Abstract

Heterogeneous photocatalytic oxidation has been extensively studied for environmental applications such as
purification processes aimed to the removal of organic substances at room temperature both in water and in
air. However, in recent years, photocatalytic processes have also been extended to the synthesis of organic
compounds in mild conditions. This Ph.D. work has been focused on the application of heterogeneous
photocatalysis for the removal of contaminants (azo-dyes and pesticides) and for the selective oxidation of
benzene to phenol to explore its potential application in an industrial process. In particular, visible light
active photocatalysts in powder form have been formulated, optimized through the coupling with [3-
cyclodextrins and studied in the degradation of water pollutants. Subsequently, the optimized photocatalysts
were employed in the direct oxidation of benzene to phenol. Among the investigated photocatalysts, N doped
TiO, (N-TiO,) photocatalyst showed the highest benzene conversion than the other photocatalytic
formulations.

Such photocatalyst was coupled with syndiotactic polystyrene in aerogel form (sPS) having a high affinity
towards hydrophobic compounds (benzene) and a very low affinity towards hydrophilic compounds (phenol)
in order to maximize the selectivity to phenol favoring its desorption from photocatalyst surface. Therefore,
the selective photocatalytic oxidation of benzene in liquid phase is studied using visible active N-TiO,
photocatalyst embedded into a monolithic syndiotactic polystyrene aerogel (N-TiO,/sPS, 10/90 w/w) under
UV or visible light irradiation with the aim to tune the selectivity towards the desired product. The
experimental results evidenced that the presence of sPS allows to achieve a benzene conversion higher than
50% under both irradiation conditions at the spontaneous pH of the solution. In addition, N-TiO,/sPS is able
to enhance the phenol selectivity compared to N-TiO, in powder form that shows a very low selectivity to
phenol in presence of UV light and no phenol production with visible light. A remarkable enhancement of
both selectivity and phenol yield is achieved under visible light in acidic conditions because of the low
affinity of phenol to the hydrophobic structure of sPS, facilitating the desorption of the produced phenol in
the aqueous medium from N-TiO,/sPS, and, consequently, inhibiting at a certain extent the phenol
overoxidation reactions. The final phase of the PhD work was devoted to the formulation of transition metal
oxides (V,0s, Fe,0; and CuO) supported on N-TiO, and their dispersion in polymeric aerogels to increase
both the benzene consumption rate and the production rate of phenol, maximizing, at the same time,
selectivity and yield to the desired product under visible light. Cu/N-TiO, in powder form allowed to achieve
a phenol yield after 10 hours of visible light, significantly higher than that observed with Fe/N-TiO, and
V/N-TiO,. Therefore, to further increase the yield and selectivity to phenol and the phenol production rate,
Cu/N-TiO, photocatalyst was embedded in sPS aerogel. Then, the operating conditions (dosage of Cu/N-
TiO,/sPS, solution pH) were optimized. The best result so far not found in literature was obtained using
Cu/N-TiO,/sPS photoreactive aerogel in acidic conditions which reveals both benzene conversion and a
phenol yield higher than 95% and a selectivity to phenol greater than 99 %, values achieved in a very short
time of visible light irradiation (180 min) with very little formation of by-products. A possible reaction
mechanism was also proposed, The developed photoreactive (Cu/N-TiO,/sPS) solid phase represents a
"proof of concept" that could allow a significant leap forward in the development of innovative green
processes for the selective oxidation of aromatic hydrocarbons under mild conditions.



Abstract

L'ossidazione fotocatalitica eterogenea ¢ stata ampiamente studiata per applicazioni ambientali quali processi
di purificazione finalizzati alla rimozione di sostanze organiche a temperatura ambiente sia in acqua che in
aria. Tuttavia, negli ultimi anni, i processi fotocatalitici sono stati estesi anche alla sintesi di composti
organici in condizioni di temperatura ambiente e pressione atmosferica. Questo dottorato di ricerca si ¢
concentrato sull'applicazione della fotocatalisi eterogenea per la rimozione di contaminanti (coloranti azoici
e pesticidi) e per l'ossidazione selettiva del benzene a fenolo con lo scopo di esplorare la sua potenziale
applicazione in un processo industriale. In particolare sono stati formulati fotocatalizzatori in polvere attivi
da luce visibile , ottimizzati attraverso l'accoppiamento con B-ciclodestrine e studiati nella degradazione
degli inquinanti presenti in acqua. Successivamente, i fotocatalizzatori ottimizzati sono stati impiegati
nell'ossidazione diretta del benzene a fenolo. Tra i fotocatalizzatori studiati, il fotocatalizzatore TiO, (N-
TiO,) drogato con azoto ha mostrato la piu alta conversione del benzene rispetto le altre formulazioni
fotocatalitiche.

Tale fotocatalizzatore ¢ stato accoppiato con polistirene sindiotattico (sPS) in forma di aerogel avente
un'elevata affinita verso i composti idrofobici (benzene) e un'affinita molto bassa verso i composti idrofili
(fenolo) al fine di massimizzare la selettivita a fenolo favorendone il desorbimento dalla superficie del
fotocatalizzatore. Pertanto, 1'ossidazione fotocatalitica selettiva del benzene in fase liquida viene studiata
utilizzando un fotocatalizzatore N-TiO, attivo nel visibile disperso in un aerogel di polistirene sindiotattico in
forma monolitica (N-TiO,/sPS, 10/90 w/w) sotto luce UV o visibile con I'obiettivo di regolare la selettivita
verso il prodotto desiderato. I risultati sperimentali hanno evidenziato che la presenza di sPS consente di
ottenere una conversione del benzene superiore al 50% in entrambe le condizioni di illuminazione in
condizioni di pH spontaneo della soluzione. Inoltre, 1' aerogel N-TiO,/sPS ¢ in grado di migliorare la
selettivita del fenolo rispetto il fotocatalizzatore in polvere N-TiO, che mostra una selettivita al fenolo molto
bassa in presenza di luce UV e nessuna produzione di fenolo con luce visibile. Un notevole miglioramento
sia della selettivita che della resa a fenolo si ottiene sotto luce visibile in condizioni acide a causa della bassa
affinita del fenolo alla struttura idrofobica di sPS, facilitando il desorbimento del fenolo prodotto nel mezzo
acquoso dal composito N-TiO,/sPS, e , di conseguenza, inibendo in una certa misura le reazioni di
sovraossidazione del fenolo. La fase finale del dottorato ¢ stata dedicata alla formulazione di ossidi di metalli
di transizione (V,0s, Fe,O5; e CuO) supportati su N-TiO, e alla loro dispersione in aerogel polimerici per
aumentare sia la velocita di consumo del benzene che la velocita di produzione del fenolo, massimizzando,
allo stesso tempo, selettivita e resa al prodotto desiderato sotto luce visibile. Cu/N-TiO, in polvere ha
permesso di ottenere una resa a fenolo dopo 10 ore di luce visibile, significativamente superiore a quella
osservata con Fe/N-TiO, e V/N-TiO,. Pertanto, per aumentare ulteriormente la resa e la selettivita a fenolo e
la velocita di produzione del fenolo, il fotocatalizzatore Cu/N-TiO, ¢ stato disperso nell'aecrogel sPS. Quindi,
sono state ottimizzate le condizioni operative (dosaggio di Cu/N-TiO,/sPS, pH della soluzione). Il miglior
risultato finora non riscontrato in letteratura, ¢ stato ottenuto utilizzando l'aerogel fotoreattivo Cu/N-
TiO,/sPS in condizioni acide che rivela sia la conversione del benzene che una resa a fenolo superiore al
95% e una selettivita a fenolo superiore al 99%, valori raggiunti in un tempo molto breve di irraggiamento
della luce visibile (180 min) con formazione minima di sottoprodotti. E stato inoltre proposto un possibile
meccanismo di reazione. La fase solida fotoreattiva (Cu/N-TiO,/sPS) sviluppata potrebbe consentire un
significativo passo in avanti nello sviluppo di processi sostenibili innovativi capaci di realizzare reazioni di
ossidazione selettiva degli idrocarburi aromatici in condizioni miti (temperatura ambiente e pressione
atmosferica).
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effetti, un continuo conflitto di meraviglie.”
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Abstract

Heterogeneous photocatalytic oxidation has been extensively studied for
environmental applications such as purification processes aimed to the
removal of organic substances at room temperature both in water and in air.
However, in recent years, photocatalytic processes have also been extended
to the synthesis of organic compounds in mild conditions. This Ph.D. work
has been focused on the application of heterogeneous photocatalysis for the
removal of contaminants (azo-dyes and pesticides) and for the selective
oxidation of benzene to phenol to explore its potential application in an
industrial process. In particular, visible light active photocatalysts in powder
form have been formulated, optimized through the coupling with f-
cyclodextrins and studied in the degradation of water pollutants.
Subsequently, the optimized photocatalysts were employed in the direct
oxidation of benzene to phenol. Among the investigated photocatalysts, N
doped TiO> (N-TiO2) photocatalyst showed the highest benzene conversion
than the other photocatalytic formulations.

Such photocatalyst was coupled with syndiotactic polystyrene in aerogel
form (sPS) having a high affinity towards hydrophobic compounds
(benzene) and a very low affinity towards hydrophilic compounds (phenol)
in order to maximize the selectivity to phenol favoring its desorption from
photocatalyst surface. Therefore, the selective photocatalytic oxidation of
benzene in liquid phase is studied using visible active N-TiO photocatalyst
embedded into a monolithic syndiotactic polystyrene aerogel (N-TiO./sPS,
10/90 w/w) under UV or visible light irradiation with the aim to tune the
selectivity towards the desired product. The experimental results evidenced
that the presence of sPS allows to achieve a benzene conversion higher than
50% under both irradiation conditions at the spontaneous pH of the solution.
In addition, N-TiO2/sPS is able to enhance the phenol selectivity compared
to N-TiO; in powder form that shows a very low selectivity to phenol in
presence of UV light and no phenol production with visible light. A
remarkable enhancement of both selectivity and phenol yield is achieved
under visible light in acidic conditions because of the low affinity of phenol
to the hydrophobic structure of sPS, facilitating the desorption of the
produced phenol in the aqueous medium from N-TiO»/sPS, and,
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consequently, inhibiting at a certain extent the phenol overoxidation
reactions. The final phase of the PhD work was devoted to the formulation
of transition metal oxides (V20s, Fe;O3 and CuO) supported on N-TiO; and
their dispersion in polymeric aerogels to increase both the benzene
consumption rate and the production rate of phenol, maximizing, at the same
time, selectivity and yield to the desired product under visible light. Cu/N-
TiO, in powder form allowed to achieve a phenol yield after 10 hours of
visible light, significantly higher than that observed with Fe/N-TiO, and
V/N-TiOs. Therefore, to further increase the yield and selectivity to phenol
and the phenol production rate, Cu/N-TiO: photocatalyst was embedded in
sPS aerogel. Then, the operating conditions (dosage of Cu/N-TiO./sPS,
solution pH) were optimized. The best result so far not found in literature
was obtained using Cu/N-TiO./sPS photoreactive aerogel in acidic
conditions which reveals both benzene conversion and a phenol yield higher
than 95% and a selectivity to phenol greater than 99 %, values achieved in a
very short time of visible light irradiation (180 min) with very little
formation of by-products. A possible reaction mechanism was also proposed,
The developed photoreactive (Cu/N-TiO»/sPS) solid phase represents a
"proof of concept" that could allow a significant leap forward in the
development of innovative green processes for the selective oxidation of
aromatic hydrocarbons under mild conditions.
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I Introduction

The health of the environment is a subject of continually growing interest
to the public since the rapid industrialization and the population extension
led a progressive accumulation of organic compounds. In this context,
photocatalytic process represents an interesting alternative technology useful
both in the field of water and air purification and as organic synthetic
pathway. The need to develop chemical products and industrial processes
that reduce or eliminate the use and generation of toxic substances that are
both dangerous to human health and the environment is the goal of research
efforts based on the principles of Green Chemistry. Heterogeneous
photocatalysis is a technology extensively studied for abo
since Fujishima and Honda (1972) (Fujishima and ..., _  _ .
Photocatalysis, included in advanced oxidation processes (AOPs), comprises
a large variety of reactions such us partial or total oxidations, hydrogen
transfer, functionalization, rearrangements, dehydrogenation, mineralization,
etc (Herrmann, 2005). It is a catalytic technique that draws its energy from
the absorption of photons of light (solar or artificial), potentially making it
very economical to use; a wide range of possible applications of the
technology was found, such as water splitting (Fujishima and Honda, 1972),
oxidation (Jiang et al., 2004) and the reduction (Joyce-Pruden et al., 1992).
Much scientific interest has focused on the use of photocatalysis in
wastewater remediation. Population explosion, expansion of urban areas
increased adverse impacts on water resources, particularly in regions in
which natural resources are still limited. The main causes of surface water
and groundwater contamination are industrial discharges (even in low
quantities), excess use of dyes, pesticides, fertilizers (agrochemicals) and
land filling domestic wastes. The nature of water resources is worsening day
by day because of the incessant accumulation of undesirable contaminants
and chemicals in the water bodies. The wastewater treatment is based upon
various mechanical, biological, physical and chemical processes. In fact, this
is a combination of many operations like filtration, flocculation, chemical
sterilization and the elimination of particles in suspension. The biological
treatment is the ideal process (natural decontamination).
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The physico-chemical processes (coagulation and flocculation) use
various chemical reagents (aluminum chloride or ferric chloride,
polyelectrolytes, etc.) and generate large amounts of sludge. Increasing
demands for water quality indicators and drastic change regulations on
wastewater disposal require the development of processes more efficient and
more effective (ion exchange, ultrafiltration, reverse osmosis and chemical
precipitation, electrochemical technologies). Each of these treatment
methods has advantages and disadvantages. Water resources management
exercises ever more pressing demands on wastewater treatment technologies
to reduce industrial negative impact on natural water sources. Thus, the new
regulations and emission limits are imposed and industrial activities are
required to seek new methods and technologies capable of effective removal
of heavy metal pollution loads and reduction of wastewater volume, closing
the water cycle, or by reusing and recycling wastewater. Advanced
technologies for wastewater treatment are required to eliminate pollution and
may also increase pollutant destruction or separation processes. For this
reason, photocatalysis has emerged as a technology effective and affordable
for wastewater treatment also from an engineering point of view since it can
operate in mild conditions (room temperature and atmosphere pressure).
Indeed, photocatalytic destruction has allowed cleaning up waste streams
using light and a catalyst, opening a new field in wastewater remediation
(Senthurchelvan et al., 1996).Various types of hazardous organic
contaminants, including organic dyes, pesticides, oils, phenols, fertilizers,
pharmaceutical waste, hydrocarbons, phenols, and detergents, have also been
found in various water bodies (Javadian et al., 2014, Dixit et al., 2015).This
makes heterogenous photocatalysis an ideal technique to clean up
contaminated water.

One of the applications of photocatalysis, up to now studied only to a limited
extent and still under current investigation and development, is the use of the
technique in the field of organic synthetic reactions (Reischauer and Pieber,
2021). This process can induce oxidation and reduction reactions,
eliminating the need for expensive and dangerous solvents and chemicals.
An advantage is that photocatalytic processes do not require some of the
extreme conditions necessary for some organic synthesis processes and that
again can have an effect on costs as well as safety considerations such as
elevated temperatures and pressures. The photocatalytic technique is
potentially much more selective and therefore the production of by-products
is reduced. When the photocatalytic process based on semiconductor
photocatalyst is coupled with a separation polymer system it is possible to
obtain a synergic effect of organic compounds production by minimizing
environmental and economic impacts. In this photocatalytic hybrid system,
in fact, the radicals produced by the irradiation of the photocatalyst were
exploited to perform partial or total redox reactions leading to selective
organic products which can be separated by the polymeric substrate. The
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photoreactive composite polymer in which the photocatalyst is dispersed
constitutes a "green" technology, because it allows the reactions to be carried
out in mild conditions, and to obtain the interest products in a single step by
separating them from the reaction system with considerable savings in terms
of time and costs in order to make this process very interesting for industrial
application. The choice of an appropriate polymer having high affinity with
reactant subtrate and the knowledge of the parameters influencing the
photocatalytic process represent, therefore, an important step in the design of
a phoreactive composite polymer. The main aim of this Ph.D. thesis was the
development of visible light active photocatalysts for water pollutants
removal and the formulation of a photoreactive polymer composite in
monolithic form, for partial oxidation reactions of organic compounds in
liquid phase. In Section I the basic fundamentals and the main application
fields of photocatalysis are examined, with a wide overview on the current
progresses and drawbacks present in literature. Section II reports a detailed
presentation of polymeric substrates classifying the possible materials to use
in the oxidation process. Finally, a review on the application and modelling
of photocatalytic polymeric reactors is treated. Then, the experimental
results obtained in this study on the photodegradation of organic compounds
in water are presented in Section III. In particular, the photodegradation of
two different contaminants, Acid Orange 7 and Thiachloprid, in water and
the separation of the clarified solution is studied both using photocatalyst in
powder form and photocatalyst coupled with B-cyclodextrine (B-CD). In
Section IV, the direct synthesis of phenol through hydroxylation of benzene,
is reported. The benzene hydroxylation using a monolithic polymeric aerogel
in which photocatalyst is embedded is studied in Section V. An accurate
discussion of the promising experimental results in terms of phenol yield and
selectivity to phenol obtained by modifying some operative conditions is
described in Section VI.

I.1Photocatalysis as a green process

Heterogeneous photocatalysis is part of the environmentally friendly
advanced oxidation processes (AOPs) and has slowly provided the prelude
for environmental remediation (Wang et al., 2022). Photocatalysis plays a
central role in ecological balances. Solar radiation is the main source of
energy on Earth that exceeds every conceivable need of humanity in the
future (25,000-75,000 kWh per day and hectare).

In this perspective, photocatalysis can be defined as a “catalytic reaction
involving the production of a catalyst by absorption of light” (Verhoeven,
1996). Figure 1 shows the proper placement of the fully occupied lower s-
band called the valence band (VB), and the upper unoccupied band as a
conduction band (CB) in semiconductors, making them materials suitable for
light absorption and photocatalytic action. The s and p bands are so close in
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electrical conductor that they overlap, thus making it very easy for electrons
to be promoted into a higher energy level. In semiconductors and insulators
the gap between VB and CB is called the band gap.

Energy of electrons

Conduction Band

large energy gap Conduction Band
empty or parially filled

Fermi Conduction Band
evel

overlap

Valence Band Valence Band

Valence Band

fully or parially filled

Insulators Semiconductors Metals

Figure 1.1 Valence band (VB) and Conduction band (CB) positions in
metals, semiconductors, and insulators (Lazar et al., 2012)

Heterogeneous photocatalytic reactions have many advantages, such as the
use of solar light, which is a sustainable resource, a quick reaction rate and
low energy consumption of heterogeneous photocatalytic oxidation; milder
reaction conditions than those of traditional thermal catalysis, when
compared with conventional treatment technologies (including adsorption,
membrane separation, chemical sedimentation, and bioprocesses ). To date,
thousands of studies have been reported on the photocatalytic treatment of
various pollutants, and new studies are being increasingly conducted in this
regard. While it was not until the 1970s that this technique gained attention
many examples of semiconductor photocatalysis had already been reported
in the literature by the start of the century. Photocatalytic reactions constitute
one of the emerging technologies for chemical transformations. In the late
1970s, the initial stages of this development were boosted by very attractive
proposals concerning water splitting using UV energy (Fujishima and
Honda, 1972)

Initial hopes were however, not fulfilled and in the early 1980s, when
enthusiasm for the technology was declining, a new possible application
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appeared, when it was reported that photocatalytic reactions could be utilised
for environmental remediation (Haarstrick et al., 1996). Since then there
have been a wide range of investigations on the abatement of air and water
pollution; and pollution control remains as the most important target for
applications and the main reason for research and development studies. The
application for organic synthesis has however only been investigated to a
limited extent (Cundall et al., 1976, Pincock et al., 1985, Fox and Dulay,
1993). Some syntheses process require the use of hazardous and expensive
chemicals and procedures, with the production of hazardous by-products as
is the case with the industrial process of multi-step cumene to obtain phenol.
This translates into increased costs for the manufacturer due to additional
safety requirements and the need for disposal and separation of unwanted
products (Hjeresen et al., 2002). Although fine chemical production only
accounts for about 5% of chemical production, it accounts for about 20% of
profits (Blaser and Studer, 1999). Conventional industrial routes for many
important organic chemicals typically require harsh operating conditions,
such as high temperature and pressure. Thus, the development of
photocatalytic synthesis routes which rely on light as an energy source to
drive chemical reactions under much milder reaction conditions is highly
desirable. Moreover, photocatalytic systems match the needs of green
engineering in which fewer processing steps are achieved (Friedmann et al.,
2016).

1.2 Foundamental of heterogeneous photocatalysis

Heterogeneous photocatalysis is a term which describes a process in
which the photocatalyst is in a different phase with respect to the substrate.
In this condition, the reaction scheme implies the previous formation of an
interface between the photocatalyst in solid form and a liquid or a gas phase
containing the reactants. Photocatalysis is generally defined as the change in
the rate of a chemical reaction or its initiation under the action of ultraviolet,
visible or infrared radiation in the presence of a substance, the photocatalyst,
which absorbs light and it is involved in the chemical transformation of the
reaction partners.

semiconductor
A+D _ A +D"

lightZEhg (1)

As in the case of catalytic reactions, heterogeneous photocatalytic reactions
are composed of purely chemical and purely physical reaction steps. The
main difference with a catalytic process is that, while in a catalytic process
the catalyst is ready to operate, in photocatalysis the photocatalyst is
“generated” and its activity maintained by the radiation absorption.
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In a photocatalytic reaction, the following steps must be considered:

1. Diffusion of reactants to the photocatalyst surface through the boundary
layer;

2. Diffusion of reactants into the pores;

3. Photoadsorption of reactants on the pore surface;

4. Photoreaction;

5. Photodesorption of products from the pore surface;

6. Diffusion of the products out of the pores;

7. Diffusion of the products away from the catalyst through the boundary
layer

1.3 Mechanism

An ideal photocatalytic material should be highly photoactive, stable against
photocorrosion, harmless, cheap and chemically inert and stable in a water
environment during the reaction processes.

Moreover it should be active in both UV and visible region as sunlight is a
costless, green and sustainable energy and its wavelength ranges from 280 to
4000 nm, with the UV photons which account for just a small percentage of
the total energy (3—5%). The photogenerated pairs are the species eventually
responsible for both the oxidation and reduction reactions occurring on the
surface of catalyst; in fact, a photocatalyst must be able to photoadsorb
simultaneously two reactants in different sites, one being reduced and the
other oxidized, to guarantee the electroneutrality of the whole photocatalytic
cycle. The semiconductor materials which have an empty energy region
(band-energy structure), where no energy levels are available (Figure 1.1).
The region which extends from the top of the filled valence band to the
bottom of the vacant conduction band is called band gap, Eg. The ability of a
semiconductor to perform photoinduced electron-hole transfer to superficial
species depends by the band energy positions of the semiconductor and the
redox potential of the adsorbates.
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Figure 1.2 [llustration of the main processes occurring on a semiconductor
photocatalyst under electronic excitation

The preliminary step of the photocatalytic reactions is the radiation
absorption by the catalyst.

The activation of a semiconductor photocatalyst is achieved through the
absorption of a photon with a wavelength greater than the band gap energy
which leads to the promotion of the electrons ¢ from VB into CB, and in the
simultaneous generation of positive holes h* in the VB (Shekofteh-Gohari et
al., 2018, Mousavi et al., 2018). At this point, for the photocatalytic process
to occur, the reagents must reach the outer surface of the photocatalyst,
diffuse into the pores, photoadsorb and photoreact.

The photogenerated hole-electron pairs react with the molecules of reagents
adsorbed on the semiconductor surface generating highly reactive radical
species that are thus involved in oxidation and reduction processes of water
pollutants (Fujishima, 1972). In particular, the reaction of either the
photopromoted electron with a reducible adsorbed substrate (usually oxygen
in aerated system) and/or the hole with an oxidizable adsorbed species can
occur. By considering a semiconductor (SC), the heterogeneous
photocatalytic process is a complex sequence of reactions that can be
expressed by the following set of simplified equations (Linsebigler et al.,
1995b)

a) Charge separation

SC+hy —» e cp +h'ys (2)
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b) Bulk/surface separation
e€cg +h'ysg —» heat 3)
¢) Surface trapping

h*yp+=Ti-OH —> =Ti-O + H )
ecs +=Ti-OH —» =Ti + OH (5)

d) Surface recombination
ecg =Ti-0 +H"—» =Ti-OH (6)
h'yp+=Ti-OH — =Ti-O + H* (7)

e) Interfacial charge transfer

Red+=Ti-O' —» Ox; += Ti-OH (8)
Oxo+ H,0 += Tit —» Reds += Ti-OH (9)

) Back reaction

Red;+=Ti-O — Ox; += Ti-OH (10)
Ox, += Ti. — Red, += Ti-OH (11)

1.4 Photocatalytic reaction parameters

In photocatalytic process, various operating parameters affect the reaction
path:
i.mass of catalyst: the initial rate of reaction was found to be directly
proportional to the mass m of catalyst either in static, slurry or dynamic flow
photoreactors (Figure 1.3). This indicates a true heterogeneous catalytic
regime. However, above a certain value of m, the reaction rate levels off and
becomes independent of m. This limit depends on the geometry and on the
working conditions of the photoreactor. These limits correspond to the
maximum amount of photocatalyst (i.e.TiO,) in which all the particles i.e. all
the surface exposed are totally illuminated. For higher quantities of catalyst,
a screening effect of excess particles occurs, which masks part of the
photosensitive surface. For applications, this optimum mass of catalyst has
to be chosen in order to avoid an unuseful excess of catalyst and to ensure a
total absorption of efficient photons.

8
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ii.

iii.

1v.

wavelength: the variation of the reaction rate as a function of the
wavelength follows the absorption spectrum of the catalyst (Figure
1.2), with a threshold corresponding to its band-gap energy. For
TiO, having Eg = 3.02 eV, this requires: A 400 nm , i.e. near-UV
wavelengths (UV-A). In addition, it must be checked that the
reactants do not absorb the light to conserve the exclusive
photoactivation of the catalyst for a true heterogeneous catalytic
regime (no homogeneous or photochemical in the adsorbed phase).
Since the solar spectrum contains 3—5% UV-energy, photocatalysis
can be activated by solar energy.

initial concentration of reactant: the kinetics follows a Langmuir—
Hinshelwood mechanism confirming the heterogeneous catalytic
character of the system with the rate r varying proportionally with
the coverage fas:

r=k@=k(KC/1+KC) (12)
where k is the true rate constant; K is the constant of adsorption at
equilibrium and C is the instantaneous concentration.

For diluted solutions (C < 103 M), KC becomes << 1 and the
reaction is of the apparent first order, whereas for concentrations
>5-103 M, (KC >> 1), the reaction rate is maximum and is of the
apparent order (Figure 1.). In the gas phase, similar Langmuir—
Hinshelwood expressions have been found including partial
pressures P instead of C. In some cases, such as in liquid alcohol
dehydrogenation (Pichat et al., 1982) the rate follows variations
including the square root of concentration:

r= k[K%c% 1+K"2Ch )}
(13)

This indicates that the active form of the reactant is in a dissociated
adsorbed state. In other cases, such as in the photocatalytic
degradation and mineralization of chlorobenzoic acids, a zero kinetic
order was found, even at low concentrations. This was due to a
strong chemisorption on titania with the saturation of the hydroxylic
adsorption sites. For a maximum yield, reactions should be
performed with initial concentrations equal to or higher than the
threshold of the plateau.

temperature: Because of the photonic activation, the photocatalytic
systems do not require heating and are operating at room
temperature. The true activation energy E., relative to the true rate

constant K =K exp(=E./RT) is nil, whereas the apparent
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activation energy E, is often very small (a few kJ/molhr) in the
medium temperature range (20°C<0<80°C).
However, at very low temperatures (-40°C<0<0°C), the activity
decreases and the activation energy Ea becomes positive (Figure 1.).
By constrast, at ‘‘high’’ temperatures (6>70-80°C) for various types
photocatalytic reactions, the activity decreases and the apparent
activation energy becomes negative (I.2c).
This behavior can be easily explained within the frame of the
Langmuir—Hinshelwood mechanism described above. The decrease
in temperature favors adsorption which is a spontaneous exothermic
phenomenon. 0 tends to unity, whereas KC becomes >1.
In addition, the lowering in T also favors the adsorption of the final
reaction product P, whose desorption tends to inhibit the reaction.
Correspondingly, there appears a term KpCp in the denominator of
eq. 15. If P is the strong inhibitor, when gets:

KpCp>> KC (14)
and the Langmuir—Hinshelwood equation becomes:

r=r0=kK(1+KC+K ,C )~kKC/k,C, (15)

where Kp is the adsorption constant of final product P. There results
an apparent activation energy £, equal to:

E,=E +AH,~AH, (16)

radiant flux: By definition, quantum yield is equal to the ratio
between the reaction rate in converted molecules per second (or in
moles per second) and the efficient incident photon flux in photons
per second (or in Einstein per second (an Einstein is one mole of
photons)). This is a kinetic definition, which is directly related to
the instantancous efficiency of a photocatalytic system. Its
theoretical maximum value is equal to 1. It can vary over a wide
range depending on the nature of the catalyst, the experimental
conditions used (concentrations, T, m,...) and in particular, the
nature of the reaction considered. Knowledge of this parameter is
essential as it allows to compare the activity of different catalysts
for the same reaction, to estimate the relative feasibility of different
reactions and to calculate the energy yield of the process and its
cost.
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Figure 1.3 Influence of the different physical parameters on the kinetics of
photocatalytic process: reaction rate r; (a): mass of catalyst m; (b):
wavelength 1,; (c): initial concentration c of reactant; (d) temperature T; (e)
radiant flux ¢.

vi.  pH of aqueous solution: The photocatalytic reaction is influenced by
the pH of liquid medium. TiO, surface is positively charged in acidic
condition. On the other hand, at pH higher than 7, TiO, surface is negatively
charged (Konstantinou and Albanis, 2004, Bekkouche et al., 2004) according
to the following reactions:

TiOH + H' & TiOH" (17)
TiOH + OH- &= TiO + H,0 (18)
vii. presence of oxygen: oxygen can produce superoxide ions (O»™) that

initiates reactions leading to the formation of additional hydroxyl radicals,
also via the formation of hydrogen peroxide.

Oyte” —»0," (19)
0y~ + H+ —»HOy (20)
HO, + e —»HO, 1)

11
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HO, + H — H,0, (22)
H,O, + e —»OH" + OH™ (23)

Another oxidant specie which influences positively the photocatalytic
reaction is H>O, due to the formation of hydroxyl radicals. However, an
excess of H,O» can induce a detrimental effect because it acts as scavenger
of valence band holes and ‘OH, producing hydroperoxyl radicals which has a
less oxidizing power than “OH.

HO>+2h" —» O, + 2H" (24)
H>05 +°"OH —% H;0 + HO' (25)

.5 Photocatalytic activity of semiconductor materials

A photocatalyst is a semiconductor material that must be able to convert
the light energy of the radiation into the chemical energy of the electron-hole
pairs. Therefore, an adequate bandgap energy together with chemical and
physical stability, non-toxic nature, availability and low cost are important
requirements that allow it to operate in photocatalytic reactions. Several
semiconductor materials used as photocatalysts are reported in the literature;
the most popular are oxides (TiO2, Fe;Os3, SnO,, ZnO, ZrO,, CeO,, WOs3,
V,0:s, etc.) or sulphides (CdS, ZnS, WS, etc.). Figure 1.3 shows the redox
potentials of semiconductor materials which are between +4.0 and -1.1 volts
relative to the normal hydrogen electrode (NHE) for valence and conduction,
thus allowing for the conversion of a wide range of molecules through
photocatalytic reactions. A photocatalytic reaction can only take place if the
electrochemical potential value of the electron acceptor is more positive
(bottom in the graph) than the conduction band potential of the
semiconductor and furthermore if the electron donor potential is more
negative (top in the graph) than that of the semiconductor valence band.

12
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Figure 1.3 Bandgap energies, conduction, and valence band positions
(referred to the Normal Hydrogen Electrode (NHE) potential at pH 0) of
different semiconductors (Luciani et al., 2020).

Among all the semiconductor oxides tested as photocatalysts, the most used
material is titanium dioxide (TiO,) for its properties, such as strong
oxidizing power, high thermal stability, photostability, hydrophilicity,
efficiency, chemical inertness, non-toxicity, high reactivity and
environmentally safety (Nakata and Fujishima, 2012).

Photocatalytic activity of TiO, depends on its morphology, crystalline
structure, size distribution and porosity. TiO, is a polymorphic material,
whose crystalline forms are anatase, brookite and rutile. Among all, anatase
is the most active because it has a greater affinity towards organic molecules
(Nakata and Fujishima, 2012). TiO, presents a wide band gap (3.2 eV for
anatase) and therefore, it can be excited only by ultraviolet light irradiation
(k = 315400 nm), which represents 3—5% of solar radiation (Nakata and
Fujishima, 2012).

Recombination of electron-hole pairs can occur, in competition with charge
transfer to adsorbed species, in the volume of the semiconductor particle or
in its surface with the release of heat. This phenomenon represents the major
deactivation path which could significantly decrease the overall
photocatalytic efficiency. Therefore, the goal of scientific research has been
to find the means to improve the efficiency of the sunlight use and the
photocatalytic quantum efficiency in order to ensure a wider exploitation and
application of the TiO, photocatalyst. In recent years, the modifications of
TiOs by varying the electrical properties and inducing the bato-chromic shift
of the band gap have been extensively investigated (Zangeneh et al., 2015).
Modifications can be realized through TiO, doping. It has been considered
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one of the most promising techniques to reduce the recombination of
electrons and photogenerated holes and to extend the light absorption of
TiO; in the visible region which, involves the introduction of metallic or
non-metallic ions into the TiO; lattice (Yuan et al., 2011). Different dopants
do not have the same effect on interaction with electrons and/or holes, due to
the different position of the dopants in the host lattice. The coordination
environments of dopants are influenced not only by the nature of the
dopants, for example by the different ionic radii and concentration, but also
by the synthesis method (Xu and Yu, 2011, Zangeneh et al., 2015). The
doping of transition metal species such as Fe, V, Cr, and Mo in TiO;
improves the photocatalytic activity under visible irradiation due to the
enhancement of the adsorption of pollutants and the photogenerated
electron-hole pairs. The shift of the light absorption region from UV to
visible light is the result of the doping of the transition metal caused by the
charge transfer between the d electrons of the transition metals and the
conduction band (CB) or valance band (VB) of TiO,. The possible expected
action of TiO, doped with metals like Fe, is that metal ions can play as hole
and electron traps enhancing the generation of species at high oxidizing
power, such as hydroxyl radicals and super oxides (Cheng et al., 2018b).
Thus, the generated highly oxidizing species further oxidize contaminants
and intermediates up to the complete mineralization of the target pollutants.
Although the addition of transition metals in the lattice represents a
convenient and economical solution, especially for the degradation of
organic substances, the need for expensive ion implantation systems during
their preparation and their thermal instability producing poor photocatalytic
activity makes them disadvantageous in applications (Deng et al., 2009, Xu
and Yu, 2011, Tieng et al., 2011). Lanthanide ions (La** Ce*" Nd*", Er*,
Pr**, Gd*" or Sm*") are used to enhance photocatalytic activity as they can
form complexes with various Lewis bases in the interaction of functional
groups of different organic molecules with their orbital f. It has been shown
that the doping of lanthanide ions in a TiO, matrix allows to concentrate
more easily the organic pollutants on the semiconductor surface and thus
improve the photoreactivity. Furthermore, lanthanide ions can improve the
separation efficiency of electron-hole pairs by trapping photogenerated
electrons (Avram et al., 2021, Ndabankulu et al., 2019).

