtained photocatalytic fabrics in a 6L capacity semi - pilot plant and
evaluated the degradation of RhB dye, which was used as a probe molecule, simulating
the water pollution. We adopted a multi - variables optimization approach to look for the
photoreactor operating parameters that mostly affected the photocatalytic performance
and identified the best design option also in response to safety and sustainable criteria.
We found that the 100% biodegradable cotton fabric irradiated by visible LED is the best
candidate, because it showed a TOF higher than all the other samples, which was
irradiated by both UV and visible light sources. The really low intensity of UV radiation -
activating fabrics under visible LED expands the applicability of the technology to solar
light, since the measured intensity of the UV radiation component, in visible LED, is much
lower than the solar yearly average one. The findings from the multi - variable
optimization study were translated into updated recommendations for the design and the
technical application of these efficient and low - cost TiO; - based photocatalysts, which
are suitable for developing a range of technologies aimed at environmental protection.
The good results obtained encouraged the scale - up of the 6 L semi - pilot plant up to the
100 L pilot plant that has been built, even if the evaluation of photocatalytic performances

is still under investigation.
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4.1. Introduction

This chapter focuses on two fundamental aspects of the development of photocatalysts

for water purification:

1- the conditions that maximise the photocatalytic production of radicals that will
oxidise organic pollutants,
2- the definition of the safety profile of the nano-photocatalysts, in order to assess

ecological risks arising from their emission into aqueous environment.

The growing and rapid production of nanomaterials has inevitably increased the exposure
of human and eco - system to these materials. Therefore, it is essential to prevent
potential hazardous effects while not restricting their functionality[1]. Due to their small
size, nano-photocatalysts can potentially damage cells or organisms by activating
mechanisms driven by the generation of reactive oxygen species (ROS), that is, the same
extremely reactive species that are used for the mineralization of organic pollutants.
Nano-photocatalysts, in fact, can produce peroxides (H203), superoxide (¢Oy), hydroxyl
radicals (¢*OH - ROS more reactive), singlet oxygen (*0,)) also through mechanisms other
than the photochemical ones. The excess of these species in a cell is defined as Oxidative
Stress, a condition that can lead to the death of the cells, and the ability of a toxicant to
induce oxidative stress is defined as oxidative power. From a practical point of view,
analysing the acellular ability of a nanomaterial to consume antioxidant (e.g., glutathione,
cysteine) or to generate ROS may provide information about the reactivity once they
penetrate into cells. Many factors, however, concur in the oxidative power of
nanomaterials, and machine learning methodologies may become effective strategies to
extract useful information about the oxidative potential of nanoparticles from massive
datasets[2]. The majority of the available predictive tools are focused on in vitro endpoints
to predict cellular viability in diverse organisms[3,4]. To our knowledge, there is neither
an explicit mechanistic interpretation nor a predictive model specific to oxidative stress.,
in this thesis, we developed a machine learning model that that identifies the
characteristics of the nanoparticles, and of exposure, that correlate with the experimental
consumption of antioxidant and the generation of ROS, this type of information is crucial

for supporting safety — by - design actions for the nano - based photocatalyst.

121



4.1.1. Generation of ROS

The efficiency of the photoinduced degradation of organic pollutants varies depending on
the types of semiconductors (photocatalysts) used and on the operative conditions. Since
ROS are primary intermediates of photocatalytic oxidation , the identification,
guantification and kinetics of ROS production are important factors of the
photodegradation mechanisms and their analysis enables the design of efficient solutions

[5].

In a common set - up, nano-photocatalysts are suspended in water, where, by irradiation,
radicals can be formed (Fig. 4.1); when a water molecule comes into contact with a
nanoparticle excited by the light it can be oxidized to H,0, or ¢OH. Conversely, an O;
molecule can be reduced to ¢0;". In a subsequent step, the dimerization of the ¢OH to
H,0, or the disproportionation of the ¢0, to H,0, can occur. O can also oxidize to 10,.
The radicals can then interact multiple times with the pollutants, which can be mineralized
to CO; and H;0[6]. Different methods used to detect radicals in water differ in selectivity,
sensitivity and fast time resolution[11]. Radical half - life ranges from a minimum of
nanoseconds (in most cases) to a few seconds, these life - times lead to concentrations
that range from pico- to micromolar. Due to these two factors, direct methods for the
detection of radicals in water are in most cases impossible, with the exception of the

methods for H,0, which has the longest half-life[12].

o Singlet oxygen

.o Superoxide radical

Molecular oxygen

Figure 4.1. ROS generated in the photocatalytic reduction and oxidation steps of oxygen and water.
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For my Ph.D. thesis, | used a fast, simple method, which does not require particular
expensive chemical probes to provide information on ¢OH production. Among the most
commonly used indirect methods, we find: Electron Paramagnetic Resonance — (EPR) of
adducts formed between a probe molecule (i.e., spin trap) and a radical[13], Colorimetric

assays, Chemiluminescence assays[14], Fluorescence emission[15,16].

All these methods, suitably calibrated, can be selective for a specific radical. On the other
hand, they all have the disadvantage of requiring very expensive equipment, which, in

turn, requires specialized and skilled users.

4.1.2. Quantification of the Oxidative power

One the objectives of this thesis is the evaluation of the oxidative power of nanoparticles.
Upon cellular uptake, nanoparticles can induce oxidative stress by a number of
mechanisms, which include the catalytic production of radicals (e.g., through the Fenton

mechanism), or consumption of antioxidants[17].

The term Oxidative Stress indicates the set of alterations that lead to an excess of oxidizing
agents in cells. Oxidizing species and free radicals play very important physiological roles,
such as defence against bacteria, transmission of biochemical signals between cells, blood
pressure control etc... It is only their excess, generally referred to one or more classes of
oxidants, that is implicated in oxidative stress, now considered to be associated with over
one hundred human pathologies[18,19].This excess, in fact, may result in metabolic
alteration, damage and cell death. Any disturbances in normal redox state due to the
production of peroxides and free radicals can have toxic effects that damage several

components of the cell, including proteins, lipids and DNA.

ROS can also interfere with intracellular signalling mechanisms and in the regulation of
gene expression. in a normal state, antioxidants can neutralize ROS. When ROS exceed

antioxidant defences, a cascade of effects may follow:

1- Cell proliferation is initially activated and the concentration of "free" intracellular
Ca?* increases. As oxidative stress progresses, transition metal ions are released
which catalyse free radical reactions. Some metals bind to DNA making it a target

for hydroxyl radicals. It also increases the release of Ca?* which is kept low in the
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case of normal cells. At this point the cell increases its protective defences and
tries to repair the damage to the DNA (anti - oxidant defence).

Inflammation stage: at this level the cells are subjected to the cytokine storm
activated by the immune system that tries to defeat the cause of advanced
oxidative stress. Under normal conditions, the cell is able to regulate this
mechanism but when previous damage is present the production of cytokines is
not stopped and this leads the cells to self - injure.

Cytotoxicity: the cell is no longer able to protect itself and dies; the cell membrane
breaks; the released metal ions and toxins increase the lesions to neighbouring
cells, causing them to die quickly in a cascade. Effects are to some extent cell - type
specific, being influenced by parameters such as the presence of a given cell
surface receptor and signal transduction mechanisms, as well as levels of

antioxidant defence[20-22].

For this thesis, | evaluated the intrinsic ability of nanoparticles to produce radical and to

consume antioxidant by simple, yet accurate methods for the acellular study of these

mechanisms. Results of this screening may be used in ranking the potential toxicity of

nanoparticles and inform the design of safe systems for photocatalytic purification of

water[23].

Depletion of antioxidant was evaluated as consumption of Glutathione (GSH) and

Cysteine (Cys) induced by a nanoparticle in a acellular environment[24]:

GSH / GSSG (Fig. 4.2a): GSH is a low — molecular - weight, water - soluble natural
tripeptide. It is composed of three amino acids units (glutamic acid, cysteine and
glycine) with a high ability to neutralize oxidants through the thiol group (-SH)
present in cysteine terminal, which, upon oxidation, dimerizes by forming a -SS-

bond and according to the reaction (1).

2 G - SH + ROOH > GSSG + ROH + H,0 (1)

Its antioxidant function is restored by a NADPH - dependent enzyme. The
relationship between the oxidized and the reduced form is a dynamic equilibrium

that provides information on the state of tissues and cells[19,25].

124



- Cysteine / cystine (Fig. 4.2b) is an amino acid. Two distinct thiol groups in an
oxidizing environment can bind, giving rise to a disulphide bridge (cystine) (as in
the case of GSH) and then to the tertiary or quaternary structures of proteins.
Cysteine deficiency leads to weakness, decreased muscle mass, atrophy, liver

damage, skin lesions and much more[19].

a) 0 0 /'SH O b)

o)
GSH Ho)l\( \J kn)\(ﬂ;ﬁ \‘“)kOH || Cysteine
NH,

NH,

o}
WI/A\ JL\,/ \/ ~ N AOH

0] OH
Lo} 5,, o 0 \:]V\
GSSG HoN G S ¢ stine
S 2 : S/ 5 NH2 Cy
H H

Figure 4.28. a) Structures of GSH and of GSSH b) Structures of Cysteine and of cystine.

DTNB mixed diulfide TNB"

Figure 4.3. Mechanism of the Ellman assay.

In the testing protocol | used, the unconsumed portions of these two substances are
detected using the Ellman assay, a colorimetric method which is based on the reaction
between Ellman's reagent (DTNB) and a thiol group (-SH) which leads to formation of a
mixed disulphide and the anion TNB;  which absorbs at 412 nm. The reaction mechanism

is shown in Fig. 4.3.
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The ability of the photocatalysts

\N/ \N/ \N/
to generate *OH radicals was
evaluated by incubation with N,

"OH i
N — dimethyl - 4 - nitrosoaniline - ™~
(RNO — CgH1oN;0) followed by
irradiation with UV radiation N N N
\\\0 0% o 07 g
h - i th

(the same conditions as in the - AT dep{::g;fnned

photocatalysis experiment -

Figure 4.4. The oxidation of p-nitrosodimethylaniline by the hydroxyl

chapter 2); the formation of radical.

adducts of RNO and ¢OH can

be followed spectrophotometrically: the degree of discoloration of the RNO provide a
measure of the tendency of the photocatalyst to produce ¢OH[7]. RNO in the solid state
appears as a soft green powder, when put into solution it becomes straw yellow in colour
at low concentrations and brown in high concentrations. When the RNO is attacked by a
hydroxyl radical, the N = O double bond is destabilized with consequent formation of the

N - OH bond and the loss of the yellow colour (Fig. 4.4[8])[9,10].

4.2. Material & Methods
4.2.1. Materials

Phosphate buffer solution (PBS) powder, glutathione (GSH) (pharmaceutical secondary
standard), L - Cysteine (Cys) 298%, N, N — Dimethyl — 4 - nitrosoaniline (RNO), 5,5’ — Dithio-
bis - (2 - nitrobenzoic Acid) (Ellman reagent) 99%, ethylenediaminetetraacetic acid (EDTA)
anhydrous > 98%, hydrogen peroxide (H,0;) solution 30% (w / w) in water were purchased

from Sigma Aldrich (Italy).

