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ABSTRACT

The widespread contamination of aquatic ecosystems poses critical environmental
challenges, spurring intensive global research into advanced sustainable water remediation
technologies. Titanium dioxide (TiO2) nanostructures have emerged as prominent photocata-
lysts due to their physical/chemical stabilities, cost-effectiveness, and catalytic efficiency.
However, TiO2 has a wide band gap, restricting its utilization to the ultraviolet region. To en-
hance spectral responsiveness under visible light, various strategies were explored, including
the creation of a heterostructure (graphitic carbon nitride/TiOz), multi-dimensional defect en-
gineering, as well as doping with two abundant elements: Fe and Ca. To overcome the limita-
tions associated with the recovery and recyclability of nanopowders, TiO2-based nanostruc-
tures synthesized under microwave irradiation were either incorporated into or directly syn-
thesized onto green substrates, floating and non-floating. These substrates included cork, cel-
lulose-based materials, resin, and polyurethane foams. The TiO,-based nanopowders and
platforms demonstrated excellent performance, achieving up to ~85 % combined adsorption
and degradation of methyl orange and rhodamine B, and ~80 % for tetracycline, within 180~
240 min, depending on the substrate type and synthesis conditions. These breakthroughs show
that TiO,-based nanostructures can be synthesized at mild temperatures (90-230 °C) using
microwave-assisted methods and be easily integrated into eco-friendly substrates while ena-
bling sustainable water purification. Moreover, this PhD thesis aligns with the United Nations
Sustainable Development Goals by promoting circular economy principles through the devel-
opment of reusable and eco-friendly materials, fine-tuned to improve water quality.

Keywords: TiO, nanostructures, Sustainable water remediation, Microwave-assisted

syntheses, Eco-friendly platforms, Photocatalysis
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RESUMO

A vasta contaminagdo dos ecossistemas aquaticos apresenta desafios ambientais ur-
gentes, impulsionando uma investigacao intensiva em tecnologias avancadas para a remedia-
¢do sustentdvel da dgua. As nanoestruturas de dioxido de titanio (TiO2) tém-se destacado de-
vido as suas estabilidades fisico-quimicas, relagdo custo-beneficio e eficiéncia catalitica. No
entanto, o TiO2 possui um hiato energético largo, o que restringe a sua utilizagao a regiao do
ultravioleta. Para melhorar a sua capacidade de absor¢ao a luz visivel, varias estratégias foram
exploradas, incluindo o fabrico heteroestruturas (nitreto de carbono grafitico/TiO:), engenha-
ria de defeitos, bem como dopagem com 2 elementos abundantes: Fe e Ca. Para ultrapassar as
limita¢Oes associadas a recuperagao e reciclabilidade dos nanopos, as nanoestruturas a base
de TiO: sintetizadas por irradiagao micro-ondas foram incorporadas ou sintetizadas direta-
mente em substratos ecologicos, flutuantes e nao flutuantes. Estes substratos incluiram a cor-
tica, materiais a base de celulose, resina e esponjas de poliuretano. Os nanopds a base de TiO:
e as plataformas demonstraram um desempenho excelente, alcangando até cerca de 85 % de
adsorcao e degradacao de laranja de metileno e rodamina B, e aproximadamente 80 % para a
tetraciclina, em 180 a 240 minutos, dependendo do tipo de substrato e das condi¢oes de sintese.
Estes avangos provam que as nanoestruturas a base de TiO, podem ser sintetizadas a tempe-
raturas moderadas (entre os 90 e os 230 °C) utilizando métodos assistidos por micro-ondas e
facilmente integradas em substratos amigos do ambiente, a0 mesmo tempo que possibilitam
a purificacdo sustentavel da dgua. Além disso, esta tese de doutoramento esta alinhada com
os Objetivos de Desenvolvimento Sustentavel das Na¢des Unidas ao promover os principios
de economia circular através do desenvolvimento de materiais reutilizaveis e ecoldgicos, oti-
mizados para melhorar a qualidade da agua.

Keywords: Nanoestruturas de TiO,, Remediagao sustentavel da dgua, Sinteses assisti-
das por micro-ondas, Plataformas ecoldgicas, Fotocatalise
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Figure 8.14: UV-VIS normalized absorption spectra of TiO: 5-Ca:TiO: and 10-Ca:TiO:
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Figure 8.24: Effect of several scavengers (BQ, SA, HP, IPA and EDTA) on TC photocatalytic
degradation over the 10-Ca:TiO2 membrane under simulated solar light. For comparison, the
photocatalytic degradation percentage of a solution without a scavenger (no scavenger (NS))
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1.1 Structure of the thesis

Chapter 1 presents the motivation, state-of-the-art and objectives of this thesis. Chapter
2 describes in detail the employed experiments, models and simulations. The next 6 chapters
are divided into two main sections:
1. Development and characterization of pure TiO2 nanostructures
1.1. Incorporated on cork (Chapter 3)
1.2. Incorporated on three-dimensional (3D)-printed macro-architectures (Chapter 4)
2. Development and characterization of modified TiO: nanostructures. The strategies em-
ployed to enhance the visible-light absorption of TiO: were:
2.1. The construction of a heterostructure (graphitic carbon nitride (g-CsN4)/TiOz) (Chap-
ter 5)
2.2. The introduction of surface defects by microwave irradiation using different solvents
(ethanol, isopropanol (IPA) and water) (Chapter 6)
2.3. Doping
2.3.1. With iron (Fe?) ions (Chapter 7)
2.3.2. With calcium (Ca?) ions (Chapter 8)
Chapter 9 provides the final remarks and outlines future perspectives. Lastly, Chapter 10 pre-

sents the outputs of this PhD thesis.