Noble metals such as Pt (Dong et al., 2011, loannides and Verykios, 1996),
Pd (Ou and Lo, 2007, Seifvand and Kowsari, 2016) Au (Selvam and
Swaminathan, 2010) and Ag (Fan et al., 2015, Baran and Yazici, 2016) have
high Schottky barriers among the metal dopants and thus act as electron
traps, facilitating electron—hole separation and thus, promoting the interfacial
electron transfer process. There are different mechanisms for noble metal
doping and/or deposition on TiO, depending on the photoreaction
conditions. Noble metals are able to enhance the electron—hole separation by
acting as electron traps, extend the light absorption into the visible range and
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modify the surface properties of photocatalysts (Etacheri et al., 2015,
Bumajdad and Madkour, 2014).

In addition to lanthanides, transition metals and noble metals the use of the
other metals including aluminum (Al), gallium (Ga), indium (In) (Hinojosa-
Reyes et al., 2013) tin (Sn), thallium (T1), lead (Pb), and bismuth (Bi) (Hu et
al., 2012) as doping agent were studied. These metallic elements are
sometimes known as poor metals or post-transition metals, situated between
the metalloids and the transition metals. Generally, these metals have higher
electronegativity than the transition metals. In some cases, potassium (K)
(Shin et al., 2016) magnesium (Giahi et al., 2019) and barium (Ba)
(Mugundan et al., 2022) were also examined and shown to be effective in
photoactivity of TiO, under visible light. However, the bad thermal stability
related to metal doping of TiO, can impaire the photocatalytic activity of
semiconductor (Pattanaik and Sahoo, 2014) and increase the recombination
phenomena of charges due to probably a unappropriate amount of metal
dopants into TiO; crystalline structure (Ghuman and Singh, 2013).
Therefore, doping TiO, with nonmetal atoms has recently received much
attention (Patil et al., 2019). For example, the doping with nitrogen (N)
(Ansari et al., 2016, Du et al., 2021) iodine (I) (Hou et al., 2011) boron (B)
(Hosseini-Sarvari and Valikhani, 2021) chlorine (Cl) (Filippatos et al.,
2019, Moitzheim et al., 2017) fluoride (F) (Czoska et al., 2008) sulfur (S)
(Devi and Kavitha, 2014) phosphorous (P) (Gopal et al., 2012)

and carbon (C) (Irie et al., 2003), assures the activation of TiO, under visible
light. Non-metal dopants, such as N may substitute semiconductor lattice
atoms or enter into the lattice interstices of TiO, (Di Valentin and Pacchioni,
2013, Di Valentin et al., 2005). The introduction of a dopant in the lattice
may allow the activation of TiO; in the visible range (Di Valentin et al.,
2004). Metallic or non-metallic elements in TiO, structure can result in
impurities promoting the recombination of photogenerated holes and
electrons (Sharotri and Sud, 2017). Photocatalytic activity of N-doped TiO»
was widely investigated (Kim et al., 2018, Sacco et al., 2015, Vaiano et al.,
2019, Cheng et al., 2016, Wojtaszek et al., 2019).

In fact, it is reported that the incorporation of N in the TiO; structure induces
the formation of an N 2p band above the original O 2p valance band leading
to the band gap decrease and enhancing the photocatalytic activity under
visible light (Kim et al., 2018). On the other hand, the presence of an optimal
N content into structure can be explained considering that the oxygen sites of
TiO; can be partially replaced with nitrogen ions (Shin et al., 1991) inducing
oxygen vacancies and, as a consequence, the amount of Ti*" increases with
the increase of N content (Haoli et al., 2007, Qin et al., 2008) Both oxygen
vacancies and Ti*" species acted as hole traps, inhibiting the recombination
of electron-hole pairs and, therefore, improving the photocatalytic activity
under visible light (Linsebigler et al., 1995a). However, considering the
practical applications, a higher reaction rate is still required since the
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quantum efficiency of such non-metals and anion doped TiO: under visible
light is much lower than that under UV light (Etacheri et al., 2015).
Moreover, the research interest has been recently focused on the co-doping
of TiO, with two different ions (metal and non-metal, metal and metal, non-
metal and non-metal), allowing a better separation of the photogenerated
electrons and holes, assuring an effective enhancement of the visible light
adsorption together with higher photocatalytic activity of TiO, (Su et al.,
2011, Mancuso et al., 2020a).

1.6 Photocatalysis as water purification technique

In recent years, the development of industrialization and the constant
growth of the population have led to an increase in the need of water which
is a primary resource for human health and for the aquatic ecosystem.
However, it is increasingly difficult to have clean water because many
organic compounds are widespread in industrial effluents, such as dyes,
aromatic hydrocarbons, pharmaceutical compounds, pesticides, heavy metal
ions. The latest advances in sensing and monitoring technologies made it
possible to classificate some pollutants as emerging contaminants (EC) that
can be divided in persistent organic pollutants (POPs), pharmaceuticals and
personal care products (PPCPs), endocrine disrupting chemicals (EDCs),
according to their use and origin, in order to facilitate their removal
(Gopinath et al., 2020, Zhu and Zhou, 2019). In particular, POPs, such as
polychlorinated benzenes and hexachlorobenzene which are widely used in
paint industries,are very stable organic pollutants in nature and difficult to
biodegrade (Nguyen et al., 2020, Massima Mouele et al., 2020), while the
prolonged use of PPCP (including antibiotics) can lead to an involuntary
immunity without producing the necessary effects due to an intake greater
than the permitted daily dose (Zhou et al., 2020, Chaker et al., 2020). EDCs
are emerging water pollutants that alter the endocrine system by affecting the
regular circulation of hormones in the body and, therefore, the proper
functioning of various organs. These endocrine gland interfering compounds
are able to mimic hormone molecules in receptor areas of the human body,
in order to be recognized by the human body as hormones (Ribeiro et al.,
2017).

They are also able to interact with binding proteins by altering hormonal
metabolism (Gopinath et al., 2020). Among the EDCs, thiacloprid (THI) is
an insecticide, belonging to the second-generation neonicotinoid pesticides,
introduced by Bayer Crop Science with the name Calipsol. Like all
neonicotinoid insecticides, THI selectively acts on the insect nervous system
as an agonist of the nicotinic acetylcholine receptors.

Moreover, synthetic dyes can be considered emerging contaminants because
they have potential toxic and genotoxic properties. The most widely used
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dyes belong to the class of azo compounds derived from certain aromatic
amines and are imployed in different products such as textiles, foodstuffs,
cosmetics, house products, paints, and inks. The use of azo dyes to colour
the textiles can causes serious environmental issue because of the high
volume of water involved in the dyeing process. Consequently, high
volumes of wastewaters containing dyes and pigments are produced and may
be released into the environment (Ribeiro and Umbuzeiro, 2014). Among all
azo-dyes, acid Orange 7 (AQ7) is present in the effluents coming from the
textile industry. It is a coloring agent consisting of an azo group bonded to
aromatic rings. This azo dye can react with other chemical substances
producing aromatic amines which cause toxic and carcinogenic effects in the
environment. For this reason, it is necessary to eliminate this compound
from aqueous discharges.

Conventional physical, chemical and biological methods have been used for
wastewater treatment. However, many organic compounds are resistant to
such treatments which are therefore limited by low removal efficiency, high
operating costs, process complexity and slow operation. (Gutierrez-Urbano
etal., 2021, Cherniak et al., 2022).

Among physical processes, sedimentation alone is not an effective treatment
process. Membrane filtration is an effective process, but continual clogging
of the membrane due to particles in the wastewater carries additional costs.
Adsorption is another effective treatment process but, it does not indicate a
real treatment process and is slightly more expensive than other processes
depending on the properties and the preparation technique of the adsorbent.
Some natural adsorbents including clays and soils are often used for low cost
and, some of these adsorbent obtained from agricultural residues are
employed to reduce the concentrations of pigments from industrial
wastewater. Therefore, the filtration and adsorption techniques are non-
destructive due to the transfer of contaminants from the liquid phase to a
solid surface that requires further treatment. Chemical coagulation produces
huge amount of sludge causing secondary pollution if the produced sludge is
not handled properly. The biological treatment process is considered as the
most economical and green treatment technology but, it not able to guarantee
the degradation of the some organic compounds such as azo dyes for their
biopersistency nature. However, some oxidation processes such as
chlorination and ozonation are effective in a destruction of some classes of
dyes (Ulson et al., 2010, Shriram and Kanmani, 2014, Ghernaout, 2017).
Nowadays, Advanced Oxidation Processes (AOPs) appear as promising
technologies for the degradation of non-biodegradable pollutants (Dong et
al., 2022). AOPs are oxidation processes carried out under ambient
conditions. AOPs involve the generation of highly reactive species, such as
hydroxyl radicals (*OH) in order to remove organic or even some inorganic
compounds that cannot be oxidized by conventional oxidants (gaseous
oxygen, ozone, and chlorine) until to assure their complete mineralization
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obtaining CO, and H,O (Andreozzi et al., 1999, Dewil et al., 2017). Among
different AOPs, heterogenous photocatalysis is low cost and environmentally
benign technology widely used in water and air purification field.

TiO, material is widely used as a photocatalyst for its low cost, good optical
activity, high chemical stability, and non-toxic nature. It can lead the
breaking down of contaminant molecules present in wastewater through the
presence of light source without the sludge production and, thus, further
steps of the residues disposal. The main drawbacks of bare TiO, are due to
its large bandgap equal to 3.0 eV for rutile crytalline phase and 3.2 eV for
anatase phase and the high rate recombination of photogenerated electrone-
hole (e-/h") pairs, which limite the photocatalytic efficiency. In order to
activate the degradation process of water pollutants, TiO> is normally excited
by UV light with wavelength <387 nm. However, UV light represents only
5-8% of the solar spectrum at sea level. Therefore, the aim of researchers is
to activate the catalysts by natural sunlight and prevent the photogenerated
electron-hole pairs recombination. A possible strategy to reduce the band
gap by extending the photoresponse of the catalyst to the visible light region
is the chemical modification through the doping of the crystal structure of
TiO, with metals or with non-metals. The addition of the dopant elements
can inhibit the recombination of photo-induced holes and electrons by
increasing the charge separation in order to achieve the complete
degradation in a very short time also in presence of small amount of
photocatalyst. TiO, lattice can be modified by introduction of transition
metals, noble metals, and rare earth (RE) elements. Doping TiO, with
transition metal ions (for example, Fe, Zn, V, Cr, Co Mn, and Ni) and with
Ag, Au and Ru, generates a red shift in the absorption band of
semiconductor from the UV to the visible region, resulting in an
improvement of photocatalytic efficiency (Cheng et al., 2018a). Modifying
TiO, materials with metal ions, especially d block metal ions such as Fe**
and Cr*" results in the insertion of impurity energy levels between the CB
and VB. The inserted energy levels provide sub-bandgap irradiation from
which electrons can be excited by lower energy photons than are required by
undoped photocatalyst, and thus transferred from dopant d-band to CB or
from VB to dopant d-band. In some cases the presence of metal dopants
enhances charge separation as well as interfacial charge transfer while in
many other cases, the metal dopants actually generate the rapid charge
recombination and thereby reducing the electron diffusion length and
lifetime (Kamat, 2012, Ibhadon and Fitzpatrick, 2013). In literature the TiO;
doping with Fe ions was widely investigated (Marami et al., 2018, Jonidi
Jafari and Moslemzadeh, 2020, Ellouzi et al., 2020).

Sood et al described the application of Fe-doped TiO, photocatalyst in the
field of environmental remediation for visible light driven degradation of
highly stable and toxic molecules such as para-nitrophenol and methylene
blue dye (Sood et al., 2015). Likewise, the photocatalytic activity of Fe-
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doped TiO; and Ni-doped TiO, was tested for the wastewater treatment to
remove methylene blue from water under visible light (Ali et al., 2017a,
Guan et al., 2020). Furthermore, the researchers studied visible light induced
degradation of the acid orange 7 azo dye present in texile wastewater, the
removal of the 2,4-Dichlorophenoxyacetic toxic herbicide and nitrobenzene
from water and soil using Fe-doped TiO, photocatalyst, (Shen et al., 2020,
Ebrahimi et al., 2021, Crisan et al., 2015) On the other hand, various
literature studies have demonstrated that TiO, doping process with RE
clements prevents the photogenerated electron—hole pairs recombination
confirming a better visible light degradation of organic compounds present
in water and in air (Mazierski et al., 2018, Li et al., 2005, Hewer et al., 2011,
Ramya et al., 2019). For example, Pr-doped TiO, was used for the
mineralization of phenol (Reszczynska et al., 2014). Among different EDCs,
bisphenol A was treated in presence of visible light using Pr-doped TiO,
photocatalyst (Cordeiro et al., 2021).

Sm, Er, Gd and Ce-doped TiO; photocatalysts reported an interesting visible
light driven activity in the degradation of dyes and water soluble phenolic
compounds (Singh et al., 2018, Xu et al., 2009, Silva et al., 2009). The
photocatalytic activity of non-metal doped photocatalysts under visible light
irradiation is commonly investigated for the removal of several dyes. (Zhang
et al., 2020, Pigtkowska et al., 2021). Among all the non-metal dopants,
nitrogen is the most usually used (Di Valentin and Pacchioni, 2013) due to
its small ionization energy and its atomic size comparable with that of
oxygen (Vaiano et al., 2015a). The introduction of nitrogen as an impurity in
TiO; is an efficient way of improving the solar light harvesting ability and
photocatalytic activity of N-doped TiO, compared to bare TiO,. N-doped
TiO, photocatalysts can be used for a wide range of applications such as the
degradation of organic pollutants (i.e. dyes and drugs) (Sacco et al., 2018b,
Vaiano et al., 2015a, Monteiro et al., 2015) and air purification, sensors,
solar energy conversion, and photovoltaics owing to its nontoxicity, ease of
synthesis, low cost, and high chemical stability (Sun et al., 2018, Kamaei et
al., 2018). In addition to the degradation of industrial textile effluents, N-
doped TiO: is utilized as a self-cleaning material, for air purification and
teeth whitening (Padmanabhan and John, 2020, Bersezio et al., 2021).

The incorporation of N in the TiO; structure induces the generation of an N
2p band above the original O 2p valance band leading to the band gap
reduction with an increase of the photocatalytic activity under visible light
(Kim et al., 2018, Vaiano et al., 2015a). In particular, the oxygen sites of
TiO; can be partially replaced with nitrogen ions with formation of oxygen
vacancies and an increase of Ti amount as the content of N increases. Both
oxygen vacancies and Ti species acted as hole traps, inhibiting the
recombination of electron-hole pairs and, therefore, improving the
photocatalytic activity under visible light (Herrmann, 1999). However, an
optimal amount of dopant element is required to ensure an improvement in
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photocatalytic performance because the presence of an excessive amount of
dopant ions in TiO; could favor the recombination phenomena of the
electron-hole pairs causing a worsening of the photocatalytic activity (Qin et
al., 2008). Bakre et al evidenced the effectivity of N-doped TiO: catalysts in
the degradation of cationic dye, methylene blue and rhodamina B, under
sunlight in comparison with commercial TiO, (Bakre et al., 2020). Other
non-metals, such as C, S, P, used less than N have been considered by
several researchers to improve the optical response of TiO; in the visible
light spectrum. In general, the doping of TiO, with S element can be via
cationic or anionic S routes. It was reported that cationic doping takes place
by substitution of titanium ions with S* or S®, while anionic doping occurs
by oxygen ions substitution with S

Additionally, being the ionic radius of S>~ (1.7 A) higher than that of O*"
(1.22 A), the incorporation of sulfur by substitution of Ti4+ with S® is
energetically more favorable than the replacement of O’ by S*. (Bu et al.,
2015). Both cationic and anionic S-doped photocatalysts revealed the
enhanced visible light photocatalytic activity. However, S was found to be
responsible for reducing the TiO; crystallite size and in the cationic S-doped
TiO;, the photoinduced holes and hydroxyls played a major role during
photocatalysis. On the other hand, the S*>~ doping resulted in an increased
TiO, crystallite size, and in anionic S-doped TiO,, the photoinduced holes
and electrons played approximately the same role in the photocatalytic
activity. In the case of the cationic and anionic S-doped TiO,, the
enhancement of the photoactivity was justified by the formation of Ti-O-S
and O-Ti-S bands in the crystal lattice under the cationic and anionic S-
doping, respectively, which introduce new impurity levels between the VB
and CB. The photocatalytic activity of S-doped TiO, under visible light is
usually investigated on mineralization of different organic pollutants. In fact,
Sharotri et al examined the photocatalytic response of S-doped TiO; for
various model compounds such as rhodamine 6G (synthetic dye), quinalphos
(an organophosphate pesticide), and diclofenac (a pharmaceutical waste)
confirming the improved performance of doped nanoparticles with respect to
bare TiO, (Sharotri et al., 2022). Boningari et al. investigated the
photodegradation of acetaldehyde with a cationic S-doped TiO in the
presence of visible light and reaveled a higher efficient total organic carbon
(TOC) removal of approximately 60% (Boningari et al., 2018). Bakar et al
examined the decomposition of methylene orange and phenol using both
anionic and cationic S-doped TiO; in presence of visible light by underling
that the efficiency of phenol photodegradation was similar to that observed
for methylene orange (Bakar and Ribeiro, 2016). The photodegradation of
atrazine was also investigated. The studies revealed higher effectiveness of
atrazine oxidation by the solar/Sdoped TiO, system in comparison with the
solar/Ti0, system. The authors also emphasized that lower water pH favored
the photodegradation of herbicide, while the presence of humic acids (HA)
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decreased the decomposition rate due to the competition with the atrazine
molecules for hydroxyl radicals and partial absorption of sunlight before it
reached TiOs (Liu et al., 2009). Lin et al. examined the synthesized S-doped
TiO: in terms of degradation of gaseous 1,2-dichloroethane (Lin et al.,
2014). S-doped TiO, photocatalysts exhibited superior photocatalytic
activity under visible light compared to that of pure TiO,. The conversion
rate of 1,2-dichloroethane was 55.3 nmol/ min- g , whereas in the case of the
undoped TiO; it was 2.16 nmol /min-g after 60 min of irradiation. The S-
doped TiO: synthesized by Baeissa et al. was applied for photooxidation of
cyanide in water reaching, the efficiency of photocatalytic oxidation of
cyanide equal to 100% after 30 min of irradiation with a blue fluorescent
lamp (Baeissa, 2015). Furthermore, the S-doped TiO, showed potential for
application in antimicrobial field. Dunnill et al. investigated the inhibition of
E. coli growth in the presence of the S-doped TiO films recording the
complete inihibition efficiency of bacterial growth after 24 hours of
irradiation (Dunnill et al., 2009). Recently, Zhang et al. studied the activity
of P-doped TiO: photocatalysts for oxidative coupling of benzylamines and
photodegradation of phenol under visible light irradiation. The enhanced
performance of photocatalyst was attribuited by TiO, doping with P element
which can exist as a pentavalent oxidation state and can replace Ti*" ions in
the crystal lattice of anatase, by trapping photogenerated electrons in order to
greatly reduce the recombination rate of electron/hole pairs (Zhang et al.,
2020). In the last decade, for the treatment of wastewater containing
biorecalcitrant organic pollutants, the research interest has focused on the
TiO, co-doping with two different ions, allowing a better separation of
photogenerated electrons and holes and thus ensuring an effective
enhancement of visible light adsorption together with increased
photocatalytic activity of TiO, (Mancuso et al., 2020a, Su et al., 2011). The
codoping process of TiO, semiconductor can take place with metal/metal,
metal/non-metal and non-metal/non-metal.

1.7 Photocatalysis as organic synthesis technique

Heterogeneous photocatalysis is universally recognized as a “green” and
inexpensive technology because it can be carried out under mild
experimental conditions (ambient temperature and pressure in the presence
of cheap and non-toxic semiconductors as photocatalysts), often by using
water as the solvent, O, as the oxidizing agent and solar light or artificial
light with low-energy consumption as the irradiation sources. Visible light
photocatalysis has become a powerful organic synthesis tool that exploits
light to activate photocatalytic systems to be used for obtaining valuable
chemical compounds. Using light to induce chemical reactions is attractive
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because photons are traceless reagents that provide energy to activate
substrates, reagents, or catalytic intermediates under mild conditions.
Traditionally, photochemical reactions were carried out using UV light to
excite substrates or reagents (Hoffmann, 2008). The high energy of these
light sources requires special equipment and often causes unselective
reactions, which are difficult to predict and control. This has changed with
the development of photocatalysts that can be activated with low-energy
photons, paving the way for sustainable chemical synthesis that is driven by
a non-hazardous and environment-friendly reagent: visible light (Crisenza
and Melchiorre, 2020). Most organic synthesis activities focus on the
development of novel photoredox reactions, but a number of interesting new
concepts have recently been considered (Reischauer and Pieber, 2021).
Nevertheless, photocatalysis also presents some drawbacks as the low
selectivity towards the partial oxidation products (especially by using water
as the solvent and photocatalyst in powder form). The efficiency of
photocatalytic organic syntheses can be improved by operating different
strategies, both on the typical parameters of the photocatalysts (crystallinity
degree, type of polymorph, surface acid-base properties, exposure of
particular crystalline facets, coupling of different semiconductors, position
of the valence and conduction band edge, addition of doping agents) and on
parameters related to the reaction system (setup configuration and reactor
geometry, type of solvent, type and amount of photocatalyst, initial pH,
presence of gases, temperature). Selective photocatalytic formation of high
value organic compounds can occur either through oxidation reactions or
reduction of the starting substrate, therefore parameters that influence the
oxidizing or reducing power, respectively, are to be taken into account.
Moreover, strictly speaking, a chemical reaction can be defined a “synthesis
reaction” when the target product is separated from the reaction mixture and
purified. This step of the main product separation and isolation is generally
very difficult in the photocatalytic processes and not widely discussed in
literature (Parrino et al., 2018). For example, a possible research interest in
the field of chemical reactions is to find some remedies to perform organic
synthesis in a single step unlike industrial processes and to discover new
promising strategies to control the path of reactions in order to improve the
selectivity towards the desired product assuring its separation and recover.
For this regard, a great interest is devoted to processes in which the direct
photocatalytic oxidation of benzene to phenol is achieved, thanks to the use
of suitable catalysts and oxidant species. including homogeneous and
heterogeneous photocatalysts in order to obtain the selective conversion of
benzene to phenol.
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1.7.1 Synthesis of phenol

Phenol is a valuable chemical raw material widely used as a precursor for
the production of resin plastics and drugs and as the main reactant in
chemical synthesis. It was discovered in coal tar and, under ambient
conditions, appears as a white crystalline solid with a characteristic odor. It
is an important industrial commodity, typically obtained from benzene. The
use of phenol has been increasing due to its importance as a raw material to
obtain other products. The conversion of benzene to phenol covers great
relevance since phenol is a solvent and an intermediate of other industrial
productions being a precursor to many materials and useful compounds.
Some examples of the usage of phenol are reported in the following:

1) PHENOLIC RESINS: by the reaction of phenol or substituted phenol with
formaldehyde, phenol formaldehyde resins or phenolic resins can be
obtained. The first example was Bakelite as commercial synthetic resins.

2) POLYCARBONATES (a very pure phenol feed is required):
polycarbonates are thermoplastic polymers containing carbonate groups in
their chains. They are strong, tough materials, and some grades are optically
transparent. Products made from polycarbonate can contain the precursor
monomer bisphenol A.

3) EPOXY RESINS: epoxy phenolic resins are resins modified at the
phenolic hydroxyl group to include an epoxide functional group. This
addition increases the ability for the resin to crosslink, creating a stronger
polymer.

4) INTERMEDIATE FOR CAPROLACTAM (nylon
production):caprolactam is a monomer for the nylon production. Among the
routes for its manufacture, one is via cyclohexanone and cyclohexanone
oxime. Cyclohexanone can be prepared either from phenol or from
cyclohexane. The phenol route is a two-stage process, in which the first
stage foresees the reaction among phenol and hydrogen in the presence of a
nickel catalyst at about 180°C to form cyclohexanol, subsequentely
dehydrogenated at about 400°C in the presence of a copper catalyst to yield
the cyclohexanone (Brydson, 1999)

In 2014 the production of phenol in the world was 8.9 million tonnes, in
Asia 3.7 million tonnes, in Europe 2.7 million tonnes and US 2.3 million
tonnes. Current worldwide capacity for phenol production is nearly 7 million
metric tonnes per year (Weber and Weber, 2010). The cumene process
(cumene to phenol process, Hock process) is the most important industrial
process for synthesizing phenol and acetone from benzene and propylene
(Schmidt, 2005).This process converts two relatively cheap starting
materials, benzene and propylene, into two more valuable ones, phenol and
acetone. Other reactants required are oxygen from air and small amounts of a
radical initiator. The process is very complex, as it consists of several stages,
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passing through the formation of hydroperoxide (very reactive substance that
can give runaway phenomena), which allows the indirect production of
phenol and acetone.The process has three main reaction steps plus
furthermore a step of concentration of cumene hydroperoxide and they are: 1)
production of cumene; ii) conversion of cumene to cumene hydroperoxide;
iii) concentration of cumene hydroperoxide; iv) hydrolysis of cumene
hydroperoxide.

The scheme of the reactions is reported in Figure [.IV

OOH
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Figure 1.4 Reaction steps for phenol production via cumene process
(Mancuso et al., 2020b).

The production of cumene (isopropylbenzene) is a Friedel-Crafts reaction
and occurs by the reaction between benzene and propene, using an acid
catalyst.The first used heterogencous catalyst was H3POs/Pumice then a
zeolite, such as ZSM-5, at about 330 °C and under pressure (about 10 atm)
in a fixed bed reactor was applied (Zakoshansky, 2007).

In one process, benzene and propene (3:1mole ratio) are passed over an acid
catalyst. The excess of benzene acts to limits the polyalkylations and the by-
reactions of oligomerization of propene. The zeolite is more environmentally
friendly than traditional acid catalysts. The problems are related to
selectivity because isomers can be produced with respect to cumene.

The second step, the conversion of cumene to cumene hydroperoxide
involves the use of air to give the hydroperoxide in the presence of small
quantities of radical initiator (benzoil peroxide, for example) in slightly basic
conditions.

The reaction is autocatalyzed by cumene hydroperoxide. The reaction takes
place at temperatures between 77-117 °C and 1-7 atm pressure, to hold the
system in the liquid phase.

After the concentration of the cumene hydroperoxide, performed usually
with an evaporator at descendent film, the third and final reaction is the
decomposition of cumene hydroperoxide by mixing with sulfuric acid at 40-
100 °C to give, after neutralisation, phenol and propanone (acetone). Then
the products are separated through distillation columns.

The economicity and effectiveness of this process is related to the market of
acetone, apart from phenol. Often, much more phenol is needed than the
propanone that is produced at the same time. Moreover this multistage
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process has a low overall yield (less than 5%), requires high energy, and
formation of by-products such as acetophenone, 2-phenylpropan-2-ol, and a-
methylstyrene is encountered (Park and Choi, 2005).

Today, almost 95% of the worldwide phenol production is based on the
‘cumene process’ although the previously mentioned drawbacks, which are
poor ecology, the formation of an explosive intermediate (cumene
hydroperoxide), high capital investment, a high acetone production as a co-
product which results in an oversupply in the market, and a multistep
character which sorts difficult to achieve high phenol yields with respect to
benzene feed (Molinari and Poerio, 2010), yield in highly desirable
development of alternative synthetic processes of phenol more efficient and
environmentally benign. Actually, in this regards a great interest is devoted
to the process in which direct oxidation of benzene to phenol is achieved,
thanks to the use of suitable catalysts and oxidant species with the aim to
overcome the disadvantages of the industrial process.

To this purpose, the selective hydroxylation of benzene to phenol by means
of photocatalysis using different oxidizing agent including O, (Bal et al.,
2006), N,O (Xia et al., 2008), or H>O, (Borah et al., 2012) was the object of
several research papers.

For this purpose, both homogeneous and heterogeneous photocatalysts were
studied although the latter evidenced some drawbacks. More specifically, in
a homogeneous system it is difficult to separate the catalyst from the
reaction products (Chen et al., 2018). In the case of homogeneous systems,
Fenton’s reaction is one of the well-known homogeneous oxidation process
in which Fe?" is used as a catalyst and hydrogen peroxide as oxidant (Chen
et al., 2009). However, this process requires acidic conditions that lead to
corrosion phenomena (Sannino et al., 2011), and also more than 40% of the
used hydrogen peroxide is consumed by side reactions (Zhang et al., 2013).
Moreover the literature reported the selective oxygenation of benzene to
phenol with an oxygen-saturated acetonitrile solution containing benzene
water and at ambient conditions using of 3-cyano-1-methylquinolinium ion
(QuCN™) as homogeneous photocatalyst, showing a strong oxidizing ability
towards benzene (Ohkubo et al., 2011).

As alternative to homogeneous photocatalysis, the heterogeneous
photocatalytic process could represent a possible green alternative for
selective oxidation reactions (Sannino et al., 2013, Sannino et al., 2012,
Vaiano et al., 2017c, Fessi et al., 2020, Zerjav et al., 2020). Among the
semiconductor photocatalysts, TiO» is the most used material because of its
chemical stability and its high oxidizing ability. It has been reported that
crystalline anatase phase of TiO has the higher photocatalytic activity, if
compared to rutile TiO,, because anatase phase has higher levels of hydroxyl
groups on its surface (Sclafani and Herrmann, 1996). The anatase TiO.
presents a wide band gap of 3.2 eV and it is normally activated under
ultraviolet (UV) light (Vaiano et al., 2016, Devaraji and Jo, 2018). When
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TiO; photocatalyst is irradiated with energy greater than the TiO, band gap
energy, positive charge-holes are genertaed in the valence band while the
electrons are promoted in the conduction band. Both positive holes and
electrons take part in oxidation—reduction reactions. In particular, the
photogenerated positive hole is able to react with adsorbed water to produce
hydroxyl radicals whereas the electron can reduce O», generating strongly
oxidizing superoxide ions. These highly reactive species, such as hydroxyl
radicals, are employed for phenol production from benzene under mild
conditions through photocatalytic process (Gupta et al., 2015, Mancuso et
al., 2020b).

Moreover, photocatalytic oxidation of benzene to phenol in liquid phase is
generally studied using H>O» as oxidant and titanium dioxide (TiO»)
modified with noble metals (Devaraji et al., 2014, Yuzawa et al., 2012).
However, such photocatalytic formulations do not allow to achieve an
adequate phenol yield (<15%) even if a high selectivity is observed (80-
100%). It was shown that, due to its higher reactivity compared to benzene,
phenol can be further converted to quinone compounds (such as
hydroquinone, 1,4-benzoquinone) or even oxidized to carbon dioxide (Su et
al., 2014, Xiong and Tang, 2021).

Therefore, the development of new and efficient photocatalysts able to
suppress to a certain extent the phenol overoxidation reactions is highly
anticipated, thus also guaranteeing a suitable selectivity to the desired
product (phenol).

For this reason, in order to assure an improvement in selectivity to phenol
together with high benzene conversion, several studies have suggested the
formulation of different types of photocatalyst.

Some research groups synthetized photocatalytic systems based on metal
noble nanoparticles (such as Au, Pd, Ag) dispersed on carbon nitride surface
(C3N4) to produce directly phenol from benzene under visible light
irradiation in presence of H>O,. The authors evidenced that the presence of
CsN4 support suppress the mineralisation of benzene, favouring the evolution
of phenolic compounds (Hosseini et al., 2018, Verma et al., 2017).
Moreover, others literature papers proposed nanostructured composite
photocatalysts, such as carbon nanotubes (CNT) as support for TiO, powder,
nano-metal-organic frameworks (MOFs) or iron (II) phthalocyanine (FePc),
showing a significant enhancement of selectivity to phenol under visible
light irradiation (Dasireddy and Likozar, 2018, Xu et al., 2017, Asghari et
al., 2020). However, also such photocatalytic systems did not assure a high
selectivity to phenol combined to an acceptable benzene conversion. In this
perspective, promising results under UV light were reported by Zhang et al.
which entrapped undoped TiO, nanoparticles in hydrophobic silica foam,
obtaining almost 36% of benzene conversion and approximately 35% of
selectivity to phenol (Zhang et al., 2011a).
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1.8 Potentials and limits of the photocatalytic processes

Photocatalytic processes include a great variety of reactions, such as
partial or total oxidation, degradation of organic compounds, reduction
reactions, fuel synthesis (e.g. H> production through water splitting), metal
corrosion prevention, disinfection, etc.

The application fields of photocatalysis can be divided in two main groups:

i.  Purification process: Photocatalytic techniques are mainly used to
remove organic pollutants both in water and air. This application has been
extensively studied in literature generating great interest because it
represents a promising alternative capable of degrading organic bio-
recalcitrant compounds that cannot be eliminated through traditional
treatments. In this context, In this context, photocatalysis represents an
useful “green” purification technique, because, as result of a chain of
oxidation reactions, a wide range of organic molecules also containing in
their structure heteroatoms, can be mineralised to inorganic species: carbon
to CO,, hydrogen to H»O, nitrogen to nitrate, sulphur to sulphates and
phosphorus to phosphate. Many studies have been led to overcome the
growing problem of wastewater contamination by different pollutants (dyes,
pesticides, herbicides, pharmaceutical compounds ..) by means of
photocatalytic reactions (Lair et al., 2008, Karunakaran and Dhanalakshmi,
2008, Lhomme et al., 2008). Photocatalytic treatments of the air have also
been reported to solve the environmental problem of gaseous emissions from
industries and other human activities. Several volatil organic compounds
(VOCs) such as methyl-t-butyl ether (MTBE)(Sihor et al., 2019), toluene
(Demeestere et al., 2007, Marci et al., 2003), bromomethane, (Huang and
Wan, 2009) benzene (Hu et al., 2011, Yan et al., 2008), formaldehyde
(Huang and Zhu, 2007), etc., have been successfully degraded by
photocatalytic processes. In recent years, the purifying property of TiO, has
been exploited in construction materials not only at the laboratory level but
also in concrete structures to maintain their aesthetic characteristics.
Moreover, the photocatalytic materials are able, thanks to their strong
hydrophilicity, to keep their aesthetic appearance unchanged over time; they
can remove dust and dirt from the external surfaces of buildings with a
simple rain. The combination of engineering and chemistry has therefore
created photocatalytic materials containing TiO, particles, which, applied not
only to urban and building environments but also in hospitals, clinics,
schools and laboratories, can generate positive effects in terms of both anti-
pollution and antibacterial. TiO, predominantly in the nanometric form has
gained great interest from the construction industry, where it is mainly used
for coatings, paints, antiseptic tiles and self-cleaning glass. Despite the
enormous potential recognized for TiO, in the construction field, there are
still many open questions regarding its effectiveness in real applications by
varying the support material, its long-term effectiveness, the real self-

27



Chapter |

cleaning effect in the real environment (the ability to self-clean is often
tested with laboratory tests that necessarily simplify the conditions of
exposure) and in its impact on the environment and human health, all aspects
that are still under study. Photocatalytic reduction processes are also applied
to remove toxic and non-degradable metal ions with dangerous ionic states,
such as Cr (VI) Pd (II) Hg (II), dissolved in waste water (Anand et al., 2019,
Cappelletti et al., 2008, Singh et al., 2021).