4.2.2. Antioxidant (GSH, Cys) and ¢OH generation (RNO depletion) tests

Preparation of solutions and suspensions

A suspension for TAC and TiO2:Si0; 2 mM was prepared diluting the stock suspension (6

wt% and 3 wt% respectively) in PBS 0.01M. TGO and g-C3N4 suspension 2 mM was
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prepared mixing powder and PBS 0.01M. The suspension underwent 15 minutes of

ultrasonic bath to promote the dispersion of nanoparticles.

The solutions in PBS 0.01M of GSH 1.1 mM, Cys 1.1 mM, RNO 40 uM were prepared. The
final concentration of GSH and Cys during the test was 0.1 mM. To determine the GSH /
Cys / RNO concentrations, we recorded absorbance at different concentrations; we used
these values to construct a calibration curve (Fig. 4.5, 4.6, and 4.7 respectively). The
measurements were carried out in triplicate. To check if the mixing method could
consume some of the initial amounts of probe - molecule, we have quantified the
response for GSH / Cys / RNO at three different times (0, 1, 3h) for manual stirring, bath
(Elmasonic S-30H) or ultrasonic probe (Bandelin sonoplus). Three aliquots of the same
initial solution of GSH / Cys / RNO were subjected to manual stirring, 5 minutes in an
ultrasonic bath and the to 5 minutes of ultrasound probe. We measured the absorbance

of the resulting solution after the mixing.

Ellman reagent required a different solvent for a good solubilization of the compound: we

prepared a 0.15 mM of Ellman reagent in PBS 0.1 M + 1 mM of EDTA.
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Figure 4.5. GSH calibration curve Figure 4.6. Cys calibration curve
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Figure 4.7. RNO calibration curve

Incubation & measurements of absorbances

Two scenarios were evaluated: 1) Dark condition and 2) UV irradiation.

1) Dark conditions mimic exposure in the environment: 5 mL of 2mM nano -
suspensions were put inside a plastic test tube, to which we added 0.5 mL of GSH
or Cys 1.1 mM (final concentration 0.1 mM), or, for the *OH generation test, RNO
40 puM, RNO 40 uM + H,0, 30% 5 pl; the vials were covered and maintained in the
dark. At different times, 1, 4, 24, 48 h, the samples were filtered (PES—0.22um) to
eliminate photocatalysts, before measuring absorbance with a beam
spectrophotometer Hach Lange, DR3900. For each combination of time,
photocatalysts and probe - molecule, 3 sample were analysed and the results
reported as average of these three - independent measurement of absorbance.
2) UV light irradiation: 5 mL of nano — suspension 2mM were put inside a plastic
test tube, to which we added 0.5 mL of GSH or Cys 1.1 mM (final concentration 0.1
mM) or RNO 40 uM, RNO 40 uM + H,0; 30% 5 pl; the vials were put under UV lamp
(OSRAM ultra - vitalux 300 W lamp - emission spectra are reported in Chapter 2),
irradiance of UV-A: 60 W / m?. At different times, 15, 30, 60, 90 and 120 minutes,

the sample was filtered (PES — 0.22um) in order to eliminate photocatalysts, and
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absorbance measured with a single beam spectrophotometer Hach Lange,

DR3900.

4.2.3. Building a theoretical model for the prediction of the Oxidative potential of the
nano-photocatalysts

The purpose of predictive models is to provide preliminary information on the behaviour
of nanomaterials easily and quickly without having to conduct tests that require a lot of
time, a lot of experience and sometimes the use of cells. For my thesis work, | used
experimental data obtained for the depletion of antioxidants and for the generation of
*OH to train a machine learning algorithm that could provide estimation of oxidative
potential for untested nanoparticles. The final model allows us to identify which physico -
chemical characteristics of the material and / or the experimental conditions most

influence the oxidative power of the nanomaterials.

As a predictive tool, we used a supervised linear decision tree in Python (version 3.8.0)
and a classification algorithm[26]. In summary, the linear tree algorithm divides the data
sets into groups and subgroups (rectangles in Fig. 4.17), each characterized by a minimum
of variance; the process ends when further splitting does not lead to lower variances
(green oval in Fig. 4.17). The algorithm divides the data set into "nodes" which correspond
to the decision point (i.e. division) according to a rule, and leaves, which correspond to
the final groups. The algorithm defines (i.e. learns) decision rules, nodes, and leaves from
the dataset (i.e., training set) through a multiple linear regression approach. Once the
groups, subgroups (i.e. leaves) and decision rules (in correspondence of Nodes) have been
established, it will be possible to predict the oxidative power of an untested nanoparticle

whose data does not belong to the training set.

Fig. 4.8 shows the concept underlying the model. In particular, the results of the chemical
- physical characterizations of the materials, and the conditions and results of the tests
with GSH / Cys / RNO. The model validates itself according to the data from which it has
learned and returns the characteristics or conditions that weighed more on the amounts

of probes molecules consumed.

To build the Tree model, we created a dataset comprising of 522 rows, where each row

was a sequence of the exposure conditions, experimental characteristics and the physico
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- chemical properties. No missing values are recorded to the final input features.
Molecular weight as a feature was not considered since this information on g-CsNa is not
available due to the potential presence of impurities. Each row in the datasets represents
one element of the experiment, meaning one replica of a specific assay targeting the
capacity of the materials to consume the molecule of interest (RNO, GSH, Cys, and RNO +
H.0,). Since some inputs are expressed into categorical variables (in words), a so called
“hot encoding” was performed in order to transform them into numerical features,

understandable by the model.

.& Property Protocol . .
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Figure 4.8. Roadmap towards model development and information extraction for SSbD purposes.

4.3. Results & Discussion

4.3.1. Analysis of potential Effects of Dispersing method on the depletion of GSH, Cys, and
RNO

As a preliminary test, we checked the dispersing method could induce some artefact in
the experimental data. The consumption of GHS, Cys, and RNO after 0, 1h, 3h were
measured after ultra sound sonication, ultrasound bath, and manual mixing. Results are

plotted in Fig. 4.9.
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Figure 4.9. Bar graph of GSH / Cys / RNO subjected at different dispersing method: US probe, US bath and manual
stirring. The results are the average of three independent measure at 0, 1 and 3 hours. Ultra Sonic Probe = US probe,
Ultra Sonic Bath = US bath. P - value obtained by one - way ANOVA test, ** p-value < 0.01 *** p-value < 0.001.

As it can be seen, the samples subjected to US probes showed a lower absorbance than
the other dispersion methods. This outcome should be expected when considering that a
US probe is able to generate strong energies that can destroy the molecules[27,28]; they
can also generate ROS[29] capable of degrading the molecules. From the statistical
analysis (one - way ANOVA), only the data at 1h and 3h were significant for the Cys, which
reveal that the US probe compromises the molecule. For these reasons and for practical

work reasons, manual stirring was chosen as the dispersion method.

4.3.2. Detection of «OH radical

Dark condition:
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Figure 4.10. (a) Absorbance vs. time (h) of the spontaneous consumption of RNO in air (b) RNO absorbance spectra at
different time.

A preliminary check of the stability of RNO in the experimental condition used to test the
photocatalyst revealed a high stability of the probe - molecule[30]. The results showed
that only 4.2% (calculated from tendency line in Fig. 4.10a) of RNO was spontaneously
consumed in 48h, confirmed by Fig. 4.10b. The molecule was stable[31] and the values
from this study were used as controls for subsequent calculations. Results of this test were

used as base - line for the analysis of the photocatalysts.

moles of RNO consumed / m?2 (dark)
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Figure 4.11. Moles of RNO consumed by nano-photocatalysts particles in DARK condition after 48h. The results are the
average of three indipendet measurement.
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Fig. 4.11 shows the RNO moles consumed per m? of nano-photocatalysts, in dark
condition.

To explain the unexpected high consumption of RNO by g-C3N4, we hypothesised that a
significant portion of RNO was removed through adsorption in dark condition. In principle,
nanoparticles could remove a detectable portion of RNO from the solution through
surface adsorption due to their high specific surface, high porosity and active surface[32],
especially carbon - based nanoparticles[33]. This reduction was obviously not determined
by the production of «OH. The low, yet detectable, consumption of RNO at the TGO
sample, which although it has a carbonaceous part does not show the same behaviour as
GO, may be due to adsorption at the TiO, nanoparticles that surround it (as can be seen
from Fig. 2.8 in the chapter "Development of nano-photocatalysts used in AOPs for
removing (bio-) organic pollutants"). TAC and TiO,:SiO, 1:3 samples have a lower
absorption capacity than carbon - based materials, and, in particular the Ti0;:Si0; 1:3

sample after heterocoagulation may have less free adsorbing surface available.

Effects of Irradiation with UV:

In photocatalysis, the degradation of pollutants can take place through the formation of
ROS deriving from the oxidation of water, or by direct oxidation[34], which occurs when
the pollutant molecule is adsorbed on the surface of the catalyst and is degraded by the
free charges on the surface of the nanoparticle of the photocatalyst. Direct oxidation is
the most likely route in cases where the active species is TiO;. In fact, as it can be seen
from the graphs in Fig. 4.12 the TAC, Ti0,:SiO; 1:3 and TGO samples show the highest
photocatalytic efficiency but the lowest tendency to produce ¢OH radicals. These results
can be explained by the ability of anatase form of TiO; to generate holes (positive charges)
on the surface that have enough energy to oxidize organic pollutants[35]. Production of
radical less energetic than *OH, however, cannot be excluded altogether, because RNO is

not able to detect them.

The band - gaps of nanostructures are crucial for their photocatalytic applications. The g-
CsNa has a band gap of ~ 2.7 eV, corresponding to an optical wavelength of 460 nm, which

makes it active under visible light.
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Figure 4.12. Comparison between photocatalytic efficiency (%) and production of ®OH radicals by RNO method. Time
experiment 2h under UV light.

But more importantly than the band gap extension, the position of the conduction band
of g-CsNs matches the energies of several compounds that can then be reduced upon
irradiation (Fig. 4.13). The conduction band of g-C3N4 (- 1.3 eV), for example, is more
negative than the TiO; - based semiconductors (- 0.5 eV).

Potenial

(V vs NHE, pH=7)
Overpotenial (AE,) for CRR .‘.‘L

ST, A R _~Eco/c0)
o = -="_— E(CO/HCOH)
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02 > E0,/0,)
2.7eV | )N, E(CO,CH,)

im0 > —— E(H,0/0,)

J Overpotenial (AEg) for OER

Figure 4.13. The redox potentials of the relevant reactions with respect to the estimated position of the g-CsN4 band
edges[36].
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Furthermore, the CB of g-CsN4 is more negative than the redox potential of the H, / H*
pair and the O, / Oy pair. This means that the e” photogenerated by irradiation of g-CsN4
have a great thermodynamic driving force to reduce O; (to *O,” and after to *OH) and
consequently to from electron - holes (h*) that can oxidize H,O and generate ¢OH
radicals[36]. At neutral pH, due to the different redox potentials, the reduction of O; is
favoured and the hole / e recombination is so fast that the RhB is not attacked by radicals
and therefore there is no degradation[37]. This is why g-C3N4 also exhibits very low

photocatalytic efficiency under UV light but despite high tendency to ¢OH production.