1.2 Motivation

This work is motivated by rising concerns over environmental pollution caused by or-
ganic pollutants in water streams worldwide, making their degradation an urgent priority [1].
Simultaneously, multiple challenges threaten progress toward achieving Sustainable Devel-
opment Goal (SDG) 6 set by the United Nations (UN) ("Ensure access to water and sanitation
for all") by 2030. The main obstacles include water scarcity and pollution [2].

To accomplish the ambitious objective of ensuring clean water for everyone, it is crucial
to conduct research that monitors the amount of pollutants in water and to develop effective
water treatment solutions that can purify wastewater [3]. To overcome this last issue, over the
last few years, the development of novel and advanced nanotechnology-based solutions for
the treatment of polluted effluents has been gaining increasing awareness [4]. Typical factors

of interest in these nanotechnology-based solutions include efficacy, efficiency, cost, product
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lifetime, and environmental and social impacts [4]. If current technologies are insufficient
and/or inappropriate for effective wastewater treatment, novel, sustainable and low-cost ma-
terials and technologies that can offer several advantages such as efficiency and appropriate-
ness need to be developed [4].

Photocatalysis is an eco-friendly technology with great potential for the total minerali-
zation of organic water pollutants. Photocatalytic experiments also enable the use of solar en-
ergy, which makes the catalytic processes economically viable for large-scale applications
while adding environmental value and supporting the achievement of SDG 6 [3,5,6].

Among the various photocatalysts studied, nanoscale TiO: structures have garnered sig-
nificant attention for their ability to degrade various organic pollutants. Even though visible
light constitutes a significant portion of the solar spectrum, TiO: has a wide band gap and,
thus, mainly absorbs in the ultraviolet (UV) region. Moreover, it suffers from a high recombi-
nation rate between the photo-generated electron-hole pairs, and it possesses low adsorption
ability for organic impurities due to its polar and non-porous surface, as well as for hydropho-
bic contaminants [7]. Another major drawback concerns the recyclability and recoverability of
nano-sized TiO: from treated water. To avoid the limitations and costs associated with the
recovery of nanometer-sized particles and to enable easy recovery and recycling of photocata-
lysts in practical photocatalytic applications, the functionalization of TiO:-based nanostruc-
tures on different sustainable substrates is an excellent alternative [8-10].

One advantage of TiOz-based nanostructures is the flexibility in the production routes,
including sol-gel, atomic layer deposition, spray pyrolysis, sputtering, electrospinning, and
hydrothermal/solvothermal production methods assisted by microwave irradiation [5,9].
Compared with conventional energy-intensive processes, TiOz2-based nanomaterials can be
rapidly produced using microwave-assisted methods. These methods are also straightfor-
ward, safe, and environmentally friendly, especially when water is used as the solvent. Fur-
thermore, they allow the operation at low temperatures, facilitating the direct integration of
nanostructures onto various eco-friendly substrates [11] while guaranteeing high photocata-
lytic performance of the synthesized platforms [12]. Despite being an attractive method to syn-
thesize nanostructures, more focus should be given to the fabrication of these nanostructures
by using simple and fast microwave approaches without the need to calcinate the samples
[18,27].

Considering these challenges, this PhD research aims to fabricate and characterize TiO»-

based nanopowders, as well as their integration on sustainable platforms using microwave-
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assisted syntheses. The novelty of this work lies in the development of sustainable TiOz-based
materials and platforms through simple and less energy-consuming microwave-assisted ap-

proaches for water remediation.

1.3 Water pollution and organic pollutants

Liquid surface water comprises more than 97 % of the Earth's hydrosphere, with 96 %
being saltwater from the oceans and 1.1 % as fresh liquid water. Of this 1.1 %, 99 % corresponds
to groundwater, leaving only 1 % as fresh surface water. Despite its small percentage, fresh
surface water is essential for human society's development and basic needs, having a major
influence on the quality of human life and ecosystems [13,14]. Climate change, population
growth, development of industrialization coupled with water mismanagement and overcon-
sumption have led to a deterioration of the available water resources [15]. The United Nations
(2024) projects that by 2030, 2 billion people will still lack access to adequate drinking water
services, 3 billion to safely manage sanitation, and 1.4 billion to basic hygiene services [16].
Moreover, according to data from early February 2025 on the European Commission website,
southern and eastern Europe, particularly the Mediterranean, Middle East, and Black Sea re-
gions, are experiencing severe, prolonged, and critical drought conditions. Some areas of the
Mediterranean, such as southeastern Spain, remain under persistent alert status with substan-
tial effects on the vegetation [17]. Therefore, enhanced water management, together with sur-
face water quality monitoring should be implemented to ensure safe and hygienic water use
[13,18].

Although several water quality parameters are targeted in sewage treatment plants, such
as turbidity, color, pH, alkalinity, chemical oxygen demand (COD - corresponds to the amount
of oxygen required to oxidize an organic compound to carbon dioxide (COz) [19]), total organic
carbon (TOC- corresponds to the total amount of carbon atoms covalently bonded in organic
molecules in a water sample [20]) and total fecal coliforms [21], multiple toxic and recalcitrant
organic contaminants (such as alkanes, aliphatic, alcohols and aromatic compounds [22]), as
well as inorganic (such as alkaline compounds, nitrate or nitrite, sulphate and heavy metal
ions [22]) are constantly being released to aquatic systems, making the wastewater treatment
of effluents an ecological challenge [23,24].