The reduction of these metals results not only in the prevention of pollution
but also in the recovery and reuse of precious metal products with
respectively environmental and economic issues. Photocatalytic reactions
have also been investigated to obtain the synergistic effect of the reduction
of metal ions with the simultaneous degradation of organic contaminants.For
example, redox reactions have been used in the literature for the purification
of aqueous systems containing contaminants such as Cr (VI) and bisphenol
A (Al et al., 2020), Fe (VI) and ammonia (Sharma and Chenay, 2005) Cr
(VI) and azo dyes (Papadam et al., 2007), Ag (I) and dyes (Siddiqui and
Jaiswal, 2021). Photocatalytic processes have also been exploited for the
conversion of other potentially toxic inorganic ions and molecules into their
corresponding harmless forms. In this context, photocatalytic reactions are
reported in the literature to reduce bromate ions to Br- (Noguchi et al.,
2002), nitrite and nitrate to ammonia and nitrogen (Ranjit and Viswanathan,
1997), or to oxidize sulphite, thiosulfate and sulphide ions into harmless
SO4%, POs* in PO4* or CN- in NO* ions (Herrmann et al., 2007). In recent
years, the researchers focused their study on the possibility of using the
photogeneration of active oxygenated radicals to attack the cell membrane of
microorganisms and cause their inactivation. The antimicrobial activity of
the UV light activated photocatalyst was tested against different types of
bacteria, yeasts, algae and viruses (Coronado et al., 2005, Guillard et al.,
2008). Furthermore, the cytotoxicity of photocatalysis for cancer treatment
was also tested, proving the possible application of photocatalytic reaction in
medical field. In particular, Fujishima et al. (Fujishima et al., 2000)
examined the antineoplastic photocatalytic effect using in vitro experiments
which confirmed tumor growth inhibition.

ii.  Synthetic pathways: Due to the highly non-selective reactions
involved in photocatalytic processes, the application of this
technology has been mainly aimed at the treatment of hazardous
compounds in the liquid and gaseous phase. However, it has been
widely demonstrated that by selecting or modifying some
photocatalytic parameters, such as the surface of the semiconductor
or the wavelength, it is possible to control the reaction by obtaining
a better selectivity towards some desired products. In this regard,
photocatalysis could represent an alternative synthetic path able to
satisfy some of the principles of Green Chemistry. Several studies
have reported the selective oxidation of hydrocarbons in water and
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in the organic phase (Almquist and Biswas, 2001, Pomilla et al.,
2021, Shimizu et al., 2004). In particular, Park and Choi studying
the photocatalytic conversion of benzene into phenol, showed the
possibility of increasing the phenol yield and selectivity by adding
Fe*" or/and H,O to the TiOs suspension or by modifying the surface
of the catalyst by deposition of Pt nanoparticles (Park and Choi,
2005).
Gondal et al. studied the photocatalytic activity of several semiconductor
catalysts for the conversion of methane to methanol at room temperature in
the aqueous solution achieving a conversion of 29%, 21% and 20% using
WOs3, TiOz and NiO respectively (Gondal et al., 2004). In addition, selective
photooxidation reactions to convert alcohols carbonyls have been studied
(Shiraishi and Hirai, 2008, Palmisano et al., 2007)
The synthesized photocatalysts were found to be more selective than the
samples from two commercial TiO, Degussa P25 and Merck.
Colmenares et al. reported the use of different metal-doped TiO, systems for
selective gas phase photooxidation from 2-propanol to acetone. They
observed that doping the catalyst with Pd, Pt or Ag caused an increase in
molar conversion compared to bare-TiO,, while the presence of Fe and Zr
had a detrimental effect (Colmenares et al., 2006). Numerous studies on the
photocatalytic reduction of chemicals are reported in literature to convert
nitrobenzene compounds to the corresponding amino-derivates (Ahn et al.,
2007, Zhang et al., 2006, Maldotti et al., 2000) carbonate to methane and
methanol (Ku et al., 2004, Sasirekha et al., 2006).
Based on the above considerations, photocatalysis is an attractive green
process not only as a purification method, but also as a synthetic route.
Several advantages can be summarized for the photocatalytic process:

° it can be applied to a wide range of compounds in aqueous, gaseous
and solid forms phase;

° the reactions are carried out quickly and under mild experimental
conditions, usually at ambient temperature and pressure;

° generally no additives are required, only oxygen from the air;

° it is also applicable to solutions with low concentrations;

° is capable of destroying a variety of dangerous molecules with the

formation of harmless products, solving the problem of disposing of
pollutants associated with conventional methods of wastewater treatment;

° it can be exploited to convert toxic metal ions into their non-toxic
forms they can be recovered and reused;

° a synergistic effect can be obtained when coupled with other
technologies;

° the ability to use sunlight makes it an interesting and economical
process.
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However, the application of the photocatalytic process at an industrial level
is limited from various drawbacks related to the reactions involved and the
configuration of the reactor.

The development of photocatalytic systems requires knowledge of kinetic
models which include all the parameters that influence the process and make
it possible to design a reactor useful for industrial applications. As
previously described, the radical reactions that occur in a photocatalytic
process are highly non-selective and very fast. When the goal is to use
photocatalysis as a synthetic route, therefore, it is important to control the
reaction kinetics to avoid secondary reactions that lead to unwanted
products. In this regard, a lot of efforts have been made to obtain more
selective reactions by modifying the semiconductor materials in powder
form. Regarding the reactor configuration, few studies have been conducted
for the design of efficient photoreactors for commercial exploitation. In
particular, one of the main drawbacks concerns the recovery of the catalyst
which is suspended into reactive environment and the separation of the
products from the reactive environment. Practical engineering applications
require that photocatalytic particles must be immobilized on bulky support
materials in order to simplify their recovery from the treated water or to
avoid damages to the recirculation pumps. In the immobilized system the
catalyst can be coated on the reactor walls, supported on a solid substrate or
deposited around the case of the light source, using alumina, zeolite as
support materials (Shimizu et al., 2004, Zama et al., 2000) activated carbon
(AC) (Sobana et al., 2008, Zhang and Lei, 2008), silica support (Coronado et
al., 2005, Huang et al., 2008) polymer membranes (Bonchio et al., 2006).
Several advantages are reported in literature on the use of immobilized
systems. In particular, the immobilization of photocatalysts on macroscopic
supports could lead to the development of structured catalysts with great
stability and high recyclablity which allow to avoid the separation of catalyst
powders from the liquid phase and, therefore to design the efficient and low-
cost systems in order to easily recover the target product from reactive
environment. For example, in a study on the photodegradation of 4-
acetylphenol, Sobana et al., observed that catalysts based on zinc oxide
immobilized on activated carbon showed a much more higher adsorption and
photodegradation rate than bare ZnO due to a higher adsorption of the
substrate on the activated carbon (Sobana et al., 2008). Moreover, Sacco et
al. have tested the increse of phenol photocatalytic removal from water using
N-doped TiO, powder dispersed in polymeric matrix, in comparison with a
slurry system in which the N-doped TiO, particles were suspended in the
aqueous solution under continuous stirring (Sacco et al., 2018a). Similarly,
for the application of photocatalysis in the synthesis process, the researchers
also focused their attention on composite photocatalysts to achieve an
enhancement of the photocatalytic activity and obtain a higher production of
the main product. For example, for the phenol synthesis, Zhang and Park
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studied CuPd bimetallic alloy nanoparticle-coated holey carbon nitride

materials (g-CsN4/CuPd) as photocatalyst (Zhang and Park, 2019); Wang et

al. studied the benzene hydroxylation reaction over two different

metal—organic framework (MOF)-based photocatalysts (Wang et al., 2015).

Another studied material was a Zn,Ti-layered double hydroxide (ZnTi-LDH)

photocatalyst, which showed an enhancement of photoinduced charge carrier

separation due to the presence of oxygen vacancies on the LDH surface and
an increase in superoxide radicals which assure the realization of an
advanced activity in terms of phenol production under UV-Vis light
irradiation (Li et al., 2020a). Thus, the possibility to exploit the synergic
effects obtained with particular support, to recover the catalyst without
additional separation steps and to design continuous flow photoreactors,
makes the immobilized systems interesting for industrial application.

Nevertheless, the immobilized catalysts have several disadvantages such as:

e Jow light utilization efficiencies due to light scattering by immobilized
photocatalyst. This aspect can be explained considering that
heterogeneous catalysis is a surface phenomenon, therefore the overall
kinetic parameters are dependent from the real exposed catalyst surface
area. In the supported systems only a part of the photocatalyst is
accessible to light and to substrate.

e restricted processing capacities due to possible mass transfer
limitations;

e possible deactivation of immobilized catalyst surface since the support
could enhance the recombination of photo generated electron/hole pairs
and a limitation of oxygen diffusion in the deeper layers is observed.

On this basis, greater efforts are needed in photocatalytic engineering to
overcome these drawbacks and to realize more efficient photocatalytic
reactors. A promising idea to improve the photocatalytic activity in terms of
productivity of the desired product and to facilitate its recovery and
separation from the reactive environment, could be to devise a photoreactive
polymer composite system in which to embedd the -catalyst. This
photocatalytic hybrid system represents the reactor itself which exploits the
low affinity of catalyst hydrophobic polymeric support towards desired
product (a hydrophilic compound) to favor desorption of this main product
from the catalyst surface, preventing further oxidation reactions and
increasing reaction yield and selectivity (Zhang et al., 2011a).

31



Chapter |

1.9 Polymeric structure for overcoming the limits of

photocatalytic process

As discussed in the previuos section, suspended photocatalysts show
some advantages, such as a higher surface area and a higher reaction kinetic,
which lead to higher photocatalytic efficiency of contaminant removal
However, the separation and recovery of the photocatalyst may require
expensive and time-consuming processes. Heterogeneous photocatalysis
with the immobilization of the catalyst on different substrates or with the
dispersion of catalyst in powder form into polymeric matrix eliminates the
need for recovery and separation processes, thus minimizing the catalyst loss
(Zakria et al., 2021, Singh et al., 2013, Bagheri et al., 2014).

Additionally, the support can offer a high dispersion of the nanoparticle
catalyst and simplify electron transfer, both of which contribute to better
catalytic activities. Therefore it seems essential to develop suitable supports
for photocatalyst particles capable of overcome these limits. Among the
various supports, polymeric materials are promising for the good features,
such as flexible nature, low cost, chemical resistance, mechanical stability,
low density, high durability and availability (Silva et al., 2022).

The use of some polymers as supports allows to preserve the photocatalytic
properties of powder photocatalysts and to minimize the aggregation
phenomena between the photocatalyst particles that typically occur when
they are used in traditional suspension photocatalytic reactors (Sacco et al.,
2018a). Furthermore, great attention of research was focused on organic
synthesis for the formulation of catalytic systems able to realize the direct
conversion of organic molecules to selectively obtain interest compounds
(Mancuso et al., 2022b, Zhang et al., 2011a). However, as can be observed
in literature, the use of photocatalytic powder in suspension does not allow
to obtain adequate conversions with high selectivities of the main product
which unfortunately is further converted to give secondary products (Su et
al., 2014). The product selectivity is low since OH radicals, photogenerated
by light source, are highly reactive and non-selective towards the main
product which is further oxidized.

This result justify the necessity to select a suitable polymeric support in
which the photocatalyst is dispersed in order to avoid further oxidation
reactions of desired product and, therefore increasing its productivity
(Mancuso et al., 2022b).

1.9.1 Cyclodextrins

Many studies on the photocatalytic properties of TiO, have been
performed, frequently with the aim of improving the catalytic efficiency
(Borgarello et al., 1986). In this regard, surface adsorption of cyclodextrin
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(CD) to semiconductor colloids has been found to improve the kinetics for
charge transfer from the photoexcited semiconductor to electron acceptors
retained in the CD cavity (Dimitrijevic et al., 2004). In detail, TiO, modified
with cyclodextrin has sparked renewed interest since Willner et al. observed
that CD could stabilize TiO, colloids against aggregation and facilitate
interfacial electron transfer processes (Willner and Eichen, 1987, Du et al.,
2007). Different articles have reported the stimulating effect of cyclodextrin
on the photocatalytic degradation of organic pollutants in TiO, suspensions
(Anandan and Yoon, 2004, Zhang et al., 2011c, Zhang et al., 2010)

CD plays electron-donating and hole-capturing roles when attached to TiO;
colloids, leading to restriction of charge hole recombination and
improvement of photocatalytic efficiency. However, it is difficult the recover
of cyclodextrin after the reaction and, moreover, the synthesis of CD-
modified TiO; colloids is complicated and time-consuming; the colloids are
stable only under acidic conditions (Zhang et al., 2010). Therefore, it is
worth finding a new synthesis for the formulation of the hybrid system in
TiO> powder grafted on CD to study its photocatalytic performance in the
field of degradation of organic compounds contained in water and organic
synthesis for the production of valuable compounds.

1.9.1.1 Definition and classification

CDs are non-reducing cyclic oligosaccharides composed of 6, 7 and 8 D-
glucopyranose rings (glucose units) labelled a-, B- and y-CD, respectively.
CDs are produced from starch by cyclodextrin glycosyltransferase and
shaped like truncated cones, with a hydrophobic inner cavity and a
hydrophilic outer surface (Velusamy et al., 2014). The specific number of
hydroxyl groups according to the number of glucose units makes it possible
to establish strong interactions with other molecules and can form inclusion
complexes with guest molecules (Serra-Gomez et al., 2012, Xin et al., 2012,
Rajalakshmi et al., 2017).

Since they can generate non-covalent inclusion complexes with a great
number of the organic contaminants in soil (petroleum hydrocarbons,
polycyclic aromatic hydrocarbons, etc.) and microcontaminants occurring in
water (pharmaceutical and cosmetic active agents, pesticides, etc.), are
primarily used in the pharmaceutical, cosmetic and household chemical
industry to reduce the environmental impact of the chemical pollutants. The
CD derivatives, which are well soluble in water, such as hydroxypropyl and
methylated CDs, can enhance desorption of the contaminants from the soil
and are useful in soil remediation technologies (e.g., in situ/ex situ microbial
degradation and chemical oxidation of contaminants in soil) (Villaverde and
Morillo, 2011). CD-based absorbents in form of microspheres, nanosponges,
microfibers, etc. able to remove micro-contaminants from purified
wastewater can be obtained by immobilization of CDs either by crosslinking
or by coupling to the surface of natural or synthetic polymers (Agocs et al.,
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2016). As reported in literature (Wang et al., 2006, Kamiya et al., 1994) the
photodegradation of bisphenol A was enhanced in aqueous solutions
containing B-CD, while the photodecomposition of parathion and paraoxon
which are pesticides with similar structure was inhibited or catalyzed
respectively by B-CD. It is widely documented that TiO, and ZnO can only
absorb a small fraction of sunlight (ultraviolet and near ultraviolet) due to
their broad band gap (3.0-3.2 eV) and therefore, it is necessary to modify
photocatalysts which can effectively be utilized the solar energy to a greater
extent. In the same way, in literature the possible effect of coupling of CDs
with TiO, was investigated. Therefore, it was demonstrated that the presence
of CD caused a delay in the photocatalytic degradation of toluene (Lannoy et
al., 2016) and showed a protective effect for ibuprofen degradation(Agocs et
al., 2016) while, on the other hand the CD existence on TiO, surface
(Attarchi et al., 2013) and on ZnO surface (Rajalakshmi et al., 2017) both
evidenced a synergistic photocatalytic effect for photodecomposition of the
methylene blue.

These results indicate that CD can catalyse or inhibit the
photodecomposition of a compound depending on the position of the light-
sensitive bonds of the included compound. Therefore, the complex that
arises between polluting compound and CD can either protect the compound
from the effect of light or speed up the decomposition (Glass et al., 2001,
Sortino et al., 2001)

CD can be adsorbed on surface of TiO; nanoparticles to increase the stability
of TiO, surface (Figure 1.4). The adsorption of CD on TiO, surface leads to
an enhancement of photocatalytic performance. CD plays electron-donating
and hole-capturing roles when linked to nanoTiO, colloids inhibiting the
charge—hole recombination phenomenon (Willner et al., 1994). The
efficiency is further improved by keeping the ligands close to the surface of
TiO; nanoparticles via inclusion complexation.

nanoTiO,

cbh

Figure 1.5 Adsorption of f-CD on the surface of nanoTiOx(Agocs et al.,
2016).
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1.9.2 Polymeric Aerogel

An important drawback of the photodegradation process is the post-

treatment recovery of phototocatalyst nanoparticles from the treated water
which is both time and money consuming. To overcome this limit together
with the possible aggregation phenomena related to the catalyst in powder
form, a large variety of possible inorganic and organic supports in particular
polymeric ones, have been tried for embedding photocatalyst nanoparticles.
To obtain an easy recovery of photocatalytic nanoparticles, the supports
must assure the permanent immobilization of nanoparticles on or within the
support, good chemical and mechanical stability and no decrease of the
photocatalyst efficiency. Different classes of materials such as activated
carbon, zeolites, clays, and natural organic substances were used as
supports/adsorbents (Park et al., 2019, Wang and Peng, 2010). However,
despite their excellent adsorption performances, they bear some drawbacks
including limited working capacity and/or selective removal of target
molecules (Nevskaia et al., 2004). In recent years, polymeric aerogels have
been developed as an alternative to common sorption substrates (Long et al.,
2018, Guo et al., 2012, Deze et al., 2012, Salam et al., 2011).
Thermoplastic polymers are considered economic, recyclable, and easy-to-
handle materials which can act very effectively in the absorption of organic
molecules from aqueous solutions. In this perspective, monolithic aerogels
based on thermoplastic polymers such as syndiotactic polystyrene (sPS)
(Daniel et al., 2008) being hydrophobic in nature, are able to concentrate the
non-polar organic molecules, making easy their recovery (Sacco et al., 2019)
sPS aerogels have the perculiarity that, both the amorphous phase, which has
disordered cavities typical of aerogels, and the crystalline phase, when it is
one of the sPS porous forms, contribute to aerogel porosity. sPS aerogels,
based on a porous crystalline form of this polymer (nanoporous sPS
aerogels), allow to trap non-polar compounds both in the perfectly identical
and ordered nanocavities of crystal lattice, and in those of random shape and
randomly distributed of the amorphous phase (Daniel et al., 2013).
Therefore, sPS aerogels seem to be promising materials to selectively
recover some useful aromatic molecules from aqueous solutions or
moreover, they can be also used in environmental remediation for the
degradation of water pollutants. On the other hand, the polymeric
photoreactive composites could allow a significant leap forward in the
development of innovative green processes for the selective oxidation of
aromatic hydrocarbons under mild conditions, assuring to production of
valuable chemical raw materials. For this purpose, since the sPS aerogel has
hydrophobic nature, it presents low affinity towards hydrophilic compounds
(i.e phenol) and, therefore, favours its desorption from the catalyst surface
and preventing thus further oxidation reactions in order to increase reaction
yield and selectivity.
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1.9.2.1 Definition and classification

A class of porous materials, which has received in the last decade
attention by the scientific community, is constituted by semicrystalline
thermoplastic polymers whose crystalline phase is nano porous (micro by
IUPAC definition). The existence of nanoporous polymeric crystalline
phases has been described so far only for two commercial polymers:
syndiotactic polystyrene (sPS) and poly(2,6-dimethyl-1,4- phenylene)oxide
(PPO) (Guerra et al., 2012). These nanoporous crystalline polymers are able
to absorb low molecular mass molecules also when present in traces and
have been proposed for applications in chemical separations and in air/water
purification It has been shown that CO; extraction of sPS thermoreversible
gels leads to a special class of monolithic physically crosslinked aerogels,
where the crystallites that constitute the physical knots of the aerogel exhibit
a nanoporous crystalline phase (Daniel et al., 2005). These nanoporous
crystalline aerogels present, beside disordered amorphous meso and
macropores (typical of all aerogels), also all identical nanopores of the
crystalline phases. (Daniel et al., 2008, Daniel et al., 2009, Daniel et al.,
2012)

The formation of crystalline nanopores after solvent extraction from PPO
thermoreversible gels has been also observed but in this case the extraction
method, lead to powders rather than to monolothic aerogels. This result is
due to the formation of a spherulic morphology in PPO gels rather than a
fibrillar morphology as observed in sPS gels. However it has been shown
that monolithic PPO based aerogels with nanoporous crystalline phases can
easily be obtained starting from mixed PPO/sPS gels thanks to fibrillar
morphology ensured by sPS (Daniel et al., 2012, Daniel et al., 2009). The
association of amorphous meso- and macropores and crystalline nanopores
confers unique properties to this type of material, specially in the VOC
sorption from aqueous diluted solutions or from air at low vapor pressures.
In fact, these PPO/sPS aerogels showed a fast sorption kinetics typical for
aerogels (due to the high porosity and the large pore size) and a high
sorption capacity characteristic (due to the sorption of the organic molecules
in the host nanopores of the crystalline phase). These sorption properties as
well as their good handling characteristics makes these new materials
particularly suitable as a sorption medium to remove traces of pollutants
from water and air (Daniel and Guerra, 2015).

Regarding syndiotactic polystyrene (sPS), it presents a complex polymorphic
behavior mainly based on different crystalline forms (named a, B3, v, d and €).
The polymer chains adopt the all-trans planar zig-zag structure in the a- and
B- form while s(2/1)2 helical trans-trans-gauche-gauche conformation is
present in the y- and 3- forms.

In addition to these crystalline forms, semicrystalline clathrate structures
characterized by the helical chain conformation can be obtained by sorption
of suitable compounds (mainly halogenated or aromatic) in amorphous sPS
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samples as well as in sPS samples being in the a-, y-, or  form(Daniel and
Guerra, 2005). Therefore, sPS is able to cocrystallize with several low-
molecular-mass compounds leading to cocrystals (clathrate and intercalate),
which by using suitable guests have been proposed as advanced optical
materials. The d-form can be obtained by complete guest removal from
cocrystals, by suitable extraction procedures. The 6-form is characterized by
the presence of two cavities per unit cell and is able to rapidly absorb
volatile organic compounds (VOCs) (mainly halogenated or aromatic
hydrocarbons) from water and air, also when present at very low
concentrations. Two different modifications have been described for the d-
form: a monoclinic one characterized by two cavities per unit cell (Daniel et
al., 2016) (Figure 1.6A,A’) and a triclinic one with only one bigger cavity
per unit cell (Figure 1.6B,B’)(Daniel et al., 2018).
The volume of the isolated cavities of the nanoporous monoclinic §-form is
close to 0.12 (Milano et al., 2001), whereas the volume of the triclinic o-
form cavities is evaluated to be ¢.30% larger. The € form is characterized by
an orthorhombic unit cell where the empty space is present as channels
rather than as isolated cavities (Figure 1.6C,C’) (Petraccone et al., 2008).
Therefore, these materials for their hydrophobic nature seem
particularly suitable for applications in chemical separation, in water and
moist air purification, and in sensors (Daniel et al., 2008).

R L

A K ®) . (©)
i & b

Figure 1.6 Lateral (A, B, C) and top (A’, B’, C’) views of the structure of the
syndiotactic polystyrene nanoporous crystalline forms: monoclinic 6(4, A’),
triclinic (B, B’), and orthorhombic ¢ (C, C’) (Daniel et al., 2020).
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1.9.2.2 Materials

sPS aerogels can form by thermoreversible gels using a large variety of
solvents for polymer concentrations in the typical range 0.02 g/g-0.5 g/g.
Solvent extraction from sPS gels can be achieved in supercritical conditions
without the shrinkage of the gel and monolithic aerogels with apparent
density in the range 0.004-0.5 g/cm? and apparent porosity as high as 99.5%
to can be easily prepared (Figure 1.7).

CO»
extraction
—_—

T=40°C

Figure 1.7 lllustration of sPS gel prepared in chloroform at Cyer = 0.10 g/g,
before and after total solvent extraction with supercritical CO: at 40°C.

For sPS gels having co-crystalline phases, the corresponding aerogels are
formed by semicrystalline nanofibrils presenting the nanoporous crystalline
d-form (as schematically shown in Figure 1.7) while disordered macropores
are located between the fibers. It is worth adding that solvent extraction in
supercritical conditions at temperature above 120°C leads to monolithic
aerogels being characterized by the non-porous y and [ crystalline forms of
sPS.

Nanopores
¢ ”.;‘ (V=0.12 nm?)

Macropores Nanofibrils A

Figure 1.8 Schematic presentation of the texture (left) and the crystalline
structure (rvight) of the sPS aerogel.

If the size of the crystalline nanopores only depends on the crystalline
form and thus is independent on both the gel polymer concentration and
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the solvent type, it is possible to tune the meso- and macroporosity
volume of the aerogels, by adjusting the polymer to solvent ratio used for
gel preparation. For aerogels obtained from sPS/chloroform gels where
the percentage of porosity P was calculated from the aerogel
mass/volume ratio using the equation:

P=100*(1—’;‘ﬂ (26)

pol

where papp 1s the aerogel apparent density determined from the
mass/volume ratio of the monolithic aerogels and ppo is the density of the
polymer matrix (e.g., equal to 1.02 g cm™, for 3-form sPS samples with a
crystallinity of nearly 40% (Daniel et al., 2008).

1.7.2.3 Transport through aerogel

The fluid flow through aerogel can be viscous, diffusional or a
combination of viscous and diffusional flows. Knudsen number (Kn)
determines the flow regime. It is defined by the following equation:

Kn=4d, 27)

A is the mean free path of gases and d, is the mean size of the pores. The
mean free path of gases should be determined for characterizing the fluid
flows in a monolithic aerogel.

If Kn << 1, the fluid flow is purely viscous. The viscous flow is driven by
the pressure gradient and the viscosity of the fluid as per Darcy’s law, as in
equation (14).

J=—kulvP (28)

In equation (14), j is the flux with unit m/s, k is permeability, pu is viscosity
and P is pressure. If Kn~=1, the fluid flow becomes the combination of
viscous and diffusional flows.

If Kn >> 1, the fluid flow is diffusional. Diffusional flow is driven by
concentration gradient as Fick’s law describes, as in equation (15).

Jp=—DVyY (29)

Where, jp is the diffusion flux (mol/m? s), D is diffusivity (cm? /s) and v is
the concentration (mol/m*) (Gui et al., 2020).
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1.10 Future perspectives for polymeric aerogels application

Aerogels are an exceptional class of materials that are of interest for
several high performance applications thanks to their extraordinary physical
properties such as very high porosity, high specificity, extremely low surface
and density combined with very versatile synthesis approaches. Various
aerogels have been explored for catalytic and photocatalytic applications,
even if in the last decades numerous discoveries have been made on different
aspects ranging from the most efficient catalysis in organic synthesis, to
energy-related processes and environmental catalytic remediation using
airgel. For both catalytic and photocatalytic performance, aecrogel monoliths
prepared with sol-gel approaches accompanied by an appropriate drying
technique, in particular supercritical point drying, have become surprising
alternative catalysts or catalytic supports with respect to those currently used
prepared with traditional wet synthesis approaches. In the light of growing
concerns regarding the ever-rising air pollution and subsequent global
warming, different catalysts were explored to convert the various hazardous
atmospheric organic and inorganic pollutants into less harmful compounds.
In this respect, the contribution of monolithic aerogel from different
molecular resources has been notable to protect and improve the
environment from various hazardous pollutants. Nowadays, aerogels are
mainly studied in environmental remediation processes as a heterogeneous
catalyst and photocatalyst for air and water cleaning applications (Cheng and
Bi, 2014, Guan et al., 2014, Sacco et al., 2018a) but, recently they are also
used in other application fields, such as organic synthesis to selectively
produce valuable organic compounds (Pekala, 1989, Mancuso et al., 2022b).
A drastic enhancement in catalytic activity, selectivity, and stability can be
due to the combination of aerogels exclusive physical properties, like high
specific surface areas accessible to reactant molecules, high dispersion of
active species, and to the high and uniform dispersion of photocatalytic
active phases into aerogel, preventing aggregation phenomenon of
nanoparticles to assure therefore a better photocatalytic performance.
Although aerogel catalysts are widely used in environmental cleaning
applications, this promoting class of materials has also shown fruitful
performances in steam reforming processes for producing hydrogen as a
clean energy source for onboard, on-demand applications as well as
chemical product synthesis. However, despite the fact that the catalytic
applications of aerogels are potentially numerous and huge in impact, they
are not currently commercially available due to the rather expensive
processing as well as the presence of inconvienents like low thermal
resistance and delicate mechanical strength. In order to pave the way for
large-scale productions and applications, today, these issues are being
mitigated to some extent by using, for example, cheap inorganic salts instead
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of their expensive alkoxide or using sustainable and safe sources as
precursors.

Particular emphasis is given to the nanoporous-crystalline aerogels where
two kinds of interconnected cavities (disordered spaces between crystallites
and all identical spatially ordered crystalline cavities in the crystallites) are
present. For the morphology of these materials, applications in many
different fields are expected, like for instance:

e stationary phases in chromatography;

e hosting of catalysts between fibrils, with the nanoporous crystalline
cavities acting as reservoir of reactants or products;

e sensing elements of gravimetric sensors where the aerogel structure
is expected to improve the kinetic of response;

e dielectric materials (as for other aerogels) (Pierre and Pajonk, 2002)
which could benefit of the advantage of including highly polar low-
molecular-mass molecules in the crystalline cavity, (Daniel et al.,
2007, Daniel et al., 2011) thus allowing to control the dielectric
constant;

e hosting of biomolecules between fibrils and profiting of the
nanoporous-crystalline cavities or encapsulating bioactive low-
molecular-mass molecules for the controlled release of active
principles or for the release of growth factors in biomedical
applications (tissue engineering) (Daniel et al., 2013).

1.11 Aim of the Ph.D thesis

This Ph.D project is aimed to formulate innovative visible light active
photocatalysts to be used both for degradation of water pollutants and for the
selective photo-oxidation of benzene to phenol. The experimental activity
was focused on:

e Preparation and characterization of codoped photocatalysts active
under visible light and their coupling with 3-cyclodextrins;

e Photocatalytic tests using organic dyes and pesticides under
visible and solar light in order to identify an optimal formulation;

e Direct selective oxidation of benzene to phenol on optimized
photocatalysts in powder form;

e Direct selective oxidation of benzene to phenol using visible
active photocatalysts in powder form embedded in monolithic
polymeric aerogels;

e Formulation of transition metal oxides (V:0s, Fe,Os and CuO)
supported on visible active photocatalyst and their dispersion in
polymeric aerogels to enhance both the benzene consumption rate
and phenol production rate, maximizing, simultaneously, the
selectivity and yield to the desired product under visible light;
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e Seclective photocatalytic oxidation of benzene to phenol using
metal oxides supported on visible active photocatalyst embedded
in sPS: optimizing of operating conditions (photocatalyst dosage,

pH of solution);
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I1. Experimental results:
photocatalytic degradation of
water pollutants under visible

light

I1.1 Photocatalysts preparation

11.1.1 Preparation of codoped TiO: photocatalysts

N-doped TiO, photocatalysts with different nitrogen content were
synthetized through sol-gel method using urea as nitrogen precursor and
titanium tetraisopropoxide as TiO, precursor. In the same way,
praseodymium-doped TiO, (Pr-TiO;) photocatalyst was synthetized using
praseodymium nitrate hexahydrate as praseodymium precursor and titanium
tetraisopropoxide as TiO; precursor. Fe-doped TiO, (Fe-TiO,) photocatalyst
was prepared by reaction between titanium tetraisopropoxide and an aqueous
solution containing iron(Il) acetylacetonate. In order to prepare
photocatalysts doped with Fe and N, distilled water containing a certain
amount of urea were mixed with a solution of titanium tetraisopropoxide and
iron(Il) acetylacetonate. Fe-Pr codoped TiO, at different Pr content, was
prepared employing distilled water containing a defined amount of
praseodymium nitrate that was mixed with a solution of titanium
tetraisopropoxide and iron acetylacetonate.The system was maintained at
room temperature under continuous stirring for 10 minutes. The obtained
suspension was centrifuged for the separation of a precipitates, which were
was washed with distilled water three times and finally placed in a furnace at
450 °C for 30 minutes in static air. The obtained samples were named (N-
TiO,_x or Fe-N-TiO;_x) where x indicates the amount of urea (in grams)
used for synthesis. Pr doped photocatalysts were called Pr(x)-TiO, or Fe-
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Pr(x)-TiO,, where x, in this case, indicates the amount of praseodymium
nitrate hexahydrate (in milligrams) used in the preparation of the samples.
The Fe/Ti molar ratio used for the preparation of Fe-TiO, was equal to
0.0017 and corresponds to an optimized catalyst formulation as reported in a
previous work (Zuorro et al., 2019) Table II.1 reports the solution volume,
the amount of N and Fe precursor, the amount of Pr and Fe precursor used
for the photocatalysts synthesis with together N/Ti, Fe/Ti and Pr/Ti molar
ratio for all the prepared photocatalysts using 12.5 mL of TTIP.

Table 1.1 List of prepared photocatalyst, amount of chemicals used in the
synthesis, Fe/Ti, N/Ti and Pr/Ti molar ratio.

Distilled Praseo

Catalyst ~ U@ oy  Iron atCetylacet" dymium  Fe/Ti  N/Ti  PyTi
©® (mL) nate (mg) nitrate
(mg)

TiO, 0 50 0 0 0 0 0
N-TiO, 0.3 03 50 0 0 0 0.24 0
N-TiO, 0.6 0.6 50 0 0 0 0.48 0
N-TiO, 1.2 12 50 0 0 0 0.97 0
N-TiO, 24 24 50 0 0 0 1.94 0

Fe-TiO; 0 50 25 0 0.0017 0 0
Fe-N-
10, 12 12 50 25 0 0.0017 097 0
Pr(8.5)-TiO, 0 50 0 8.5 0 o 00069
Fe-Pr(4)- 0 50 25 4 0.0017 0 00032
TlOz
g i 25
Fe-Pr(8.5) 0 50 8.5 0.0017 0 0.0069

T102
Fe-Pr(12.5)- 50 25 125 00017 0 00101

T102

Fe-Pr(17)- 0 50 25 17 0.0017 0 0.0137

TlOz

11.1.2 Preparation of tri-doped TiO: photocatalysts

Fe-N-x and y-N-S/TiO; (where x is S, Pr or P and y is P or Pr) tri-doped
photocatalysts were synthetized through sol-gel method. Fe-N-x
photocatalysts were prepared starting from 50 ml of distilled water
containing 1.2 g of urea and 17 ml of phosphoric acid or 0.025 g of sodium
sulfate or 0.0085 g of praseodymium nitrate hexahydrate. Then the obtained
solution was mixed with a solution obtained dissolving 0.025 g of iron(II)
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acetylacetonate in 12.5 ml of titanium tetraisopropoxide The obtained
photocatalysts were called Fe-N-P/TiO; or Fe-N-S/TiO; or Fe-N-Pr/TiO». y-
N-S/TiO; photocatalysts were prepared starting from a 50 ml of distilled
water and 1.2 g of urea and 17 ml of phosphoric acid or with 0.025 g of
sodium sulfate or 0.0085 g of praseodymium nitrate hexahydrate. The
obtained aqueous solution was finally added into 12.5 ml of titanium
tetraisopropoxide. The prepared photocatalysts were named P-N-S/TiO; or
P-N-Pr/TiO,. The obtained suspensions were centrifuged for the separation
of precipitates and were washed with distilled water three times. Finally the
precipitates were placed in a furnace at 450 °C for 30 minutes in static air.
Table 11.2 summarized the solution volume, the amount of metal or non-
metal precursors used for the synthesis with together molar ratio values for
all the prepared photocatalysts.

Table 11.2 List of all prepared photocatalysts, amount of urea, iron
acetylacetonate (F), phosphoric acid (Pac), sodium sulfate (Ss) and
praseodymium nitrate hexahydrate (PrN) used for the synthesis and N/Ti,
Fe/Ti, P/Ti, S/Ti and Pr/Ti molar ratio.

Sample [grge)a F(mg)  Pac(ul) (Iisg) 1(3;11\)1 NTi Fe/Ti PITi S/Ti PuTi
Tio, 0 0 0 0 0 0 0 0 0 0
Fe-N-P/TIO, 12 25 17 0 0 097 00017 001 0 0
Fe-N-S/TiO, 1.2 25 0 25 0 097 00017 0 0005 0
Fe-N-P/TIO, 12 0 0 0 85 097 00017 0 0 00069
P-N-S/TIO, 12 0 17 5 0 097 0 00l 0005 0
PLN-S/TIO, 12 0 17 0 85 097 0 00l 0 0.0069

I1.2 Characterization techniques of prepared photocatalysts

Different characterization techniques were used to examine the physical

and chemical properties of all prepared materials:
e Wide-angle-X-ray diffraction (WAXD)

UV-vis reflectance spectra (UV-vis);
Micro Raman spectroscopy;
Fourier Transform Infrared (FTIR) spectroscopy;
N; adsorption at -196 °C to obtain specific surface area and
porosity characteristics
e  Point of zero charge (ZPC).
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11.2.1 Wide Angle X-ray Diffraction (WAXD) powder diffraction

To date, most of our knowledge about the spatial arrangements of atoms
in materials has been gained from diffraction experiments. In a diffraction
experiment, an incident wave is directed into a material and a detector is
typically moved about to record the directions and intensities of the outgoing
diffracted waves “Coherent scattering” preserves the precision of wave
periodicity. Constructive or destructive interference then occurs along
different directions as scattered waves are emitted by atoms of different
types and positions. There is a profound geometrical relationship between
the directions of waves that interfere constructively, which comprise the
“diffraction pattern,” and the crystal structure of the material. The diffraction
pattern is a spectrum of real space periodicities in a material. Atomic
periodicities with long repeat distances cause diffraction at small angles,
while short repeat distances (as from small interplanar spacings) cause
diffraction at high angles.