4.3.3. Acellular Assessment of Oxidation Power

Dark condition:

As performed with RNO, a spontaneous oxidation study was conducted with the aim of
evaluating the stability of the GSH / Cys molecule in aqueous solution in contact with air.
Probe molecules are subjected to oxidation when in contact with atmospheric O, [30]. In
fact, we observed that respectively 40% and 34% of moles of GSH and Cys were
spontaneously consumed in 48h (data calculated by tendency line in Fig. 4.14a). The
molecules are indeed partially consumed (i.e., oxidized) (considerable lowering of the
peak at 410 nm in Fig. 4.14b) and the values from this study were used as base - line for

subsequent calculations so as to eliminate spontaneous consumption.
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Figure 4.14. (a) GSH / Cys absorbance vs. time of exposure. (b) GSH / Cys absorbance spectra vs. wavelength for time of
exposure.

Fig. 4.15 shows the GSH and Cys moles consumed by nano — photocatalysts in dark
condition. It is possible to note that in the case of GSH only TGO and TiO,:SiO; 1:3 materials
consume substantial amounts of GSH, while for the Cys, only TAC and TGO exhibit a

measurable activity.

The TGO - based composite has a part of GO which was synthesized by the modified
Hummer method[38]. This method uses strong acids, hydrochloric and sulfuric, and
potassium permanganate. Despite the final washes portions of manganese heptoxide —

Mn;07 remain and it was known that this was an unstable and unsafe molecule[39].

The TAC sample resulted more capable of consuming Cys, due to smaller molecule than
GSH, so more of it could be adsorbed on the surface of TiO; nanoparticles. When SiO;
comes into play in the Ti0;:Si0; 1:3 composite, the trend is reversed; in fact, we see a
greater consumption of GSH compared to Cys, contrary to what can be seen in the
literature, where the inclusion of Silica increases the photo - efficiency but decreases the
toxicity and the production of ROS[40]. A possible explanation is based on the mechanism
by which SiO, oxidizes GSH, which involves a catalytic mechanism (with ROS as
intermediaries), while for Cys a phenomenon of direct surface oxidation would occur[35].
Therefore, with the introduction of SiO; in the composite, there is more formation of ¢«OH
radicals (as can be seen from the Fig. 4.12), and since GSH is more efficient than Cys in

neutralizing radicals, we observe a higher consumption of GSH[41].

136



moles of GSH consumed / m2 moles of Cys consumed / m?

0,0000016 4,5E-07
0,0000014 0,0000004
0,0000012 3,5E-07
0,0000003
0,000001
2,5E-07
0,0000008
0,0000002
0,0000006
1,5E-07
0,0000004 0,0000001
0,0000002 _ 5E-08
0 0
TAC Ti02:5i02 TGO  g-C3N4 TAC Ti02:5i02 TGO  g-C3N4
1:3 1:3

Figure 4.15. Moles of GSH / Cys consumed by nano-photocatalysts particles in DARK condition. Time experiment 48h.
The results are the average of three independent measurement.

UV light irradiation:

Fig. 4.16 shows the ability of the photocatalyst to consume either GSH, or Cys when
irradiated with UV light. We observe that g-CsNa4 is the most active compound, almost one

order of magnitude more active than the others.

g-CsN4 tends to produce a large quantity of *OH radicals, with the consequence of
considerable consumption of anti - oxidant GSH and Cys. TAC and Ti02:SiO; 1:3 show no
ability to oxidize GSH, but show little ability to consume Cys. the two molecules, in fact,
have different redox potentials (GSH: -260 mV / Cys: -160 mV)[42]. The TGO shows the

same degree of oxidation of the two molecules as in dark conditions.

Oxidative power of nanoparticles - predictive model:

The experimental results described in the previous sections provided data to compile a
global dataset made of 522 rows. This dataset included information on physico - chemical
properties of nano-photocatalysts, exposure and experimental conditions and outcomes
of the consumption of probe molecules for the oxidative power. These data were utilized
to build a “linear tree”, a machine learning algorithm that could predict the concentration
of the “RNO, GSH, Cys, and RNO + H;0,” not consumed (mole) from physico - chemical

background information.

137



moles of GSH consumed / moles of Cys consumed / m?

2
m 1,00E-05
3,50E-05
8,00E-06
3,00E-05
2,50E-05 6,00E-06
2,00E-05
1,50E-05 4,00E-06
1,00E-05
2,00E-06
5,00E-06
0,00E+00 - 0,00E+00 [] -
TAC Ti02:5i02 TGO  g-C3N4 TAC Ti02:5i02 TGO  g-C3N4
1:3 1:3

Figure 4.16. Moles of GSH / Cys consumed by nano-photocatalysts particles in UV light condition. Time experiment 2h.

The input variables of the tree are listed in Table 4.1. The features that are outcome
related were not included in the training dataset due to high collinearity (Pearson

correlation results not shown).

Table 4.1. Dataset input features, their type, min max values or labels (one hot encoded) and a description.

Input Input feature Min-Max Or.labels & Meta-data description
category Metric
. . TAC, TGO,
P Material Categorical Ti05:8i05, g-CsNa
g Surface Area Numeric 11.07- 388.42 (m?/ g)
=]
2 Hydrodynamic Size Numeric 27 -> 6000 (nm)
<
E Z - potential Numeric -22 —-38 (mV)
% pH Suspension Numeric 1.5-5.5
S pH isoelectric point Numeric 22-177
17
E Shape / morphology Categorical Spherical, Cuboid
Band Gap Numeric 2.7-3.2(eV)
Conditions Categorical Dark, Light (UV)
g This feature is calculated
= . from BET and the mg in
= _ 2
3 Sample surface area Numeric 0.01 = 0.39 (m*) order to see how much
S m? is in the sample
-]
5 Incubation time Numeric 0-25 — 48 (h)
S
2.
e Indicates the volume of
Intermediate Volume Numeric 52-5.5(mL) the “model” such as

GSH and Cys
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Experimental
characteristics

Outcome related variables

Outcome

Model intermediate

Numeric 0.04 - 0.1 (mM) Volume of GSH and Cys
volume
Model Initial volume Numeric 2.08E-07 — 5.5E-07 (mM)
. . Final volume of the
Final volume Numeric 5.2—-6 (mL) solution
Ellman reagent Numeric 0-0.15 (mM)
concentration
. Cys, GSH, RNO,
Model Categorical RNO+H,0,
Control ABS Numeric 0-1.88 Control absorbance
Peak ABS Numeric 412 — 440 (nm) Peak evaluation
Control concentration Numeric 0—2.61E-04 (mole)
Spontaneous . -37E-05 — 8.12E-05
. Numeric
consumption (mole)
Model consumed per — \p oo 5 SE-05 — 2.4E-04 (mole)
mg of nano
LRGN ] o Numeric -5.5— 24 (mole)
mole of nano
Model consumed per i SE-03 - 8.6E-03 (mole)
m?2 of nano
Absorbance of model Numeric 0— 1.68 (mole)
consumed
Model not consumed . 1 0 2.95E-04 (mole)

final

We used the RidgeClassifier from sklearn as linear estimator to build the tree structure

shown in Fig. 4.17.

Each leaf in Fig. 4.17 represents the result of a pruning process which was applied in each

explored path of the structure. When there is no significant information gain from

partitioning the data, the training process ends (ellipses in in Fig. 4.17). Each leaf contains

a fitted linear model that predicts all the samples that meet the given set of criteria

(decision rules — light blue in Fig. 4.17). The combination of all of the rules make up the

tree structure. For each node, it was possible to extract the set of the decision rules (i.e.,

conditions) that lead to each leave. Importantly, Fig. 4.18 - 4.19 - 4.20 indicate the

importance of each the variable in establishing the decision rule at each node.
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Control model (mole) <= 0.0
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\J
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(2) ID_node: 1 ID_node: 2 Decision rule
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v Tl\\\\\ I;hhhhhﬁhh“"~-. Leaf
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Spontaneous model ( ID_node 10 >
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~ ID_node 11 ( ID_node 12
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Figure 4.17. The tree structure. The round shapes represent the leaves. Where samples, the designed cases of
experiment.

For example, to get to leaf ID_node 5 (Fig. 4.18, top), the model divided the 521 samples
according to the decision rule 'Control model (mole) <=0.0' (1), if the rule is respected the
sample is inserted in the group ID_node: 1 (2). The model now looks for correlations
between the set of 218 samples and divides them according to the rule 'Control ABS <=
0.946', also in this case if the sample respects the rule, then it is inserted in the group
ID_node: 3 (3). The model looks for correlations among the 137 samples and generates
the rule 'spontaneous model consumption (mole) <= 0.0'. If the sample complies with the
rule it is inserted in the leaf ID_node 5. In this case the model generates a leaf because it
does not find condition (or decision rules) to split the 72 samples further. For ID_node 5,
was evident that the characteristics (input of model) that have most influenced these
decision rules were the characteristics highlighted in Fig. 4.18, that is the GSH model, the

Cys model and the absorbance of the controls.
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THEN

Outcome (mole) <= 5.06E-07

Figure 4.18. Coefficients on the left. Decision rule of leaves 5, 6 and 4 on the right.

So, in leaves node 5, 6 and 4, the type of model (GSH and Cys) tested has significant impact

in determining the outcome (moles of models not consumed (Outcome (mole)) <= 5.06E-

07). The absorbance of the control appears in the top of the decision rule in leaf 4 and

sample surface (m?) appears to be the most influential in this decision rule 6. The dark

conditions together with the incubation time are important features in leaf 5. pH (of the
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suspension and the pH of the isoelectric point) with the nanomaterials’ type have an effect
in predicting the outcome in leaf 6 and 4. From the physico - chemical properties, zeta
potential appeared to have a slight impact. Removing the features that relate to the
experiment, zeta potential and size are the top two features that can determine the

outcome.

Leaf ID node: 7

Sample_m2
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Incubation_time_h
Condition_Dark

Decision Rule 7

pH_Suspéension IF
ey Control “Model” (mole) <= 0.0
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Mode_ RNO Control ABS > 0.946
band_gap_eV
Z_Pot_mV THEN
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L}
5 -4 n ? 4 6 8
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Figure 4.19. Coefficients on the left. Decision rule of leaf 7 and 11 on the right.

In leaf nodes 7 and 11, contrary to the previous nodes, the model (GSH / Cys / RNO) does
not have significant impact towards the outcome. Dark conditions, Ph (of the suspension
and the pH of the isoelectric point) with the nanomaterials’ type have significant impact
in determining the decision rule for the outcome (moles of models not consumed) value
between 5.88e-05 <= model’s (mole) <= 5.06E-07. The incubation time appears to have
strong influence in leaf 7 and zeta potential in leaf 11. From physico - chemichal

properties, zeta potential and band gap appear as important.
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Figure 4.20. Coefficients on the left. Decision rule of leaves 10 & 12 on the right.

In leaf nodes 12 - 10, model type (RNO / RNO + H,0;) dark conditions, pH (of the

suspension and the pH of the isoelectric point) with the nanomaterials’ type have

significant impact in determining the decision rule for the outcome (moles of models not

consumed) value between 4.11E-05 <= model’s (mole) <= 2.95E-04.

At the end of the process we can indicate which parameters are most influential on the

moles of probe consumed / m? of nano-photocatalysts. The zeta potential, pH parameters

and light conditions appeared to be the most influential.

The model was finally validated via internal validation showing the following performance

metrics: R%: 0.9604, mean squared error (MSE): 4.055E-10, mean absolute error (MAE):

1.026E-05 and Mean absolute percentage error (MAPE): 0.2662.
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4.4, Conclusion
During this study two paths were followed:

1- the evaluation of the tendency to form ¢OH radicals which allows to take the steps
to understand the reaction mechanisms of the developed photocatalysts and to
understand how to maximize the production of ¢OH.