Dyes, which are widely used in the textile, pharmaceutical, food, cosmetics, plastics, pho-

tographic and paper industries are a significant polluter of the environment [25]. Since these



contaminants do not bind tightly to fabric, they end up being released into aquatic systems
and, without prior treatment, pose serious ecotoxicological threats and toxic effects on living
organisms, including mutagenicity and carcinogenicity [26]. Although no recent data is avail-
able on worldwide dye production, it is estimated that around 700 thousand tonnes are pro-
duced annually, among which around 10-15 % of the total production is estimated to be dis-
charged into the environment. In numerous European and Asian countries growing concerns
about textile effluent disposal have prompted industries to implement effective wastewater
treatment measures [27]. Consequently, the scientific output on dye removal from water
sources has grown over the last few years [26,28].

Dyes can be divided into different groups according to their chemical structure and type of
application, and they can also be separated into anionic (e.g. methyl orange (MO) [29] model
dye), cationic (e.g. rhodamine B (RhB) [30] or methylene blue (MB) [31] model dyes) and non-
ionic dyes (e.g. direct green 97 (DGY97) [32]). For instance, RhB (N-[9-(2-carboxyphenyl)-6-(di-
ethylamino)-3H-xanthen-3-ylidene]-N-ethylethanaminium [33]) finds applications across sev-
eral sectors (e.g. paper, paint, and textile). It is a water-soluble and amphoteric dye classified
as a xanthene dye. Owing to its recalcitrant nature, this dye endangers animals, plants, and
humans, since it is highly toxic and carcinogenic, being often present in wastewater [33-36].
The largest and most important group of organic dyes is the azo dyes class, representing nearly
70 % of the total textile dye manufacturing [15,25]. Due to the low coloring rate on textiles,
anionic dyes are discharged into the environment. MO dye is a common and stable azo dye.
Its molecular structure contains aromatic bonds (-N = N-) and sulfonic (SO%*) bonds attached
to different functional groups such as amino, hydroxyl, methyl, nitro, carboxyl and sulfoxyl
[37]. It is primarily used in the textile industry and as an acid-base indicator. Simultaneously,
its environmental impact is of great concern, since it is resistant to biodegradation and can
induce severe effects on animals and humans, such as gene mutation and cancer [15,38].

Pharmaceutical substances are also commonly present in effluents [39], emerging from
pharmaceutical wastewater, human and veterinary antibiotics that are not completely metab-
olized, and out-of-date or unused antibiotics [40]. As a result, antibiotics accumulate in soils
and reach aquatic environments, threatening aquatic and terrestrial organisms, as well as hu-
mans [40,41]. Although these pollutants are found at low concentrations in wastewater, sur-
face, underground, and drinking water, they are recalcitrant, and their toxicity constitutes a
significant risk to the well-being of ecosystems [42]. Moreover, the long-term existence of an-

tibiotics in the environment may induce antibiotic-resistant bacteria and antibiotic-resistance
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genes, leading to the spread of antibiotic resistance [40,43,44]. For this reason, it is essential to
remove these pollutants from the environment, encompassing water and soil, to mitigate their
environmental impact [45].

Among these pharmaceutical substances, tetracyclines represent the second-largest class of
antibiotics globally, widely used to treat various bacterial infections and other pathological
conditions. This class is frequently administered to both humans and animals and is also used
as a feed additive in the agricultural sector [46-48]. A study involving 16 countries revealed
that about 70 % of the world's antibiotic consumption occurs in Asia, with China accounting
for a significant portion. Although research has shown that tetracycline concentrations are be-
low the quantification limit in surface and groundwater, as well as in wastewater effluents in
several European countries, even low concentrations (with an average of 0 to 20 ng.L™!) pose
environmental risks. Therefore, there is a need to develop new analytical methods for their
detection [49,50].

These antibiotics can be categorized into three groups according to the production method.
They can be produced by strains of Streptomyces bacteria or by biosynthesis (e.g. tetracycline
(TC), chlortetracycline, oxytetracycline, demeclocycline), through semi-synthetic methods
(e.g. doxycycline, lymecycline, meclocycline) or completely synthesized (e.g. tigecycline) [51-
54]. Tetracycline molecules comprise a hydronaphtacene framework with four linearly con-
densed benzene rings. The main differences between the tetracycline analogues are the sub-
stituents at the carbons in the positions 5, 6, 7 and 9 [55]. They contain two different chromo-
phore regions and possess three pKa values: pKa1 (protonation of oxygen bound at the carbon
position 3), pKa: (protonation of oxygen bound at the carbon positions 10 and 12) and pKas
(protonation of dimethyl functional group at the carbon position 4) at pHs of 3.3, 7.7 and 9.7,
respectively. Therefore, at pH values below pKai, they have a cationic form, at pH between
pKa:and pKa: they are neutral (zwitterionic state) and above pKasthey are anionic [46,53,56].
Table 1.1 provides a summary of the main physicochemical properties of the three organic pol-

lutants previously mentioned (RhB, MO, and TC) and studied in this thesis.



Table 1.1: The main physicochemical properties of RhB, MO and TC.