It is not hard to appreciate that diffraction experiments are useful for
determining the crystal structures of materials. Crystals with precise
periodicities over long distances have sharp and clear diffraction peaks.
Crystals with defects (such as impurities, dislocations, planar faults, internal
strains, or small precipitates) are less precisely periodic in their atomic
arrangements, but they still have distinct diffraction peaks. Their diffraction
peaks are broadened, distorted, and weakened, however, and “diffraction
lineshape analysis” is an important method for studying crystal defects. In a
diffraction experiment, the incident waves must have wavelengths
comparable to the spacings between atoms.

Wide-angle X-ray diffraction (WAXD) patterns were performed with an
automatic Bruker D8 Advance diffractometer (VANTEC-1 detector) using
reflection geometry and nickel filtered Cu-Ka radiation

11.2.2 UV-vis Diffuse Reflectance Spectroscopy

Diffuse Reflectance Spectroscopy is based on the interaction between a
UV or visible beam and a powdered sample, from which the beam can be
reflected in all directions.

Only the fraction of beam which is scattered within a sample and returned to
the surface is considered to be a diffuse reflection. All the reflected radiation
can thus be collected within an integrating sphere, enhancing the signal-to
noise ratio.

The internal walls of the sphere are usually covered with barium sulfide, a
compound that ensures a reflectivity greater than 0.98 in the UV-vis light
region. Moreover the reflectance spectrum of a reference standard (BaSO4)
should always be recorded prior to that of any other sample. A Perkin Elmer
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spectrometer Lambda 35 spectrophotometer (Waltham, MA, USA) sing the
ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of the samples
were recorded with an RSA-PE-20 reflectance spectroscopy accessory
(Labsphere Inc., North Sutton, NH, USA). The reflectance data were
reported as the F(R.) values, from Kubelka-Munk theory, vs wavelength.
The band gap values were determined through the corresponding Kubelka-
Munk function (KM) and by plotting [F(R.)-hv]%3 against hu(eV) since TiO»
in the anatase phase is typically considered as an indirect band gap
semiconductor.

11.2.3 Surface area and pore structure evaluation

The Brunauer, Emmett, and Teller (BET) surface area of the samples was
evaluated from dynamic N, adsorption measurement at low-temperature (-
196 °C) using a Costech Sorptometer 1042 (Costech International S.p.A.,
Milan, Italy). The measurement was performed by continuous-flow method
after sample pre-treatment at 150 °C for 30 min in He flow, in order to
measure total specific surface area (via single and multi-point methods) and
micropore volume (via micropore method).

11.2.4 Point of zero charge (PZ(C)

Mass titration method was used to estimate the acidity of sample
powders. The PZC, which describes the acidity of oxide materials, may be
measured using potentiometric titration, mass titration, or measurement of
the wetting angles. The mass titration method of PZC characterization was
initially proposed by Noh and Schwarz (Noh and Schwarz, 1989). In this
work, the mass titration studies were performed using procedures described
elsewhere (Noh and Schwarz, 1989). Shorter stabilization times after each
powder addition (2 hours in this study) were used to minimize possible
dissolution of sample powders.

11.2.5 Raman spectroscopy

Raman spectroscopy is a technique for the identification and
quantification of the chemical components of specimens.
When light is scattered by any form of matter, the energies of the majority of
the photons are unchanged by the process, which is elastic or Rayleigh
scattering. However, about one in one million photons or less, lose or gain
energy that corresponds to the vibrational frequencies of the scattering
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molecules. This can be observed as additional peaks in the scattered light
spectrum. The process is known as Raman scattering and the spectral peaks
with lower and higher energy than the incident light are known as Stokes and
anti-Stokes peaks respectively. Raman spectroscopy uses a single frequency
of radiation to irradiate the sample and it is the radiation scattered from the
molecule, one vibrational unit of energy different from the incident beam,
which is detected. Thus, unlike infrared absorption, Raman scattering does
not require matching of the incident radiation to the energy difference
between the ground and excited states. In Raman scattering, the light
interacts with the molecule and distorts (polarizes) the cloud of electrons
round the nuclei to form a short-lived called a “virtual state’.

Laser Raman spectra were obtained at room temperature with a Dispersive
MicroRaman (Invia, Renishaw, Wotton-under-Edge, United Kingdom),
equipped with 514 nm laser, in the range of 100-900 cm™ Raman shift.

11.2.6 Fourier Transform Infrared (FT-IR) spectroscopy

Infrared spectroscopy is certainly one of the most important analytical
techniques available to today’s scientists. This technique is based on the
analysis of the absorption or of laser light by specific chemical bonds.
Fourier transform infrared (FT-IR) spectra were obtained via M2000 FT-IR
(MIDAC Co, Costa Mesa, CA, USA) at a resolution of 0.5 cm™. The scan
wavenumber range was 4000-1000 cm!, and 16 scan signals were averaged
to reduce the noise. All samples were well mixed with potassium bromide
(KBr), which was used as the infrared transparent matrix. The discs,
containing about 1 mg of sample and 100 mg of KBr, were prepared by
compressing the powders through a hydraulic press.

I1.3 Photocatalytic activity test: codoped TiO:2 photocatalysts

Photocatalytic tests are performed in a cylindrical pyrex photoreactor (ID
=2.6 cm, Ltor = 41 cm and Vror = 200 mL). Visible-LEDs strip (nominal
power: 10 W; provided by LED lighting hut; emission in the range 400-800
nm; light intensity: 13 mW/cm?) is positioned in contact to the external
surface of the photoreactor. The configuration of the reactor and the position
of the LEDs strip have been designed and arranged in such a way as to
guarantee a uniform distribution of the photons inside the reactor body. The
total volume of solution was 100 mL with 10 mg/L AO7 initial concentration
(pH=5.95). The photocatalyst dosage was equal to 3 g/L. The suspension
was left in dark conditions for 60 minutes to achieve the
adsorption/desorption equilibrium of AO7 dye on the photocatalyst surface.
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After the dark phase, the LEDs were switched on and the photocatalytic test
started. During the light irradiation, the reaction suspension was
continuously mixed using a magnetic stirrer to avoid the sedimentation of
the catalyst at the bottom of the photoreactor (Figure I1.2). An air distributor
device (Qu.ir=150 cm*/min (STP)) was also used to assure the presence of
oxygen in the reaction medium and therefore to favor the oxidation reactions
of the organic compound.

At regular time intervals, about 3 mL of the suspension was withdrawn from
the photoreactor and centrifuged to remove the catalyst particle. The aqueous
solution was then analyzed by UV-Vis spectrophotometer (Thermo
Scientific Evolution 201) to monitor the reaction progress. In details, the
color removal of the chosen dye was monitored by measuring the maximum
absorbance value at 485 nm (Rodriguez et al., 2019). The mineralization of
the target pollutant was assessed by the measure of the total organic carbon
(TOC) content of the solutions during the irradiation time. The TOC of
solution was measured from CO, obtained by the high temperature (680 °C)
catalytic combustion (Franco et al., 2019)The discoloration efficiency and
mineralization (by TOC removal) were evaluated using the following
relationships:

Discoloration efficiency = (1 - CE] -100 (30)
0
TOC removal (mineralization) = | 1 — roc 100 (31)
TOC,

Where:

C=pollutant concentration at the generic irradiation time (mg/L);
Co=initial AO7 concentration (mg/L);

TOC=total organic carbon at the generic irradiation time (mg/L);
TOC=initial total organic carbon (mg/L).
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Figure I1.1 Experimental apparatus for photocatalytic tests.

I1.4 Photocatalytic activity tests: tri-doped TiO2 photocatalysts

Photocatalytic tests were carried out using a volume of 75 mL of
thiachloprid (THI) aqueous solution (initial concentration: 0.5 mg/L) and
300 mg of catalyst. The batch photoreactor used for the all the tests was a
pyrex cylinder. The suspension was continuously mixed using an external
recirculation system assured by a peristaltic pump. The reactor was
irradiated by an UV-A (emission: 365 nm; irradiance 13 W/m?) and visible
(emission range: 400-800 nm; irradiance: 16 W/m?) LEDs strip wrapped
around and in contact with external surface of the reactor body. Moreover,
additional tests were carried out under the direct solar light (latitude 40°N,
longitude 14°E), the average solar UV-A irradiance for all the tests was
about 2.2 W/m?. The total exposure time for each experiment was 180 min.
Experiments under the direct solar light were performed on May and
typically started at 10.00—11.00 am till 01.00 - 02.00 pm. Sunlight irradiance
spectra were measured by radiometer BLACK-Comet Stellar Net UV-VIS
(StellarNet, Florida, 130 USA). During each test, the system was left in the
dark for 60 min to reach the adsorption equilibrium of THI on the
photocatalysts surface and then irradiated for 180 min. At different times,
about 1.5 mL of the suspension was withdrawn from the photoreactor and
filtered to remove the catalyst particles. The aqueous solution was then
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analyzed by HPLC UltiMate 3000 Thermo Scientific system (equipped with
DAD detector, quaternary pump, column thermostat and automatic sample
injector with 100uL loop) and using a reversed-phase Luna Su C18 column
(150mmx4.6mm 1i.d., pore size Sum) (Phenomenex) at 25 °C. The mobile
phase consisted of an acetonitrile/water mixture (70/30 v/v). The flow rate,
injection volume and detection wavelength were 1 mL/min, 40 uL and 242
nm, respectively.

IL1.5 Experimental results

11.5.1 Characterization results of codoped TiO: photocatalysts

Table I1.3 reports the specific surface area (Sger) of all samples evaluated
by BET method. The undoped titania sample showed the lowest value of 107
m?*/g. All doped titania samples presented values of specific surface area
higher than those of the undoped titania. Moreover, it seems that the Spgr
values are not influenced by urea amount used as precursor for the
preparation of N-TiO,_x samples. On the other hand, the specific surface
area of Fe-N codoped TiO, sample was found to be 117 m?/g, very similar to
the value observed for the N-doped TiO, sample prepared with the same
amount of urea (N-TiO;_1.2). Instead, regarding Pr doped TiO, samples it
appears that the amount Pr precursor used for the synthesis of Fe-Pr(x)-TiO»
samples did not significantly affect the Sger results. However, the specific
surface area of Fe-Pr(8.5)-TiO, was found to be 120 m?/g, which is a value
higher than that one observed for Pr(8.5)-TiO,, Fe-Pr(4)-TiO, and Fe-Pr(17)-
TiO;, but slightly lower than Fe-TiO, and Fe-Pr(12.5)-TiO,. The reflectance
spectra of TiO; and N-TiO,_x samples are reported in Figure 11.2
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Figure I1.2 Reflectance spectra vs wavelength for TiO; and N-TiO; x
samples.

As expected, the main absorption edge of undoped titania lies in the range
390-400 nm (UV region). On the other hand, a marked shift toward the
visible region for N-TiO,_x samples was achieved since the presence of a
weak shoulder in the range 400-500 nm was observed and its intensity
progressively enhanced with the increase of the urea content used for
samples synthesis (Shao et al., 2008, Chainarong et al., 2011). Possibly, this
result indicates that the doping with N led to new electron state above VB,
shifting the absorption edge towards the visible light region, as already
reported in literature (Chainarong et al., 2011, Cheng et al., 2012b) Figure
I1.3 displays the optical properties of undoped TiO,, N-TiO,_ 1.2, Fe-TiO;
and Fe-N-TiO,_1.2 photocatalysts.
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Figure I1.3 Reflectance spectra vs wavelenght for TiO,, N-TiO, 1.2, Fe-
TiO; and Fe-N-TiO, 1.2 samples.

The reflectance spectra indicate that the doping of Fe into TiO; lattice shifts
its optical absorption edge from UV into visible range (i.e. red shift) (Wu
and Chen, 2004). This red shift is due to the charge transfer transitions
between the metal ion d electrons and the CB of TiO, (Ganesh et al., 2012,
Ali et al., 2017a). It is worthwhile to note that Fe-N-TiO, 1.2 sample gives
rise visible-light absorptions contributions higher than those of undoped
TiO,, N-TiO, 1.2 and Fe-TiO;, photocatalysts, similarly to the results
reported in a previous paper (Yen et al., 2011). Additionally, the Fe-N-
TiO,_1.2 showed a noticeable absorbance at less than 500 nm and a marked
increase of absorption properties in the range 400-500 nm compared to N-
TiO; 1.2 or Fe-TiO (Yen et al., 2011).

UV-Vis DRS spectra of TiO,, Fe-TiO,, Pr(8.5)-TiO, and Fe-Pr(x)-TiO:
samples in the range of 300 — 800 nm are shown in Figure I1.4
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Figure 11.4 Reflectance spectra as function of wavelength for TiO;, Fe-TiO>,
Pr(8.5)-TiO;, Fe-Pr(4)-TiO:, Fe-Pr(8.5)-TiO>, Fe-Pr(12.5)-TiO; and Fe-
Pr(17)-TiO: samples.

Considering that the minimum of reflectance corresponds almost to the
absorption maximum,the main absorption of the undoped TiO: is located in
the range 390-400 nm (UV region) and no absorption is detected above 400
nm. Indeed, a slightly absorption in the visible region is observed for
Pr(8.5)-TiO, while a more marked absorption in the range 450- 600 nm is
observed for all Fe-Pr(x)-TiO, samples and for Fe-TiO..

In detail, the Fe-Pr(8.5)-TiO, photocatalyst showed light absorption
performances in visible region higher than TiO, and Pr-(8.5)-TiO;
photocatalysts and an increase of optical absorption properties in the range
450-600 nm compared to Fe-TiO, (Yen et al., 2011) Fe-Pr(4)-TiO,, Fe-
Pr(12.5)-TiO; or Fe-Pr(17)-TiO, photocatalysts (Figure 11.4).

As reported in literature, the doping of TiO, with praseodymium
significantly influences the optical properties of the photocatalyst.
(Spadavecchia et al., 2012) The presence of Pr for the Pr(8.5)-TiO, sample
generated a slight red shift of the absorption band edge, probably determined
by the introduction of Pr** ions at the first excited state which could interact
with the electrons of the TiO, conduction band, allowing a higher energy
transfer from TiO, to Pr** ions (Song et al., 2015, Reszczynska et al., 2016).
The introduction of Fe** into TiO; lattice leads to a shift of the absorption
edge in the visible light region possibly due to the charge transfer between
the d level of Fe** ion and the conduction band of TiO, (Ibram et al., 2013,
Ali et al., 2017b). On the other hand, as pointed above, Fe-Pr codoped TiO.
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photocatalysts showed a more marked absorption into visible region. The
presence of some weak shoulders in the range 450-600 nm may be ascribed
to the metal d electron transitions related to the substitution of Ti*" by Fe**
incorporated into the TiO- lattice and the electron transfer between Pr** and
TiO; linked to the introduction of an internal electronic level (4f), as already
reported in the literature (Spadavecchia et al., 2012, Parnicka et al., 2018).
The presence of these impurities in the semiconductor lattice reduces the
energy required for the electron transition and causes a red shift of the
optical absorption edge. Additionally, Fe*" and Pr** ions inserted into TiO,
structure produced some surface defect sites, which act as electron traps,
allowing a more effectively separation of electron-hole pairs (Li et al.,
2020b). Band gap values (Eu,) were obtained by UV-Vis DRS measurements
are included in Table I1.3.

Table 11.3 Crystallite size, lattice parameter, specific surface area (Sper),
band gap (Eys) and zero point charge (ZPC) of all prepared samples.

Calys C.ristallite Lattice parameter (A) SBET Eyg ZPC
size (nm) a=b ¢ (mg) (eV) (pH unit)
TiO, 9 3.74 8.68 107 3.20 6.02
N-TiO,_ 0.3 6 3.79 9.20 139 3.00 5.14
N-TiO, 0.6 7 3.78 9.33 112 3.00 5.10
N-TiO,_1.2 7 3.77 8.81 115 2.90 5.12
N-TiO, 2.4 6 3.78 9.06 126 2.90 5.14
Fe-TiO, 6 3.77 9.21 122 2.80 5.15
Fe-N-TiO,_1.2 7 3.75 8.58 117 2.70 5.02

According to the Epg values and the trend of the reflectance curves, undoped
TiO; revealed to be active only under UV irradiation.

Eps value was 3.2 eV for undoped titania and 2.9-3 eV for N-TiO, x
samples. This change in Ey, values can be attributed to the presence of
nitrogen in the TiO; lattice (Cheng et al., 2012b). Moreover, from the Ep,
values and the trend of the reflectance curves, undoped TiO, is expected to
be active under UV irradiation, while Fe-TiO, under visible light. Ep, was
about 2.8 eV for Fe-TiO, sample while it was possible to obtain a further
decrease in Epg up to the value of 2.7 eV with Fe-N-TiO,_1.2 photocatalyst.
The narrow band gap of Fe-N-TiO,_1.2 may be therefore an indication of
the possible enhancement of the photocatalytic activity in the visible light
region with respect to both Fe-TiO, and N-TiO, 1.2 samples (Cong et al.,
2007).
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Epg value of Pr(8.5)-TiO, sample was equal to 3.0 eV while it was 3.2 for
undoped TiO,. This variation in Ey, value can be associated to the defect
states due to presence of the oxygen vacancies obtained by Pr’* substitution
with Ti*" (Spadavecchia et al., 2012, Nithyaa and Jaya, 2018, Li et al.,
2020b). A further decrease in Eyg from about 2.85 to 2.7 eV for all Fe-Pr(x)-
TiO, samples was obtained. The narrow band gap values of Fe-Pr(x)-TiO,,
probably related to the greater presence of oxygen vacancies deriving from
the introduction of Fe and Pr metals into crystal structure of TiO, (Li et al.,
2015), could be a possible indication of the enhanced photocatalytic activity
in the visible light region with respect to both Fe-TiO, and Pr(8.5)-TiO;
samples. It is worthwhile to note that the lowest Epg value of about 2.7 eV,
the same value obtained for Fe-N-TiO,_1.2, it was also reached with Fe-
Pr(8.5)-TiO> photocatalyst confirming that the optimal amount of
praseodymium nitrate as precursor was 8.5 mg.

Figure I1.5 reports the WAXD patterns of TiO2, N-TiO,_x, Fe-TiO, and Fe-
N-TiO, 1.2 samples.
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Figure 11.5 WAXD patterns for TiO; and N-TiO, 0.3, N-TiO; 0.6, N-
TiO; 1.2 and N-TiO;_2.4 samples in the range 20=20-80° (a) and in the
range 20 = 22-30° (b). WAXD patterns for TiO: and N-TiO, 1.2, Fe-TiO;
and Fe-N-TiO; 1.2 samples in the range 20 =20-80° (c) and in the range
20 =22-30° (d).

In particular, the sharp peaks of anatase phase at 20 = 25.91° (1 0 1) and
20=48.62° (2 0 0) for undoped titania are evident (JCPDS Card No. 21-
1272). Similarly the WAXD patterns all doped samples exhibited the
characteristic peaks of TiO, anatase phase. The peak corresponding to the (1
0 1) crystalline plane was the most intense (Ramalingam et al., 2017). No
peaks of rutile phase was observed in all the N-TiO, x samples prepared
with different urea loadings (Figure I1.5a) and in Fe-TiO, (Figure II.5¢)
(Cheng et al., 2008, Zuorro et al., 2019). This result indicates that the phase
transformation from anatase to rutile does not take place when nitrogen
doped titania powders are calcined at temperature of 450°C. In fact, as
reported in literature, the use of urea as a nitrogen precursor inhibits the
transformation from anatase to rutile phase (Cheng et al., 2008).
Furthermore, traces of brookite phase were observed in the WAXD pattern
at about 20=31° (1 2 0) (Figure I1.5a and Figure II.5¢) (Lee and Yang,
2006b, Bhave, 2007, Yanging et al., 2000) The diffraction patterns of all N-
TiO,_x samples were analyzed more in detail in the 20 range between 22
and 30° (Figure I1.5b). It is possible to observe a shift to lower values of 20,
from 20=25.91° (undoped TiO,) to 26=25.30° (N-TiO,_0.3). This shift is
consistent with literature and it can be associated to distortion and strain
phenomena in the TiO, crystal lattice induced by the incorporation of the
nitrogen ions (Smirniotis et al., 2018, Sun et al., 2008). In particular, this
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phenomenon may occur because nitrogen ions replace oxygen in the TiO»
structure due to differences in binding properties (Vaiano et al., 2015a,
Batzill et al., 2006) indicating that the crystalline structure of TiO, was
doped with nitrogen.The a and ¢ lattice parameters calculated for the N-
TiO,_x samples are reported in Table 11.3. The values of @ and ¢ parameters
for the N-TiO, samples are both higher than those observed for the undoped
titania. It has also been possible to consider that the increase of N/Ti ratio
does not influence both the value of a parameter (3.79A to 3.78A) and ¢
parameter (9.20A to 9.06A). As shown in the Figure 11.5d, the presence of
Fe led to a slight shift of the peak related to the anatase phase for Fe-TiO, at
higher value (20=26.31°) with respect to undoped TiO, (20=25.91°)(Morales
et al., 2017). Generally, the Fe doping does not change the crystalline
structure of TiO,, while a small change in the lattice parameters can be
observed as reported in Table II.3. The a and c lattice constant values for
undoped TiO, are 3.74 A and 8.68 A, respectively, whereas with the addition
of Fe ions, the value of a parameter was 3.77 A, while the ¢ parameter
changed to 9.21 A. These lattice parameter values suggest that the iron
doping caused the decrease of TiO; crystallite size along c-axis because the
ionic radius of Fe (0.64 A) is relatively smaller compared to the ionic radius
of Ti (0.68 A) (Ganesh et al., 2012). Probably, due to the almost similar
ionic radius, some portion of Ti ions in TiO, lattice was replaced with Fe
ions (Ganesh et al., 2012). When Fe ions substitute Ti ions, defective sites
are formed which act as a long-lasting space charge region. Consequently,
the electrical energy of these defects improves the efficiency of the carriers
separation and the charge transfer (Prajapati et al., 2017). Thus, the WAXD
results indicate that the crystallinity of the iron and nitrogen doped materials
is not affected by the presence of the dopant element. The WAXD patterns
of Fe-N-TiO, 1.2 sample (Figura II.5c) showed the presence of all
diffraction peaks related to the anatase phase and a small signal associated to
brookite, similarly to the other analyzed samples. The peak corresponding to
anatase (1 0 1) plane evidenced a shift up to 20 = 26.11°, as also observed
for Fe-TiO, sample (Figure I1.5d) (Ramalingam, 2017). Finally, a and ¢
lattice parameters for Fe-N-TiO, 1.2 are 3.75 A and 8.58 A, respectively
(Table 11.3). The a lattice parameter for this sample seems to be similar to
undoped TiO; (3.74 A) and lower than N-TiO, 1.2 and Fe-TiO, (3.77 A),
whereas the ¢ lattice parameter for Fe-N-TiO, 1.2 (8.58 A) is lower with
respect to undoped TiO, (8.68 A), N-TiO, 1.2 (8.81 A) and Fe-TiO, (9.21
A).

The average crystallite size is in the range 6-9 nm (Table IL3).
Photocatalysts exhibiting the lowest values of crystallite size, showed the
highest values of Sger, as expected.

Figure I1.6 reports the WAXD patterns of undoped TiO», Pr(8.5)-TiO, and
Fe-Pr(x)-TiO; samples
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Figure 11.6 WAXD patterns for TiO., Fe-TiO;, Pr(8.5)TiO;, Fe-Pr(4)-TiO>,
Fe-Pr(8.5)-TiO:s, Fe-Pr(12.5)-TiO: and Fe-Pr(17)-TiO: samples in the range

260=20-80° (a) and in the range 26=22-30° (b).

Specifically, the undoped TiO,, Pr(8.5)-TiO, and Fe-Pr(x)-TiO, samples
present the sharp and well-defined peaks which are typical of anatase phase
(Figure 11.6) (Parnicka et al., 2018, Ramalingam, 2017, Chiou and Juang,
2007). Furthermore, traces of brookite phase were only evident in the XRD
pattern of TiO> and Fe-TiO, at about 26=31° (1 2 0) (Figure II.6a) (Lee and
Yang, 2006a, Zheng et al., 2000). On the contrary, Pr(8.5)TiO; and Fe-Pr(x)-
TiO, photocatalysts did not evidence peaks of brookite phase, according to
the available literature (Singh et al., 2018, Liang et al., 2007). No diffraction
peaks associated to praseodymium oxide or iron oxide are detectable after
the doping with Fe and Pr probably because these dopant elements are
present in very small amount and/or located inside the TiO; lattice (Li et al.,
2020b, Adyani and Ghorbani, 2017). The XRD patterns of all photocatalysts
were examined more closely in the 20 range between 22 and 30° (Figure
IL.6b). It is possible to observe a shift to lower values of 20, from 26=25.91°
(undoped TiO,) to 26=25.41° (Pr(8.5)-TiO), due to distortion phenomena
caused by the incorporation of the Pr** ions in the TiO» crystal lattice and it
is indicative of the effective doping process of TiO, with Pr (Vaiano et al.,
2017a, Khan and Swati, 2016). The introduction of praseodymium could
induce a strain and distortion phenomena of TiO, crystal lattice because the
Pr’* ions (1.01 A) present a higher ion radius than the Ti* ions (0.68 A)
leading also a little reduction of crystallite size with respect to undoped
TiO,, as evidenced in Table 6 (Nithyaa and Jaya, 2018, Li et al., 2020b).
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Table 1.4 Crystallite size, lattice parameter, specific surface area (Sper)
and band gap (Eyg) of all prepared samples.

Crystallite Lattice parameter (A) SBET Eyg
Catalyst size (nm)
a=b c (m?%g) (eV)
TiO, 9 3.74 8.68 107 3.20
Fe-TiO, 6 3.77 9.21 122 2.80
. 8
Pr(8.5)-TiO, 3.77 9.33 113 3.00
8
Fe-Pr(4)-TiO, 3.79 8.94 113 2.80
Fe-Pr(8.5)- 7
TiO, 3.77 9.15 120 2.70
Fe-Pr(12.5)- 7
TiO, 3.78 9.45 123 2.80
. 7 3.78 9.59 117
Fe-Pr(17)-TiO, 2.85

The a and c lattice parameters calculated for the TiO,, Fe-TiO,, Pr(8.5)-TiO:
and all Fe-Pr(x)-TiO, samples are reported in Table 11.4. The values of the a
and ¢ parameters for Fe-TiO,, Pr(8.5)-TiO, and all Fe-Pr(x)-TiO, samples
are higher than those observed for the undoped TiO,. As shown in Figure
I1.6b, the presence of Fe produced a shift of the peak correlated to anatase
phase for Fe-TiO, at higher value (26=26.31°) compared to that of undoped
TiO; (26=25.91°) (Morales et al., 2017). Generally, the Fe doping does not
affect the crystalline structure of TiO,, while small changes in the lattice
parameters can be observed. In fact, as reported in Table I1.4, the a and ¢
lattice constant for undoped TiO, are 3.74A and 8.68A, respectively,
whereas for Fe-TiO, sample the value of a parameter was 3.77 A and ¢
parameter value was measured equal to the 7.71 A. These lattice parameter
values suggest that the iron doping caused the decrease of TiO, crystallite
size (6 nm) along c-axis because the ionic radius of Fe** ions (0.64 A) is
quite smaller with respect to the ionic radius of Ti* ions (0.68 A) (Ibram et
al., 2013). It has been possible to value that the increase of Pr/Ti ratio for Fe-
Pr(x)-TiO: photocatalysts does not lead to a substantial change in the value
of a parameter (3.78A to 3.77A); nevertheless a small variation in ¢
parameter value (9.59A to 9.15A) was observed. Thus, the results indicate
that the presence of the Fe and Pr elements produced an expansion of TiO,
lattice but did not influence the crystallinity of the codoped samples. The
diffraction patterns of Fe-Pr(8.5)-TiO, sample (Figure I1.6a) evidenced the
presence of all diffraction peaks corresponding to the anatase phase and a
shift of the anatase peak at (1 0 1) plane up to 26=25.50°(Figure I1.6D).
Finally, the a and ¢ lattice parameters for Fe-Pr(8.5)-TiO are 3.77 A and
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9.15 A, respectively (Table 11.4). The a lattice parameter for this sample
seems to be higher than undoped TiO (3.74 A) and similar to Pr(8.5)-TiO,
(3.77 A), Fe-TiO; (3.77 A) and Fe-Pr(x)-TiO, (3.77-3.78 A), whereas the ¢
lattice parameter for Fe-Pr(8.5)-TiO2 (9.15 A) is rather higher both compared
to undoped TiO» (8.68 A) and Fe-TiO, (7.71 A), but lower than Pr(8.5)-TiO
(9.33 A) and Fe-Pr(x)-TiO, (9.40-9.59A). Moreover, it was noted that,
increasing the Pr/Ti ratio, the average crystallite size slightly decreased
(Table I1.4). In particular, the values of the average crystallite size for Fe-
Pr(x)-TiO, samples are in the range 7-8 nm. It is worth noting that the
photocatalysts with low crystallite size values showed a higher specific
surface area.

Photoluminescence (PL) spectra of TiO,, Fe-TiO,, Pr(8.5)-TiO, and all Fe-
Pr(x)-TiO, samples in the range 420-500 nm are reported in Figure I1.7.

TiO2
Fe-TiO2
—— Pr(8.5)-Ti02
Fe-Pr(4)-TiO2
Fe-Pr(8.5)-TiO2
Fe-Pr(12.5)-TiO2
Fe-Pr(17)-TiO2

Intensity, a.u.

420 430 440 450 460 470 480 490 500
Wavelength, nm

Figure I1.7 Photoluminescence spectra for TiO,, Fe-TiO; Pr(8.5)-TiO:, Fe-
Pr(4)-TiO; Fe-Pr(8.5)-TiO> Fe-Pr(12.5)-TiO> and Fe-Pr(17)-TiO: samples.

A significant photoluminescence emission occurred from 435 to about 480
nm, with the presence of a marked signal at about 460 nm (Pallotti et al.,
2017). These results are typical of TiO, materials doped with RE elements
and the observed maximum signal at about 460 nm could be associated to
oxygen vacancies generated by the introduction of the Pr** ions in the TiO»
lattice (Narayanan and Deepak, 2018, Nithyaa and Jaya, 2018, Qi and Wang,
2020). Moreover, the shape of PL spectra for TiO», Pr-TiO; and all Fe-Pr(x)-
TiO, samples was relatively similar but with different intensity. The
presence of Pr dopant initially leads to an enhancement of the PL intensity,
nevertheless, when the amount of praseodymium nitrate was increased above
8.5 mg, a decrease in PL emission is appreciated. This result can be justified
by the presence of an optimal amount of praseodymium nitrate used as a
precursor of Pr that could disadvantage the recombination process of
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positive holes and electrons (Xiao et al., 2007). In detail, Fe-Pr(8.5)TiO;
photocatalyst exhibits a visible peak with the highest intensity.

Instead, the entire PL spectrum of Fe-TiO, is lower than that of undoped
TiO, because Fe doping causes a significant effect on TiO electronic
structure. Thus, the lower PL intensity of Fe-doped TiO: could be attributed
to the lower recombination rate of photogenerated charge carriers (Khan and
Swati, 2016). Raman spectra in the range of 100-900 ¢cm™! for undoped and
N-doped TiO,. Raman bands were observed at 144, 397, 516 and 638 cm!
together with a weak shoulder at 195 cm™ in the spectra of all samples,
indicating that anatase was the predominant crystalline structure (Mancuso et
al., 2020a). No Raman signals associated to TiN bonds were detectable in
the N-TiO,_x samples (Gurkan et al., 2012) This result may be an indication
that N anions did not react with TiO, surface, meaning that the dopant
element is placed in the interstitial or the substitutional sites of the titania
structure (Gurkan et al., 2012), as also evidenced by XRD and UV-Vis DRS
results. TiO, common signals related to the anatase phase were also evident
for Fe-TiO, sample.

No bands due to iron oxides were detected (Zuorro et al., 2019). Fe-doped
TiO, maintained the TiO: structure indicating that the Fe*" ions are present
into the TiO, framework, replacing Ti*" cations (Ali et al., 2017a).
Additionally, the intensity of the Raman bands for Fe-TiO, sample was
lower than those observed for undoped TiO,, indicating the possible
incorporation of Fe** into the substitutional sites of the TiO, lattice (Prajapati
et al., 2017), in agreement with XRD results. Fe-N-TiO, 1.2 photocatalyst
also showed the typical Raman signals related to anatase TiO, and the
intensity of these bands is lower than that of undoped TiO», Fe-TiO, and N-
TiO,_1.2 photocatalysts.

Raman spectra are investigated in the range of 100-900 cm™! of the TiO, and
Fe-TiOz, Pr(8.5)-TiO; and Fe-Pr(x)-TiO, samples.

In the spectra for all samples, Raman bands were observed at 144, 195, 397,
516 and 638 cm™' in the spectra for all samples, indicating that the
predominant crystalline phase was anatase. Fe-doped TiO; has no bands due
to iron oxides because Fe*" ions replace Ti*' cations into the substitutional
sites of the TiO, preserving the semiconductor structure (Ali et al., 2017a,
Prajapati et al., 2017). Ordinary Raman signal associated to crystalline phase
are evidenced in the spectrum of Pr(8.5)TiO, and Fe-Pr(x)-TiO,. These
samples doped with Pr** ions did not show bands linked to praseodymium
oxides (Singh et al., 2018) as also confirmed by WAXD (Figure I1.6) and
UV-Vis DRS results (Figure 11.4).

The surface acidity of the TiO,, Fe-TiO,, N-TiO, x and Fe-N-TiO, 1.2
samples was estimated using the mass titration method. The pH values
(representative of PZC) are reported in Table I1.3. In particular, the PZC
value of undoped TiO, is 6.02, very close to those reported in literature for
TiO; in anatase phase(Ciambelli et al., 2005) .
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On the other hand, N-TiO, x, Fe-TiO» and Fe-N-TiO, 1.2 photocatalysts
showed an acidic character, being the ZPC values equal to 5.10, 5.15 and
5.02 pH unit, respectively (Ganesh et al., 2012). It is worth to underline that
the result obtained for the N-TiO,_x samples could be an indication about
the absence of surface nitrogen groups, which typically induce a basic
character to the surface of TiO, samples modified with nitrogen (Sorrentino
et al., 2001). Figure I1.8 shows the FESEM images of TiO,, Fe-TiO,, N-
TiO,_1.2 and Fe-N-TiO,_1.2 photocatalysts. In particular, from the images it
is possible to observe that all the samples are characterized by a non-uniform
structure of macro aggregates indicating that the doping process does not
influence the photocatalysts morphology.

a) b)

L um 02 Mag= 20.00 KX L pm s Mag= 20.00 KX

[ pm Mag= 20.00 KX

Fe-N-TiO2

Figure 11.8 FESEM images of TiOx(a), N-TiO, 1.2(b), and Fe-N-TiO, 1.2
(c) photocatalysts

11.5.2 Characterization results of tri-doped TiO; photocatalysts

Specific surface area (Sger) of synthesized tri-doped TiO, samples,
calculated by BET method, are reported in Table II.5 and also compared
with Sger of an undoped TiO, sample. The undoped TiO, sample shows Sger
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value of 107 m? g, which is comparable with Sger value of P-N-S/TiO, and
Fe-N-P/TiO; samples, while all the other tri-doped TiO» samples have lower
Sger values. Lower values of Fe-N-S/TiO2, Fe-N-P /TiO2, Fe-Pr-N/TiO2 and
Pr-N-S/TiO2 Sger compared to undoped TiO, may be associated with the
formation of metal oxide clusters which could obstruct structural pores
(Khlyustova et al., 2020) UV-Vis DRS spectra of TiO,, Fe-N-P/TiO,, Fe-N-
S/Ti0,, Fe-Pr-N/Ti0,, Pr-N-S/Ti0, and P-N-S/TiO, samples were reported
in the range 300 — 900 nm (Mancuso et al., 2021a).