2- The evaluation of the ability of photocatalysts to induce oxidative stress,
evaluating the consumption of the biological molecules most involved in the

defence of cells from antioxidants.

The methods developed a rapid scan of the materials and requires special materials or

tools or experience.

From the results we can conclude that the TiO, materials are effective, they are capable
of photodegrading the pollutants with ways other than the production of radicals. While
the organic alternative g-CsNg, although it produces many ¢OH, and is also harmful, does

not show a great photocatalytic activity.

Regarding the predictive model of oxidative stress induced by nano-photocatalysts, we

can say that further investigations are necessary:

e Aclassification of the oxidative potential based on regulations and numeric results
from experiments would be essential to classify nanomaterials easy into safe, no
safe, intermediate.

e High quality data are needed in the field of nanotechnology to advance their safety

while maximizing their functionality, in our case photocatalytic efficiency.

In any case, the analysis of the whole data set provided important information about the
parameters that tune the photocatalytic process relevant to both the degradation of
organic pollutants and to the assessment of their risks for human health and for the

environment.
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5.1. Introduction

5.1.1. Definition

Micro — nano plastics (MNPs) can be defined as piece of plastic with size < 100 nm (nano),

from 1 um to 1 mm (micro)[1] but some authors[2—4] indicates as maximum size 5 mm.
Real MNPs can be divided into two categories:

- primary[5]: are plastics that are manufactured in a microscopic or nanometric size
for particular industrial or domestic (especially cosmetic field) applications.

- secondary[6]: are fragments derived from the breakdown or abrasion of larger
plastic debris. Over time, plastic debris can be reduced by physical, biological and
chemical processes. Exposure to sunlight can result in photo - degradation because
ultraviolet (UV) radiation causes oxidation of the polymer matrix and subsequent
fragmentation. Microplastics may also originate from abrasion, wave - action and

turbulence.

5.1.2. Reasons of concern

Micro — nano plastics (MNPs) are more present in the world, are a new class of pollutants
both in aquatic and terrestrial environment (ocean, lake and river, street, soil) and have a
potential to affect fauna and biota[7]. The presence of MNPs change the life circle because
it is mistaken by animals for food, causing inflammation and the death, in some cases. It
also changes the physico - chemical characteristics of water and sediment or beaches[2,8].
For animals: In marine organisms, ingestion of microplastic may cause choking, internal or
external wounds, ulcerating sores, blocked digestive tracts, false sense of satiation,
impaired feeding capacity, starvation, debilitation, limited predator avoidance or death.
Some experiment shown that fibres of plastic can form filament balls in the stomach[9].
MNPs can cause an inflammatory response in tissues and reduce membrane stability in
cells of the digestive system are also translocated into the circulatory system([1,10,11].

For humans: MPs in freshwater may transfer effects to terrestrial system, as many
freshwater organisms are prey to terrestrial insect, amphibians, reptiles and birds. So,
MNPs can transfer from water to terrestrial environment, causing possible damage also

for human. The impact of MNPs on human are not well documented. Also, in food area,
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there isn’t restriction and are unknown the consequences of MPs presence[10]. Abiotic
sea products are a source of food for humans and there is a possibility that the presence
of MNPs in the sea could lead to the contamination of sea products and potential transfer
to humans, one of such products is sea salt[12]. Synthetic fibre are also found in beer,

honey and sugar[13].
5.1.3. Source of primary MNPs

Principal sources of MNPs in environment are shown in Fig. 5.1. Primary MNPs can enter
in aquatic environment directly or indirectly via domestic or industrial drainage
system[14]. Coastal tourism, recreational and commercial fishing, marine vessels and
marine - industries are all sources of plastic. For example, debris of fishing gear such as
the plastic monofilament line and nylon netting can sink and tangle marine biota

(phenomenon called ‘ghost fishing’)[15].

Washing of
synthetic
chothes
Tourism and
fishing
Product of
packaging . .
Microplastics
in the
environment
Abrasives
Waste-
water
treatment
plants not Hand
suitable cleaners and
facial
scrubbers

Figure 5.1. Sources of MPs in the aquatic environment.

- Domestic sources: in exfoliating hand cleansers and facial scrubs but also in tooth
paste, deodorant and bubble bath lotions there are small pellets used for abrasives

function. For example, was reported presence of polyethylene, polystyrene and
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polypropylene in cosmetic product. These plastics can vary in size, composition
and shape typically irregular[10,15,16].

- Industrial sources: can be small pellets used as abrasives in some industrial
process[17] or another source of MNPs are granules and small resin pellets as raw
material to product packaging materials. These can escape during transport from

industry.

In addiction synthetic clothes, medicine as a vector and other similar sources input MNPs
in environment. MNPs come from by water used for washing clothes in textile industry
and fibres (primary MNPs) are subjected to degradation and become secondary

MNPs[7,14].

5.1.4. Environmental distribution on MNPs

When MNPs are in aquatic environment can be mixed (also transport in large distance
because MNPs are low density) from storm sewers, wind and currents and therefore can
be degraded and reduce size becoming more dangerous[18]. For example, oceanographic
modelling indicates that a large portion of floating debris reaching the ocean will
accumulate in gyres, the centre of vast anti - cyclonic, subtropical ocean currents. Plastic
consists of many different polymers and, depending on their composition, density and
shape, can be buoyant, neutrally - buoyant or sink[10]. So, even in calm weather condition
MNPs are present in each part of aquatic environment with heterogeneous
distribution[19], in other world if we divided the water in columns is possible to find

different polymeric debris in each compartment (Fig. 5.2):

Surface: here is more likely to find low-density plastic such as polypropylene and
polyethylene[15]. Also, polystyrene pellets (1 - 2 mm) was found on the sea
surface. [10, 20] It is known that the densities of debris decrease, but the quantities
of the fragments increase 18% over the time. One research group[17] developed a
theoretical model that indicates that the MPs obtain from surface tows are
dependent on wind speed. Also, closed basins are threatened by MNPs pollution.
In surface water many fish live, including the plankton. One study[21] report that
there is a large plastic to plankton ratio. Type of plastic more common in plankton

is polystyrene.
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2 Middle: high - density plastic can be found because debris with large - surface area
or due to tidal fronts can remain in suspension[15]. There are a most of MNPs that
were retained near a seamount, as well as reef fish[17].

3. Sediment: more present high - density __
plastic, including polyvinylchloride,
polyester and polyamide. These are
present in largest quantities in
benthos (ecologic category to which
all organism that live in contact with

seabed)[15]. High - density plastic in

seabed come back in surface with v

storm. Some pellets found are

translucent and 2-5 mm in size and f:]

related to accidental spillages at the

major ports. Many of pellets showed

deterioration due to

weathering[17,22]. Figure 5.2. Parts of aquatic columns.

4 Coast: coastlines receive plastic litter from both terrestrial and marine sources.
Much of the pellets were yellow or brown in colours due to photo - oxidation by
sunlight. The present of plastic debris increase the permeability of the sediment
and decrease heat absorbance of these. Consequently, there are affect in marine
biota. For example, lower maximal temperatures might affect sex - determination
in turtle eggs, reduction in the number of females. The sediments cores from sandy
beaches revealed that MNPs deposition tripled over the last 20 years. By analysis
sediments from different beaches, most often observed polymers in the form of
fibres[15,17,23].

After storm, the type of MPs that can be found in different part of water column can be

mixed. Moreover, the MNPs concentration were 5 times higher before a strong wind

event than after the event.
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5.1.5. MNPs as a carrier of harmful species

Plastics are typically considered biochemically inert, some time there are additives in
formulation of plastic to improve their performance, functionality and ageing property
(i.e. plasticizer, flame retardants or light and heat stabilizers). In addiction MNPs are able
to adsorb chemical compounds by environment. MNPs have a large surface area to
volume ratio than macro - plastics and are more susceptible to contamination by a few
pollutants. Plastics are highly hydrophobic materials, the chemical pollutants are
concentrated in and onto their surfaces, and MNPs act as reservoirs / carries of toxically
chemicals. So, MPs can absorb a numerous of waterborne - pollutants, including heavy
metals, chemicals, persistent organic pollutants (POPs) and hydrophobic organic
contaminants (HOCs). Typically, these chemicals are abundant in surface microlayer
where low - density plastics are accumulate and these are bio - accumulative and
toxic[15]. One research group[17] showed that the black pellets exhibited higher
concentrations of polychlorinated biphenyls (PCBs) than aged pellets, possibly because
they have higher adsorption rates. Another group[7] has shown that organic compounds
and metals were accumulate on PE plastic pellets. The porous level of several plastic is
one factor for chemical adsorption, so PE adsorbed more than PP and PVC[10]. One
group[3] studied the role of plastic as a carrier of hydrophobic organic chemicals (HOCs)
and the kinetics of release and adsorption[24]. Affinity of HOCs for plastic is high. Another
phenomenon can be microbial films that rapidly develop on submerged plastic and change
their properties[10]. In addition the microbial film growth can determine the
sedimentation of MNPs[15]. Plastic not only have the potential to transport contaminants,

but they can also increase their environmental persistence.

5.1.6. MNPs in WWTPs

Recently, more MNPs studies are performed in waste water treatment plants
(WWTPs)[25], and the results are discordant because some authors found a lot of MNPs
in the WWTPs effluent[2], in contrast other authors found that the second and tertiary
treatment process are able to reduce significantly MNPs pollutants[26]. The major
challenge in this study is sampling and characterization the MNPs. So, a new method to

do this was developed by Ziajahromi research group[27], they combined a new device for
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sampling with multiple mesh screens, organic matter digestion with hydrogen peroxide
and FT-IR spectroscopy to identify non - plastic particles. The efficiency of sampling and
characterization method is from 92% to 99% based on size mesh. The most frequently
detected MNPs were PET fibres and irregular shape PE particles. Three different WWTPs
were tested with different type of treatment (A) only primary treatment (B) primary and
secondary treatments (C) primary, secondary, tertiary and reverse osmosis. And the
results shown that in (C) plant, after the last treatment the MNPs particles per litre is very

low (< 10 size range 25 - 100 um < 20 size range 100 - 190 um).

In conclusion, there are many aspects of MNPs currently not investigated[30] and the
scientific community is dedicating itself more and more to this emerging class of

pollutants (Fig. 5.3).

Times Cited and Publications Over Time
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Figure 5.3. publication and citation of MNPs as pollutant. 2537 result from Web of Science Core Collection for: micro
nano plastics.

The assessment and control of MNPs impact on human health and environment is a
challenging goal that scientific community begins to face. The first challenge is the
characterisation of physico-chemical identity of MNPs, that passes through the definition

of robust protocols for the preparation and collection of simulated and real
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samples[31,32]. The second challenge is the risk assessment with the characterisation of

MNPs hazard and exposure, that needs measurement and testing methods appropriate

and capable of producing scientifically solid data[33]. Finally, the management of MNPs

potential risk requires the optimisation of water purification methods able to treat also

plastic nanoparticles (NPs) that so far been rarely addressed[34].

So, during my thesis | contributed to the basic characterization of most relevant MPs, as

polyethylene (PE), polyurethane (PU) and polyethylene terephthalate (PET), in order to

define their physico - chemical identity (morphology, surface chemistry) and to the study

of dispersibility to identify suitable protocols for their characterisation in water - based

media, finally | studied the colloidal properties of MPs in real matrices such as river and

sea water.