Molecular  Solubility
weight in water  Appear- = Apax
(MW) gLl hHe ance (nm)
(g-mol™1) 20 °C

Pollutant Chemical formula Chemical structure

H:C CH

. Reddish-

CI 3
(&)
HaC N O o ‘ N.__CHs
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RhB Ca2sH31CIN20:s [57] CooH 479.02 [57] 50 [57,59]
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N N 0~Na*
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[61] [63]
0.231
Ver
(Very Yellow
slightly 360
TC C2H24N20s [64] 444.4 [64] powder
soluble in [66]
Requested with permission [64]
water)
from [65]
[64]

1.4 Wastewater treatment processes and technologies

When water becomes contaminated and requires purification, the optimal treatment
method should be chosen according to the decontamination standards established by each
country [67]. There are five phases from which wastewater goes through to be converted into
different products, according to the desired use. These phases consist of preliminary, primary,
secondary, tertiary treatments, and a final stage to treat the sludge formed. The preliminary
treatment eliminates the (floating) solid particles from the effluent by mechanical or physical
means. Then, in the primary treatment, physicochemical and chemical methods are used, such
as coagulation, precipitation and flocculation to remove the total suspended solid (TSS) load
and turbidity. During the secondary treatment, which involves chemical and biological meth-
ods, aerobic organisms decompose the solid waste. The aim is to reduce organic matter in the
form of biological oxygen demand (BOD - a measure of the amount of oxygen required to
remove organic matter from water in the process of decomposition by aerobic bacteria)/COD,

and other pollutants, such as ammoniacal nitrogen. The tertiary treatment (physical and
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chemical methods) ensures that the final product is free from any impurities or chemicals that
could harm the ecosystem by using techniques such as filtration and disinfection. The last step
involves sludge treatment, including supervised tipping, recycling, or incineration [68-71].
Wastewater treatment supports the circular economy by serving as a source of energy,
clean water, fertilizers, and nutrients. Nevertheless, it is challenging to extract its full potential,
due to the need for more efficient and advanced sustainable approaches [72]. A broad selection
of techniques can be used to treat wastewater, with the most frequent methods involving phys-
ical, chemical, and biological processes. Physical treatments such as adsorption, membrane
filtration and reverse osmosis consist in the removal of pollutants by physical means [22].
These treatments have proved to be efficient in treating industrial pollutants from effluents
[15]. However, their major drawbacks are the increased sludge formation volume and the high
maintenance costs [15]. On the other hand, biological treatment methods use microorganisms
to break down organic compounds being eco-friendly and generally inexpensive methods
[15]. These processes commonly include biological adsorption, accumulation, and biodegra-
dation [73]. However, achieving complete mineralization of contaminants becomes difficult
when more complex molecules are involved [15]. Additionally, these biological methods are
limited by strict environmental regulations, operate at a slow degradation rate, and carry the
potential risk of introducing species that could cause harmful long-term effects [73]. Chemical
treatments, such as advanced oxidation processes, electrochemical, Fenton reactions, oxida-
tion and ozonation consist in the degradation of pollutants in the presence of powerful oxidiz-
ing agents [74], mainly hydroxyl radicals (*OH) [73]. These hydroxyl radicals can attack or-
ganic molecules through hydrogen abstraction, combination or addition of radicals, and elec-
tron transfer [75] while possessing a high redox potential (2.8 eV) and non-selective properties
[75]. However, beyond the advantages and disadvantages of each treatment method, choosing
the right technology also involves considering factors like affordability and suitability from

economic, social and environmental perspectives [76].

1.5 Advanced oxidation processes

Advanced oxidation processes (AOPs) are becoming an increasingly important area of
research for the oxidation of various water contaminants [77]. These processes enable the com-
plete mineralization of hazardous organic chemicals into carbon dioxide (CO), water (H:20),

and mineral acids. Moreover, they are easy to use, provide fast reaction rates and can eliminate



dissolved organic contaminants present in aqueous systems at low concentrations that are dif-
ficult to remove [78,79]. The list of advanced oxidation technologies is extensive. Nevertheless,
in most systems the formation of hydroxyl radicals is frequently achieved by a combination of
strong oxidants, such as hydrogen peroxide (H202), ozone (Os), or a combination of catalysts
with irradiation (e.g UV or ultrasonic (US)). AOPs can be divided into several groups: photo-
catalysis, Fenton-based reactions (through a combination of H20: with ferrous ions), sonolysis
(using US), ozone-based reactions, electrochemical oxidation, among others, like wet oxida-
tion and supercritical water oxidation. It is also possible to combine these technologies [77,80].

Photocatalysis, in particular, is a "green" advanced oxidation process that holds great
promise, since it can utilize solar energy to its fullest extent into value-added products, such
as fuels or chemicals [81]. Photocatalytic experiments are simple to conduct, they can be per-
formed at normal ambient conditions (temperature and pressure) and pollutants can be effi-

ciently degraded at a reduced cost [9,15,82,83].

1.5.1 Heterogeneous photocatalysis

Photocatalysis is characterized by the acceleration of chemical reactions in the presence
of a catalyst, under light irradiation. Photocatalysis can be homogeneous or heterogeneous.
For homogeneous photocatalysis, both reactant and catalyst are in the same phase, whereas in
heterogeneous they are in different phases [6,84]. In the first type of photocatalysis, transition-
metal complexes are commonly employed as homogeneous photocatalysts owing to their sta-
bility and appropriate electronic band gaps. Frequent processes for homogeneous photocatal-
ysis include the ozone process and the photo-Fenton reaction (Fe* and Fe*/H202) [85]. How-
ever, heterogeneous systems offer more efficient and environmentally friendly post-reaction
operations, such as easier separation of the catalyst from the reaction medium and catalyst
reusability, thus being the most explored approach [86,87]. Since 1972 with the discovery of
UV light-induced water splitting into hydrogen and oxygen at the TiO2 anode by Fujishima
and Honda [88,89], significant efforts have been devoted toward heterogeneous photocataly-
sis, particularly to degrade organic pollutants from air and water [90].