0.2

—Tio,
Fe-N-PITiO,
o~ —— Fe-N-SITiO,
[11]
H Fe-N-Pr/TiO
o 0.1+ 2
T —— P-N-S[TiO,
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2.2 2.4 26 2.8 3.0 3.2
E, eV

Figure I1.9 Band gap energies (Ey,) evaluation of all prepared samples.
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The main absorption of the undoped TiO; is located in the UV-A
region and no absorption is detected in the visible region. The Fe-N-
P/TiO,, Fe-N-S-TiO, and Fe-Pr-N-TiO, samples exhibit similar
absorption performances in the range 450-600 nm, probably due to
the presence of dopant elements into TiO, lattice (Cheng et al.,
2012a, Xing et al., 2010). Both Pr-N-S/TiO; and P-N-S/TiO sample
absorption spectra present a shoulder in the visible region. Band gap
energies (Ey) are calculated by Kubelka—Munk function (Figure
11.9) (Alcaraz de la Osa et al., 2020) and the values are shown in
Table I1.5. In detail, the band gap value decreases from 3.2 eV for
undoped TiO; to 2.5-2.8 eV for the tri-doped TiO, samples. These
results demonstrate that the introduction of metallic and non metallic
elements in the TiO, crystal structure can induce the absorbtion of
visible light, due to the decrease of band gap value. WAXD patterns
of the undoped TiO; and tri-doped samples in the 20 range 20-80°
are reported in Figure I1.10.
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Figure 11.10 WAXD patterns of all prepared samples.

Pure TiO; and all tri-doped samples present only the characteristic WAXD
peaks of TiO; anatase phase (Ricci et al., 2013). None of characteristic peaks
of dopant element oxides have been detected in WAXD patterns of all tri-
doped samples, despite this, small quantity of oxides, lower than that
detectable by the WAXD, could be also present. Moreover, a remarkable
shift of (101) reflection to lower 26 angles, with respect to the TiO, WAXD
peak position, was observed in the WAXD pattern of Pr-N-S/TiO, and P-N-
S/TiO; samples. This shift can be explained by the insertion of dopant
elements into semiconductor TiO, crystalline structure resulting to an
increasing of TiO; lattice parameters. It is in fact well known that, the lattice
parameters data (determined by using Scherrer’s equation and the (101)
reflections of WAXD patterns) of undoped and tri-doped TiO» samples are
reported in Table II.5. The crystallite sizes of most of tri-doped samples are
lower than that of TiO,. This result is in agreement with literature results
(Xing et al., 2010, Giannakas et al., 2016, Adyani and Ghorbani, 2017),
which show that the tri-doping process commonly hinders the crystallite
growth. In detail, P-N-S/TiO, and Fe-N-P/TiO, samples exhibit crystallite
size values lower to that of undoped TiO; (9 nm). The lattice parameters
(Table I1.5) of all tri-doped samples undergo an increase with respect to the
value of undoped titania (a=b=3.74 A, ¢=8.68 A), which could be attributed
to the difference between the radius of dopant elements and those of the host
semiconductor atoms (Akshay et al., 2018).
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Table II. 5 Crystallite size, lattice parameters, specific surface area and

band gap data of all prepared photocatalysts.
Lattice (A)

Sample Crystallite size (nm) parzr_n;ter . (i‘;z) (E{’}’)
TiO, 9 3.74 8.68 107 32
Fe-N-P/TiO, 8 3.80 10.00 105 2.8
Fe-N-S/TiO, 9 3.79 9.40 81 2.65
Fe-N-Pr/TiO, 10 3.81 9.92 91 2.73
P-N-S/TiO, 8 3.80 10.09 109 2.55
Pr-N-S /TiO, 9 3.81 9.86 85 2.5

The Raman bands at 144, 197, 399, 516, and 639 cm™' were observed for
undoped TiO: and tri-doped TiO, samples confirming the presence of anatase
crystalline phase in all the prepared samples (Mancuso et al., 2021a). It is
worth noting that the most intense Raman band at 144 cm™ of undoped TiO,
was slightly shifted (blue shift) after the doping process. This experimental
evidence could be related to the disorder in the TiO, lattice due to the
incorporation of dopant elements that generate defects (such as oxygen
vacancies in anatase structure) (Akshay et al., 2018).

Figure II.11 shows the FTIR absorbance spectra of all tri-doped TiO;
samples.

The IR band-at about 3400 cm™' is due to the O—H stretching vibration, and
the band at 1630 cm™' corresponds to the H-O—H bending vibration of
adsorbed water on the photocatalysts surface (Ramandi et al., 2017, Wang et
al., 2001) The low-frequency broad band in the range 400-900 c¢m™!
corresponds to the Ti-O-Ti vibrational mode (Wang et al., 2001). It is worth
to observe that all tri-doped TiO, samples show different shape of low
frequency band together with a little shift of the position to lower
wavenumbers that could be an indication of structure defects (Gaur et al.,
2019). Consistent with WAXD results and according to studies already
reported in the literature (Gaur et al., 2019, Ramandi et al., 2017, Wang et
al., 2001), the observed band shift should be related to the introduction of
dopant species into the TiO, framework. Figure II.12 reports
photoluminescence spectra (PL), acquired at room temperature in the
emission range 325-500 nm, of all the samples, by using an excitation
wavelength of 280 nm. All samples evidence a strong emission peak at ca
380 nm, due to the electron—hole pairs recombination. The intensity of this
band, together with intensity of the entire emission spectrum, is instead
reduced in all tri-doped TiO; samples. Indetail, the intensity of the 380 nm
PL peak decreases in the following order: TiO>>Fe-N-S/TiO,>Fe-N-
Pr/TiO>>P-N-Pr/TiO>> Pr-N-S/TiO>Fe-N-P/TiO,.  As it is generally
accepted that a low PL intensity indicates a lower -electrons-holes
recombination rate and longer duration of photogenerated carries (Jiang et
al., 2012) the result of Figure II.12 suggests that for tri-doped TiO, a
photogenerated gap separation higher than in undoped TiO; is expected.
Taking in mind that generally PL intensity is directly related with the
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recombination of electrons and holes and lower PL intensity indicates a
lower recombination rate as well as higher lifespan of photogenerated
carries, this result is expected. The observed lower PL band intensity in tri-
doped TiO, with respect to undoped TiO, should be related to a better
separation of photogenerated electron-hole in the doped samples.
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Figure I1.11 Fourier-transform infrared (FTIR) spectra of all prepared
samples
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Figure 11.12 Photoluminescence (PL) spectra of all the prepared samples.
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I1.6 Photocatalytic activity results

11.6.1 Photodegradation of Acid Orange 7 with codoped TiO;

Pphotocatalysts

11.6.1.1 Fe-N codoped TiO:: formulation effect

The visible light driven degradation of AO7 was investigated for all
prepared photocatalysts. Figure I1.13 reports the AO7 relative concentration
as a function of irradiation time showing the influence of the amount of urea
in N-TiO,_x in the photocatalytic discoloration efficiency.
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Figure I1.13 Photocatalytic discoloration of TiO:, N-TiO: 0.3, N-TiO, 0.6,
N-TiO: 1.2, N-TiO; 2.4 photocatalysts under visible light irradiation

The AO7 relative concentration did not change under visible irradiation for
60 minutes in the absence of photocatalyst, indicating that the photolysis
effect is negligible. In the presence of the photocatalysts, the AO7 relative
concentration progressively decreased. In detail, after 60 minutes AO7
discoloration efficiency was equal to about 10% with undoped TiO, All N-
TiO, x samples were more active than undoped TiO, under visible light
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irradiation: the increase in the amount of urea from 0.3 to 1.2 g in the
preparation causes an increase of photocatalytic activity. A further increase
in the urea content shows a worsening of the photocatalytic performance.
The optimal colour removal efficiency (about 62%) was obtained using the
photocatalyst prepared with a urea amount equal to 1.2 g (N-TiO,_1.2). The
influence of N presence and its content on photocatalytic activity of N-doped
Ti0; is widely reported in literature (Kim et al., 2018, Qin et al., 2008, Sacco
et al., 2018a, Sacco et al., 2015, Vaiano et al., 2015b, Cheng et al., 2016,
Reda et al., 2017, Wojtaszek et al, 2019). It is reported that the
incorporation of N in the TiO; structure induces the formation of an N 2p
band above the original O 2p valance band leading to the band gap decrease
and enhancing the photocatalytic activity under visible light (Kim et al.,
2018, Vaiano et al., 2015a). On the other hand, the existence of an optimal N
content can be explained considering that the oxygen sites of TiO, can be
partially replaced with nitrogen ions (Shin et al., 1991) inducing oxygen
vacancies and, as a consequence, the amount of Ti*" increases with the
increase of N content (Haoli et al., 2007, Qin et al., 2008). Both oxygen
vacancies and Ti*" species acted as hole traps, inhibiting the recombination
of electron-hole pairs and, therefore, improving the photocatalytic activity
under visible light (Linsebiger et al., 1995). However, when the
concentration of N in N-doped TiO, is excessively high, the recombination
of the photogenerated electron-hole pairs became easier (Li et al., 2004)
since the excessive amount of oxygen vacancies and Ti*" species act as
recombination centres for electron-hole pairs (Haoli et al., 2007, Qin et al.,
2008). The previous observations can explain why the AO7 discoloration
efficiency becomes lower when the N content was higher than the optimal
amount (1.2 g).

Fe-TiO, sample was much more active than undoped TiO; under visible
light. From Figure II.14, it is also possible to notice a substantial
enhancement of the photocatalytic performances for Fe-TiO, sample with a
discoloration efficiency of about 80%, compared to 62 % achieved using N-
TiO_1.2 photocatalyst.
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Figure I1.14 Photocatalytic discoloration of TiO:, N-TiO; 1.2, Fe-TiO; and
Fe-N-TiO; 1.2 photocatalysts under visible light irradiation.

A further increase in visible light driven AO7 discoloration was obtained
using Fe-N codoped TiO: prepared with the optimal amount of urea, as
assessed from the photocatalytic tests carried out on N-TiO; x
photocatalysts. In particular, after 60 minutes of irradiation time, the relative
AQ7 concentration for Fe-N-TiO;_1.2 photocatalyst was lower than Fe-TiO»
and N-TiO,_1.2 photocatalysts, reaching a discoloration efficiency of about
90%. The higher photocatalytic activity of Fe-TiO, with respect to undoped
TiO; should be due to the substitution of Ti*" ions with Fe**, which acts as
electron acceptors promoting the charge separation of photo-generated
electrons and holes and yielding more hydroxyl radicals on the surface of the
oxide lattice, as reported in literature (Delekar et al., 2012, Zhang et al.,
2011b). Additionally, Fe-TiO, showed a higher Sger and a lower Ey, with
respect to N-TiO,_1.2 (Table I1.3), justifying the better performances of Fe-
TiO, photocatalyst under visible light. On the other hand, the enhanced
photocatalytic activity by modification of the TiO, structure with N and Fe
may be associated with the simultaneous action of Fe** (previously
underlined) and N anions, which are able to replace the oxygen sites of TiO-
lattice, generating Ti*" sites and oxygen vacancies (Ramalingam et al.,
2017). At the same time, despite Fe-N-TiO, 1.2 sample presented a Sggr
slightly lower than Fe-TiO,, the codoped photocatalyst displayed a lower
Ebg value (Table I1.3). Therefore, it is not surprising that Fe-N-TiO, 1.2
showed the best photocatalytic activity under visible light irradiation. It is
worthwhile to note that, with Fe-N-TiO,_1.2 sample, about 90 % of AO7
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discoloration was achieved in a very short time (60 minutes), if compared to
the treatment time reported in several papers, about the AO7 degradation
under visible light using also different photocatalyst formulations (,Wu et al.,
2010b, Wu et al., 2010a, Ji et al., 2012).

The TOC of solutions was measured after 60 minutes of visible light
irradiation to assess the mineralization performances of the photocatalysts
(Mancuso et al., 2020a).

The highest mineralization efficiency (55 %) was observed for the N-
TiO,_1.2 sample, confirming that 1.2 g of urea was the optimal value also
for the mineralization of the target pollutant.

TOC removal of Fe-N-TiO,_1.2 photocatalyst was found to be equal to 83
%. The codoped sample (Fe-N-TiO,_1.2) was certainly more efficient than
the undoped titania (5 %), but it also showed a better efficiency in the AO7
mineralization compared to N-TiO,_1.2 (55 %) and Fe-TiO» (73 %) samples.
So, it is worthwhile to note that discoloration and mineralization occurs
simultaneously under visible light irradiation of N-doped and Fe-N codoped
photocatalysts.

11.6.1.2 Kinetics evaluation of AO7 discoloration and mineralization using
Fe-N codoped TiO;

The apparent kinetic constant for AO7 discoloration and
mineralization was evaluated in order to better evidence the influence of co-
doping on photocatalytic performances It was considered that AO7
photodegradation reaction follows a pseudo first-order kinetic, as reported in
literature (Li et al., 2016, Wu et al., 2010a, Omrania et al., 2019). The
photocatalytic degradation rate (r) depends on AO7 concentration or TOC in
aqueous solution according to the following relationship:

r=k-s (32)

Where:

s = concentration of AO7 (mg L) or TOC (mg. L);

k = apparent kinetic constant (min™').

Integrating the mass balance (eq. 32) equation between the initial time
(t=0) and a generic irradiation time t, it is possible to obtain the equation
eq.33

ds
R 33
it s (33)
—In (ij =k-t

%o (34)
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The values of the apparent kinetic constant k are calculated by plotting

—In (iJ as a function of the irradiation time (t).
So

The obtained values (kg for discoloration and kmin for mineralization) are

reported in Figure II.15 for the TiO,, N-TiO, 1.2, Fe-TiO, and Fe-N-

TiO,_1.2 samples.
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Figure I1.15 Apparent kinetics constant for AO7 discoloration (kae.) and
mineralization (ki) using TiO,, N-TiO; 1.2, Fe-TiO: and Fe-N-TiO; 1.2
photocatalysts.

The overall rate constants for AO7 discoloration were given in the following
order:

Kdee FeN-Ti02 12> Kdee Fe-Tio2™ Kdee N-Ti02 12> Kaee N-Tio2 x>Kdee Tio2, Indicating the
faster AO7 discoloration and therefore the higher photocatalytic activity for
Fe-N-TiO;_1.2 photocatalyst.

The mineralization rate constants also increased in the following order:

Kmin Fe-N-Tio2 12 > Kmin Fe-Tio2 > Kmin N-Tio2 12 > Kdee N-Ti02 x >Kminio2, thus
proving that also the AO7 mineralization with Fe-N-TiO, 1.2 photocatalyst
is faster than that with undoped TiO,, N-TiO, 1.2 and Fe-TiO;
photocatalysts. In order to compare the system under investigation (Fe-N-
TiO,_1.2) with the literature dealing with the Fe-N doped TiO, formulation,
the electric energy consumption (Ego) was estimated. It is recognized that
Ero (given in kWh in European Countries) represents a scale-up parameter
required to remove a pollutant by one order of magnitude (90%) in 1 m? of
polluted water (YASAR and YOUSAF, 2012). The Egpo values were
calculated using the following proposed equation eq.35 (Azbar et al., 2004,
Vaiano et al., 2019):
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P-1-1000

V-60-ln[c‘)]
o

P =nominal power of the light source (kW);
t =irradiation time (minutes);

V' =solution volume (L);

C, =A07 initial concentration (mg L);
Cy=A0T7 final concentration (mg L™).

EE/O = (35)

Where:

The Ego values confirm that the electric energy consumption for the AO7
degradation by Fe-N-TiO, 1.2 photocatalyst under investigation is
drastically less than Ego data related to the removal of water pollutants
under visible light with similar photocatalysts (Mancuso et al., 2020a)

11.6.1.3 Fe-Pr codoped TiO:: formulation effect

All prepared photocatalysts were tested in the photocatalytic
degradation of AO7 solution under visible light irradiation. Figure II.16
shows the behavior of dye relative concentration as function of irradiation
time, proving the influence of the praseodymium nitrate amount in Fe-Pr(x)-
TiO, samples on the photocatalytic discoloration efficiency.
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Figure I1.16 Photocatalytic AO7 discoloration using TiO;, Fe-TiO>, Pr(8.5)-
TiOy, Fe-Pr(4)-TiO; Fe-Pr(8.5)-TiO: Fe-Pr(12.5)-TiO: and Fe-Pr(17)-TiO:
photocatalysts under visible light irradiation.

It was possible to observe a progressive decrease of the AO7 relative
concentration for all the tested photocatalysts. In detail, after 60 min the
AQ7 discoloration efficiency was equal to about 10% with undoped TiO».
Pr(8.5)-TiO2 sample was more efficient in the color removal compared to
undoped TiO, and, moreover, it showed a discoloration efficiency (about
53%) similar to Fe-Pr(4)-TiO, photocatalyst. Fe-TiO, sample was much
more active than undoped TiO. under visible light. In particular, a
considerable enhancement of the photocatalytic performances for Fe-TiO;
sample with a discoloration efficiency of about 80% was achieved. The
higher photocatalytic activity of Fe-TiO, with respect to undoped TiO, can
be explained according to the fact that the TiO, doping with the iron allows a
better use of visible light (as evidenced by its Epg value reported in Table
I1.3) ensuring the separation of produced positive holes and electrons and
then limiting their recombination rate (Delekar et al., 2012, Zhang et al.,
2011b), as also confirmed by PL spectrum. All Fe-Pr(x)-TiO, photocatalysts
were largely more active than undoped TiO, under visible light irradiation
and, in particular, during the overall irradiation time, the relative AO7
concentration for Fe-Pr-(8.5)-TiO» photocatalyst was lower than that one
observed for Fe-TiO,, Pr-(8.5)-TiO,, Fe-Pr-(4)-TiO,, Fe-Pr-(12.5)-TiO, and
Fe-Pr-(17)-TiO,. Therefore, the optimal colour removal efficiency (about
87%) was reached using Fe-Pr(8.5)-TiO, photocatalyst. The increase in

74



Experimental results: photocatalytic degradation of water pollutants under visible light

visible light driven AO7 discoloration obtained using Fe-Pr codoped TiO;
prepared with the optimal amount of praseodymium nitrate (8.5 mg) can be
justified by a possible synergistic action when both Fe and Pr ions are both
into the TiO, crystal lattice. In particular, the introduction of Fe** ions in
interstitial or more probably in substitional sites of the TiO, lattice can
produce defect states which allow the addition the new donor levels in the
electronic structure of TiO,, also leading an enhanced visible light
absorption, as observed from UV-vis DRS results (Figure 11.4). In addition,
as pointed above, Fe dopant elements can also trap charge carriers and
inhibit the electron-positive hole recombination (Khan and Swati, 2016). On
the other hand, Pr*" ions can replace Ti*" ions causing localized charge
perturbation and the formation of oxygen vacancies (as evidenced by PL
spectra reported in Figure I1.7) that work as electron scavengers and may
react with the superoxide species to prevent the positive holes-electrons
recombination, thus increasing photo-oxidation efficiency (Burns et al.,
2001). In addition, Fe-Pr(8.5)-TiO, photocatalyst showed the lowest Epg
value (2.7 eV). These observations can justify the enhanced photocatalytic
activity of Fe-Pr(8.5)-TiO, compared to Fe-TiO, and Pr(8.5)-TiO, under
visible light. However, an increase in the praseodymium nitrate content
above 8.5 mg induced a lower AO7 photocatalytic discoloration efficiency
because the charge carriers recombination is favored due to the excessive
amount of oxygen vacancies (Reszczynska et al., 2014, Shi et al., 2012), as it
was observed by photoluminescence spectra for the Fe-Pr(12.5)-TiO, and
Fe-Pr(17)-TiO; in which their PL intensity decreased (Figure I1.7) and also
by their lower optical absorption noted by UV-Vis DRS measurements
(Figure I1.4). In addition, the decrease of TOC solutions was measured in
order to characterize the mineralization performance of the tested
photocatalysts. TOC removal efficiency after 60 min of treatment time for
Pr(8.5)-TiO, sample was about 45% which is higher than that of undoped
titania (5%) and similar to that achieved with Fe-Pr(4)-TiO,. Instead, Fe-
Pr(8.5)-TiO, photocatalyst showed the highest TOC removal (80%).
Moreover, for Fe-Pr(12.5)-TiO, and Fe-Pr(17)-TiO,, a little decrease in the
mineralization efficiency was noted up to 72 % and 70%, respectively. These
results confirm that Fe-Pr(8.5)-TiO, was the optimal codoped phtotocatalyst
for the mineralization of the target pollutant (Mancuso et al., 2021b). The
value of the kinetic constant k is found by the slope of the straight line
obtained by plotting vs the irradiation time (t). The obtained k values (kdec
for discoloration and kmin for mineralization) are reported in Figure I1.17
for the TiO,, Fe-TiO,, Pr(8.5)-TiO, and Fe-Pr(x)-TiO, samples.
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Figure 11.17 Apparent kinetics constant for AO7 discoloration (kae.) and
mineralization (ki) using TiO., Fe-TiO> and Pr(8.5)-TiO>, Fe-Pr(4)-TiO:
Fe-Pr(8.5)-TiO; Fe-Pr(12.5)-TiO; and Fe-Pr(17)-TiO: photocatalysts.

The overall rate constants for AO7 discoloration were given in the following
order:

KadecFe-pr(8.5)-Tio2>KdecFe-Pr(12.5)-Ti02>KdecFe-Ti02™> KdecFe-Pr(17)-Ti02>KdecPr(8.5)-Tio2>KadecFe-
pr(4)-Tio2>KdecTioz, indicating the faster AO7 discoloration and therefore the
higher photocatalytic activity for Fe-Pr(8.5)-TiO, photocatalyst.

The mineralization rate constants also increased in the following order:

KminFe-pr(8.5)-Ti02>KminFe-Tio2=KminFe-pr(12.5)-Ti02>KminFe-pr(17)-Ti02> KminFe-Pr(4)-
Ti02=Kminpr(8.5)-Ti02>Kmintio2,  thus demonstrating that also the AO7
mineralization with Fe-Pr(8.5)-TiO, photocatalyst is faster compared to the
other tested photocatalysts.

Furthermore, the photocatalytic performances of Fe-Pr(8.5)-TiO, were
compared with several data of literature literature papers dealing with
different TiO, materials codoped with iron and RE elements and with TiO,
formulations tri-doped with iron, RE elements and non-metal elements
available in the literature and studied for the degradation of several organic
dyes (Mancuso et al., 2021b). The data reported by Mancuso et al. (Mancuso
et al., 2021b) confirm the superior performances of the Fe-Pr-TiO; optimized
in this work with respect to Fe-Ce-TiO; (Shi et al., 2012) Fe-Er-TiO> (Hou et
al., 2012) and Fe-La-TiO, (Wang et al., 2011) Photocatalytic degradation
efficiency similar to Fe-Pr(8.5)-TiO, was observed for Fe-Ce-TiO; (Jaimy et
al.,, 2012) and Fe-Ce-N-TiO, (Wang et al., 2013). However, for these
photocatalyst formulations, an irradiation time significantly higher than 60
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min is necessary. Finally, only Fe-Gd-N-TiO, exhibited a degradation
efficiency of about 97% (Li et al., 2020b), but only after 180 min of visible
light irradiation.

11.6.1.4 Possible role of reactive oxygen species towards the AO7
discoloration under visible light

The possible role of reactive oxygen species (ROS), such as hydroxyl
radicals, superoxide and positive holes has been investigated during the AO7
photocatalytic discoloration process using Fe-N-TiO, 1.2. Fe-Pr(8.5)-TiO;
photocatalyst was also used to understand the possible photocatalytic
mechanism of AO7 discoloration. The scavenger probe molecules were:
isopropanol (IPA, 10 mmol L) for hydroxyl radicals (Zhang et al., 2018a),
benzoquinone (BQ, 1 umol L) for superoxide (Zhang et al., 2017) and
disodium ethylenediamine tetra-acetate (EDTA, 10 mmol L) for positive
holes. Figure I1.18 shows the effects of the scavengers presence on
photocatalytic performances.
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Figure 11.18 Effects of different scavengers on AO7 photodegradation using

Fe-N-TiO; 1.2 photocatalyst under visible light irradiation a) using Fe-
Pr(8.5)-TiO: b).
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In general, it can be seen as the addition of IPA, BQ and EDTA influenced
the AO7 discoloration rate. In particular, it was found that the IPA
presence slightly decreased the AO7 discoloration efficiency while, the
addition of BQ and EDTA completely inhibited the photocatalytic process
either with Fe-N-TiO, 1.2 or Fe-Pr(8.5)-TiO,. These results demonstrate
that the main reactive oxygen species involved in the AO7 discoloration
mechanism were represented by superoxide and positive holes. They are
consistent with the literature reporting the role of ROS on visible light
driven photodegradation of AO7 (Stylidi et al., 2004).

11.6.2Photodegradation of Thiacloprid with tri-doped TiO; photocatalysts

The photocatalytic degradation of THI in aqueous solution under UV
and visible light irradiation was evaluated for all the doped photocatalysts
and compared with bare TiO,. Figure I1.19 reports the THI relative
concentration as a function of irradiation time for all the tested
photocatalysts in presence of UV-A, visible and direct solar light.
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Figure I1.19 Photocatalytic degradation of THI under UV-A a), visible b)
and direct solar light irradiation c).

A progressive decrease of the THI concentration was observed in the
presence of all the doped photocatalysts under UV, visible light and direct
solar light irradiation, evidencing that the doping of TiO, is able to increase
the photocatalytic activity. The Fe-N-P tri-doped TiO, sample exhibits the
highest photodegradation degree (64% under UV-A light, 29% under visible
light and 73% under solar light) among all the samples, indicating that Fe, N
and P tri-doping comes possibly into a synergistic effect, resulting in a
catalyst with superior performances than other doped one.

Considering that P-N-S/TiO, and Fe-N-P/TiO, samples showed a
comparable Sger value and despite P-N-S/TiO, photocatalyst have an Ep,
lower than that of Fe-N-P/TiO, (Table I1.5), the highest photoactivity of such
sample is possibly linked to a recombination rate of photogenerated electron-
hole lower than the other tested samples (as shown by PL results). Keeping
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in mind that, to our knowledge, no articles have been reported in the
literature so far dealing with the use of the TiO» tri-doped sample for THI
removal under direct sunlight, these results are quite exciting. It is worth
underling that the optimized Fe-N-P/TiO, catalyst showed a superior
photocatalytic activity, especially under UV irradiation and sunlight using a
pollutant concentration and catalyst dosage very low if compared with data
reported in the literature (Mancuso et al., 2021a). Moreover, Fe-N-P/Ti0,
sample evidenced a visible light activity very similar to a catalyst based on a
noble metal (e.g. AgzPO4) (Lee et al., 2020). The degradation mechanism of
THI is mainly driven by *OH radicals and holes. Indeed, it is reported by
Berberidou et al. and Zhong et al. (Berberidou et al., 2019, Zhong et al.,
2020) that THI photodegradation mechanism proceeds via three different
decomposition pathways because of non-selective attach by *OH radicals.
During the photocatalytic reaction, the main by-products are formed by
hydroxylation/oxidation reactions of the THI molecules and of the portions
of the molecule resulting from the detachment of the (thiazolidin-2-ylidene)
cyanamide group and/or the 2-chloro-5-methylpyridine group.

11.6.2.1 Kinetics evaluation of THI degradation

The apparent kinetic constant for THI degradation was calculated to
underline the influence of doping elements on photocatalytic activity. It was
assumed that the photocatalytic degradation rate depends on THI
concentration in aqueous solution according to the pseudo first order
kinetics.

The values of the apparent kinetic constant k are calculated by plotting

—In (Ej as a function of the irradiation time (t). The obtained values (kuv,
0

kvis and kolar for THI degradation) are reported in Table I1.6 for the TiO», Fe-

N-P/TiO,, Fe-N-S/TiO;, Fe-Pr-N/TiO,, P-N-S/TiO, and Pr-N-S/TiO;

samples.

Table II. 6 Apparent kinetic constant for TiO,, Fe-N-P/TiO;, Fe-N-S/TiO;,
Fe-N-Pr/TiO;, P-N-S/TiO; and Pr-N-S /TiO; samples.

Sample kyy (min™h) Kkvis (min™) Ksolar (min!)
TiO, 1.7-103 7.58-10° 1.8-103
Fe-N-P/TiO, 6.0-10° 2.1-10° 7.2-10°
Fe-N-S/TiO, 2.2:10° 7.88-10* 3.9-10°
Fe-N-Pr/TiO, 4.9-10° 1.5-103 5.5-10°
P-N-S/TiO, 2.5-10° 1.0-103 4.8-10°
Pr-N-S /TiO, 2.8-10° 2.02-10% 29107
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As it is possible to note, the Fe-N-P/TiO, photocatalyst showed the
highest apparent kinetic constant values (kuy = 6.0-10° min!, kyie 2.1-103
min! Ksolar=7.2-10° min™" ) among all the analyzed samples.
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II1. Experimental results:

photocatalytic degradation of

water pollutants using

photocatalysts coupled with
p-CD

Cyclodextrins can be used to support the photocatalysis reaction with
TiO, semiconductor to remove pollutants (dyes, active ingredients of drugs,
etc.) from wastewater. The photocatalytic efficiency of the TiO;
semiconductor can also be limited by large electron-hole recombination
rates, which would hinder the transfer of photogenerated charges to the
catalyst surface (Qian et al., 2019, Dong et al., 2015). B-CD can stabilize
TiO; colloids and facilitate the interfacial electron transfer process. It plays a
role as an electron donor and can fill the "holes" when connected to TiO,
colloids, creating a restricted recombination of the "charge-holes" with a
consequent improvement in photocatalytic efficiency. For this purpose, the
four chapter reports the production of photocatalytic TiO./B-CD hybrid
systems by supercritical technique to be used in the removal of water
pollutants. The goal was to micronize the cyclodextrins, thus increasing their
dissolution rate and improving contact between cyclodextrin and
photocatalyst, in order to degrade the pollutant more efficiently.
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I11.1 Synthesis of hybrid photocatalyst particles

B-CD particles were produced through the SAS process. The core of the
process is the precipitation chamber (PC), a cylindrical vessel with an
internal volume equal to 500 ¢cm?®. Two high-pressure pumps, P1 and P2,

allow feeding the CO, (antisolvent) from tank V1 and the liquid solution
(DMSO + B-CD) contained in a burette (V2). In particular, the liquid
solution is injected into the precipitation chamber through a stainless-steel
nozzle. The CO; is pre-cooled through a refrigerating bath (RB) and then
delivered to the chamber. The pressure in the PC is regulated by a
micrometering valve (MV) and measured by a test gauge manometer (M).
The operating temperature inside the chamber is ensured by a proportional
integral derivative (PID) controller connected with heating bands. A steel
filter, characterized by pores with a diameter of 0.1 pm, is located at the
bottom of the PC to collect the precipitated powders and permit the CO,-
solvent mixture to pass through. Then, the liquid solvent is recovered in a
second collection vessel (LS), whose pressure (approximately 24 bar) is
regulated by a back-pressure valve (BPV). The flow rate of CO; and its total
quantity delivered are measured by a rotameter (R). The laboratory plant is
sketched in Figure III.1.

V2

DMSO+p-CD i‘— g.\l

4

PC

RB

—pe—fies -3

DMSO

Vi

Figure II1.1 Schematic representation of SAS apparatus; V1: CO; vessel,
V2: liquid solution vessel, P1, P2: pumps, RB: refrigerating bath, PC:
precipitation chamber, M: manometer, MV: micrometric valve, LS: liquid
separator, BPV: back pressure valve, R: rotameter
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A typical SAS experiment begins by sending the CO; to the precipitation
chamber until the desired pressure and temperature are reached. After, the
pure solvent is injected through the nozzle up until a quasi-steady state
composition of solvent and antisolvent is achieved within the chamber.
Finally, the liquid solution containing the solute to be micronized is fed
through the nozzle, leading to the precipitation of the solute. At the end of
the solution injection, CO, continues to flow to remove the solvent residues
completely. After this washing step, the CO, pumping is stopped, and the
precipitation chamber is slowly depressurized up to the atmospheric
pressure. In detail, selecting dimethylsulfoxide (DMSO) as the liquid
solvent, SAS experiments were performed using a flow rate of the liquid
solution and CO; equal to 1 mL/ min and 30 g/ min, respectively (Yadav et
al., 2021).

In addition, all SAS experiments were performed under the following
operating conditions: injector diameter equal to 100 um, a temperature of 40
°C, a pressure of 150 bar, and a variable solute concentration: 30 mg/mL, 50
mg/mL, 70 mg/mL and 100 mg/mL. In general, the first step is preparing the
solution to be injected: a fixed amount of commercial cyclodextrins was
dissolved in 40 mL of DMSO, to have the desired concentration every time.
At the end of a SAS experiment, the powder is recovered in the precipitator,
whereas DMSO is extracted by scCO,. The samples are named -CD SASx,
where x is the solute concentration. Thus, the precipitated powders are
collected and characterized. After the micronization of B-CD SASx, a
suspension containing 4 g/ L of PC500 and 3.4 g/ Lof B-CD was mixed for 3
hours to obtain the hybrid photocatalysts. The adsorption of 3-CD on titania
is dependent on the pH value of the suspension, and there is a higher
adsorption efficiency at pH values between 5 and 7; consequently, a solution
with a known concentration of NaOH has been added inside the suspension
to obtain the desired pH (Lu et al., 2004). After the agitation period, the
suspension was centrifuged and the solid phase was thoroughly washed
twice with distilled water. The collected final samples were dried at room
temperature for 24 hours and named PC500/unprocessed B-CD, PC500/f-
CD SAS30, PC500/p-CD SAS50, PC500/B-CD SAS70, PC500/B-CD
SAS100.
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I11.2 Experimental Results

1I1.2.1 Characterization of f-CD

To characterize the samples studied in this section the following
techniques were used:

A field emission scanning electron microscopy (FESEM)

UV-vis reflectance spectroscopy (UV-vis DRS);

Raman spectroscopy;

Fourier Transform Infrared (FTIR) spectroscopy;

N adsorption at -196 °C to obtain specific surface area and porosity
characteristics.

111.2.1.1 A field emission scanning electron microscopy (FESEM)

The B-CD precipitated with the SAS technique were analyzed with the
field emission scanning electron microscope (FESEM mod. LEO 1525, Carl
Zeiss SMT AG, Oberkochen, Germany) that was used to observe the
morphology of powders previously dispersed on a carbon tab (Agar
Scientific, Stansted, United Kingdom) and then coated with gold-palladium
(layer thickness 250 A) using a sputter coater (mod. 108 A, Agar Scientific).
The mean diameters and the particle size distributions (PSDs) of the
micronized f-CDs were measured using the Sigma Scan Pro image analysis
software (v5.0, Aspire Software International, Ashburn, VA, USA),
considering approximately 1000 particles. Instead, PSDs of the
photocatalysts were measured by dynamic light scattering (DLS, mod.
Mastersizer S, Malvern Instruments Ltd., Worcestershire, UK). Analyses
were performed using several milligrams of each sample (corresponding to
more than one million particles). Size evaluation analyses were performed in
triplicate. From the FESEM images reported in Figure I11.2, it is possible to
observe the morphological aspect of the samples and compare it with the
unprocessed B-CD (Figure II1.2a). The images of the micronized powders
reported in Figures II1.2a have been taken at the same enlargement, and are
representative of the different morphologies among the unprocessed p-CD
and the B-CD SASS50. In particular, it is possible to observe how the particle
morphology changes considerably following the micronization tests and how
the morphology changes with the amount of solute concentration equal to 50
mg/mL.
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Figure I11.2 FESEM of unprocessed -CD (a), f-CD SAS50(b).