5.2. Material & Methods

5.2.1. Materials

Table 5.1 shows all the MPs tested during the thesis with the information (size, shape,

presence of additives) declared by the supplier. The samples LDPE — CP and PU were

examined in a internal study. The other samples and characterisation were performed

within the European PlastcsFate project.

Table 5.1. MPs investigated during the thesis.

) ) Declared | Declared | Primary/ N
Material CODE Supplier . additives
size (um) | shape secondary
Cospheric LLC
LDPE - CP (Santa 10 - 150 | spherical | primary 30%
Low-density Barbara, CA,
polyethylene USA)
BAM . .
LDPE - PF <75 spherical primary n.a.
(Germany)
HDPE — . .
PE_ P Clariant (lItaly) 5 n.a. primary n.a.
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High — Secondary
i HDPE — BAM )
density 60 irregular —Cryo No
PF-S (Germany) )
polyethylene milled
UHMWPE BAM _
145 Cloud primary n.a.
—PF-C (Germany)
Ultra — high-
molecular UHMWPE BAM )
. 57 Potato primary n.a.
weight —PF-P (Germany)
polyethylene
UHMWPE BAM .
22 Popcorn primary n.a.
—PF-PC (Germany)
Lamberti . .
Polyurethane PU 5-8 Spherical | primary n.a.
(Italy)
Secondary
PET — PF - BAM
44 Irregular —Cryo No
L (Germany) .
milled
Secondary
Polyethylene | PET — PF - BAM
70 Irregular —Cryo No
terephthalate M (Germany) )
milled
Secondary
PET — PF - BAM .
130 irregular —Cryo No
H (Germany) )
milled

Dispersing system: Bovin Serum Albumin (BSA), heat shock fraction, pH 7, > 98%.

Polysorbate Tween® 60 were purchased by Sigma Aldrich (Italy). Sodium Surfactin (SS) was

purchased by Ambrosia Lab.

The environmental matrices were chosen from the reference matrices used in the eco -

toxicological studies. It is about:

5. Egg Water (EW), sea simulant fluid. It is obtained from dilution of “instant oceans

salt” purchased by TermoFisher Scientific Inc. (Canada). Theorical composition (mg

/ L): 18.2 Na*; 0.630 K*; 2.17 Mg?*; 0.646 Ca%*; 0.0285 Sr?*; 0.0111 Al**; 31.7 CI;
1.26 S04 % [35].
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6. Elendt M7 (M7), river simulant fluid. The following salts were dissolved in DI water
(mg / L): 0.715 H3BOs; 0.0901 MnCl-4H,0; 0.0765 LiCl; 0.0178 RbCl; 0.0380
SrCl-6H,0; 0.00400 NaBr; 0.0158 Na;Mo04-2H,0; 0.0168 CuCly-2H,0; 0.0130
ZnCly; 0.0100 CoClz-2H,0; 0.00325 KI; 0.000219 Na,SeOs; 0.0000575 NH4VOs3; 1.25
NazEDTA-2H,0; 0.498 FeS04-7H,0; 2940 CaCl,-2H,0; 1230 MgS04-7H,0; 5.80 KCl;
64.8 NaHCOs3; 10.0 NazSiO2-9H,0; 0.274 NaNOs; 0.143 KH2PO4; 0.184 KoHPO4[36].

5.2.2. Stock suspension stability

Dispersing agents were tested in order to prepare a stock suspension useful for further

dilution and characterisation under the testing exposure conditions:

1. Water.

2. Water + EtOH pre - wetting (0.4 mL / 1 mg powder).

3. Bovine Serum Albumin (BSA) (powder dissolved in DI water at 0.25 mg / mL
concentration): prepared following Nanogenotox protocol[37]. BSA is a protein
derived from cows. BSA has numerous biochemical applications, it is a small, stable
and moderately non - reactive protein. BSA is used for its ability to boost signal in
tests, its lack of effect in many biochemical reactions, and its low cost, as large
guantities can be readily purified from bovine blood, a by - product of the livestock
industry. It is a very popular molecule in the field of nanoparticles because it is
biocompatible and does not interfere with in vitro toxicology studies, it also has a
remarkable dispersing property, preventing the aggregation of the nanoparticles.

4. Polysorbate Tween® 60 (powder dissolved in DI water at 0.25 mg / mL
concentration): Polysorbates (Fig. 5.4) are a class of emulsifiers used in some
pharmaceutical products and in food preparation. They are often used in
cosmetics to solubilize essential oils in water - based products. Polysorbates are
oily liquids derived from ethoxylated sorbitan (a derivative of sorbitol) esterified
with fatty acids. The number following is related to the type of fatty acid associated

with the polyoxymethylene sorbitan part of the molecule (60 = monostearate).

159



O
0o
O o OH

X
Ho\é/‘\o Z O/\%OH

W+X+y+2=20

Figure 5.4. structure of polysorbate.

5. Sodium Surfactin (SS) (powder dissolved in DI water at 0.25 mg / mL
concentration): Sodium Surfactin is a bio - surfactant, belonging to the group of
Lipopeptides (LPs), mainly from Bacillus sp. Different isoforms of surfactin (Fig. 5.5)
occur naturally, but overall its amphiphilic structure makes it a very good
surfactant with a (CMC) in water (23 mg / L) and approximately two orders of
magnitude less than the majority of other surfactants. Due to the recognized
bioactivity (anti - microbial, anti - cancer) various investigators examined the

cytotoxic effects of surfactin[38].

CH:

Figure 5.5. chemical structure of Surfactin.

We evaluated the degree of dispersion of the sample HDPE — PF - P the 5 different
dispersion systems. Then we extended the study to the samples: LDPE — PF; HDPE — PF —
S; UHMWPE — PF - C; UHMWPE — PF — P; UHMWPE — PF — PC; PET—PF—L; PET-PF—-M
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and PET — PF —H in the media SS and BSA. The MP dispersions were prepared adding the
powder of sample (LDPE — CP and PU at 2560 ppm; other samples at 5000 ppm) in the
dispersant system (previously prepared). The dispersions were subjected to sonicator

bath treatment (15 min) + 1 min Vortex before using.

To evaluate the degree of stability, photos were taken at different time (0, 5 min, 30 min,
60 min, 24h, 48h) in order to visually distinguish which MPs remain in suspension, settle

or float.

5.2.3. Physico - chemical characterization

Morphology, shape and dimension

The morphology and shape of MPs was investigated by optical microscope (Hirox 3D
digital microscope, RH200). The dispersions were dropped on a glass slide and dryed in an
oven at 80 °C for 15 minutes. The size dimension was evaluated by software Imagel, over
a count of more than 100 particles for each sample. Investigated samples: LDPE — PF; HDPE
— PF —P; HDPE — PF - S; UHMWPE - PF — C; UHMWPE — PF — P; UHMWPE — PF — PC; PET —
PF—L; PET—PF—M and PET — PF —H.

For LDPE — CP and PU samples the morphology and dimensions were analysed using the
Scanning Electron Microscope (ZEISS Sigma HV). The powders were attached onto an
aluminium holder using carbon tape. All samples were gold - coated (thickness = 5 nm)
(Spatter Quorum Q150T ES) to increase the conductivity and obtain well - defined images.
The images were analysed with ImagelJ software, calculating the diameter of at least 500

sample MPs; for the statistical analysis of results, a 95% confidence interval was chosen.

Fourier Transform Infrared Spectroscopy — Attenuated Total reflectance (FTIR-ATR)

The surface chemistry of powders was assessed by ATR-FTIR analysis (Nicolet iS5
spectrometer, Thermo Fisher Scientific Inc. - Waltham, MA, USA) Powders were previously
dried in an oven at 110 °C for 15 minutes in order to remove traces of residual water, were
subjected to. For the analysis it was set a wave number range between 400 and 4000 cm”
1and was used the ATR (iD7 model) as an accessory. Subsequently, in the obtained spectra

were identify the positions of the peaks using the OMNIC software and, by comparison

161



with the data in the literature, the possible vibrational transitions responsible for the

peak. the chemical structure of the polymer.

Electrophoretic Light scattering (ELS)

Zeta potential of MPs dispersion (5000 ppm) was measured by Zetasizer instrument
(Malvern Instruments, Zetasizer Nano - ZS, Malvern, UK) based on the electrophoretic
light scattering (ELS) techniques. The zeta potential was measured on 700 uL of the sample
at 25 °C, setting the measurement time, the attenuator position, and the applied voltage
to automatic. After a 2 min temperature equilibration step, the samples were measured
three times, and the data were obtained by averaging the three measurements. The data
of zeta potential (mV) are derived by electrophoretic mobility using Smoluchowski’s
formula. The reliability of the measurements was controlled by check the phase plot
graph. The same instrument coupled with an automating titrating system was used to
measure zeta potential vs. pH (sample: HDPE — PF — P; UHMWPE — PF — PC; LDPE — PF; PET
— PF—L suspended in dispersing system and DI water) to identify the pH at which the zeta
potential sets to zero, namely the isoelectric point (pHicp.). The titrants used were 0.1M

KOH solution and 0.1M HCI solution.

5.2.4. Exposure tests in environmental media

The MPs were dispersed in the environmental matrices for different times and at different
concentrations. In particular, suspensions at 100, 500 and 1000 mg / L were prepared,
with times of exposure of 1 hour, 24 hours and 240 hours. The selected concentrations
are in agree with real samples investigated by Ferraz[39] that found an average content
of microplastics for river water equal to 330.2 particles / L, with size between 200 and
1000 um. The times of exposure have been chosen in order to have a comparison between
three possible scenarios: two in the short term (1 and 24 hours) and one in the long term
(240 hours). Once prepared, the suspensions were incubated at 20 °C under dynamic
conditions inside an oscillating bath (SB 35, ArgoLAB) coupled to a chiller (F12, Julab) for
the time set, simulating the average temperature and the currents to which MPs are
subjected in seas and rivers. Following the exposure described above, the suspensions at

100 and 1000 mg / L have undergone titration (Z - potential vs. pH).
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5.3. Results & Discussion

5.3.1. Stock suspension stability

The preparation of stable stock suspension is crucial for investigating colloidal properties
such as particle size distribution, shape, aggregation / agglomeration, surface charge, etc.
This in turn ultimately influences the interaction of the particles with the test media and
the outcome of various in vitro and in vivo experiments, in order to evaluate the potential
hazard of suspended phases. The stock suspension preparation protocol described above
(Materials and methods) was established by evaluating the colloidal stability as the ability
of the dispersed phases to remain suspended over the time of the experiment or during

the use. In Fig. 5.6 is possible to see the HDPE — PF — P sample dispersed into five different

dispersant systems, from left: water + EtOH, Tween® 60, SS, BSA and water at time O.

prewetting Tween 60 Only H20
EtOH

Figure 5.6. HDPE -PF - P sample (5000 ppm) dispersed in different dispersant system (0.25 mg/ml). Time 0.

Samples dispersed in water and water + EtOH floated immediately because PE has a lower
density than water (p = 0,94 - 0,965 g / cm?), while in the presence of dispersants (BSA,
Tween® 60 and SS) the suspension resulted visually homogeneous, especially for SS

dispersant.