Heterogeneous photocatalysis typically employs inorganic semiconductor oxides as
photocatalysts [90]. The entire photocatalytic process can be divided into 5 steps [91]:

1. Mass transfer of reactants (organic molecules) from the fluid to the catalyst surface
2. Adsorption of organic molecules on the photocatalyst surface

3. Photocatalytic reaction:

10



- Photon absorption by the catalyst
- Photogeneration of electron-hole pairs
- The charges are transferred to the catalyst surface and induce the redox reactions

4. Desorption of the product from the reaction
5. Mass transfer of the products from the interfacial region to the fluid.

In step 3, when the semiconductor photocatalyst is irradiated with light of higher en-
ergy than its band gap, the photons’ energy is absorbed, electrons from the valence band (VB)
are excited to the conduction band (CB) and electron-hole pairs are created equation (1.1). If
the recombination of electrons and holes does not occur, electrons and holes can migrate to
the surface of the photocatalysts and participate in redox reactions. Holes will oxidize water
molecules and form superoxide radical species (*O:7), equation (1.2), while electrons will re-
duce oxygen molecules and generate *OH, equation (1.3). The superoxide radicals will be fur-
ther protonated to harvest hydro-peroxyl radicals (HOO*) and subsequently hydrogen perox-
ide (H202) and hydroxyl radicals are formed, equations (1.4), (1.5), (1.6), (1.7) and (1.8). These
hydroxyl radical species will be further responsible for the decomposition of organic com-

pounds [84,92], equation (1.9). The reactions that occur can be written as follows [93]:

Semiconductor + hv — ecs™ + hvs* (1.1)

H:0 + hvs* — H*+ *OH (1.2)

O2+ecs = O (1.3)

*O2 + H*— HO:* (1.4)

HO:z*+ HO2* — H202+ O2 (1.5)

H20:+ ecs™ > OH™+ *OH (1.6)

H202+*O2™— *OH + OH + Oz (1.7)

H20:2+ hv — 2*OH (1.8)

Organic compounds + *OH — Reaction intermediates — CO2 + H20 (1.9)

Since the last decade, photocatalysis has been used due to its sustainable character, and
employed in a wide range of applications, including water/wastewater treatment [94], air pu-
rification [95], antibacterial [96], self-cleaning treatments [97], among others.

In heterogeneous photocatalysis, the common reaction mechanisms include the Lang-
muir-Hinshelwood (L-H), Eley-Rideal (for gas-phase reactions), and Mars—-van Krevelen
mechanisms (for gas-phase reactions) [98]. In liquid-phase photocatalytic reactions, most sys-

tems follow the Langmuir-Hinshelwood (L-H) model [90].
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1.5.1.1 Langmuir-Hinshelwood (L-H) kinetic model

The most frequently used kinetic model to explain the kinetics of the heterogeneous
photocatalytic reactions is the L-H model, equation (1.10).

A€ kpKaqC

"TTA T T+ KyuC

(1.10)

in which r represents the degradation rate (mg. (L.min)~*), C is the concentration of the or-
ganic pollutant (mg.L™!) at a given time (#), k; is the rate constant of reaction and K,q4 the ad-
sorption equilibrium constant (L. mg~1) [9,99]. After integration in the interval [C, (], it is sim-
plified to the pseudo-first-order-kinetics equation with an apparent rate constant (k,p= k. K,q)
and if we consider that the adsorption is weak, as well as the concentration of organic pollu-

tants, the factor K,4C can be negligible and thus equation (1.11) is obtained [9]:

C
In (C_o) = —kgpt (1.11)

Based on equation (1.11), the rate constants k,j, (min~?) can be determined by plotting

In (ci) vs. time (t), in which the slope of the linear regression is the apparent rate constant
0

[9,99].

This model assumes that reactants initially adsorb onto the catalytic surface, where the
reaction occurs with the subsequent desorption of the reaction products [98]. The photodeg-
radation rate of organic molecules in the presence of photocatalysts also follows the Langmuir-
Hinshelwood model considering four possible scenarios: the reaction occurs between two ad-
sorbed substances, the reaction occurs between a radical in solution and an adsorbed molecule,
aradical in solution reacts with an adsorbed pollutant molecule, a surface-bounded radical on
the photocatalyst reacts with a pollutant molecule in solution, or the reaction occurs between

a radical and pollutant molecule present in solution [99].

1.6 Semiconductor photocatalysts

The photocatalytic activity is directly related to the photocatalysts, and it is well known
that as the size of a material decreases down to the nanometer scale, new properties in it may
emerge when compared to their bulk counterparts, particularly due to a higher surface area
and surface-to-volume ratio. Additionally, nanomaterials may also exhibit quantum effects at
the nanoscale. These properties, among others, might facilitate the reactions/interactions of a

photocatalyst with the water pollutant for efficient photocatalytic degradation [100].
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Nanostructures are materials with at least one dimension in the nanometer scale (be-
tween 1 and 100 nm). Such nanostructures can possess a zero-dimensional (0D), one-dimen-
sional (1D), two-dimensional (2D) or 3D structure. A 0D material contains a nanometer scale
in each of the three directions (x, y, z), a 1D material has a nanometer scale only in two direc-
tions, while a 2D structure has a nanometer scale only in one direction. For 3D nanostructures,
although their dimensions are higher than 100 nm, their construction is a hierarchical archi-
tecture that grows in all directions using 0D, 1D, and 2D nanostructures [101]. Examples of 0D
nanostructures include quantum dots, nanoparticles, fullerenes, and clusters, among others
[101]. 1D structures are nanotubes, nanorods, nanowires and nanoribbons [101-103]. 2D
nanostructures are for instance nanosheets [15,104], whereas 3D nanomaterials include metal-
lic-organic frameworks and aerogels [101]. Examples of 0D, 1D, 2D and 3D nanostructures are

illustrated in Figure 1.1.