The diameters of the particles obtained were calculated through the image
analysis software Sigma Scan Pro. Table III.1 shows, for all the investigated
concentrations, the morphology of the obtained particles, the mean diameter
(md), and the standard deviation (sd) of the particles. In particular, it was
evaluated the effect of the concentration of the liquid solution on particle
morphology, fixing the pressure at 150 bar and the temperature at 40 °C and
varying the concentration of the liquid solution from 30 to 100 mg/mL in
DMSO (as it is possible to see in Table III.1). B-CD precipitated in the form
of sub-microparticles for a solute concentration of up to 50 mg/mL. In
contrast, microparticles ranging from 0.2 to 0.4 pm were obtained at 70 and
100 mg/mL. Therefore, increasing the concentration of the liquid solution,
an increase in the average particle size was obtained.

Table IIL.1 Summary of micronization experiments (SMP: sub-
microparticles;, MP: microparticles;, md: mean diameter; sd: standard
deviation).

Concentration of

Sample B-CDx [mg/ mL] Morphology md+ sd [um]
B-CD SAS30 30 SMP 0.27+0.27
B-CD SAS50 50 SMP 0.25+0.35
3-CD SAS70 70 MP 0.41+0.36
3-CD SAS100 100 MP 0.39+0.41
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Unprocessed B-CD and SAS micronized powders were used to prepare the
photocatalytic particles. A summary of the prepared samples is reported in
Table II1.2 with the indication of the morphology, mean diameter (md),

standard deviation (sd) of particles (obtained by dynamic light scattering
analysis), specific surface area Sger and band-gap energy values.

Table IIL. 2 Summary of the experimental results (MP. microparticles; md.:
mean diameter; sd: standard deviation).

Sample Morphology Hﬁilijd [rsnlé?;] [S€§]
PC500 MP 1.75+0.09 226 3.2

Pes OO/E_“&;OCGSS“ MP 3.52:0.17 215 32
PC500/B-CD SAS30 MP 1.9440.13 196 3.22
PC500/p-CD SASS0 MP 1.594+0.16 195 3.22
PC500/p-CD SAS70 MP 2.06+0.17 200 3.22
PC500/-CD SAS100 MP 2.114+0.18 210 3.25

DLS analysis showed that the presence of micronized B-CD SASx allows a
lower aggregation of PC500/B-CD SASx particles. FESEM images of the
different samples are reported in Figure II1.3. It is possible to observe that,
when mixed with unprocessed B-CD, TiO, particles are present as
agglomerates on the surface of large-sized crystals, while in the case of
PC500/B-CD SASS50, TiO, particles are more uniformly distributed
according to the size of SAS micronized samples. A similar result was
obtained for the other PC500/B-CD SASx samples.
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Figure I11. 3 FESEM images of TiO; PC500 (a), hybrid PC500/unprocessed
S-CD (b) PC500/5-CD SAS50(c).

111.2.1.2 Fourier transform infrared (FT-IR) spectroscopy

FT-IR results of the synthesized photocatalysts were obtained via M2000
FT-IR (MIDAC Co, Costa Mesa, CA, USA) at a resolution of 0.5 cm™ with
the scan wavenumber range was 4000-1000 cm™! (Figure 111.4). The FT-IR
spectra of the hybrid PC500/B-CD SASx particles were studied using the
spectra of commercial titania PC500 and unprocessed B-CD as references
(Figure II1.4a). For the spectrum of PC500, the signals at around 1380 cm™
and 1630 cm™! can be attributed, respectively, to Ti-O modes and bending
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modes of Ti-OH (Leon et al., 2017). The broad band at about 3500 cm™' can
be attributed to the stretching vibration of the hydroxyl group O-H due to

water molecules adsorbed on TiO, surface (Ledn et al., 2017). For the
spectrum of unprocessed B-CD, the signal at 1030 cm' is related to the
vibrational modes of the -C—O—C— groups, while the peak at 1160 cm™' is
associated with C-O stretching vibration. The bands at about 2927 cm™! and
3420 cm™' can be attributed, respectively, to the C—H stretching vibration
and O-H group (lacovino et al., 2013, Lopes Colpani et al., 2018). Figure
44b shows that, for all the hybrid photocatalysts, the band's intensity at
around 1380 cm ! disappeared and new signals appeared after the
combination between PC500 with both unprocessed B-CD and p-CD SASx,
indicating a possible interaction between -CD molecules and the hydroxyl
of Ti-OH functional group. Indeed, on the spectra of hybrid photocatalysts
(Figure I11.4b), new signals at 1030, 1078, and about 1153 cm™ appear. In
detail, the band at 1153 cm ™! is assigned to C—O—C (glycosidic) stretch while
the signals at around 1030 and 1078 cm™! are both linked to coupled C—C
stretch/C—O stretch vibrations (Zhang et al., 2011c) .
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Figure 111.4 Comparison between FT-IR spectra of the examined
photocatalysts (a) and between FT-IR spectra of the examined
photocatalysts in the range 1000-1500 cm™ (b).

111.2.1.3 UV-vis diffuse reflectance (UV-Vis DRS)

UV-Vis reflectance spectra (UV-Vis DRS) of catalysts were recorded by
a Perkin-Elmer spectrometer Lambda 35 using a RSA-PE-20 reflectance
spectroscopy accessory (Labsphere Inc., North Sutton, NH). All spectra were
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obtained using an 88 sample positioning holder, giving total reflectance
relative to a calibrated standard SRS-010-99 (Labsphere Inc., North Sutton,
NH). The reflectance data were reported as the F(R.) value from Kubelka-
Munk theory vs the wavelength. Band gap determinations were made by
plotting [F(Rx)-hv]? vs hv (eV) and calculating the x intercept of a line
passing through 0.5 < F(R.) < 0.8.

The main absorption edge of commercial titania PC500 lies in the range
of 390400 nm (UV region) (Mottola et al., 2022). All PC500/B-CD samples
did not show substantial differences in the absorption properties, also
confirmed by the calculation of band gap values using UV-vis DRS
measurements and reported in Table I11.2.

111.2.1.4 Wide-angle ray diffraction (WAXD) spectra

Wide-angle X-ray diffraction (WAXD) patterns were performed with an
automatic Bruker D8 Advance diffractometer (VANTEC-1 detector) using
reflection geometry and nickel filtered Cu-Ka radiation. Figure II1.5 reports
WAXD patterns for PC500, PC500/ unprocessed -CD and all PC-500/8-CD
SAS x. In particular, commercial PC500 shows the diffraction signals at 20
equal to 25.2° (1 0 1), 37.8 °(0 0 4), 47.7°(2 0 0) and 54.3°(1 0 5) associated
to the anatase tetragonal crystal structure (Zhang et al., 2009, Kansal et al.,
2013). No peaks of the other crystalline phases (rutile and brookite) were
observed. Therefore, all hybrid PC-500/B-CD systems exhibit diffraction
peaks similar to the PC500 sample, confirming that anatase is the
predominant crystalline phase (Velusamy et al., 2014). This result has also
been confirmed by calculating crystallite size using the Debye—Scherrer
formula (Yadav et al., 2021). The obtained crystallite size for the hybrid PC-
500/B-CD SASx systems (10 nm) is quite similar to the estimated values for
PC500 and PC500-B-CD unprocessed samples (9 nm).
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Figure 1115 Wide angle X-ray diffraction (WAXD) patterns in the
range 260 = 10-60°.

111.2.1.5 Raman spectroscopy

Laser Raman spectra are displayed for all the samples in the range of
100-900 cm™ at room temperature with a Dispersive MicroRaman (Invia,
Renishaw, Wotton-under-Edge, United Kingdom), equipped with 514 nm
laser. All PC500/B-CD systems show only the main bands of the
uncomplexed commercial PC500 (in anatase crystalline form) at 148, 516
and 638 cm™! (Zhang et al., 2000), without the presence of additional bands
associated with B-CD (Guo et al., 2010, Wang et al., 2021) since the Raman
spectrum of unprocessed B-CD did not show signals in the selected Raman
shift range (Mottola et al., 2022).

I11.3 Photocatalytic activity test

The photocatalytic tests were always performed in a cylindrical pyrex
reactor (ID = 3 cm and VTOT = 200 mL, Microglass Heim Srl, Naples,
Italy). UV-LEDs strip emitting at 365 nm (nominal power: 10 W, provided
by LED lightinghut, Shenzhen, China) was positioned around the external
body of the reactor to irradiate the solution volume uniformly. The reactor
was also equipped with an air distributor device (Qair = 150 cm3/min).
During the light irradiation, the reaction suspension was continuously stirred
to avoid the sedimentation of the catalyst at the bottom of the photoreactor.
The initial AO7 concentration was 20 mg/L, the solution volume was 100

92



Experimental results: photocatalytic degradation of water pollutants using photocatalysts
coupled with 3-CD

mL, and the photocatalyst dosage was 1 g/L. The suspension was left in dark
conditions for 30 min to reach the adsorption/desorption equilibrium of AO7
on the photocatalyst surface. After this step, the photocatalytic reaction was
begun by switching on the LEDs, with an overall irradiation time of 60 min.
The analysis of withdrawn liquid samples was conducted through the UV-
Vis spectrophotometer evaluating AO7 mineralization by the total organic
carbon (TOC) content of the solutions during the irradiation time,.

The discoloration efficiency and mineralization (by TOC removal)
were calculated with the same formulas used previously.

I11.4 Photocatalytic activity results

111.4.1 Effect of the combination between PC500 and -CD on AO7

degradation

All the photocatalysts were tested in the photocatalytic degradation of
AO7 solution under UV irradiation. Figure II1.6 shows the behavior of dye
relative concentration as a function of irradiation time, proving the influence
of SAS micronized B-CD combined with PC500 on the photocatalytic
discoloration efficiency.

0
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—a— PC500/unprocessed B-CD
—de— PCS00/B-CD SAS 30
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Figure I1L.6 Photocatalytic discoloration of aqueous solutions containing
AO?7 using the various hybrid photocatalysts.
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It was possible to observe that the relative concentration of the AO7
gradually decreased for all the tested samples. In particular, all the hybrid

photocatalysts were more efficient in color removal than PC500. The higher
photocatalytic activity of the PC500/ unprocessed -CD sample with respect
to PC500 was related to the role of B-CD. Indeed, according to the available
literature, the attached B-CD played a role as a “channel” or “bridge”
between AO7 and PC500, facilitating the electron injection from the excited
dye to the conduction band of PC500 and, therefore, leading to a faster
photodegradation of AO7 (Zhang et al., 2012, Sangari, 2018).

On the other hand, it is worthwhile to note that the samples obtained from
the combination with SAS micronized B-CD were even more active than
PC500 combined with the unprocessed B-CD. In detail, PC500/B-CD SAS
50 exhibited almost complete color removal after 30 min of UV light. The
better activity of this hybrid sample can be related to its smaller agglomerate
size (1.59 um) in aqueous suspension (Table II1.2). The TOC of solutions
was measured to evaluate the prepared photocatalysts’ mineralization
performance (Mottola et al., 2022). TOC removal achieved with PC500/p-
CD SASS50 is approximately 96% after 60 min of Uv light irradiation, higher
than the mineralization efficiency obtained using PC500 and the other tested
hybrid systems. These results confirm that PC500/B-CD SAS50 was the
optimal hybrid photocatalyst both in terms of discoloration and
mineralization of AO7 under UV light. To establish the effect of SAS
micronized B-CD on photocatalytic performances, the apparent kinetic
constant for AQO7 discoloration was calculated, considering that the
photodegradation mechanism follows pseudo-first-order kinetics, as
described in the literature (Li et al., 2016, Wu et al., 2010b). The value of the
discoloration kinetic constant (Kgec) is found by the slope of the straight line
obtained by plotting -In(C/Cy) vs the irradiation time (t). It was found that
the PC500/B-CD SAS50 sample guaranteed a higher discoloration rate
characterized by constant kinetics equal to 0.226 min’!, higher than the
PC500 alone and PC500/unprocessed B-CD, which showed constant values
equal to 0.0326 min™! and 0.055 min™!, respectively. The discoloration kinetic
constant decreased almost linearly with the increase of microparticles’ mean
size. From this result, it could be argued that the tendency for the
agglomeration, and consequently the size of agglomerates, influence the
ability of the different PC500/8-CD SASx samples in the AO7
photocatalytic discoloration. More in detail, when B-CD SAS50 is
complexed with PC500, the organic phase spread on the TiO, surface allows
achieving the smallest agglomerate size, leaving exposed to the UV light
irradiation a PC500 photoactive surface higher than the other PC500/B-CD
SASx hybrid photocatalysts and inducing, as a consequence, the best
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photocatalytic activity of PC500/B-CD SASS50. Such a result is consistent
with the literature about the influence of aggregate size on the photoactivity
of TiO,-based photocatalysts in aqueous suspensions (Vaiano et al., 2017b).
Therefore, based on such results, the PC500/B-CD SAS50 sample is the
optimal photocatalyst for the AO7 photodegradation.

111.4.2 Possible photocatalytic mechanism of PC500/p-CD SAS50 hybrid

Dphotocatalyst

The PC500/B-CD SASS50 hybrid photocatalyst was used to understand the
possible role of reactive oxygen species (ROS), such as hydroxyl radicals
and superoxide, during the AO7 photocatalytic discoloration process. The
used scavenger probe molecules were: isopropanol (IPA, 10 mmol/L) for
hydroxyl radicals (Zhang et al., 2018b) and benzoquinone (BQ, 1 pwmol/L)
for superoxide (Zhang et al., 2017). The effects of the scavengers on
photocatalytic performances are shown in Figure II1.7a.
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Figure I11.7 Effect of different scavengers on AO7 discoloration under UV

light irradiation(a),; schematic diagram on the charge separation and

transfer in the presence of PC500/3-CD SAS 50 hybrid photocatalyst under

UV light(b).

It was observed that the AO7 discoloration rate is changed after the addition
of both IPA and BQ in the aqueous solution. In detail, the BQ presence led
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to AO7 discoloration efficiency of about 30%, whereas the addition of IPA
decreased the photocatalytic activity to a lower extent since the obtained
discoloration efficiency was 80 %. These results prove that both superoxide
anions and hydroxyl radicals participate in the AO7 discoloration
mechanism, and, in particular, the superoxide is more involved in the
photocatalytic process. The mechanism of enhancing photocatalytic
efficiency in the presence of B-CD for the discoloration of AO7 is
schematically explained in Figure II1.7b.

B-CD has a high affinity toward the PC500 surface; for this reason, p-CD is
adsorbed on the surface and occupies the reaction sites of PC500, achieving
the formation of a stable complex (Sangari, 2018). The presence of B-CD
allows capturing the AO7 inside its hydrophobic cavity by generating the
inclusion complexes, so increasing the density of azo dye on the catalyst
surface and putting it in contact with the ROS generated during the UV light
irradiation. Then, the photogenerated ROS reacts with AO7 molecules,
enhancing the photocatalytic degradation performance (Zhang et al., 2009).

111.4.3 Stability test of PC500/3-CD SAS50 hybrid photocatalyst

Additional photocatalytic tests were performed to assess the stability of
the PC500/B-CD SAS 50 photocatalyst that showed the best photocatalytic
activity. In particular, the experiments were performed using a catalyst
dosage of 1g/ L, with an initial AO7 concentration of 20 ppm and a solution
volume equal to 100 mL. At the end of each test, the photocatalyst present in
suspension was recovered and washed with distilled water in order to reuse it
in a subsequent test carried out under the same operating conditions. After
the fifth reuse cycle, the discoloration efficiency is only reduced of
approximately 1%. These results confirm the stability of the optimized
PC500/B-CD SAS 50 hybrid photocatalyst.

I11.5 Photocatalytic activity tests using the optimized Fe-N-P/TiO2

coupled with B-CD for enhancing thiacloprid degradation

In a typical activity test 1 g/L of photocatalyst powder was suspended in
100 mL of THI solution (initial concentration: 0.5 mg/L). The suspension
was left in dark condition for 30 min to reach the adsorption equilibrium,
and then photocatalytic reaction was initiated up to 2 hours. The experiments
were performed with a pyrex cylindrical photoreactor (ID = 2.5 cm)
equipped with an air distributor device (Qair = 150 cm*/min (STP)), a
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magnetic stirrer to maintain the photocatalyst suspended in the aqueous
solution. The reactor was irradiated by an UV-A (emission: 365 nm;
irradiance 13 W/m?) and visible (emission range: 400-800 nm; irradiance:
16 W/m?) LEDs strip wrapped around and in contact with external surface of
the reactor body. Moreover, additional tests were carried out under the direct
solar light (latitude 40°N, longitude 14°E), the average solar UV-A
irradiance for all the tests was about 2.2 W/m?. Experiments under the direct
solar light were performed on May and typically started at 10.00—11.00 am
till 01.00 - 02.00 pm. Sunlight irradiance spectra were measured by
radiometer BLACK-Comet Stellar Net UV-VIS (StellarNet, Florida, 130
USA). Slurry samples were collected at fixed time intervals, and filtered for
to remove the catalyst particles. The aqueous solution was then analyzed by
HPLC UltiMate 3000 Thermo Scientific system (equipped with DAD
detector, quaternary pump, column thermostat and automatic sample injector
with 100uL loop) and using a reversed-phase Luna 5u C18 column
(150mmx4.6mm i.d., pore size Sum) (Phenomenex) at 25 °C. The mobile
phase consisted of an acetonitrile/water mixture (70/30 v/v). The flow rate,
injection volume and detection wavelength were 1 mL/min, 40 puL and 242
nm, respectively.

I11.6 Effect of the combination between the optimized Fe-N-

P/TiOz and B-CD on photocatalytic THI degradation

Fe-N-P/TiO; photocatalyst was tested in the photocatalytic degradation of
THI solution under UV light. Figure I11.8 shows the relative concentration of
THI pesticide as a function of irradiation time, to compare the
photodegradation activity exhibited by Fe-N-P/Ti0O, photocatalyst and Fe-N-
P-TiO, combined with unprocessed B-CD and the influence of SAS
micronization on the photocatalytic THI degradation using Fe-N-P-TiO»/ p-
CD.
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Figure I11. 8 Photocatalytic degradation of THI using the Fe-N-P/TiO:, Fe-
N-P/TiO; unprocessed f-CD and Fe-N-P/TiO,/ p-CD micronized by SAS
under UV light (a); under visible light (b) under sunlight (c).
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It is possible to observe from Figure III.8a that Fe-N-P/TiO, exhibits the
lowest THI photodegradation activity under UV light, whereas the THI
relative concentration quickly decreases under UV light using Fe-N-P/Ti0O,
combined with unprocessed B-CD photocatalyst, especially in 30 min of UV
irradiation, reaching a degradation efficiency of about 50%. The THI relative
concentration using Fe-N-P/TiO./B-CD  micronized by SAS technique
decreases more quickly during 30 min of UV light than observed with Fe-N-
P/TiO, photocatalyst and this micronized hybrid sample achieves a THI
degradation efficiency of approximately 75% after 30 min of UV light.
Figure II1.8b) shows the behaviour of THI relative concentration as a
function of visible light irradiation revealing the most effective decrease of
THI relative concentration with Fe-N-P/TiO,/B-CD processed by SAS
confirming the favorable effect of supercritical micronization and the
combination of tridoped TiO, photocatalyst with B-CD on photocatalytic
degradation performance in presence of visible light. Indeed, Fe-N-P/Ti0./[3-
CD shows a THI degradation efficiency of approximately 50% after 180
min of visible light, higher than those observed with Fe-N-
P/TiOy/unprocessed B-CD and Fe-N-P/TiO,, which are 36% and 29%,
respectively.

The photocatalytic degradation of THI was also performed under sunlight.
As reported in Figure III.8c, the Fe-N-P/TiO./B-CD  hybrid sample
micronized by SAS evidences the best photocatalytic THI degradation
activity with an efficiency of about 88 % after 180 min of sunlight. On the
other hand, Fe-N-P/TiO, sample degrades THI with an efficiency of 73%
after 180 min of sunlight, a value higher than that obtained with Fe/N-
P/TiO»/unprocessed B-CD (78%). The results on photocatalytic degradation
of THI confirm that the micronization of B-CD and their combination with
catalytic particles led to charge-hole recombination restriction and
photocatalytic efficiency enhancement since B-CD play electron-donating
and hole-capturing roles when linked to TiO; colloids. B-CD is hypothesized
to play a role as a “channel” or “bridge” between the contaminant and TiO»
powders, which facilitates the electron injection from excited contaminant to
the conduction band of TiO, (Zhang et al., 2011c). Therefore, the inhibition
of the electron-hole recombination with consequent enhancement of the
quantum efficiency due to the coupling of catalytic particles with B-CD
micronized by SAS is particularly evidenced under visible light and sunlight
where, Fe-N-P/TiO»/B-CD shows the best photodegradation performance
toward THI degradatrion.
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IV. Experimental results: direct
synthesis of phenol from benzene
using photocatalysts in powder
form

IV.1 Experimental apparatus for direct synthesis of phenol from

benzene

The photocatalytic oxidation reactions were performed in 35 mL aqueous
solution containing benzene (initial concentration: 25.6 mmol/L) and
acetonitrile (2.3 mL) as a co-solvent with 0.1 g/L of photocatalyst in powder
form or 3 g/L of nanostructured aerogel (corresponding to a powder dosage
of 0.1 g/L) under continuous stirring. The system was first kept in dark at
room temperature for 60 min to obtain sorption equilibrium of benzene on
photocatalysts in powder form. Before irradiating the reactor, 2.8 mL of
H>0: (30 wt% in H,O) was added to the reaction mixture. Then, the reactor
was irradiated for 600 min by an UV-A (emission: 365 nm; irradiance 13
W/m?) or visible (emission range: 400-800 nm; irradiance: 16 W/m?) LEDs
strip placed around and in contact to the external surface of the pyrex
reactor. The reactor was cooled down by a fan during photoirradiation time.
Solution aliquots were withdrawn from the reactor at different times by a
ImL syringe, filtered through a 0.22 p CA filter (SIMPLEPURE) to remove
solid particles for the tests with N-TiO, photocatalyst and immediately
analyzed quantitatively by an Agilent gas cromatograph (model 7820 A)
equipped with a flame ionization detector (FID) to evaluate the benzene and
phenol concentration.

GC separation was achieved with a DB Heavy Wax fused-silica capillary
column (30m x 0,35mm i.d. x 0,25um) under the following conditions:
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column temperature 40-300°C (40 °C held 2 min, rate 5 °C/min to 90 °C,
rate 20 °C/min to 250 °C, held 10 min); helium at a constant flow rate of 1
mL/min; injection port operated at 10:1 split mode; temperature of injector
and detector at 180 °C and 300 °C respectively.

Hydroquinone, resorcinol, p-benzoquinone and catechol were determined
quantitatively by HPLC using a Dionex UltiMate 3000 Thermo Scientific
system equipped with DAD detector, column thermostat and automatic
sample injector with 100uL loop. Separations were carried out on a
Phenomenex Luna C-18 column (150 x 4.6 mm i.d.; Sum) eluted with
mixture of water (solvent A) and acetonitrile (solvent B) according to the
program: 0-14 min, 15% B (isocratic); 14-23 min, 60-100% B (linear
gradient); 23-30 min, 15% B (isocratic). The chromatographic conditions
were: oven temperature 35°C; flow rate 0.8mL min!; injection volume 50
pL and UV detector at 270 nm.

Benzene conversion, phenol yield, selectivity to phenol and selectivities to
by-products were calculated using the following relationships:

Benzene conversion = (1 - ci) x 100 (36)
0
Phenol yield = (g)x 100 (37)
Qo
L. _ (S (or Deg)
selectivity to P (Sp) = (—Sror o )x 100 (38)

where,

Cy = benzene concentration after the dark period (mmol/L);

C = benzene concentration at the generic irradiation time (mmol/L);

Qo = moles of benzene in solution after the dark period (mmol);

O =moles of produced phenol at the generic irradiation time (mmol);

P = reaction product (phenol or hydroquinone or catechol or resorcinol or p-
benzoquinone);

Sror = total moles of the reaction products in liquid phase (mmol);

S= moles of phenol or hydroquinone or catechol or resorcinol or p-
benzoquinone in liquid phase (mmol).

Deg= ring-opened products and CO, = (benzene reacted—Sror) (Zhang et al.,
2011a)
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IV.2. Results

1V.2.1 Direct oxidation of benzene to phenol using doped or codoped TiO;

samples in powder form

It was considered appropriate to use for the direct oxidation of benzene to
phenol under UV light and/or visible light irradiation the photocatalysts in
powder form based on undoped TiO, and metallic and/or non-metallic
elements doped TiO; (Fe-TiO,, N-TiO,, Fe-N-TiO,, Fe-Pr-TiO, and Fe-N-
P/TiO,) previously optimized for the removal of contaminants from aqueous
solution. Table IV.l indicates benzene conversion, phenol yield and
selectivity to phenol for all TiO»-based photocatalyst in powder form under
UV light.

Table IV. 1 Benzene conversion, phenol yield and selectivity to phenol for
all the optimized TiO:-based photocatalyst in powder form under UV and
visible light. [n.d.= not detectable]

Benzene Phenol  Selectivity Benzene Phenol  Selectivity
Catalyst light  conversion,  yield, to phenol, light conversion, yield, to phenol,
% o, o, % % %

TiO, uv 72 2.7 3.8 visible 3 n.d. n.d
N-TiO, uv 66 3.6 55 visible 62 n.d. n.d.
Fe-TiO, uv 27 3.7 13.5 visible 23 n.d. nd.
Fe-N-TiO, uv 69 39 56 visible 30 n.d. n.d.
Fe-Pr-TiO, uv 30 6.4 3.5 visible 27 nd. nd.
Fe-N-P/TiO, uv 45 3.1 45 visible 39 nd. nd.
Fe-N-P/TiO2/B-CD UV 55 15 1 visible 45 n.d. n.d.

Table I'V.1 shows benzene conversion, phenol yield and selectivity to phenol
for all TiO;-based photocatalyst in powder form under UV and visible light.

It is worth noting the high oxidative capacity of undoped TiO, under UV
radiation. All TiO,-based photocatalysts showed a high benzene conversion
but very low selectivity to phenol under UV light. However, N-TiO, exhibits
a high conversion of benzene under visible light without phenol production.
Therefore, since N-TiO, was the only photocatalyst to exhibit the highest
benzene conversion under visible light, the idea was to disperse N-TiO; in
powder form into a polymeric medium in order to guarantee the phenol
production and improve the selectivity to phenol also allowing, at the same
time, a high conversion of benzene. Based on these results, it seems that the
ideal support should have a high affinity with benzene (hydrophobic
compound) and a very low affinity with phenol (hydrophilic compound),
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favoring its desorption from the surface of the photocatalyst and preventing
further reactions of oxidation of the desired product.

On the other hand, it is widely reported that nitrogen-doped TiO, (N-doped
TiO,) can be activated by both UV rays and visible light, essentially favoring
the degradation of different organic compounds in aqueous solution and,
therefore, the introduction of N in The TiO, lattice is only capable of
modifying the light-absorbing properties of TiO, without giving it the ability
to adjust the selectivity of the reactions involved towards the desired
products. Therefore, the strategy was to disperse active N-doped TiO»
particles with visible light in hydrophobic syndiotactic polystyrene (sPS)
aerogel (Sacco et al., 2018a, Daniel et al., 2008, Daniel et al., 2005) and
consequently, the resulting composite system was employed for the direct
oxidation of benzene to phenol in liquid phase under UV irradiation and
visible light with the aim of increasing both the selectivity of phenol and the
conversion of benzene. It is worth noting that photocatalytic studies on the
selective oxidation of benzene to phenol in the liquid phase are not reported
in the literature using polymeric aerogels functionalized with photocatalytic
particles.
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V. Experimental results: direct
oxidation of benzene to phenol

using N-TiO2/sPS

V.1 Synthesis and characterization of N-TiO2/ sPS aerogel

The sPS polymer was dispersed in chloroform inside a hermetically
sealed test tube at 100°C until complete polymer dissolution. The obtained
mixture was sonicated at room temperature until complete gelation of the
polymer and then cooled to produce a gel. The monolithic aerogels (D=0.5
cm and h=5 cm) were obtained by treating the gels with supercritical carbon
dioxide (by using an ISCO SFX 220 extractor), for 4 hours at T=40 °C and
P= 20 MPa, to extract the solvent. The obtained aerogel was deeply
characterized from physical-chemical point of view in our previous papers
(Daniel and Guerra, 2015, Venditto et al., 2015). In summary, X-ray
diffraction pattern shows typical signals of sPS delta crystal form (3) in the
20 range 8-25° with a degree of crystallinity of c.a. 40% and BET analysis
evidences a high specific surface area equal to 260 m?/g. For the preparation
of N-TiO./sPS aerogel, sPS and N-TiO, were dispersed in chloroform inside
hermetically sealed test tube at 100°C until complete polymer dissolution.
The obtained mixture was sonicated at room temperature until complete
gelation of the polymer and then cooled to produce a gel. The monolithic
composite aerogels (D.[.=5.6 mm and a h= 3 cm) were obtained by treating
the gels with supercritical carbon dioxide (by using an ISCO SFX 220
extractor), for 4 hours at T=40 °C and P= 20 MPa, to extract the solvent. In
the final sample, the content of N-TiO, embedded into the aerogel structure
was 10 wt%. This amount was optimized dealing with the photocatalytic
degradation of phenol under visible light (Sacco et al., 2018a).
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V.2 Experimental setup for absorption tests in dark conditions

The absorption tests were performed in 35 mL aqueous solution

containing benzene (initial concentration: 50 mg/L), toluene (initial
concentration: 50 mg/L) and phenol (initial concentration: 50 mg/L) using 3
g/l of sPS aerogel under continuous stirring for 1440 min to obtain
absorption equilibrium of aromatic compounds. All the absorption tests were
performed using a closed pyrex flask filled with the aqueous solutions
maintained under continuous stirring. During each test, liquid samples were
withdrawn from the pyrex flask at different times and analyzed
quantitatively by an Agilent gas cromatograph (model 7820 A) equipped
with a flame ionization detector (FID) to evaluate the benzene, toluene and
phenol concentration.
GC separation was achieved with a DB Heavy Wax fused-silica capillary
column (30 m x 0.35 mm i.d. x 0.25 um) under the following conditions:
column temperature 40-300 °C (40 °C held 2 min, rate 5 °C/min to 90 °C,
rate 20 °C/min to 250 °C, held 10 min); helium at a constant flow rate of 1
mL/min; injection port operated at 10:1 split mode; temperature of injector
and detector at 180 °C and 300 °C respectively. The chromatographic
conditions were: oven temperature 35 °C; flow rate 0.8 mL/min; injection
volume 50 uL and UV detector at 270 nm.

V.3 Experimental setup for photocatalytic activity tests

The photocatalytic oxidation reactions were performed in 35 mL aqueous

solution containing benzene (initial concentration: 25.6 mmol/L) and
acetonitrile (2.3 mL) as a co-solvent with 0.1 g/L of N-TiO, photocatalyst in
powder form or 3 g/L. of N-TiO,/sPS aerogel (corresponding to an N-TiO,
dosage of 0.1 g/L) under continuous stirring.
The system was first kept in dark (without any light irradiation) at room
temperature for 60 min or for 1280 min to obtain sorption equilibrium of
benzene on photocatalyst powder or on N-TiO,/sPS aerogel, respectively.
Before irradiating the reactor, 2.8 mL of H,O» (30 wt% in H,O) was added
to the reaction mixture. Then, the reactor was irradiated for 600 min by an
UV-A (emission: 365 nm; irradiance 13 W/m?) or visible (emission range:
400-800 nm; irradiance: 16 W/m?) LEDs strip placed around and in contact
to the external surface of the pyrex reactor. The reactor was cooled down by
a fan during photoirradiation time. Solution aliquots were withdrawn from
the reactor at different times by a 1mL syringe, filtered through a 0.22 p CA
filter (SIMPLEPURE) to remove solid particles for the tests with N-TiO;
photocatalyst and immediately analyzed quantitatively by an Agilent gas
cromatograph (model 7820 A) equipped with a flame ionization detector
(FID) to evaluate the benzene and phenol concentration.

106



Experimental results: direct oxidation of benzene to phenol using N-TiO2/sPS

GC separation was achieved with a DB Heavy Wax fused-silica capillary
column (30m x 0,35mm i.d. x 0,25um) under the following conditions:
column temperature 40-300°C (40 °C held 2 min, rate 5 °C/min to 90 °C,
rate 20 °C/min to 250 °C, held 10 min); helium at a constant flow rate of 1
mL/min; injection port operated at 10:1 split mode; temperature of injector
and detector at 180 °C and 300 °C respectively.

Hydroquinone, resorcinol, p-benzoquinone and catechol were determined
quantitatively by HPLC using a Dionex UltiMate 3000 Thermo Scientific
system equipped with DAD detector, column thermostat and automatic
sample injector with 100uL loop. Separations were carried out on a
Phenomenex Luna C-18 column (150 x 4.6 mm id.; 5um) eluted with
mixture of water (solvent A) and acetonitrile (solvent B) according to the
program: 0-14 min, 15% B (isocratic); 14-23 min, 60-100% B (linear
gradient); 23-30 min, 15% B (isocratic). The chromatographic conditions
were: oven temperature 35°C; flow rate 0.8mL/min; injection volume 50 uL
and UV detector at 270 nm.

The mathematical formulas for the determination of benzene conversion,
phenol yield, selectivity to phenol and selectivity to by-products are reported
inIV.1.

V.4 Experimental Results

V.4.1 Characterization of N-TiOy/sPS

The physico-chemical properties of the samples were investigated
through the following characterization techniques:

Wide angle X-ray diffraction (WAXD)

e N, adsorption at -196 °C to obtain specific surface area and porosity
characteristics

e Field emission scanning electron microscopy (FESEM).

V.4.1.1 Wide angle X-ray diffraction (WAXD)

WAXD patterns with nickel filtered Cu-Ka radiation were obtained, with
an automatic Bruker D8 Advance diffractometer, in reflection. As observed
in Figure V.1, N-TiO, showed the presence of typical signals of titanium
dioxide in anatase form. N-TiO,/sPS showed the typical signals of the sPS
structure and an additional one (at about 25.3 degrees) due to the titanium
dioxide in anatase form. The mean crystallite size of N-TiO, remains
substantially unchanged after inclusion in the sPS aerogel. The N-TiO/sPS
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pattern also shows the diffraction peaks of the nanoporous delta crystalline
form of sPS, whose degree of crystallinity (=45%) is not substantially altered
by the presence of the filler in the aerogel.

sPS

Intensity, a.u.

20, degree

Figure V.1 Wide angle X-ray diffraction (WAXD) patterns of sPS and N-
T iOz/SPS.

V.4.1.2 Surface area and pore structure evaluation by N adsorption at -196
°C.

The specific surface areas (Sger) for N-TiO; sample, Sger is equal to 115
m?/g and for sPS is equal to 260 m*/g. The presence of N-TiO> in the sPS
aerogels determines a decrease of the specific surface area up to 222 m?/g
(Sacco et al., 2018a, Vaiano et al., 2014).

The high surface areas of the sPS aerogels is strictly depending on the nature
of the polymer crystalline phase, varying from 20-40 m?/g for the dense o, 8
and y forms to 240-320 m?*/g for the nanoporous delta and epsilon forms
(Daniel et al., 2009). Because the delta crystalline phase and its crystallinity
remain essentially unaltered as a consequence of composite aerogel
preparation, the insertion of the N-TiO, catalysts is to be found in the pores
of highest dimension and the reduction of Sger can be mainly attributed to
the observed reduction of the overall porosity from 95% down to 80%.
Moreover, a further confirmation that the reduction of the overall porosity is
likely responsible of the decrease of Sger with respect to that one of sPS
aerogels in delta form, can be drawn from the proportional evaluation of the
percentage of specific surface area exposed by the N-TiO./sPS aerogel,
subtracted of the contribution of N-TiO,, with respect to the sPS aerogel
alone. This calculated percentage is close to the value of 80%, so almost
coincident to the value of the overall porosity found. So, the micro- and
meso-pores structure remains unaltered, and the slight decrease of the
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specific surface area of composite N-TiO»/sPS can be ascribed to the matrix
shrinkage of the polymeric aerogel.