We repeated the dispersion tests vs time (results not shown) in order to have an idea of
stability in more long time and we found that for 24h the suspension of HDPE — PF — P
with dispersants (BSA and SS) resulted stable. We decided to apply the same protocol to
all sample dispersed in SS (Fig. 5.7) and BSA (Fig. 5.8).
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Figure 5.7. from left: PET — PF — M, PET — PF — L; PET — PF — H; HDPE — PF — S; LDPE — PF; HDPE -PF — P; UHMWPE — PF —
PC; UHMWEPE — PF — C; HDPE — PF— P 5 mg / mL in SS dispersant. Time 0.

From visual observation it can be noted that only PE in yellow rectangle samples show a
good degree of dispersion without gentle shaking the samples. PE is the plastic with the
lower density among those investigated and the concentration of the dispersing media is

sufficient to keep the MPs in dispersion at least for the time of the measurements.

=1

=

UHMWPE-PF-C UHMWPE-PF-P UHMWPE-PF-PC LDPE-PF

=

HDPE-PF-P HDPE-PF-S PET-PF-H PET-PF-M

Figure 5.8. sample 5mg / mL is BSA dispersant. Time O.

The visual observation of samples dispersed in BSA showed how the most plastic stocks
immediately tend to settle on the bottom (PET samples), due to the higher density
compared to water (density of 1.38 g / cm?3) or float on top (PE samples) of the vials. Only

HDPE - PF - P samples show a good degree of dispersion over time (48 h).

5.3.2. Physico - chemical characterization

Morphology, shape and dimension

The SEM and optical images for all samples are reported in Table 5.2. In general, it is
possible to confirm the information received from the supplier of the MPs. For the

samples (LDPE - CP and PU) observed at SEM it was also possible to appreciate the surface
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which appears rough in both. This could be an important aspect of the potential
dangerous absorption of pollutants or chemicals on the surface of the MPs, referred to in

the introduction (section “MNPs as a carrier of harmful species “).

For HDPE — PF — S and UHMWPE — PF — PC it was not possible to calculate the size

distribution due to the irregular shape of MPs.

The PET samples appeared well dispersed, with an irregular shape, as reported by
supplier. We detected in all samples a variety of fragments with different shape and size,
probably produced during the cryo - milling process. The small differences in size
dimension can be associated to the low number of particles analyzed by the software and

the sampling procedure.

Table 5.2. SEM, optical image and size distribution for analysed sample.

Size
Declared shape Size distribution
CODE size (um) Image
shape (from (frequency vs. diameter (um)
image)
15%
10-150 70
LDPE - CP 10%
spherical | Spherical
5%
0%
0 20 40 60 80 100 120 140
<75 22
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0
@

nln.,

165



HDPE — PF > 7 | |
b a8
n.a. round : . ‘ ‘ ‘ ‘ ‘
;'.|.||| | || ||I ||II I|||I||. ikl
HDPE — PF 60 _
s irregular
) irregular
UHMWPE | 14° 82
-PF-C cloud cloud
UHMWPE >7 >2
—PF-P potato potato
UHMWPE 22
Irregular
—PF-PC

popcorn




25%

5-8 6 20%

PU 15%

spherical | spherical 0% |\
s | \"'\\
0% N
0 5 10 15 20
Gnarled and irregular
surface
PET-PF- | 44 35 o
L . . .
irregular | irregular )
PET — PF - = o
M 70 .
irregular a |”| |
- (il
PET - PF - 126 .
H 130 5
irregular ’
FTIR-ATR

167




The AT-IR spectrum of LDPE - CP sample of Fig. 5.9 (blue), shows the typical peaks of PE
(Fig. 5.11). The peaks at 2914 and 2847 cm™ are attributed to the stretching of the C - H
bond; while those at 1472 and 1462 cm™ are attributed to the bending of — CH, and — CHs.
In the AT-IR spectrum of the PU MP shown in Fig. 5.9 (orange), the peak at 3340 cm™ can
be attributed to the stretching of the N - H bond, typical of the urethane group. The series
of peaks between 2867 and 2969 cm™ is attributed to the stretching of the C - H bond of
the methyl group, probably due to an alkyl chain. Finally, the peaks at 1720, 1633 and
1556 cm™ can be attributed respectively to the stretching of the C = O bond, to the
stretching of the C - N bond and to the bending of the N - H bond[41].
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Figure 5.9. AT-IR spectra of LDPE - CP (blue) and PU (orange) samples.

In Fig. 5.10 are reported the AT-IR spectra of all PE samples (excluding LDPE — CP, shown
above). Comparing the measured spectra with reference spectrum of PE reported in Fig.
5.11[42], we observed a perfect matching of the characteristic picks of -CH; and -CH;
stretching at ca. 2900 cm™, -CHs bending at 1300 cm™ and -CH> vibration at 700 cm™. No
significative differences were observed between primary PE particles (HDPE — PF —P) and

secondary (HDPE — PF —S) one or between LDPE, HDPE and HUMWPE particles.

In Fig. 5.12, we reported the AT-IR spectra of secondary PET particles. Checking the picks

with one reported as reference in Fig. 5.13[43], we didn’t observe any differences in terms
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of spectra and vibration associated. So, it is possible to see a strong intensity peak of
stretching C = O bound at 1711 cm?, while at 1407, 870 and 721 cm™ there are a medium
intensity peaks regarding C = C, =C — H and C- H bonds stretching vibration respectively. C
—H shown a stretching vibration at 1339 cm™ and the ester bond C— O shown three strong

stretching vibration at 1239. 1091 and 1015 cm™[44].
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Figure 5.10. AT-IR spectra of PE samples.
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Figure 5.11. Reference spectrum of PE and relative main picks[42].
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Figure 5.13. reference spectrum of PET[43].
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Zeta potential (ELS)

In Fig. 5.14 the Z — pot vs pH titration curves for the samples LDPE — CP and PU are shown.
The first showed the characteristic reverse sigmoid shape with pHie,. = 3.8. A colloidal
system is considered stable when | Z - pot | >35 mV, the system is considered metastable
when 15 mV <| Z - pot | <35 mV[45]. Therefore, in the case of the LDPE - CP sample we
can say that the system is stable up to pH 5 and becomes metastable from pH 5 to values
<3.5. The presence of additives (30% of the composition, information from the supplier)
is confirmed by the negative Z— pot shown up to 3.8 that cannot be justified by the acidity

of PE polymer surface that is characterized by an alkyl chain, highly hydrophobic.

The PU sample showed a more flattened curve and is not classifiable as stable. Thanks to
the polarity of the urethane group, the PU showed a greater affinity with water [46] and
a negative charge in an higher range of pH, most likely due, also in this case by the

presence of additives coming from the formation of foam.

40
30
20
10 =7
0

Zeta potential (mV)
o
o

— LDPE — CP in DI water

= ~ PUin DI water
70 pH

Figure 5.14. Z - potential vs pH for LDPE - CP (blue) and PU (orange) sample.

The zeta potential values of the MPs investigated in the two dispersing systems BSA and
SS 0.025 wt% are reported in Table 5.3. It is possible to notice how the MPs have very high
negative zeta potential. Polymers are generally neutral but, the presence of additives used
during the synthesis can change their surface charge [47]. As well the presence of BSA and

SS adsorbed on the surface justified the negative zeta - potential found.
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Table 5.3. zeta potential of micro plastics 0.5 wt% in BSA and SS dispersant 0.025 wt%.

BSA 0.025 wt% SS 0.025 wt%
CODE Z-pot(mV) Z - pot
pH pH
std (mV) % std
SS -45+2 7
BSA -19+2 6.8
LDPE - PF -41+10 7.7 -85.4 5 7.4
HDPE -PF-P -594+1 7.7 -66 +2 7
HDPE -PF-S 0 7.8 -754 £3 8
UHMWPE — PF -
c -13+4 7.3 -37 £5 8
UHMWPE — PF -
p -48.5+4 7.1 -87 £6 7.6
UHMWPE — PF -
-57+3 7 -106 £ 4 7.8
PC
PET-PF-L -56+9 7.8 -60 +20 8
PET—-PF-M -43+9 7.9 -68 £12 7.8
PET—PF-H -55+6 7.9 -53.6 £10 8

The high affinity of the MPs[48] for surrounding chemicals was also confirmed by
observing the Z -Pot titration curves of the MPs in the presence of intentionally added
dispersing agents: BSA and SS. In fact, from Fig. 5.15 - 5.16 it is possible to see how the
MPs dispersed in the medium replicate the titration curve of the dispersant itself. This

happens for both PE and PET in both BSA and SS media.
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Figure 5.15. ZP — pH curves of different PE sample (a) In BSA (orange) (UHMWPE — PF — PC in green, HDPE — PF — P
yellow and LDPE — PF in blue). (b) In SS (orange) (HDPE — PF — P in green, LDPE — PF in yellow and UHMWPE — PF — PC in

red).
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Figure 5.16. ZP — pH curves of PET — PF - L sample (blue) (a) In BSA (orange) (b) in SS (orange).

As can be observed both for PE and PET samples, the pHi.p. and the shape of the titration
curves tend to replicate those of the dispersing system. This means, that based on the
dispersant chosen the MPs show different colloidal behaviours that can also reflect on the

toxicity of the MPs both for the environment and for the human being.

5.3.3. Exposure condition in simulant fluids

The properties of LDPE - CP and PU samples (ELS, titration) and (SEM morphology) were
investigated after exposure to river (M7) and sea water (Egg water) simulating media.
LDPE - CP

Figure 5.17 shows the Z - potential vs. pH for 100 and 1000 mg / L samples of LDPE — CP
in Egg water, M7 and for comparison in distilled water, at different exposure times (1h,

24h and 240h). The dispersion of LDPE - CP in Egg water (Fig. 5.17 a), showed a shift of the
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Zeta potential (mV)

pHi.ep. to lower pH values, for both concentrations and at all times. In the sample at 1000
mg / L, the pHicp. shifted from a pH value of 3.3, to 2.9 and finally to 2.2 after 1, 24 and
240 hours of exposure respectively; while for the sample at 100 mg / L, the pHic,. value
shifted from 3.0 to 2.9 and didin’t achieved the pHie., after 240 hours, falls below the
considered range. This trend suggests a progressive adsorption in the double layer of
bivalent anions from the medium, which contribute to lowering the pHicp. Furthermore,
for all samples, the reverse sigmoid is more flattened, the absolute value of zeta —
potential tend to 0 mV throughout the pH range considered. This is attributable to the
adsorption of monovalent anions in the electrical double layer. Finally, it is possible notice
a difference in behaviour between the 100 and 1000 mg / L concentrations, in fact if in
the first case the system is unstable throughout the pH range investigated, in the second
it results metastable up to about pH 4.5. This difference could be due to the fact that the
higher concentration of MPs in the sample at 1000 mg / L makes the amount of salts

present in the medium less effective in destabilizing a single microsphere.
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Figure 5.17. LPDE - CP sample (a) in Egg water (purple) 100 - 1000 ppm (b) in M7 (green) 100 - 1000 ppm. The dashed
curve in each graph refers to the sample in DI water.
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Figure 5.17b shows the zeta potential vs. pH for 100 and 1000 mg / L samples for LDPE -
CP in M7 at different exposure times. From the comparison between the curve for LDPE —
CP in DI water and those in M7, you immediately notice a crushing of the latter to values
of z - pot higher than -15 mV, values such that the system is unstable, and a lowering the
pHi.e.p. value below the investigated pH range (pHicp. < 1.5) for all samples and all exposure
times. The strong destabilization of the system caused by M7 is from look for the presence
of high amounts of salts in the medium, containing both anions and mono and bivalent,
which contribute respectively to the flattening of the curve and to the displacement of
the IEP. In this case, there are no significant differences for the different concentrations.
On the contrary, as the exposure time varies, it is possible to notice as, after 240 hours,
zeta potential values tend to approach 0 mV in the pH range between 4.5 and 8.0. This

suggests that it takes time for the system to reach equilibrium.