oD 1D 2D 3D
zero-dimension one-dimension two-dimensions three-dimensions
Clusters Quantum Nanobars Nanowires
dots
& Nanofilms
Atomic
aggregates

" 4
’I,é:qt /  Pilared
I graphene
Fulerenes Aerogels

Figure 1.1: Schematic illustration with examples of 0D, 1D, 2D and 3D nanostructures. Reproduced from Ref. [105].

Extensive research has been conducted on nanomaterials as adsorbents and catalysts for
water remediation owing to their unique physicochemical properties [106-108]. Indeed, de-
pending on the material's dimensions (0D, 1D, 2D or 3D), the size and morphology of the final
nanostructures will influence the final properties of the material (physical, chemical, electrical,
optical, magnetic, mechanical and consequently adsorbing and catalytic) [109,110]. Other fac-
tors that determine the photocatalytic properties are, for instance, the crystallinity, band gap,
preferential growth orientation, porosity and surface chemical properties [111,112], which de-
pend greatly on the processing variables, such as applied temperature, precursors used, reac-

tant concentrations, addition of surfactants or other chemicals and solution pH value [11,113].
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Additionally, the material should be non-toxic, stable and manufactured through easy and
low-cost methods [85].

For an efficient degradation of pollutants, the VB and CB edge position of the semicon-
ductor must be more positive and negative than the potential of -OH/'OH (2.3 V vs. normal
hydrogen electrode (NHE)) and O2/'Oz" (-0.33 V vs. NHE) pairs, respectively [114]. Several
semiconductors have suitable band gap energies, such as TiO:, zinc oxide (ZnO), tungsten ox-
ide (WOs), iron (III) oxide (Fe20s), and strontium titanate (SrTiOs) [114], as depicted in Figure
1.2.
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Figure 1.2: Band structures of several typical n-type and p-type semiconductors, separated into semiconductors
with strong oxidation (red box, also including tin (IV) oxide (SnO2), ZnO, TiO2 and SrTiOs compounds) and reduc-
tion abilities (blue box, including cadmium sulfide (CdS) and graphitic carbon nitride (CsN4) compounds). The
redox potentials (vs. NHE at pH =7) for organic pollutant decomposition are illustrated in the green box. Reprinted

with permission from Ref. [115].

Moreover, beyond suitable band-edge potentials, these semiconductors should exhibit
low charge carrier recombination and high solar light absorption, both desirable properties in
a photocatalyst [85]. There are two types of semiconductor photocatalysts: organic and inor-

ganic [116]. These two types will be further explained in the next sections.

1.6.1 Organic semiconductors

Organic semiconductors are a class of semiconductors that exist as molecular structures
and are composed of abundant elements like carbon, hydrogen, oxygen, and nitrogen
[117,118]. Besides, these materials allow cost-effective processing (they can be solution-pro-

cessed at low temperatures [119]) [117,120]. These materials possess several highly desirable
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properties for optoelectronic device fabrication, including isomeric characteristics (e.g., stere-
oisomerism), optical attributes (e.g., tunable emission and lifetime), and an adjustable elec-
tronic structure that enhances their responsiveness to a broader spectrum of solar light, also
making them excellent candidates for photocatalysis. Additionally, their diverse bonding
modes, interaction types, and stacking patterns contribute to a wide range of electrical and
optical behaviors, enabling the identification of relationships between organic molecular
structure and photocatalytic efficiency [121-124]. Most organic molecules contain m conju-
gated core and side chains. The conjugated length of their m-core and the affinity between
molecules can be tailored resulting in a variety of bonding modes, interaction types, and stack-
ing patterns by introducing, for instance, unsaturated groups to the m-core, or hydroxyl,
amine, carboxyl groups to the side chains. The molecular packing frequently relies on weak
non-covalent interactions, such as n-m stacking, van der Waals forces, and hydrogen bonding.
Through the optimization of their molecular structure and packing, various electrical and op-
tical properties can be achieved. Moreover, organic semiconductors often strongly absorb vis-
ible light, allowing it to be harvested during photocatalytic experiments [125]. Nevertheless,
they exhibit a low dielectric constant (&, = 3-5, meaning a high exciton binding energy [126]),
resulting in a low charge carrier mobility. In addition, due to their molecular bonds and struc-
tural disorder, organic semiconductors are susceptible to exciton trapping. Consequently, a
significant portion of charge carriers undergo recombination, limiting the overall photocata-
lytic efficiency under visible light [124,127-130]. Nevertheless, numerous strategies have been
proposed to address this inherent limitation, including crystal engineering, modulation of mo-
lecular interactions and interface engineering (e.g. 2D organic-inorganic heterostructures
[131]) to achieve varied electron-transporting behavior and enhance their responsiveness to a

wider range of solar spectrum [124,130].