V.4.1.3 Field emission scanning electron microscopy (FESEM)

The morphology of N-TiO./sPS aerogels was revealed by FESEM
analysis (Figure V.2). The N-TiO/sPS aerogels exhibited highly porous
structure. However, N-TiO;, particles (indicated as Nt in the Figure) could
not be easily differentiated from the fibrillar morphology of the polymer
(Figure V.2). Few small aggregates of N-TiO; particles are observable in the
same figure and the overall network appears homogeneous.

9 nn
Photo No.=2345

Figure V.2 FESEM image of N-TiO>-sPS aerogel

V.4.2 Benzene, toluene and phenol absorption in sPS aerogels in dark

conditions

Absorption tests by sPS aerogels were first performed on aqueous
solution of a single aromatic compound: benzene (initial concentration: 50
mg/L), toluene (initial concentration: 50 mg/L) or phenol (initial
concentration: 50 mg/L) and, subsequently, on binary and ternary mixtures
of these organic compounds. Under these experimental conditions, the
solute molecules are absorbed only in the nanoporous crystalline lattice of
sPS 6-form (Mensitieri et al., 2008)] .

The relative concentration in liquid phase of these organic compounds as a
function of run time is displayed in Figure V.3.
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Figure V.3 Benzene, toluene and phenol relative concentration (C/Cy) in
aqueous solution as a function of run time using sPS aerogel (Cy penzene = 50
mg/L, C() toluene = 50 mg/L, C()phenol =50 mg/L)

A very high absorption efficiency of toluene (~94%) and benzene (~77%) by
sPS aerogels after 1440 min of run time were found, whereas phenol was
poorly absorbed in the same conditions with an efficiency of about 12%.

In agreement to the literature, this result can be explained by the ability of
the sPS, due to its hydrophobic nature, to absorb non-polar aromatic
compounds (benzene and toluene), compared to polar compounds (phenol),
in the cavities of its nanoporous lattice (Devaraji et al., 2014, Ide et al., 2011,
Zhang et al., 2011a).

The affinity of sPS aerogel towards non-polar compounds was more
emphasized in presence of a binary aqueous solutions containing benzene
and phenol. Indeed, benzene was selectively retained into the cavities of sPS
nanoporous lattice with an efficiency equal to 80% while the phenol was
absorbed by the aerogel for only 2%. This behavior was further
demonstrated with a toluene-phenol binary aqueous solution where the
decrease of toluene relative concentration was very fast and, therefore, the
toluene was largely absorbed by polymer with an efficiency equal to 88%
after 60 min of run time, whereas the phenol absorption efficiency was very
low and equal to 2.5% (Table V.1).

Furthermore, the absorption capacity of non-polar compounds by sPS
polymer was investigated considering benzene-toluene binary aqueous
solution Table V.1.

Both non-polar aromatic compounds were remarkably entrapped into
crystalline nanoporous cavities of sPS. However, toluene was absorbed by n-
sPS aerogel more rapidly than benzene obtaining a high absorption
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efficiency of toluene equal to 84% after 60 min of run time compared to that
of benzene (47%). In detail, toluene reached the absorption equilibrium with
an efficiency of approximately 92%, whereas the benzene was uptaken by n-
sPS aerogel for about 75% after 1440 min. This result further confirms the
very high affinity of sPS aerogel towards the absorption of non-polar
aromatic compounds.

Moreover, it was examined as the sPS polymer selectively absorbs benzene
and toluene with respect to phenol considering benzene-toluene-phenol
ternary mixture (Table V.1).

Table V.1 underlines as toluene and benzene were absorbed strongly into
sPS aerogel with sorption efficiency of about 87% and 76% after 1440 min
of treatment time, respectively, while phenol was hardly absorbed in the
same conditions, achieving a sorption efficiency of approximately 2%. In
particular, it was possible to notice as the relative concentration of toluene
decreases more rapidly than that of benzene already after 60 min, showing a
preferential absorption of toluene by sPS aerogel also in the case of benzene-
toluene-phenol ternary mixture.

All the achieved experimantal results are summarized and reported in Table
V.1.
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Table V.1 Equilibrium absorption efficiency of aromatic compound by sPS
aerogel

Aromatic compound aqueous solution Equilibrium absorption efficiency
Benzene 7%
Toluene 94%
Phenol 12%

Binary aqueous mixture

Benzene in benzene-phenol 80%
Phenol in benzene-phenol 2%
Toluene in toluene-phenol 88%
Phenol in toluene-phenol 2.5%

Benzene in benzene-toluene 75%

Toluene in benzene-toluene 02%

Temary aqueous mixture

Benzene in benzene-toluens-phenol 76%
Toluene in benzene-toluene-phenol 87%
Phenol in benzene-toluene-phenol 2%
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V.4.3 Evaluation of diffusivity constant in sPS aerogel

To calculate the diffusivity coefficient of guest aromatic molecules inside
the sPS aerogel structure for the tested operating conditions, it was first
simulated the concentration profile of each compound as a function of run
time, using a pseudo-first-order kinetics model for the absorption process, in
agreement with the literature concerning the removal of aromatic compounds
from the liquid phase by means of PS nanofibers (Sun et al., 2011). In detail,
the mathematical model was developed considering that, in the closed pyrex
flask, sPS aerogel absorbs aromatic compounds from aqueos solution,
causing a decrease of their concentration during the run time until to reach
the equilibrium conditions.

Therefore, the concentratration of benzene, toluene and phenol in liquid
phase was calculated by the following mass balance (eq.39):

V= —k(C(t) = Coo) (39)

Where,

Co is equilibrium concentration of benzene, toluene and phenol (ppm); k is
absorption kinetics constant (L/g-min); m is sPS aerogel mass (g); V is
aqueous solution volume (L).

The initial condition is: t=0 C=Co.

Eq.39, together with the initial condition, was solved by the Eulero iterative
method.

The simulation goal by mathematical model was to identify the absorption
constant k by fitting the achieved experimental data. The fitting procedure
was done by using the least squares approach. Figure V.4a compares the
model calculations and the experimental data for the aqueous solutions
containing a single aromatic compound. It was important to underline that
the concentration values predicted by the model are in agreement with the
experimental data in all cases, validating the use of the pseudo-first order
type kinetic model for the absorption process. The obtained k values are
reported in Table V.2.
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Figure V.4 Comparison between model calculation and experimental data

to find the model absorption constant k for the aqueous solutions containing
a single aromatic compound (Copenzene = 50 mg/L, Cowotuene = 50 mg/L, Cophenot
=50 mg/L) a) and estimation of diffusivity constants for aqueous solution of
aromatic compound b).
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The obtained concentration profiles allow to calculate the amount of
aromatic compounds absorbed by the aerogel at any given time t (eq.40) and
when the equilibrium condition is achieved (eq.41).

M(t) = (CO‘TC“)) v (40)

szw.v 41)

m
The apparent diffusivity constants (D) take into account the diffusion both in
the amorphous phase and in the crystalline phase. D values (Table V.2) were
calculated from the slopes of linear region of the curves reporting the
behaviour of M(t)/M. as a function of time square root divided by the
macroscopic thickness (t"2/L) of sPS aerogel (Figure V.4b) to evidence the

Fick diffusion phenomena into sPS, as described in literature (Daniel et al.,
2008, Kuipers and Beenackers, 1993)

Table V.2 Absorption kinetics and apparent diffusivity constants for
aromatic compounds aqueous solution in sPS aerogel. (Co penzene = 50 mg/L,
Co toluene= 350 mg/L C()phem)l: 50 mg/L)

Aromatic compound aqueous Absorption kinetics constant (k), Diffusion constant (D),
solution L/(g'min) cm?/s
Benzene 3.4:10° 5.5:10°
Toluene 4-10? 1.9-102
Phenol 4.2:103 6.2:107

for toluene (k=4-10% L/(g'min)). However, the aerogel exhibits a phenol
absorption kinetic (k=4.2-107 L/(g'min)) slightly higher than that obtained
for benzene (k=3.4-10" L/(g-min)). Similarly, the diffusivity constant found
for phenol (D=6.2-10" cm?s) is a little higher than the diffusivity value
obtained for benzene (D=5.5-10" cm?/s). This result evidences that, despite it
is absorbed in lower extent with respect to benzene and toluene, phenol is
able to diffuse into the crystalline phase of sPS aerogel when it is the only
aromatic compound present in the aqueous medium.

The mathematical kinetic modeling was also performed on binary aqueous
mixtures (benzene-phenol, toluene-phenol and benzene-toluene). Figure V.5
shows the kinetic modelling for the benzene-phenol mixture.
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Figure V.5 Comparison between model calculation and experimental data
to find the model absorption constant k for benzene-phenol binary aqueous
solution (Cp penzene = 50 mg/L, Coppenor= 50 mg/L).

The trend of curves in Figure V.5 evidenced as the concentration of non-
polar aromatic compounds decreased progressively over the time indicating
that benzene and toluene were widely absorbed by sPS aerogel, whereas
phenol, being a polar aromatic compound and, therefore, being not affine
with the sPS hydrophobic nature (Daniel et al., 2008, Joseph et al., 2018,
Sacco et al., 2019), poorly entered into the polymer crystal structure. This
result was also confirmed by the curves related to the behaviour of M(t)/M.
(Figure V.6) since for benzene and toluene, M(t)/M. achieved the
equilibrium value at shorter times than that of phenol.
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Figure V.6 Estimation of diffusivity constants for the benzene-phenol binary
aqueous solution.
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The values of k and D constants for binary aqueous solutions are reported in
Table V.3

Table V.3 Absorption kinetics and apparent diffusivity constants for binary
aqueous mixture in sPS aerogel. (Cp penzene = 50 mg/L, Co wotuene= 50 mg/L
COphgno] =50 mg/L).

. . Absorption kinetic constant (k), Diffusion constant (D),
Binary aqueous mixture L/(g-min) em?s
Benzene in benzene-phenol 6.4-10° 7.0-103
Phenol in benzene-phenol 4.3-10* 2.3:10°
Toluene in toluene-phenol 4.5-102 1.9:10°
Phenol in toluene-phenol 4.810* 2.4-10°
Benzene in benzene-toluene 5.4-10° 6.5:10°
Toluene in benzene-toluene 1.0-102 8.7-10°

The data collected in Table V.3 evidence sPS aerogel more rapidly absorbed
benzene or toluene considering their binary mixture with phenol while, in
presence of toluene and benzene aqueous mixture, toluene was preferentially
uptaken by the aerogel with a superior kinetic (k=1.0-102 L/(g'min)) and
higher diffusivity constant (D=8.7-10- cm?/s) with respect to benzene.
Finally, the simulation through mathematical model was also performed for
a benzene-toluene-phenol ternary mixture with the aim to estimate k and D
values (Table V.4). The decrease of benzene and toluene concentration
during the time indicating that sPS aerogel tends to preferentially absorb
non-polar aromatic compounds and, in particular toluene with higher
absorption rate (k=1-102 L/(g'min)) (Table V.4). The absorption of phenol
by sPS is negligible proving again the low affinity of polymer towards polar
compounds.

This behaviour was also confirmed by trend of M(t)/M.. for toluene that
achieves the equilibrium at slightly lower times than benzene with a
diffusivity constant for toluene equal to about 9.0-10- cm?/s and for benzene
of approximately 7.8-107° cm?/s (Table V.4).
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Table V.4 Absorption kinetics and apparent diffusivity constants for
benzene-toluene-phenol ternary aqueous solution in sPS aerogel (Co penzene =
50 mg/L, Coiotuene = 50 mg/L Cophenor = 50 mg/L)

. Absorption kinetics constant (k), Diffusivity constant (D),
Ternary aqueous mixture . 2
L/(g'min) cm’/s
Benzene in benzene-toluene- 76107 79-10°
phenol
Toluene in benzene-toluene- 1-102 9.0-10°

phenol

Phenol in benzene-toluene-
phenol

V.4.4 Photocatalytic oxidation of benzene to phenol with N-TiOy/sPS

aerogel

The UV light-driven benzene oxidation, using N-TiO./sPS as
photoreactive solid phase, is shown in Figure V.7.
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Figure V.7 Benzene relative concentration and phenol yield as a function of
run time, in dark and under UV light, using N-TiO»/sPS as photocatalytic
solid phase.

In the absence of UV light (dark condition), N-TiO,/sPS absorbs almost 60%
of benzene after 1280 min. It is worthwhile to note that no phenol formation
was observed in dark conditions despite the presence of H>O,, indicating that
light is necessary to activate catalytically the desired reaction. This result is
consistent with the literature dealing with the selective formation of phenol
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from benzene photooxidation when H>O; is used as oxidant molecule (Ye et
al., 2014, Devaraji and Jo, 2018).

When UV-LEDs were switched on, benzene started to be converted and,
consequently, its relative concentration decreased with run time (Figure
V.7). Phenol yield progressively increased during irradiation time, reaching
a value of 20%, after 600 min of irradiation, clearly indicating that the
photoreactive solid phase is able to promote the formation of phenol via
benzene hydroxylation in presence of UV light. Under irradiation, electrons
are promoted from the valence band (VB) to the conduction band (CB) of N-
Ti0,. Hydroxyl radicals are then generated from the reaction between H>O,
and the electrons promoted in the CB of N-TiO, (Chu et al., 2007, Mancuso
et al.,, 2022a). The hydroxyl radical reacts with benzene to generate
hydroxylated benzene radical and, finally, the photogenerated positive hole
in the VB of N-TiO; oxidize hydroxylated benzene radical to phenol via a
deprotonation process (Tomita et al, 2011, Devaraji and Jo, 2018).
Furthermore, the holes in the VB can react with benzene to produce benzene
radical ions, which react with hydroxyl radicals, forming phenol, probably
via deprotonation of an unstable intermediate (Devaraji and Jo, 2018).
Photocatalytic activity using N-TiO; in powder form and N-TiO./sPS
aerogel, under UV and visible light irradiation, was compared in Figure V8.
In detail, after 600 min of UV light irradiation, benzene conversion was 66
and 52 % using N-TiO, and N-TiO»/sPS, respectively (Figure V.8a), while
the phenol yield was 4 and 20% with N-TiO, and N-TiO»/sPS, respectively
(Figure V.8b). It is worth pointing out that although benzene conversion is
similar using N-TiO, powder and N-TiO/sPS aerogel, the phenol yield is
five times greater when N-TiO,/sPS is used.

After 600 min of visible light irradiation, benzene conversion was about 62
and 72% with N-TiO, powder and N-TiO»/sPS aerogel, respectively (Figure
V.8c), while phenol is not produced using N-TiO» and a phenol yield of only
6.5% is obtained using N-TiO»/sPS (Figure V.8d). The observed mismatch
between benzene conversion and phenol yield is obviously due to the
formation of reaction products other than phenol.
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Figure V.8 Benzene conversion and phenol yield as a function of irradiation
time using N-TiO: in powder form and N-TiO/sPS photoreactive composite.
Benzene conversion under UV light (a); phenol yield under UV light (b);
benzene conversion under visible light (c); phenol yield under visible light

).

In Table V.5 phenol yield is compared with that of other reaction by-
products (hydroquinone, catechol resorcinol and p-benzoquinone) detected
by HPLC analysis. These reaction by-products are also shown in several
literature papers (Schneider et al., 2014, Devaraji et al., 2014, Zhang et al.,

2011a).
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Table V.5 Benzene conversion, phenol selectivity, CO; and other ring-
opened compounds selectivity, phenol, yield to hydroquinone, catechol and
resorcinol obtained using N-TiO; or N-TiOy/sPS after 600 min of UV and
visible light irradiation (Vis) (p-benzoquinone was also detected with a
yield<1% in all cases).

Yresorci

Yhyquuinon

ligh
CatalySt I% Bzconv theno] . Ycateclml ol Sphenol SDeg
N-TiO; uv 66% 4% <1% n.d <1% 5.5% 93%
N- 0 0, 0 0 0 0
TiO,/sPS uv 52% 20% 1.3% 1.8% n.d 38% 54%
N-TiO;  Vis 62% nd <1% nd nd nd >98%
N- i 0 0 0 0 0 0
TiOy/sPS Vis 72% 6.5% <1% <1% n.d 9% 88%

According to the data in Table V.5, the phenol selectivity using N-TiO/sPS
is remarkably higher than that obtained with N-TiO; in powder form under
both UV and visible light. Indeed, the selectivity to ring-opened products
and CO> (labeled as Speg in Table V.5) decreases in presence of N-TiO,/sPS
for both irradiation conditions.

Therefore, the phenol overoxidation reactions were inhibited to a certain
extent thanks to the sPS aerogel polymeric matrix in which N-TiO;
photocatalyst is embedded.

The results can be rationalized based on the different affinity of benzene (a
non-polar compound) and phenol (a polar compound) with sPS aerogel (a
non-polar polymer). As shown in Figure V.4, even in a binary benzene-
phenol aqueous solution, the benzene solubility in the sPS polymer is six
times more than the phenol one. Therefore, the phenol formed by benzene
hydroxylation with N-TiO, photocatalyst dispersed in the sPS matrix, easily
desorbs from the polymer considerably preventing the phenol overoxidation
reactions (Figure V.9).
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Figure V.9 Reaction scheme of benzene to phenol using N-TiO./sPS as
photoreactive solid phase under visible light.

V.4.4.1 Influence of pH on selectivity to phenol

Based on previous obtained results, a possible route to increase the

phenol selectivity is to further reduce the phenol affinity towards sPS
polymer, increasing its affinity towards the aqueous phase surrounding the
N-TiO,/sPS solid phase. It has been recently reported that a decrease in the
pH of the aqueous solution in which the sPS polymer is immersed drastically
decreases the phenol sorption in the sPS aerogel (Sacco et al., 2019).
To confirm such behavior also for N-TiO./sPS composite, additional
experiments in dark conditions were carried out to measure the amount of
phenol absorbed from the aqueous phase at different pH values (Figure
V.10).
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Figure V.10 Effect of pH on phenol absorption by N-TiO»/sPS composite in
dark conditions (Co phenot = 0.5 mmol/L; N-TiO»/sPS amount: 3g/L).

As result, the pH of the solution influenced the phenol uptake. In detail,
there was a progressive increase of phenol absorption into N-TiO,/sPS with
pH increase, while no phenol absorption was observed at pH=2. In strongly
acidic conditions, phenol forms clusters with H;O" (Parthasarathi et al.,
2007), which give rise to an electrostatic repulsion with the sPS polymer,
totally preventing the phenol absorption into the polymer itself (Sacco et al.,
2019). According to literature findings (Sacco et al., 2019) and considering
the results reported in Figure V.10, the pH of the aqueous phase surrounding
the N-TiO/sPS photoreactive solid phase was changed from about 7 to 2 by
adding hydrochloric acid.
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Figure V.11 Benzene relative concentration and phenol yield as a function
of run time under visible light at pH=2 using N-TiO:/sPS photoreactive
composite a); benzene conversion and phenol yield after 600 min of visible
light irradiation at pH=2 for different reuse cycles b).

The visible light-driven benzene oxidation, using N-TiO,/sPS photoreactive
solid phase surrounded by aqueous phase at pH = 2, is shown in Figure V.11.
The reaction driven by visible light was preferred over the one driven by UV
light since the former is the one showing a lower phenol yield and selectivity
(see data in Table V.6).

Figure V.11a evidenced that benzene concentration drastically decreased in
the dark period, achieving a sorption efficiency of approximately 91%.
Under visible light irradiation, phenol was obtained as the main product and
its yield was 57 % after 600 min of irradiation.
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Photocatalytic performances obtained using N-TiO»/sPS, under visible light
irradiation, in neutral (pH=7) and acidic conditions (pH=2), are compared in
Table V.6, to better evaluate the impressive contribution that acidic
conditions give to the selectivity of benzene hydroxylation to phenol. At
pH=2, phenol selectivity and phenol formation rate were, respectively, 98%
and 0.63 mmol/(gn-tio2'h), remarkably higher than those achieved at pH=7
(9% and 0.31 mmol/(gn-tio2-h)). It is worth pointing out that the selectivity to
ring-opened products and CO; is lower than 1% at pH=2.

Table V.6 Benzene conversion, phenol formation rate (Fphenot), Selectivity to
phenol and selectivity to ring-opened products and CO; using N-TiO»/sPS
under visible light in neutral (pH=7) and acidic conditions (pH=2)

CatalySt pH BzZcony thenol Sphenol SDeg
N-TiO,/sPS 7 72% 0.31 mmol/(yx-tioz-h) 9%  88%
N-TiO,/sPS 2 58% 0.63 mmol/(gx.tio2h) 98% <1%

To prove the stability of N-TiO,/sPS, recycling experiments were performed
under the reaction conditions that allowed to achieve the best results (under
visible light and at pH=2). The N-TiO./sPS composite was removed from
the liquid phase, dried at room temperature for 24 hours and reused up to
five times. As shown in Figure V.11b, any significant decrease both in
benzene conversion and phenol yield was observed, demonstrating the
stability of the catalytic material.

V.4.5 Proposed reaction mechanism

Based on the concentration profiles of by-products detected by HPLC
analysis during irradiation (Figure V.12 and Figure V.15) and the
mechanism hypotheses reported in the literature (Zhang and Park, 2019,
Devaraji and Jo, 2018), a possible reaction path was proposed.
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Figure V.12 Reaction products concentration (mmol/L) as function of
irradiation time (min) with N-TiO: photocatalyst in powder form under UV
light irradiation (a); Reaction products concentration (mmol/L) as function
of irradiation time (min) with N-TiO./sPS photoreacrive composite under
UV light irradiation (b).

Concentration variation of by-products, detected in the liquid phase, during
the photocatalytic tests carried out by irradiating N-TiO, photocatalyst and
N-TiO»/sPS  with UV light (Figure V.12a), showed that the first
photoproduced compound is phenol. In detail, with N-TiO», hydroquinone is
detected almost simultaneously with phenol, while all the other by-products
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Experimental results: direct oxidation of benzene to phenol using N-TiO2/sPS

are detected at a longer time (Figure V.12a). Therefore it is reasonable to
assume that, in the case of N-TiO,, phenol and hydroquinone are formed
directly from benzene. Using N-TiO./sPS, all reaction by-products are
instead detected at much longer times than phenol (Figure V.12b).
Therefore, it is reasonable to assume that they are produced from phenol
rather than benzene.

OH OH

a‘\ b
P

Y

OH

OH o)
. X
N | I
P
OH o

Figure V.13 Scheme of possible reaction mechanism on benzene oxidation
with N-TiO; photocatalyst under UV light.

Based on these observations, two possible reaction paths (a and b in Figure
V.13) were proposed for the mechanism of benzene oxidation using N-TiO,
photocatalyst in powder form under UV light irradiation. In path a of Figure
V.13, benzene is directly hydroxylated to phenol and hydroquinone.
Hydroquinone oxidizes consequently producing benzoquinone (path b in
Figure V.13) However, hydroquinone and resorcinol can be also produced
by phenol hydroxylation (path b in Figure V.13). Based on the data reported
in Table V.6, further oxidation of benzoquinone to CO, and other ring-
opened compounds occurs (Schneider et al., 2014, Bui et al., 2011). On the
other hand, a different reaction mechanism could be presumed with N-
TiO»/sPS (Figure V.14). Starting from the benzene, the primary reaction
product is phenol which oxidizes to give catechol and hydroquinone (in this
case resorcinol was not detected). Hydroquinone can further be oxidized to
benzoquinone. Also in this case, further oxidation of benzoquinone to CO,
and other ring-opened compounds is evidenced by data reported in Table
V.6.
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Figure V.14 Scheme of ossible reaction mechanism on benzene oxidation

with N-TiO»/sPS under UV light.

Variation of by-product concentrations, detected under visible light in the
liquid phase at pH=7, showed that phenol is detected only when N-TiO»/sPS
is used (Figure V.15). Indeed, by using N-TiO,, benzene is completely

converted to CO; and other ring-opened compounds (Speg>98%).

By using N-TiO,/sPS (Figure V.15), phenol is the main reaction product and
only traces of hydroquinone, benzoquinone and catechol are evident.
Therefore it is possible to argue that a reaction mechanism close to that
observed under UV light occurs under visible light. However, also in this
case, most of the benzene is converted to CO, and other ring-opened

compounds (benzene conversion: 72%; Speg: 88 %).
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Figure V.15 Reaction products concentration (mmol/L) as function of
irradiation time (min) with N-TiO:/sPS photoreactive composite under

visible light irradiation.
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Experimental results: direct oxidation of benzene to phenol using N-TiO2/sPS

The reaction mechanism at pH=2 is identical to that at pH=7, but the phenol
overoxidation is prevented by the high stability of phenol in the aqueous
solution surrounding the photoreactive solid phase (Sphenot and Speg are 9 and
88% at pH=7 against 98 and <1 %, respectively, at pH=2).
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V1. Experimental results: direct
oxidation of benzene to phenol
using N-TiO: powders loaded
with transition metal oxides

As for the direct oxidation of benzene to phenol, N-TiO, powders showed
a strong oxidizing power. Indeed, as observed from the experimental results
in the previous chapter, the benzene oxidation in presence of N-TiO;
photocatalyst showed a high conversion of benzene without phenol
production under visible light. Therefore, a possible strategy to increase the
phenol production is to formulate a photocatalyst which guarantees a high
benzene conversion together with an appropriate phenol yield and selectivity
under visible light.

VI.1 Synthesis of N-TiO:2 loaded with transition metal oxides

Cu, Fe and V oxides loaded on N-TiO; (Cu/N-TiO,, Fe/N-TiO,, and V/N-
Ti0;) were prepared by an incipient wet impregnation (Papp et al., 1994). N-
TiO, powder was suspended in a aqueous solution containing the appropriate
amount of trihydrate copper nitrate as copper precursor, nonahydrate iron
nitrate as iron precursor and ammonium metavanadate as vanadium
precursor (Aldrich) in order to obtain catalysts with metal loading equal to
Swt%. The suspensions were dried at 120°C for 12 hours and finally
calcined in a muffle oven at 450°C for 30 min, affording catalyst powders.
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V1.2 Photocatalytic activity tests

The photocatalytic oxidation reactions were performed in 35 mL aqueous
solution containing benzene (initial concentration: 25.6 mmol/L) and
acetonitrile (2.3 mL) as a co-solvent with 0.1 g/L of Cu/N-TiO,, Fe/N-TiO,,
and V/N-TiO; photocatalyst in powder form under continuous stirring.

The system was first kept in dark (without any light irradiation) at
room temperature for 60 min to obtain sorption equilibrium of benzene on
photocatalyst powder. Before irradiating the reactor, 2.8 mL of H,O, (30
wt% in H,O) was added to the reaction mixture. Then, the reactor was
irradiated for 600 min by visible (emission range: 400-800 nm; irradiance:
16 W/m?) LEDs strip placed around and in contact to the external surface of
the pyrex reactor. The reactor was cooled down by a fan during
photoirradiation time. Solution aliquots were withdrawn from the reactor at
different times by a ImL syringe, filtered through a 0.22 u CA filter
(SIMPLEPURE) to remove solid particles and immediately analyzed
quantitatively by an Agilent gas cromatograph (model 7820 A) equipped
with a flame ionization detector (FID) to evaluate the benzene and phenol
concentration.

GC separation was achieved with a DB Heavy Wax fused-silica
capillary column (30m x 0,35mm id. x 0,25um) under the following
conditions: column temperature 40-300°C (40 °C held 2 min, rate 5 °C/min
to 90 °C, rate 20 °C/min to 250 °C, held 10 min); helium at a constant flow
rate of 1 mL/min; injection port operated at 10:1 split mode; temperature of
injector and detector at 180 °C and 300 °C respectively.

Hydroquinone, resorcinol, p-benzoquinone and catechol were
determined quantitatively by HPLC using a Dionex UltiMate 3000 Thermo
Scientific system equipped with DAD detector, column thermostat and
automatic sample injector with 100uL loop. Separations were carried out on
a Phenomenex Luna C-18 column (150 x 4.6 mm i.d.; Sum) eluted with
mixture of water (solvent A) and acetonitrile (solvent B) according to the
program: 0-14 min, 15% B (isocratic); 14-23 min, 60-100% B (linear
gradient); 23-30 min, 15% B (isocratic). The chromatographic conditions
were: oven temperature 35°C; flow rate 0.8mL/min; injection volume 50 pL
and UV detector at 270 nm.

VI.3 Experimental results

V1.3.1 Characterization of Cu/N-TiO,, Fe/N-TiO; and V/N-TiO:

The samples were analyzed with the following characterization
techniques:
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e Wide-angle X-Ray diffraction (WAXD);

e N, adsorption at -196 °C to obtain specific surface area (Sger) UV-
Vis reflectance;

e Raman spectroscopy.

VI.3.1.1 Wide-angle X-Ray diffraction (WAXD) patterns

The results from X-ray diffraction analysis for all the synthesized
samples showed the presence of signals typical of the titanium dioxide in the
anatase crystalline phase (Figure VI.1) (Theivasanthi and Alagar, 2013). No
signals related to rutile phase have been observed. The peak at 38° related to
Fe,0s is not revealed for Fe/N-TiO; as reported in literature (Tanarungsun et
al., 2007) probably because the loading of Fe (5% wt) is below the detection
limit of the instrument.
On the other hand, the presence of CuO phase associated to the peaks at 20
=36 ° and 38 ° (Lee et al., 2002, Magesan et al., 2016), is detected for Cu/N-
TiO, sample. In the case of V/N-TiO,, the absence of an additional peak
around 20° belonging to the orthorhombic phase V,Os is also absent,
probably for the different synthesis conditions from those reported in the
literature (Avansi Jr et al., 2019, Avansi Jr et al., 2009)

|

|
| V/N-TiO,

I ,

— 7T T 1 - 1 1 17
10 20 30 40 50 60 70 80
20, degree

Figure V1.1 Wide angle X-ray diffraction (WAXD) patterns of TiO>, N-TiO>,
Cu/N-TiO;, Fe/N-TiO; and V/N-TiO; samples.

Intensity, a.u.
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VI.3.1.2 Specific surface area (Sper), crystalline size and band gap energy
(Evg) values

All samples prepared by impregnation have a lower Sger value than that of
the N-TiO, sample. This result is also related to a higher crystallite size
calculated for the metal impregnated samples than for the N-TiO; sample.
The average crystallite size of N-TiO,, Cu/N-TiO,, Fe/N-TiO,, and V/N-
TiO, samples was calculated using the Scherrer equation and the obtained
values are reported in Table VI.1. Furthermore, the reflectance data were
reported as the F(R.) value from Kubelka-Munk theory vs the wavelength.
Band gap determinations were made by plotting [F(R»)-hv]? vs hv (eV).N-
TiO, sample exhibits an increase of optical properties in the visible region
with a reduction of band-gap values from 3.20 eV (the typical band-gap of
undoped Ti0:) to 2.90 eV. This change in band-gap is therefore attributed to
the presence of nitrogen in the crystal structure phase. All the metal loaded
N-TiO; samples show a lower band gap value. In particular, Cu/N-TiO; has
a band gap value equal to 2.40 eV confirming the increase of light
absorption capacity in the visible region.

Table VI.1 Crystallite size, specific surface area (Sser) and band gap (Epg)

of all prepared samples.
Catalyst Crystallite size (nm) Ey, (eV) SBET
N-TiO, 7 2.90 115
CwN-TiO, 9 2.40 34
Fe/N-TiO; 10 243 42
V/N-TiO; 10 2.55 30

VI.3.1.3 Raman spectra
The Raman spectra of N-TiO;, Cu/N-TiO,, Fe/N-TiO, and V/N-TiO,
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Experimental results: direct oxidation of benzene to phenol using N-TiO2 powders loaded
with transition metal oxides

samples are shown in Figure VI.2a.

Figure V1. 2 Raman spectra of N-TiO,, Cu/N-TiO., Fe/N-TiO: and V/N-TiO;
(a). Raman spectra of N-TiO; and V/N-TiO; in narrow Raman shift range
700-1100 cm™ (b).

N-TiO, sample showed bands at 144, 397, 516 and 638 cm™!' and a weak
shoulder at 195 cm™', due to the Raman-active fundamental modes of anatase
(Giarola et al., 2010). On the other hand, additional Raman bands at 279 cm-
!, and 216 cm™! associated with CuO and Cu,O, respectively, as discussed in
literature, were not discovered (Vitiello et al., 2019, Lee et al., 2002). This
result can be attributed either to the overlapping of the anatase TiO, Raman
bands with the copper oxide bands or to the low amount of copper (Hu et al.,
2022, Bahadori et al., 2020).

From the observation of the Raman spectrum for the Fe/N-TiO, sample, it
was noted that the peak related to magnetite (Fe;Os) at 670 cm™ observed
with the 514 nm diode-laser, as reported in the literature, was not found
(Panta and Bergmann, 2015). Contrariwise, Raman spectrum of V/N-TiO,
displayed in the range 700-1100 cm™ (Figure V1.2b) a wide band at about
940 cm', assigned to the V-O-V functionality, indicating the presence of
polyvanadate species. The photocatalyst also shows a contribution to about
1016 cm™ which occurs in the stretch region V=0 and it is attributed to the
corresponding mode of the polyvanadates dispersed on the surface
(Ciambelli et al., 2009).

V1.4 Photocatalytic benzene oxidation with Cu/N-TiOz, Fe/N-TiO2

and V/N-TiO: photocatalysts.

The visible light-driven benzene oxidation, using Cu/N-TiO,, Fe/N-TiO,
and V/N-TiO; samples is shown in Figure VI.3.
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Figure V1.3 Benzene relative concentration and phenol yield as a function
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(b) and (c) V/N-TiO: photocatalysts.
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In the absence of visible light (dark condition), benzene is adsorbed on
Cu/N-TiO; surface for almost 50% after 30 min. Despite the presence of
H>0; as oxidant, phenol was not produced during dark condition.

When visible LEDs were switched on, benzene is converted and,
consequently, its relative concentration decreased with run time (Figure
VL.3). Phenol yield gradually increased during irradiation time in presence of
Cu/N-TiO,, reaching a maximum value of 25% after 360 min of irradiation,
and then it decreased recording a value of 19% at the end of the test (600
min of visible light). Fe/N-TiO, photocatalyst adsorbs benzene for about
46% after 30 min of dark condition. As the reactor is irradiated with visible
LEDs, the reaction begins and the benzene is converted. The phenol is
produced not immediately as in the case of the Cu/N-TiO, catalyst but after
20 min from the switching on of the visible LEDs reaching a phenol yield of
2% at the end of the test (600 min of visible irradiation). Similarly, V/N-
TiO, adsorbs benzene in dark up to 36% and, when the reaction is initiated
thanks to the irradiation of visible light and the presence of H»O,, a
progressive decrease of benzene relative concentration can be observed.
Figure V1.4 shows the phenol yield as a function of irradiation time obtained
with Cu/N-TiO», Fe/N-TiO; and V/N-TiO, samples.
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Figure V1.4 Phenol yield as a function of visible irradiation using Cu/N-
TiO;, Fe/N-TiO; and V/N-TiO: photocatalysts.
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After 600 min of visible light, Cu/N-TiO, photocatalyst achieves a phenol
yield equal to 19% significantly higher than that observed with Fe/N-TiO,
(2%) and V/N-Ti0; (2.5%).
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Table V1.2 Benzene conversion, selectivity to phenol and CO: and other
ring-opened compounds, yield to phenol, hydroquinone, catechol and
resorcinol obtained using Cu/N-TiO;, Fe/N-TiO: V/N-TiO: powder after 600
min of visible light irradiation (Vis).