The images of LDPE - CP exposed for 240 hours in the two media are shown in Figure 5.18a
and 5.18b; while the dimensional distribution is shown in Figure 5.18c. From the point of
view dimensional it is possible to observe an increase in the average size of the MPs; while
observing the size distribution, two different populations are jet present, but the larger
population increases in importance with respect to the pristine material. The increase in
the size of the MPs could be due to swelling of the material caused by the permanence in
the water, however a possible loss of the smaller fraction when handling the sample,
resulting in modification the relative importance of the two populations. From the
morphological point of view, we observe changes in the shape and appearance of the
MPs, even if it is possible note the presence of some broken MPs, with an average of 12%
for the sample exposed in Egg water and 8% for the sample exposed in M7. However, it
has been verified by means of blank proof that this event is due to the manipulation of

the MPs from part of the operator and not exposure to the vehicle.
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Figure 5.18. SEM image of LPDE - CP (a) in egg water (b) in M7 after exposure. (c) size distribution.

PU

Figure 5.19 shows the Z - potential vs. pH for 100 and 1000 mg / L samples of PU in Egg
water, M7 and for comparison in distilled water, at different exposure times (1h, 24h and
240h). The dispersion of PU in Egg water there is a slight "flattening" of the curve (of about
5 mV) for pH < 4, for both concentrations and at all times. This crushing, of lesser entity
than that measured for LDPE, it could be due to a lower interference of the monovalent
anions with the electrical double layer of the PU MPs. As for the pHiep.: in the sample at
1000 mg / L, the value goes from 2.9 to 2.8 and finally at 1.9 respectively after 1, 24 and
240 hours of exposure; in the sample at 100 mg / L, the pH value instead goes from 2.4 to
2.1 in short exposure (1 and 24 hours), while it decreases below the considered range

after 240 hours. Considering that the pHicp. value of the PU in DI water is equal to 2.7, it
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Zeta potential (mV)

Zeta potential (mV)

is evident that, regardless of the concentration of the MPs, some time is required for the
divalent ions contained in the medium migrate inside the double electrical layer, leading

to decrease in pHie.p.
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Figure 5.19. PU sample (a) in Egg water (red) 100 - 1000 ppm (b) in M7 (yellow) 100 - 1000 ppm. The dashed curve in
each graph refers to the sample in DI water.

Figure 5.19b shows the zeta potential vs. sample pH of PU in M7. Similarly, to what was
found for LDPE - CP in M7, a significant crushing of the inverse sigmoid throughout the pH
range considered, compared to that relating to the PU dispersed in DI water. Furthermore,
by dispersing the PU in M7, compared to the Egg water, the destabilization of the system
is probably much more marked due to a higher concentration of salts in the medium. This
is also confirmed by the pHi.e, values which, for all samples and at all times, result in pH
values lower than range considered (pHiep < 1.5). Considering the changes over time, an
increase in the absolute value of the zeta potential passing from an exposure of 1 and 24
hours to 240 hours. This suggests that, over time, the system reaches an equilibrium that

increases its stability.
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Regarding the PU MPs, the SEM images of the sample exposed to the two media are
shown in Figure 5.20a and 5.20b. Comparing the exposed MPs with those as they are not
evident morphological modifications of the surface, but it is possible to notice a greater
one aggregation of the material. This is probably due to the method of retrieving the MPs
at the end of the exposure period. In fact, during the collection of MPs from the filter
paper, the formation of agglomerates, not present, was noted in the suspension before
filtration. From the dimensional point of view, we note an increase in average size equal
to about 2 um for both the sample exposed in Egg water and the one shown in M7; this
trend is confirmed by the shift of the size distribution observable in Figure 5.20c. In this
case, such behaviour is almost certainly due to a swelling phenomenon, favoured by

nature of the material, more hygroscopic than LDPE - CP.
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Figure 5.20. SEM image of PU (a) in Egg water (b) in M7 after exposure. (c) size distribution.
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5.4. Conclusion

Microplastics are currently one of the emerging complex pollutants of more important,
however, information on them is still lacking in the literature behaviour under simulated
or real exposure conditions. The data collected from this study aimed at evaluating the
variation of the zeta potential and of the adsorption phenomena after incubation in
environmental media, combined with other physico - chemical characterizations of base
provide vital information that will help support the studies (eco-) toxicological and to fill

the knowledge gap on these aspects.

The activity focused on the study of the dispersion method, dimensional and surface
characterization, colloidal behaviour of microplastics, such as PE, PET and PU considered

emerging environmental pollutants.

It was possible to identify two dispersing systems: BSA and SS, which allowed the PE

suspensions to be stable for at least 24h. Further studies are needed for PET suspensions.

The Z — potential vs pH titration in environmental matrices made it possible to identify
some trends in the behaviour of microplastics, in particular related ones to the
concentration of ions in the media in general, it has been observed that an increase in salt
concentration led to a greater destabilization of the colloidal system, as evidenced by the
titration curves obtained in the Elendt M7 medium compared to those measured in Egg
water and DI water. It was also possible to make hypothesis on surface chemistry,

revealing the presence of additives adsorbed on plastic surfaces.

Reference
1. Claessens, M.; Meester, S. De; Landuyt, L. Van; Clerck, K. De; Janssen, C.R.
Occurrence and distribution of microplastics in marine sediments along the Belgian

coast. Mar. Pollut. Bull. 2011, 62, 2199-2204,
doi:10.1016/j.marpolbul.2011.06.030.
2. Talvitie, J.; Mikola, A.; Setald, O.; Heinonen, M.; Koistinen, A. How well is microlitter

purified from wastewater? — A detailed study on the stepwise removal of
microlitter in a tertiary level wastewater treatment plant. Water Res. 2017, 109,
164-172, doi:10.1016/j.watres.2016.11.046.

3. Koelmans, A.A.; Bakir, A.; Burton, G.A.; Janssen, C.R. Microplastic as a Vector for
Chemicals in the Aquatic Environment: Critical Review and Model-Supported
Reinterpretation of Empirical Studies. Environ. Sci. Technol. 2016, 50, 3315-3326,

179



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

doi:10.1021/acs.est.5b06069.

JRC Microplastics - Focus on Food and Health. Eur. Union, Jt. Res. Cent. 2017, 2.
Mitrano, D.M.; Wohlleben, W. Microplastic regulation should be more precise to
incentivize both innovation and environmental safety. Nat. Commun. 2020, 11, 1-
12, d0i:10.1038/s41467-020-19069-1.

Rillig, M.C. W © 2012. 2012, 6453-6454.

Eerkes-Medrano, D.; Thompson, R.C.; Aldridge, D.C. Microplastics in freshwater
systems: A review of the emerging threats, identification of knowledge gaps and
prioritisation of research needs. Water Res. 2015, 75, 63-82,
doi:10.1016/j.watres.2015.02.012.

Wu, W.M.; Yang, J.; Criddle, C.S. Microplastics pollution and reduction strategies.
Front. Environ. Sci. Eng. 2017, 11, 1-4, doi:10.1007/s11783-017-0897-7.

Wang, W.; Yuan, W.; Xu, E.G.; Li, L.; Zhang, H.; Yang, Y. Uptake, translocation, and
biological impacts of micro(nano)plastics in terrestrial plants: Progress and
prospects. Environ. Res. 2022, 203, 111867, doi:10.1016/j.envres.2021.111867.
Auta, H.S.; Emenike, C.U.; Fauziah, S.H. Distribution and importance of
microplastics in the marine environmentA review of the sources, fate, effects, and
potential solutions. Environ. Int. 2017, 102, 165-176,
doi:10.1016/j.envint.2017.02.013.

Chen, G.; Li, Y.; Liu, S.; Junaid, M.; Wang, J. Effects of micro(nano)plastics on higher
plants and the rhizosphere environment. Sci. Total Environ. 2022, 807, 150841,
doi:10.1016/j.scitotenv.2021.150841.

Rainieri, S.; Barranco, A. Microplastics, a food safety issue? Trends Food Sci.
Technol. 2019, 84, 55-57, doi:10.1016/].tifs.2018.12.009.

De-la-Torre, G.E. Microplastics: an emerging threat to food security and human
health. J. Food Sci. Technol. 2020, 57, 1601-1608, doi:10.1007/s13197-019-04138-
1.

Revel, M.; Chatel, A.; Mouneyrac, C. Micro(nano)plastics: A threat to human
health? Curr. Opin. Environ. Sci. Heal. 2018, 1, 17-23,
do0i:10.1016/j.coesh.2017.10.003.

Cole, M.; Lindeque, P.; Halsband, C.; Galloway, T.S. Microplastics as contaminants
in the marine environment: A review. Mar. Pollut. Bull. 2011, 62, 2588-2597,
doi:10.1016/j.marpolbul.2011.09.025.

Zhang, Y.; Li, Y.; Su, F.; Peng, L.; Liu, D. The life cycle of micro-nano plastics in
domestic sewage. Sci. Total Environ. 2022, 802, 149658,
doi:10.1016/j.scitotenv.2021.149658.

Ivar Do Sul, J.A.; Costa, M.F. The present and future of microplastic pollution in the
marine environment. Environ. Pollut. 2014, 185, 352-364,
doi:10.1016/j.envpol.2013.10.036.

Stark, M. Letter to the Editor Regarding “are We Speaking the Same Language?
Recommendations for a Definition and Categorization Framework for Plastic
Debris”; 2019; Vol. 53; ISBN 9783319165097.

Ajith, N.; Arumugam, S.; Parthasarathy, S.; Manupoori, S.; Janakiraman, S. Global
distribution of microplastics and its impact on marine environment—a review.
Environ. Sci. Pollut. Res. 2020, 27, 25970-25986, d0i:10.1007/s11356-020-09015-
5.

Faure, F.; Corbaz, M.; Baecher, H.; De Alencastro, L.F. Pollution due to plastics and

180



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

microplastics in lake Geneva and in the Mediterranean sea. Arch. des Sci. 2012, 65,
157-164, doi:10.5169/seals-738358.

Eriksen, M.; Mason, S.; Wilson, S.; Box, C.; Zellers, A.; Edwards, W.; Farley, H.;
Amato, S. Microplastic pollution in the surface waters of the Laurentian Great
Lakes. Mar. Pollut. Bull. 2013, 77, 177-182, d0i:10.1016/j.marpolbul.2013.10.007.
Van Cauwenberghe, L.; Vanreusel, A.; Mees, J.; Janssen, C.R. Microplastic pollution
in deep-sea  sediments. Environ. Pollut. 2013, 182, 495-499,
doi:10.1016/j.envpol.2013.08.013.

Hurley, R.R.; Nizzetto, L. Fate and occurrence of micro(nano)plastics in soils:
Knowledge gaps and possible risks. Curr. Opin. Environ. Sci. Heal. 2018, 1, 6-11,
doi:10.1016/j.coesh.2017.10.006.