1.6.2 Inorganic semiconductors

Compared to organic semiconductors, inorganic semiconductors are composed of inor-
ganic elements such as silicon (Si) or germanium (Ge) from IV and VI groups of the periodic
table, or compound semiconductors like gallium arsenide (GaAs) [132,133]. The atoms are co-
valently bonded and the materials possess higher charge carrier mobility and better stability

under mechanical, electrical, and environmental stress [119,134].
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1.6.2.1 Metal oxides and metal oxide semiconductors (MOS)

Metal oxides are a class of materials largely explored in photocatalysis. They are com-
posed of positive metallic and negative oxygen ions [135], in contrast to conventional covalent
semiconductors such as Si [136]. These materials can exhibit insulator, semiconductor, or me-
tallic characteristics [137,138]. The metals used can be transition metals or main-group metals
(the metals in groups 1, 2, and 13-15 of the periodic table [139]) [140]. In terms of electronic
structure, the d-orbitals in most transition metals are partially filled. An important feature of
transition metal ions is their capability to exhibit several oxidation states, meaning that in some
cases, two or more types of oxides can be obtained from one type of transition metal [141,142].

Specifically, MOS have been widely used in heterogeneous photocatalysis for the photo-
degradation of organic pollutants in water and air since most of them are low-cost, non-toxic
and exhibit photo/chemical stabilities [143,144]. A great number of MOS are characterized by
a large band gap (>3.0 eV) [74] and depending on the nature of the majority carriers (electron
or holes), metal oxides can be categorized into two types: n-type and p-type. In n-type semi-
conductors, the majority carriers are electrons [145]. Examples of n-type semiconductors in-
clude TiO2, WOs, ZnO, Fe:0s, CdS, and bismuth tungstate (Bi2WOs) [146], while for p-type
semiconductors, the majority carriers are holes [145], such as in bismuth oxide (Bi2Os), vana-
dium pentoxide (V20s), and copper oxide (CuO or Cu20) [146]. Despite the ongoing search
for more efficient photoactive materials under solar irradiation, TiO: is probably the most
largely explored in heterogeneous photocatalysis, especially at the nanometer scale, and re-

mains a benchmark photocatalyst [9,147,148].

1.6.2.1.1 TiO:

TiO:z is a versatile material and can be found in numerous applications (e.g. paint indus-
try, self-cleaning, catalysis and biomedicine) [147,149-151]. Over the last years, this material
has been garnering tremendous scientific and technological interest in environmental applica-
tions [147,152,153]. Due to its reduced toxicity, cost, and enhanced physical and chemical sta-
bilities, TiO: is highly appealing for photocatalytic applications [135,154].

1.6.2.1.2 TiO: properties

TiOz, an n-type semiconductor [155], has three naturally occurring polymorphs: ana-
tase, brookite, and rutile. TiO: rutile and anatase forms present a tetragonal lattice, while

brookite has an orthorhombic system. Rutile is the most stable form at higher temperatures,
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whereas anatase and brookite are metastable and are easily transformed to rutile when heated.
The band gap energies also vary according to the crystalline phase: 3.0 eV for rutile, 3.2 eV for
anatase and ranging from 3.1 to 3.4 eV for brookite, at room temperature [92,156]. Brookite is
difficult to synthesize, hence it is the least explored TiO: phase in photocatalytic applications
when compared to rutile and anatase phases [156,157]. Despite that, the brookite phase has
been observed as a by-product when the synthesis is carried out in an acidic medium at rela-
tively low temperatures [156]. The synthesis parameters will determine the nucleation and
growth of the different TiO2 polymorphs, and consequently the physical, optical, electrical and
chemical properties of TiO2 [158].

The crystal structure of these TiO, polymorphs is related to the different spatial ar-
rangements of TiOs octahedra, where each Ti** ion is surrounded by six O ions (see the struc-
ture geometries in Table 1.2. In the tetragonal structure of anatase, each octahedron shares
corners to form (001) planes, while in the rutile tetragonal structure, the (001) planes are
formed by edge-sharing octahedrons. The orthorhombic structure of brookite consists of cor-
ner and edge-sharing octahedra [159]. Table 1.2 shows a summary of the most important prop-

erties of each naturally occurring TiO: polymorphs (anatase, rutile and brookite).
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Table 1.2: Summary of the most important properties of the naturally occurring TiO2 polymorphs (anatase, rutile
and brookite).

Anatase Rutile Brookite
Crystal
Tetragonal [160] Tetragonal [160] Orthorhombic [160]
structure
Lattice a=3.79 [161] a=4.59[161] a=9.17[161]
constant ¢=9.51[161] c=2.96[161] b=5.46[161]
(A) c=5.14 [161]
Space
I41/amd [160] P42/mnm [160] Pbca [160]
group
Density (p)
3.894 [160] 4.25 [160] 4.12 [160]
(g/cm?)
Refractive
2.5688 [162] 2.9467 [162] 2.8090 [162]
index
Band gap
3.2[32] 3.0 [32] 3.1-3.4[32]
(eV)
o
qf
M ?"Lf’“‘
Structure ‘ }p 3800 i’\-\o
geometry d 4d 6 4

Source: Crystallography Open  Source: Crystallography Open Source: Crystallography
Database (7206075.cif) Database (9015662.cif) Open Database (9004139.cif)

Beyond the three common polymorphs of TiO: (anatase, rutile, and brookite), several
additional phases are known, including high-pressure metastable structures such as TiO2-B (a
monoclinic crystal system), TiOz-II (columbite-type, orthorhombic system), TiOz-III (baddeley-
ite-type, orthorhombic system), TiO2-R (a ramsdellite-like form, orthorhombic system) [163],
TiO2-H (hollandite-like form, orthorhombic system) [164], cubic TiO: (cubic system) [165],
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TiO2-OI (orthorhombic system) and TiO2-OII (cotunnite (PbClz) structure-like, orthorhombic
system) [166]. These phases are typically stabilized under high-pressure conditions, which
limits their practical applicability. However, they remain the subject of active theoretical and
experimental research. Studies have highlighted their potential in applications such as energy
storage and photocatalysis [167-169].