Yp- Splmn

Catalyst ilgh Bzeo Yonenot  Yhydroguinone /Ym’“ho Yeesorcinol ) ) | SDeg
nw benzoquinone o

Cu/N- . 82 99.5
TiO, Vis % 19% 2% 11% <1% 5% 23% %

Fe/N-TiO,  Vis 2/4 2% <1% n.d n.d <1% 2% 907/'4
0 0

. . 71 3.5 99.9
V/N-TiO, Vis % 2.5% <1% <1% nd <1% % %

According to the data in Table V1.2, the phenol selectivity and yield using
Cu/N-TiO; are higher than those obtained with Fe/N-TiO, and V/N-TiO;
under visible light.

VI1.4.1 Kinetic modelling of the direct oxidation of benzene to phenol using

Cu/N-TiO,, Fe/N-TiO: and V/N-TiO: photocatalysts

The experimental data reported Figure VL5 together with the
concentration of by-products detected by HPLC analysis were used for the
kinetic modelling of the three formulated photocatalysts in order to calculate

the phenol production kinetic constant for each photocatalytic system.
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Figure VL.5 Comparison between model calculation and experimental data
to find the model oxidation constant k for benzene concentration (mmol/L)
(a); phenol concentration (mmol/L) as a function of time obtained with
Cu/N-TiO,, Fe/N-TiO: and V/N-TiO; under visible light (b).
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The main problem of the benzene (BZ) hydroxylation to phenol (PhOH) is
the consecutive reactions, which lead to by products (hydroquinone (HQ),
benzoquinone (BQ), catechol (CT), resorcinol (RS) and other open rings and
CO; production. The identified reaction paths are shown in Figure VL6..
When the photocatalytic hydroxylation of benzene occurs using Cu/N-TiO;
photocatalyst, the production of all by-products can be observed according to
the reaction mechanism shown in Figure VI.6a. On the other hand, Fe/N-
Ti0; does not provide detectable production of catechol (CT) and resorcinol
(RS), suggesting that the route of addition of hydroxyl groups to benzene
takes place preferably in the para position (Figure VI.6b). Instead, V/N-TiO;
photocatalyst leads to the production of phenol and the the other by-
products, except resorcinol (Figure VI1.6¢).
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Figure V1.6 Reaction paths for the photocatalytic conversion of benzene
with Cu/N-TiO: (a), Fe/N-TiO: (b)and V/N-TiO: (c).

More in detail, in presence of visible LEDs and Cu/N-TiO; as photocatalyst,
benzene is directly hydroxylated to phenol and HQ. The oxidative conditions
of the system leads to the conversion of HQ to BQ, but the equilibrium
reaction between these two species in the aqueous system cannot be
excluded. On the other hand, it is reasonable to accept that the production of
BQ may occur from phenol, since the *OH radical is highly reactive.
However, CA and RS can be produced by phenol hydroxylation (Figure V1.6
a). The concentration of BQ and CA reached appreciable values with respect
to the HQ and RS concentration with Cu/N-TiO» photocatalyst.

Phenol and BQ can be produced by benzene with Fe/N-TiO, in presence of
visible light and H,O,. HQ can be formed from phenol Then, HQ can give
BQ. Also in this case, the equilibrium reaction between HQ and BQ can not
be excluded (Figure VI.6b). In the same reaction conditions with V/N-TiO,
photocatalyst, benzene is directly converted to phenol and HQ that can be
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further oxidized to BQ. HQ can be produced from benzene and phenol.
Consequently, phenol can give CA, HQ and can directly oxidized to BQ
(Figure VI.6¢).

Taking into account the reaction schemes proposed in Figure V1.6, a kinetic
model for the photocatalytic hydroxylation of benzene is developed. . The
mass balance equations for Cu/N-TiO, photocatalyst are given below::

@ = —k1Cp, — k2Cp, (42)
dt

dCZ};OH = k,Cgy — kaCrpon — k7Conon — k3Cprnon — k10Crno (43)
dZIZQ = —ksCyq + kyCp; + k7Cppon + ksCpo — k11Cho (44)
% = k3Cpnon — kgCor (45)
drs = k4Cpnon — koCrs (46)
dt

d(Cile = ksCuq — k6Cpz — Kk5Cpz + k10Crnon (47)
%z6*kGCBQ+6*k8CCT+6*k96R5+6*k11CHQ (48)

The mass balance equations for Fe/N-TiO, photocatalyst are reported below:

dac
—Z = —k1Cp; — k;Cp, (49)
dt
dc
FRoH - —k1Cp; — k3Cppon (50)
dt
dc
dIZQ = k3Cppon — kaCpo + k4Cpq (51)
dc
% = kZCBZ - kSCBQ + k4CHQ - k:lCBQ (52)
a0 ksCo (53)
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For V/N-TiO; photocatalyst, the mass balance equations are the following::

dc
dt
dCphon
dt = leBz - kSCPhO - k7CPh0H - kBCPhOH (55)
dc
dIZQ = _k3CHQ + szBz + k7CPhOH + kéCBQ (56)
dc
T = ksCpnon — keCer G7)
dt
dCg /
d_tQ = k3Chq — kaCpq — k3Cpz + kaCrnon (58)
T = 6% kyCpo + 6% keCor ©%

The differential equations for each photocatalyst are solved considering the
initial condition:

t=0 CBz:C BZy-

t=0 Conon=Cnq=Cpq=Cc1=Cc02=0

The system of differential equations was solved by a numerical procedure
using the Euler method. It is the most basic explicit method for the
numerical integration of ordinary differential equations (ODEs) with a given
initial value. The values of the apparent kinetic constant for each reaction
were attained by using the least-squares approach, minimizing the sum of
squared residuals between the experimental data acquired at different
irradiation times and the values provided by the model. The results of the
optimization procedure were reported in Figure VI.5.

Table V1.3 shows the kinetic constants for phenol production (k).

Table VI. 3 Phenol production kinetic constants (k;) derived from the
proposed mechanism for photocatalytic hydroxylation of benzene
considering Cu/N-TiO,, Fe/N-TiO; and V/N-TiO: samples.

Photocatalyst ki, min’!
Cu/N-TiO2 1.41-10°
Fe/N-TiO2 1.09-10*
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V/N-TiO2 9.21-10°

The values of the phenol production kinetic constants evidence that the
Cu/N-TiO; photocatalyst showed the highest rate of phenol formation with
respect the other formulated photocatalysts.

Ultimately, Cu/N-TiO; photocatalyst is more effective as it produces phenol
faster than the other formulated photocatalysts and it allows to achieve the
highest phenol yield (19%) and selectivity to phenol (23%).

Therefore, to further increase the yield and selectivity of phenol and produce
phenol in shorter times, Cu/N-TiO, photocatalyst in powder form was
dispersed inside the sPS acrogel.
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VIL.Experimental results: direct
oxidation of benzene to phenol

using Cu/N-TiO2/sPS

VII.1 Synthesis of Cu/N-TiO2/sPS aerogel

sPS and Cu/N-TiO, were dispersed in chloroform inside hermetically
sealed test tube at 100°C until complete polymer dissolution. The obtained
mixture was sonicated at room temperature until complete gelation of the
polymer and then cooled to produce a gel. The monolithic composite
aerogels (D.I.=5.6 mm and a h= 3 cm) were obtained by treating the gels
with supercritical carbon dioxide (by using an ISCO SFX 220 extractor), for
4 hours at T=40 °C and P= 20 MPa, to extract the solvent. In the final
sample, the content of Cu/N-TiO, dispersed into the monolythic polymer
was 10 wt%.

VII.2 Photocatalytic activity test with Cu/N-TiO2/sPS aerogel

The photocatalytic reactions were performed in 35 mL aqueous solution
containing benzene (initial concentration: 25.6 mmol/L) and acetonitrile (2.3
mL) as a co-solvent with 3 g/L of Cu/N-TiO,/sPS aerogel (corresponding to
an Cu/N-TiO; dosage of 0.1 g/ L) under continuous stirring. The Cu/N-
TiO,/sPS aerogel acted as a reactive solid phase and preserved the
cylindrical shape during the overall test time.

The system was first kept in dark conditions at room temperature for 1280
min to obtain benzene sorption equilibrium on Cu/N-TiO./sPS aerogel..
Before irradiating the reactor, 2.8 mL of H,O, (30 wt% in H>O) was added
to the reaction mixture. Then, the reactor was irradiated for 600 min by
visible (emission range: 400-800 nm; irradiance: 16 W/m?) LEDs strip
placed around and in contact with the external surface of the pyrex reactor.
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The reactor was cooled down by a fan during photoirradiation time. Solution
aliquots were withdrawn from the reactor at different times by a 1mL
syringe, filtered through a 0.22 p CA filter (SIMPLEPURE) to remove solid
particles for the tests with Cu/N-TiO, photocatalyst and immediately
analyzed quantitatively by an Agilent gas chromatograph (model 7820 A)
equipped with a flame ionization detector (FID) to evaluate the benzene and
phenol concentration

Hydroquinone, resorcinol, p-benzoquinone and catechol were determined
quantitatively by HPLC using a Dionex UltiMate 3000 Thermo Scientific
system equipped with DAD detector, column thermostat and automatic
sample injector with 100uL loop.

VII.3 Experimental results

VII.3.1 Characterization results of Cu/N-TiOy/sPS aerogel

The aerogels were investigated through the following characterization
techniques:

e N adsorption at -196 °C to obtain specific surface area (Sger)
e Wide angle X-ray diffraction (WAXD)
e Fourier-transform infrared (FTIR) spectroscopy.

VII.3.1.1 Specific surface area (Sper) results
Table VII.1 reports the specific surface area (Sger) of the composite

acrogels.

Table VII.1 Specific surface area (Szer) of the composite aerogels.

Sample Seer [m%/g]
CuO/sPS 267
N-TiO2/sPS 222
Cu/N-TiO2/sPS 286

The formulated samples show Sger values t significantly higher than the
values obtained for the CuO (1.6 m?/g), N-TiO, (115 m?*/g) and Cu/N-TiO,
(34 m%/g).
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However, it is interesting to underline that the addition of the catalytic
powders led to a reduction of the specific surface compared to the value of
the bare sPS, equal to 340 m?/g.

VII.3.1.2 Wide angle X-ray diffraction (WAXD) patterns
Figure VII.1 displays the WADX patterns for CuO/sPS, N-TiO,/sPS and
Cu/N-TiO, /sPS aerogels in the 2% =5-60° range.

CuO/sPS

Cw/N-TiO/sPS

N-TiO/sPS
o]

L L L B B B L L L B
5 10 15 20 25 30 35 40 45 50 55 60
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Figure VII.1 Wide angle X-ray diffraction (WAXD) patterns of CuO/sPS, N-
TiO/sPS and Cu/N-TiOy/sPS composite aerogels

The WAXD spectra of the polymeric composites (Figure VII.1) show signals
at 20 = 8.5°, 13.9°, 17.1°, 20.7° and 23.9° typical of the nanoporous
crystalline form of sPS (Sacco et al., 2018a). While, the peak observed at 26
= 25° for N-TiO,/sPS and Cu/N-TiO, /sPS corresponds to the crystalline
phase of TiO; in anatase phase (Sacco et al., 2018a). The diffraction peaks
corresponding to the presence of copper oxide, on the other hand, are
obtained for 20 = 36° and 38° (Magesan et al., 2016) and are clearly
detectable in the CuO/sPS sample; while they are less evident in the Cu/N-
TiO,/sPS sample.
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Vil.3.1.3 Fourier-transform infrared (FT-IR) spectra
Figure VII.2 shows the FT-IR spectra for CuO/sPS, N-TiO/sPS and
Cu/N-TiO, /sPS aerogels in the range 500-3500 cm’'.
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Figure VII.2 FT-IR spectra of CuO/sPS, N-TiO»/sPS and Cu/N-TiO»/sPS
composite aerogels.

The FT-IR spectra of the CuO/sPS, N-TiO,/sPS and Cu/N-TiO,/sPS samples
show the presence of the characteristic peaks of the sPS polymer in the range
between 800 and 940 cm™ (Wu et al., 2001).

On the other hand, the absorption bands observed in the range between 500
and 600 cm™ are typical of the Cu-O vibrational motions (Chen et al., 2008).
Furthermore, a band due to an elongation vibration of CuO at 1680 cm™ is
clearly evident in the CuO/sPS sample and in the Cu/N-TiO./sPS sample
(Lopez et al., 1992). Finally, the absorption bands in the region between
3100 and 3150 cm™ are attributable to the Ti-OH and OH hydroxyl groups
present in TiO, (Lopez et al., 1992).
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VII.4 Photocatalytic benzene oxidation with Cu/N-TiO2/sPS

aerogel

VII.4.1 Comparison of visible light driven benzene oxidation between N-

TiOysPS and Cu/N-TiOy/sPS

Benzene conversion and phenol yield using Cu/N-TiO»/sPS and N-
TiO/sPS aerogel are displayed in Figure VIL.3. Benzene conversion for
Cu/N-TiOy/sPS composite was remarkably higher than that observed for N-
Ti0O,/sPS. It is worth pointing out that benzene conversion was higher than
that obtained with N-TiO,/sPS at low irradiation times. In detail, benzene
conversion was about 30% with Cu/N-TiO/sPS aerogel after 60 min of
visible light, while it is less than 20% with N-TiO./sPS aerogel (Figure
VIL.3a).. Instead, benzene conversion with N-TiO./sPS continuously
increased with respect to the irradiation time and reached a value of about
58% after 600 min of visible light whereas benzene conversion for Cu/N-
TiO2/sPS was was higher and equal to about 73%. Figure VIL.3b shows
phenol yield as a function of irradiation time with Cu/N-TiO,/sPS and N-
TiO2/sPS. Phenol yield obtained with Cu/N-TiO./sPS aerogel reached a
value of about 20 % whereas phenol yield observed using N-TiO»/sPS was
lower, approximately 6.5%, after 600 min of visible light.
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Figure VIL.3 Benzene conversion as a function of irradiation time using
Cu/N-TiOy/sPS and N-TiO:/sPS photoreactive composite under visible light
(a); phenol yield as a function of irradiation time using Cu/N-TiO»/sPS and
N-TiOx/sPS photoreactive composite under visible light (b).
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According to the literature (Tomita et al., 2011) the oxidation of benzene to
phenol on Cu/N-TiO, may be occurred through the following reactions
(Dasireddy and Likozar, 2018, Devaraji and Jo, 2018, Janczarek and
Kowalska, 2017):

N-TiOs + hv — egg+ h* (60)
Cu*t +e;p—> Cut (61)
Cu* + Hy0, — >  Cu?* +e0H+ OH™ (62)
H_ oOH 63
+ ¢eOH —— | CH (63)
=
HO

@H + ht + HY (64)
/
H HO
CH’
@ + Cu*t ——» © +Cut+H" (65)

The hole-electron pairs are produced by following the activation of the N-
TiO, under irradiation. Cupric ions could react with the photogenerated
electrons, producing cuprous ions. Therefore, Cu” ions could be re-oxidized
to Cu*" by H,O,, generating ¢OH. The hydroxyl radical reacts with benzene
to generate hydroxylated benzene radical, which is then oxidized by a
positive hole or by Cu®*" on the photocatalyst surface and deprotonated,
producing phenol.

VII.4.2 Effect of Cu/N-TiOy/sPS dosage

Figure VIIL.4 shows the effect of Cu/N-TiO./sPS aerogel dosage on
photocatalytic activity in terms of benzene conversion and phenol yield. In
detail, the photocatalytic benzene oxidation was performed by using 3 g/L.
and 6 g/L of Cu/N-TiO,/sPS aerogel under visible light irradiation. Benzene
conversion was 58 and 81% using 3 g/L and 6 g/L of Cu/N-TiO»/sPS
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dosage, respectively (Figure VIl.4a), after 600 min of visible light
irradiation, while the phenol yield was 20 and 9.5% with 3 g/L and 6 g/L of
Cu/N-TiOy/sPS, respectively (Figure VIL.4b). It is worth pointing out that,
with 6 g/L. of Cu/N-TiO,/sPS aerogel, the conversion of benzene after 420
min of visible light irradiation was similar to that obtained with 3g/L of
Cu/N-TiOy/sPSafter 600 min of visible light irradiation, confirming that the
increase of Cu/N-TiO,/sPS amount causes a higher benzene conversion rate.
Phenol yield was about 28% with 6 g/L of Cu/N-TiO2/sPS aerogel after 420
min of visible light irradiation. The detected mismatch between benzene
conversion and phenol yield, particularly notable after 600 min of visible
light irradiation (Table VIL.2) is due to the formation of reaction products
other than phenol.
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Figure VI1.4 Benzene conversion as a function of irradiation time using
3g/L and 6g/L of Cu/N-TiO:/sPS photoreactive composite under visible light
(a); phenol yield as a function of irradiation time using 3g/L and 6g/L of
Cu/N-TiOy/sPS photoreactive composite under visible light (b).

In Table VII.2 phenol yield is compared with that of other reaction by-
products (hydroquinone, catechol and resorcinol) detected by HPLC
analysis. According to the data of table VIIL.2, the selectivity to phenol
decreased by doubling the dosage of Cu/N-TiO»/ sPS aerogel after 600 min
of visible light irradiation because the selectivity to CO, and other ring-
opened compounds increased. While the selectivity to phenol was about 48%
after 420 min of visible light irradiation using 6g/L. of Cu/N-TiO./sPS
aerogel.

Table VIL.2 Benzene conversion, selectivity to phenol and CO; and other
ring-opened compounds selectivity, yield to phenol hydroquinone, catechol
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and resorcinol obtained using 3 g/L and 6 g/L of Cu/N-TiOxsPS aerogel

after 600 min of visible light irradiation (Vis).

Cu/N-TiOy/sPS

dosage light Bzeony Yphenot Yivdroquinone Yeatechor Yresorcinol Sphenol Sbeg
3g/L Vis 58% 20 5% 8% n.d 34% 33%
6g/L Vis 81% 9.5% 3% 7% n.d 12% 63%
6g/L" Vis” 58%" 28%" 2%" 4% n.d’ 48%" 26%"

*Experimental data obtained using 6 g/L of Cu/N-TiO 2/sPS acrogel after 420 min of visible light irradiation.

VII.4.3 Effect of pH

To further improve the phenol yield and, thus, reduce the phenol affinity
towards the sPS polymer (by increasing the affinity of phenol towards the
aqueous phase surrounding the Cu/N-TiO/sPS solid phase), the pH was
modified from about 7 to 2 by adding the hydrochloric acid. Figure VIL.5
shows the effect of pH on photocatalytic hydroxylation of benzene using

6g/L of Cu/N-TiO,/sPS aerogel under visible light irradiation.
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Figure VIL.5 Benzene conversion as a function of irradiation time using
6g/L of Cu/N-TiO:/sPS photoreactive composite under visible light in
neutral (pH=7) and acidic conditions (pH=2) (a); phenol yield as a function
of irradiation time using 6g/L of Cu/N-TiO/sPS photoreactive composite
under visible light in neutral (pH=7) and acidic conditions (pH=2) (b).

Figure VIIL.5a shows that benzene conversion was always higher than that
observed in neutral condition. In particular, the benzene conversion already
reached the value of 96% after 180 min of visible light, then remaining
almost constant for the overall reaction time. On the other hand, the benzene
conversion in neutral condition with 6g/L of Cu/N-TiO,/sPS under visible
light increased as a function of the irradiation time, achieving a benzene
conversion value of about 81 % after 600 min of visible light. Furthermore,
the phenol yield increased up to 28% after 420 minutes of visible light in
neutral conditions using 6 g/L of Cu/N-TiO»/sPS and then decreased at
longer irradiation times (Figure VIL.5b). While the phenol yield was about
96% in acidic condition after 180 min of visible light irradiation.
Photocatalytic performances achieved with Cu/N-TiO,/sPS, under visible
light irradiation, in neutral (pH=7) and acidic conditions (pH=2), were
compared in Table VIL.3. At pH=2, the selectivity to phenol and the phenol
formation rate were over 99% and equal to 5.4 mmol/(gcun-tio2h),
respectively, much higher values than those achieved at pH=7 (9.5% and
0.58 mmol/(gcwn-tio2-h)). It is worth noting that the selectivity to ring-opened
products and CO» was lower than 1% at pH=2.

Table VIL3 Benzene conversion, phenol formation rate (Fpreno)), selectivity
to phenol and selectivity to ring-opened products and CO, using Cu/N-
TiOy/sPS under visible light in neutral (pH=7) and acidic conditions (pH=2)
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CatalySt PH BZconv thenol Sphenol SDeg
Cu/N-TiO»/sPS 7 81% 0.58mmol/(ycun-tioo-h)” 9.5% 26 %
CU/N-TIOZ/SPS 2 96% 12,71’1’].1’1’101/(gcu/]\[:noz'h)M >99% <1%

*formation rate of phenol after 7h of visiblelight irradiation

** formation rate of phenol after 3 h of visible light irradiation

Reuse cycles were executed under the reaction conditions that allowed to
achieve the best results (under visible light and at pH=2). Therefore, Cu/N-
TiO2/sPS composite was removed from the liquid phase, dried at room
temperature for 24 hours and reused up to five times. Both benzene
conversion and phenol yield were similar in all the reuse cycles (Figure

VIL6), proving the stability of the Cu/N-TiO,/sPS.
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Figure VI1.6 Benzene conversion and phenol yield after 180 min of visible
light irradiation at pH=2 for different reuse cycles using Cu/N-TiO:/sPS

photoreactive composite

VII.5 Evaluation of effectiveness factor

To measure how much the reaction rate is lowered due to the diffusion
resistance of the polymeric aerogel cavities and establish the limitant step of
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the benzene oxidation process, effectiveness factor was calculated according
to the following relationship:

actual mean reaction rate within cavity __

Ef fectiveness factor =
ff f 1 rate if not slowed by cavity dif fusion

T4, with dif fusion (66)

TAwith dif fusion resistance

For the cylindrical geometry, the Thiele module (¢) can be defined by the
relashionship:

¢=Lx\/§=§x\/§ (67)

As shown in Figure VIL.7: for large ¢, or ¢ > 4, it was found that n =1/ ¢, the
reagent concentration quickly drops to zero as it moves into the cavity, so

diffusion strongly affects the reaction rate. Therefore the limiting regime in
this case is the diffusion in the aerogel cavity. For small ¢, or ¢ < 0.4 related
to cylindrical geometry, n=1, the concentration of reactant does not drop
appreciably within the cavity; thus cavity diffusion offers negligible
resistance. Therefore, the limitant step is the oxidation reaction into the
cavities (Levenspiel, 1998).

NE=1My
1.0 - = I — 1
S N e s O O B 1]
i eErRE—— 11—
T = IL T TREESS. T | - +—1+1+—
1 ; TN\ | 'r L1
' Flat plat e
05— —No resistance to { ?fa,e_ N \ — : Strong pore -
: pore diffusion | F)’""del’ & N\ | diffusion effects
0.4 1 Nl T seree ™ RN T T T
03 - 3 N\ - N
| ] N .
‘ | N
02 i — T 5
| | | \ |
| [ B8R
| | TN
[
| | |
01 f—————4—7— T
BN . l— ! I T
t T T .
I ! | I
I | | [
T | T I T
0.05 | | ! |
0.1 02 03 04 05 1 2 3 4

Thiele modulus: My = LVk"/9,

Figure VIL.7 Effectiveness factor versus ¢ for porous particles of various
shapes (Levenspiel, 1998).
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In the case of the binary benzene-phenol solution, the diffusion constant of
benzene is 0.42 cm*min (evaluated from the mathematical modelling of
benzene absorption in sPS), the kinetic constant for benzene consumption is
4.28-10° min! (evaluated from the mathematical modelling on Cu/N-TiO»)
and the inner radius corresponds to 0.28 cm, then ¢ is equal to 0.0141. In
such conditions n =1, evidencing that the benzene diffusion phenomena
within Cu/N-TiOx/sPS is not the limiting factor for benzene conversion and
that the limiting step is the photoreaction occurring on Cu/N-TiO, embedded
in the aerogel structure.
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VIII. Conclusions

In this Ph.D. work, heterogeneous photocatalytic oxidation has been
widely used as an innovative technology for water purification processes
aimed at the removal of organic substances at room temperature and has also
been extended to the synthesis of organic compounds under mild conditions.
Firstly, visible light active photocatalysts in powder form have been
formulated and used in the degradation of water pollutants (AO7 and THI).
The photocatalytic performances under visible light irradiation of Fe-N
codoped TiO, photocatalysts were investigated in the treatment of aqueous
solutions containing AO7. The photocatalysts were prepared by sol-gel
method and analyzed by different characterization techniques. UV—vis DRS
spectra showed that Fe-N-TiO,_1.2 sample gives visible-light absorption
contributions higher than those of undoped TiO,, N-TiO, 1.2 and Fe-TiO;
photocatalysts. It was observed a decrease in Epg up to the value of 2.9 eV
for N-TiO,_ 1.2 and 2.8 eV for Fe-TiO,, with respect to undoped TiO> (3.2
eV). It was observed an enhancement of photocatalytic AO7 discoloration
and mineralization under visible light irradiation using Fe-N-TiO, 1.2
photocatalyst, also confirmed by the kinetic constants values for AO7
degradation. In particular, Fe-N-TiO, 1.2 was able to achieve 90% of
discoloration efficiency and 83 % of TOC removal in 60 minutes of LEDs
light irradiation. This enhancement of photocatalytic activity should be due
to the modification of the TiO; structure with N and Fe associated with the
simultaneous action of Fe*" ions that inhibit the hole and electron
recombination and nitrogen ions, which are able to replace the oxygen sites
of TiO, lattice, generating Ti** sites and oxygen vacancies. The main
reactive oxygen species responsible of AO7 photocatalytic degradation are
superoxide and positive holes generated under visible light irradiation.
Finally, the optimized Fe-N-TiO, 1.2 evidenced photocatalytic
performances better than other Fe-N codoped TiO» formulations investigated
in literature, both in terms of treatment time and electrical energy
consumption. The photocatalytic performance of Fe-Pr codoped TiO;
photocatalysts in terms of color removal and mineralization efficiency was
also studied for the treatment of aqueous solutions containing AO7 dye
under visible light irradiation. UV—vis DRS spectra showed that Fe-Pr(8.5)-
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TiO, sample evidenced visible-light absorption contributions higher than
those of undoped TiO», Pr(8.5)-TiO, Fe-TiO, and the other Fe-Pr(x)-TiO;
photocatalysts. It was observed a decrease in Epg up to the value of 3.0 eV
for Pr(8.5)-TiO; and 2.8 eV for Fe-TiO,, with respect to undoped TiO; (3.2
eV). The further narrowing of Fe-Pr(8.5)-TiO, Ey, to value of 2.7 eV is an
indication of the enhancement of the photocatalytic activity in the visible
light region with respect to both Fe-TiO, and Pr(8.5)-TiO-, but also with
respect to Fe-Pr(4)-TiO,, Fe-Pr(12.5)-TiO,, Fe-Pr(17)-TiO> samples.
Furthermore, XRD results showed that the main crystalline phase was
anatase and revealed a slight expansion in the TiO; crystal lattice due to the
incorporation of Fe** and Pr*" ions. It was observed an enhancement of
photocatalytic AO7 discoloration and mineralization under visible light
irradiation using Fe-Pr(8.5)-TiO,. Such sample allowed to achieve 87% of
discoloration efficiency and 80% of TOC removal in 60 min of LEDs light
irradiation. This improvement in the photocatalytic activity should be
associated with the simultaneous doping of TiO, with Pr** and Fe*" ions that
induces a marked E,, decrease together with an enhanced generation of
oxygen vacancies (as evidenced by PL spectra), which can trap electrons,
and therefore reducing their recombination with photogenerated positive
holes. The photocatalytic performance of Fe-Pr(8.5)-TiO; in the visible light
degradation of phenol demonstrated the absence of possible sensitization
phenomena of photocatalyst surface by AO7 dye. The main reactive oxygen
species which induce the AO7 photodegradation mechanism are superoxides
and positive holes generated under visible light irradiation. In conclusion,
Fe-Pr(8.5)-TiO, showed photocatalytic performances superior than other Fe-
rare earth element codoped TiO, and Fe-RE element-nonmetal tri-doped
Ti0O, formulations considered in literature, particularly in terms of treatment
time.

It was assessed the effect of different doping elements towards the
photocatalytic degradation of thiacloprid under UV, visible and solar light
irradiation. XRD results of tri-doped TiO» samples showed the characteristic
peaks of TiO; in anatase phase, while no signals of dopant species oxide can
be detected. The shifting of the most intense mode in the Raman spectra of
tri-doped TiO, powder indicate the incorporation of doped elements in TiO,
lattice. The increase of absorption in the visible region and the shifting of the
absorption edge of tri-doped TiO, samples evidence a narrowing of the band
gap due to dopants elements incorporation in TiO; lattice, which is useful for
visible light photocatalysis in practical applications. In addition, the
reduction of PL intensity indicates a lower recombination rate and higher life
span of photogenerated carriers for all the doped samples in comparison with
the undoped TiO,. Photocatalytic activity results showed that Fe-N-P tri-
doped TiO; exhibited the highest THI degradation degree (64% under UV
light, 29% under visible light and 73% under the direct solar light). To
further improve the photocatalytic performances towards THI degradation,
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Fe-N-P tri-doped TiO, was coupled with B-CD sub-microparticles
precipitated by SAS technique, allowing to achieve a THI degradation
efficiency equal to 75% after 30 min of UV light. Fe-N-P/TiO,/3-CD
showed a THI degradation efficiency of approximately 50% after 180 min of
visible light.

The photocatalytic degradation of THI was also performed under sunlight.
Fe-N-P/TiO2/B-CD evidenced the best photocatalytic THI degradation
activity with an efficiency of about 88% after 180 min of sunlight. On the
other hand, Fe-N-P/TiO, sample degrades THI with an efficiency of 73%
after 180 min of sunlight, a value lower than that obtained with Fe/N-P/Ti0,
coupled with unprocessed B-CD (78%). The results on photocatalytic
degradation of THI confirm that the micronization of B-CD and their
combination with photocatalytic particles lead to electron-hole
recombination restriction and photocatalytic efficiency enhancement.
Therefore the coupling among B-CD and Fe/N-P/TiO, could represent a
significant step forward in the development of innovative photocatalytic
systems for the removal of water pollutants under sunlight.

Subsequently, it was considered appropriate to use for the direct oxidation of
benzene to phenol under UV light and visible light irradiation the
photocatalysts in powder form (Fe-TiO, N-Ti0O,, Fe-N-TiO,, Fe-Pr-TiO; Fe-
N-P/TiO; and Fe-N-P/TiO,/B-CD) optimized for water pollutants
degradation with the aim of exploring their potential application in a
photocatalytic process for organic synthesis under mild conditions and
therefore to overcome the limits associated to the industrial process of
phenol production.

All TiO,-based photocatalysts showed a high benzene conversion but very
low selectivity to phenol under UV light. However, N-TiO; exhibits a high
conversion of benzene under visible light without phenol production.
Therefore, since N-TiO, was the only photocatalyst to exhibit the highest
benzene conversion than the other photocatalytic formulations under visible
light, the idea was to disperse N-TiO, in powder form into a polymeric
medium in order to guarantee the phenol production and improve the
selectivity to phenol. To this purpose, sPS monolithic aerogels were
employed as support for photocatalytic particles. The sPS aerogels were
prepared starting from syndiotactic polystyrene gels, obtained by dissolving
the polymer in chloroform. After this step, the aerogels are obtained by
supercritical carbon dioxide treatment, which extracts the solvent avoiding
the gel collapsing. Absorption results in dark conditions showed that sPS
aerogel absorbed phenol in very low extent, whereas higher benzene
absorption efficiency was observed in the same conditions. These results can
be explained considering the high affinity of sPS aerogels towards non-polar
compounds (benzene) and its very low affinity with polar compounds
(phenol).
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Chapter VIII

Kinetic studies showed that the absorption process with sPS aerogels
followed pseudo first-order model for all the tested guest molecules and for
all the investigated operating conditions. The obtained values of kinetic
constants evidenced as sPS aerogels absorbed benzene more rapidly than
phenol because of the lower solubility of benzene in water with respect to
phenol. Moreover, diffusivity constants of the tested aromatic compounds
into sPS crystalline structure were evaluated. Photoreactive polymer
composite based on N-doped TiO, embedded into syndiotactic polystyrene
monolithic aerogel (sPS) was employed to improve the yield and selectivity
to phenol from benzene hydroxylation in presence of UV and visible light.
Under UV light, a very high benzene conversion (66%) was achieved with
N-TiO, but with a low phenol selectivity (5.5%), while the use of N-
Ti0,/sPS composite promoted an unexpected improved selectivity to phenol
(38%), achieving simultaneously a high benzene conversion (52%). Under
visible light, N-TiO, showed a high benzene conversion (62%) without
phenol formation proving that the same photocatalyst, if used in powder
form, is not selective to phenol. On the contrary, N-TiO,/sPS under visible
light led to increased phenol selectivity (9%) with a considerable benzene
conversion (72%). In order to further improve the phenol selectivity under
visible light, the pH of the aqueous solution was changed from about 7 to 2.
The obtained results showed a remarkable enhancement of both selectivity
(98%) and phenol yield (57%), preserving a high benzene conversion (58%).
Therefore the polymeric matrix is able to make N-TiO,, embedded in it,
selective towards phenol, assuring a high benzene conversion. Since the
benzene oxidation in presence of N-TiO, photocatalyst in powder form
showed a high conversion of benzene without phenol production under
visible light, it was chosen to modify the surface of N-TiO, by deposition of
Cu, Fe and V oxides by wet impregnation to increase the phenol production..
After 600 min of visible light irradiation, Cu/N-TiO, photocatalyst achieves
a phenol yield equal to 19% significantly higher than that observed with
Fe/N-TiO> (2%) and V/N-TiOs (2.5%). Moreover, kinetic modeling of the
direct oxidation of benzene to phenol using Cu/N-TiO;, Fe/N-TiO and V/N-
TiO, photocatalysts was performed, allowing to obtain the values of kinetic
constants for phenol production. The results evidenced that the Cu/N-TiO,
photocatalyst showed the highest phenol formation rate with respect to Fe/N-
TiO, and V/N-TiO,. Therefore, Cu/N-TiO: photocatalyst was chosen for the
dispersion inside the sPS aerogel. Cu/N-TiO/sPS aerogel under visible light
irradiation showed photocatalytic performances better than N-TiO/sPS.
Indeed, phenol yield obtained with Cu/N-TiO»/sPS aerogel reached a value
of about 20 % whereas phenol yield observed using N-TiO,/sPS was lower,
approximately 6.5%, after 600 min of visible light. Moreover, the calculation
of effectiveness factor evidenced evidencing that the benzene diffusion
phenomena within Cu/N-TiO,/sPS is not the limiting factor for benzene
conversion and that the limiting step is the photoreaction occurring on Cu/N-
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Conclusions

TiO, embedded in the aerogel structure. The effect of Cu/N-TiO,/sPS
aerogel dosage was also evaluated. Benzene conversion was 58 and 81%,
while the phenol yield was 20 and 9.5% with 3 g/L and 6 g/L of Cu/N-
TiO4/sPS, respectively, after 600 min of visible light irradiation. To increase
the selectivity to phenol and reduce the phenol affinity towards the sPS
polymer, the pH was modified from about 7 to 2. Benzene conversion
obtained in acidic condition using 6g/L. of Cu/N-TiO./sPS under visible
light, is always higher than that observed in neutral condition. In particular,
the benzene conversion was 96% after 180 min of visible light and
remianinedconstant for the overall irradiation time (600 min).
Simultaneously, phenol yield increased to about 96% in acidic condition
after 180 min of visible light, and phenol selectivity was over 99% with
aphenol formation rate equal to 5.4 mmol/(gcun-tio2-h), remarkably higher
than those achieved at pH=7 (9.5% and 0.58 mmol/(gcun-tio2-h)). In addition,
Cu/N-TiO,/sPS was recovered from the aqueous solution and reused several
times without significant loss of photoreactivity and reduction of phenol
yield. As concluding remark, the achieved photoreactive solid phase (Cu/N-
TiO2/sPS) could allow a significant leap forward in the development of
green processes capable of facing the challenge of selective oxidation
reactions of aromatic hydrocarbons in mild conditions.
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