Shen, M.; Zhu, Y.; Zhang, Y.; Zeng, G.; Wen, X.; Yi, H.; Ye, S.; Ren, X.; Song, B.
Micro(nano)plastics: Unignorable vectors for organisms. Mar. Pollut. Bull. 2019,
139, 328-331, doi:10.1016/j.marpolbul.2019.01.004.

Bandini, F.; Taskin, E.; Bellotti, G.; Vaccari, F.; Misci, C.; Guerrieri, M.C.; Cocconcelli,
P.S.; Puglisi, E. The treatment of the organic fraction of municipal solid waste
(OFMSW) as a possible source of micro- and nano-plastics and bioplastics in
agroecosystems: a review. Chem. Biol. Technol. Agric. 2022, 9, 1-17,
doi:10.1186/s40538-021-00269-w.

Carr, S.A.; Liu, J.; Tesoro, A.G. Transport and fate of microplastic particles in
wastewater treatment plants. Water Res. 2016, 91, 174-182,
doi:10.1016/j.watres.2016.01.002.

Ziajahromi, S.; Neale, P.A.; Rintoul, L.; Leusch, F.D.L. Wastewater treatment plants
as a pathway for microplastics: Development of a new approach to sample
wastewater-based microplastics. Water  Res. 2017, 112, 93-99,
doi:10.1016/j.watres.2017.01.042.

Wang, Z.; Lin, T.; Chen, W. Occurrence and removal of microplastics in an advanced
drinking water treatment plant (ADWTP). Sci. Total Environ. 2020, 700,
doi:10.1016/j.scitotenv.2019.134520.

Talvitie, J.; Mikola, A.; Koistinen, A.; Setala, O. Solutions to microplastic pollution —
Removal of microplastics from wastewater effluent with advanced wastewater
treatment technologies. Water Res. 2017, 123, 401-407,
doi:10.1016/j.watres.2017.07.005.

Uddin, S.; Fowler, S.W.; Habibi, N.; Behbehani, M. Micro-Nano Plastic in the Aquatic
Environment: Methodological Problems and Challenges. Animals 2022, 12, 1-18,
do0i:10.3390/ani12030297.

Pinto da Costa, J.; Reis, V.; Paco, A.; Costa, M.; Duarte, A.C.; Rocha-Santos, T.
Micro(nano)plastics — Analytical challenges towards risk evaluation. TrAC - Trends
Anal. Chem. 2019, 111, 173-184, d0i:10.1016/j.trac.2018.12.013.

Renner, G.; Schmidt, T.C.; Schram, J. Analytical methodologies for monitoring
micro(nano)plastics: Which are fit for purpose? Curr. Opin. Environ. Sci. Heal. 2018,
1, 55-61, doi:10.1016/j.coesh.2017.11.001.

De Ruijter, V.N.; Redondo-Hasselerharm, P.E.; Gouin, T.; Koelmans, A.A. Quality
Criteria for Microplastic Effect Studies in the Context of Risk Assessment: A Critical
Review. Environ. Sci. Technol. 2020, 54, 11692-11705,
doi:10.1021/acs.est.0c03057.

Mattsson, K.; Jocic, S.; Doverbratt, I.; Hansson, L.A. Nanoplastics in the aquatic

181



35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.
46.
47.

48.

environment; Elsevier Inc., 2018; ISBN 9780128137475.

Taylor, P.; Wen, J. Food Additives &# x26; Contaminants : Part B : Surveillance
Elemental composition of commercial sea cucumbers ( holothurians ). 37-41,
d0i:10.1080/19393210.2010.520340.

Samel, A.; Ziegenfuss, M.; Goulden, C.E.; Banks, S.; Baer, K.N. Culturing and Bioassay
Testing of Daphnia magna Using Elendt M4, Elendt M7, and COMBO Media. 1999,
110, 103-110.

Hartmann, N.B.; Jensen, K.A.; Baun, A.; Rasmussen, K.; Rauscher, H.; Tantra, R.;
Cupi, D.; Gilliland, D.; Pianella, F.; Riego Sintes, J.M. Techniques and Protocols for
Dispersing Nanoparticle Powders in Aqueous Media - Is there a Rationale for
Harmonization? J. Toxicol. Environ. Heal. - Part B Crit. Rev. 2015, 18, 299-326,
doi:10.1080/10937404.2015.1074969.

Santana, V.; Santos, V.; Silveira, E.; Pereira, B.B. Toxicity and applications of
surfactin for health and environmental biotechnology. J. Toxicol. Environ. Heal. Part
B 2019, 00, 1-18, doi:10.1080/10937404.2018.1564712.

Ferraz, M.; Bauer, A.L.; Valiati, V.H. Microplastic Concentrations in Raw and
Drinking Water in the Sinos River, Southern Brazil. 2020, 1-10.

Arechabala, B.; Coiffard, C.; Rivalland, P.; Coiffard, LJ.M. Comparison of
Cytotoxicity of Various Surfactants Tested on Normal Human Fibroblast Cultures
using the Neutral Red Test, MTT Assay and LDH Release. 1999, 165, 163—-165.
Jiao, L.; Xiao, H.; Wang, Q.; Sun, J. Thermal degradation characteristics of rigid
polyurethane foam and the volatile products analysis with TG-FTIR-MS Thermal
degradation characteristics of rigid polyurethane foam and the volatile products
analysis with TG-FTIR-MS. Polym. Degrad. Stab. 2013, 98, 2687-2696,
doi:10.1016/j.polymdegradstab.2013.09.032.

Smith, B.C. The Infrared Spectra of Polymers Il : Polyethylene. 1-7.

Vermelha, P.; Janeiro, R. De Processing and Characterization of PET Composites
Reinforced With Geopolymer Concrete Waste. 2017, 20, 411-420.

Al, B.; Mahmoud, G.; Strehlow, B.; Mohr, E. Development of thrombus-resistant
and cell compatible crimped polyethylene terephthalate cardiovascular grafts using
surface co- immobilized heparin and collagen Development of thrombus-resistant
and cell compatible crimped polyethylene terephthalate cardiovascular grafts using
surface co-immobilized heparin and collagen. Mater. Sci. Eng. C 2017, 43, 538-546,
doi:10.1016/j.msec.2014.07.059.

Zetasizer.

Republic, F. a -Olefinsulfonates. 2012, doi:10.1002/14356007.a25.

Kirby, B.J.; Jr, E.F.H. Review Zeta potential of microfluidic substrates : 2 . Data for
polymers. 2004, 203-213, doi:10.1002/elps.200305755.

Tourinho, P.S.; Ko, V.; Loureiro, S.; Gestel, C.A.M. Van Partitioning of chemical
contaminants to microplastics : Sorption mechanisms , environmental distribution
and effects on toxicity and. 2019, 252, 1246-1256,
doi:10.1016/j.envpol.2019.06.030.

182



183



Chapter 6:

Conclusion



Nanotechnologies have been used in this thesis work to meet the needs in the field of

water purification from pollutants. In particular we proposed four key point of innovation:

1-

Developing and testing nano-photocatalysts towards a SSbD application:

TiO; - based and carbon - based photocatalysts have been developed, as a green
alternative to be employed in advanced oxidation processes (AOPs). The
functionality (in terms of photocatalytic efficiency, TOF and COD) of nano-
photocatalysts was assessed by following the degradation of RhB, under UV and
simulated solar light. The functionality has been combined with cost and
environmental sustainability profiles, in terms of energy spent for the production
and use of the nano-photocatalysts. It was possible to find which material together
with which type and irradiation time allows to maximize functionality, keeping
costs low and having little impact on the environment in terms of kg CO, — eq /
kWh. It was noted from the results that the commercial TAC material, being ready
to use and having shown a good photocatalytic efficiency, turned out to be the
optimal choice. When the weight of environmental sustainability component
prevailed, the TiO2:SiO, composite showed excellent performance, also thanks to
the fact that it uses a lower quantity of active species (TiO,) while maintaining a
high efficiency. As next steps, the comparison of performance attributes will be
extended to further life - cycle stages, as the synthesis and deposition process
steps, in order to evaluate further design options and verify if catalysts such as
TGO that are disadvantaged from the point of view of energy consumption at the
use phase can improve their overall efficiency, considering the good photocatalytic

reactivity shown.

Scale - up photoreactors for nano—photocatalysts integration supported by fabrics:
Two TiO; - based nano-photocatalysts (TAC and TiO,:SiO,) were deposited on
fabric substrates by dip - pad curing process and integrated in a semi - pilot 6 litres
plant, designed to simulate a system suitable for wastewater treatment, in real
application. it was possible to find the best strategy for the scale - up of the

photocatalysis process. In particular the 100% cotton fabric support, the TiO2:SiO>
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coating and a working temperature of 25 °C are the optimal design options. The
comparison of the reactivity of nano-photoatalysts active under UV light (TiO,-
based) under different source of irradiation did not show significant differences,
allowing the use of the developed system also under solar light and visible LED
irradiation. This result is most likely explained by the UV component present in the
simulating solar light used in lab - scale tests of solution 1) and to the
photosensitizing effect of orange RhB that acts as a photosensitizer, providing
charge carriers capable of degrading the molecules, when irradiated by visible LED
light as in solution 2. The results obtained expand the technology to visible light
with the advantage to be cheaper, easily available and exploitable, making it very
advantageous both from the point of view of costs and of the applicability,
matching. the rules of the Green deal, to obtain climate neutrality. As next step we
will expand optimisation functions tested in solution 1) to the pre - pilot plant

variables, supporting a further scale - up in industrial plants.

Development of experimental model, predictive of the functionality of nano—
photocatalysts and their eco - toxic potential:

Different experimental models were applied to the investigated systems at the aim
to predict their performance attributes, including the photodegradation
(discoloration) of RhB dye, the capacity to produce OHe radicals (RNO model) and
the oxidative potential against cell natural antioxidant defences (GSH / CyS model).
TiO, - based materials and also the TGO composite showed very good
photocatalytic efficiency most likely driven by the direct oxidation of the photo-
induced positive holes on the surface. On the contrary the organic material g-CsNa,
produced many OHe despite to the low photocatalytic efficiency confirming a fast
recombination of the charge carriers that did not allow the photo-degradation of
target pollutant. A machine learning tool was implemented to understand which
physico - chemical characteristics and / or exposure conditions had the greatest
influence on the oxidative power and the tendency to produce OHe of the nano-
photocatalysts. As next steps, we will improve the predictive capacity of the
investigated models, by extending dataset also to no-oxidative conditions

(performing tests under inert atmosphere) and by correlating the results with
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cellular models in order to identify scores of potential hazards linked to the
acellular tests developed.

Identification and characterization of new class of pollutants: MNPs

Micro plastics, such as PE, PET and PU considered emerging environmental
pollutants were characterised in terms of physico - chemical properties and
colloidal behaviour. The investigation of their dispersibility, in different
environmental relevant media and using biomimetic or bio - sourced dispersants
such as bovine serum albumin (BSA) and sodium surfactin (SS) was exploited in the
European project Plasticsfate at the aim to identify a common dispersion protocol
through different characterisation partners in order to improve samples
reproducibility and allow their assessment in biological matrices. As next steps we
will further investigate the dispersibility in biological relevant fluids in order to
support dosimetry studies and provide a right estimation of the amount of micro

plastics pollutant that come in touch with biological targets.
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