Other phases were observed such as the Magnéli TiO: phases. These phases are sub-
stoichiometric forms of TiO2 and are characterized by the general formula TinOzn-1 (Where n
ranges from 4 to 10). They are also notable for their excellent high conductivity, comparable to
graphene, and chemical resistance, making them well-suited for electronic and catalytic appli-
cations. Their synthesis typically involves the reduction of TiO: in controlled environments,
often employing high temperatures ranging between 850 and 1300 °C [170].

TiO2 can also be found in an amorphous phase. However, the photocatalytic activity of
this phase is negligible compared to TiO: crystalline phases [155]. In terms of photocatalytic
activity, anatase TiO: (as a single phase) has shown superior photocatalytic activity to rutile
or brookite. It has been reported that anatase exhibits a longer lifetime of photogenerated elec-
trons and holes than rutile and brookite. Additionally, the average effective mass of electrons
and holes in anatase is smaller than that of rutile and brookite, which favors a faster migration
of photogenerated charge carriers from the interior to the surface of anatase; thus, reducing
the recombination rate and improving the photocatalytic activity [35].

Although TiO: presents several advantages, the main drawbacks of using its pure form
in photocatalytic applications are related to the wide band gap and high recombination of
photogenerated electron/hole pairs [35]. Consequently, it only exhibits high photocatalytic ef-
ficiency under UV irradiation [171]. The UV contribution to the total solar spectrum (Figure
1.3) represents about 5 % [172]. Therefore, approaches for turning TiO: photocatalytic active

under solar irradiation are imperative.
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Figure 1.3: The air mass 0 spectrum (AMO) (grey area) and the air mass 1.5 spectrum (AM1.5) (red area) solar irra-
diation spectra show the solar energy distribution outside of the Earth’s atmosphere and at the Earth’s surface,
respectively [173]. The AM 1.5 solar spectrum has a total radiation of 1000 W.m™2 [174]. Reproduced from Ref.
[174].

The development of photocatalysts driven by visible light and capable of harnessing the
maximum possible solar energy, including visible light, is thus a key factor in improving their

photocatalytic performance under solar light irradiation [175].

1.6.2.1.3  Synthesis of TiO2-based nanostructures

The synthesis of metal oxides can be carried out through top-down or bottom-up ap-
proaches. In the first approach, the bulk material is broken down into nanoscale particles via
physical methods, such as milling, exfoliation, sputtering and pulsed laser ablation techniques.
The resulting nanomaterials are generally of excellent quality and display high crystallinity.
Conversely, in the bottom-up approach, atomic nuclei are combined through self-assembly to
form nanoparticles through techniques like chemical vapor deposition, sol-gel, hydrothermal
and solvothermal methods, among others. The bottom-up approach has attracted attention
since it allows control over the composition, morphology, and size of the nanostructures
[176,177].

Various chemical and physical methods have been developed for the synthesis of TiO:-

based nanomaterials, including sol-gel [178,179], atomic layer deposition [180],
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electrospinning, anodization [181], sputtering [182], ultrasonic irradiation [183], flame synthe-
sis [183], hydrothermal/solvothermal production methods, including hydrothermal/sol-

vothermal assisted by microwave irradiation [5,9,157,184].

Hydrothermal/solvothermal synthesis

Among these methods, hydrothermal/solvothermal synthesis is one of the most popu-
lar production routes for preparing nanomaterials and a broad range of nanostructures have
already been produced through this approach [185-187]. In this technique, chemical reactions
occur for the synthesis of inorganic compounds in the presence of organic solvents (in sol-
vothermal syntheses) or water (in hydrothermal syntheses) [138]. A sealed reaction vessel is
used, frequently made of stainless-steel autoclave, and the temperature of solvents can be
brought to around their critical points via heating and at the same time with autogenous pres-
sures. Highly crystalline materials can be obtained without additional annealing treatments
[113,188]. The nanostructures with desired particle sizes, morphologies, crystallinity, and sur-
face functionalities depend greatly on the processing variables, such as applied temperature,
precursors used, reactant concentrations, addition of surfactants or other chemicals and solu-
tion pH value [11,113]. Even though this technique is simple, safe, environmentally friendly
(when water is used as solvent), and mild synthesis temperatures can be applied, essential for
the integration of nanostructures on innumerous types of substrates (e.g. plastics [11], textiles
[11], paper [5,184], among others), in recent years microwave irradiation has proven to be a

promising alternative [35,188].

Microwave heating versus conventional "autoclave" method

Compared with the conventional “autoclave” method, which relies on a conduction
approach, microwave irradiation has a penetration characteristic, enabling a homogeneous
heat-up of the reaction solution. This results in uniform nucleation and rapid crystal growth
[188,189]. Additionally, higher yields/high product purity can be obtained with a reduced pro-
cessing time, the reactions are reproducible due to the presence of a uniform microwave field
around the mixture and upon optimization of the microwave parameters, there is the possi-
bility of scale-up for industrial applications [9,190]. A comparison between conventional and

microwave irradiation heating can be seen in Table 1.3.
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Table 1.3: Comparison between conventional and microwave heating [9,190-192].

Conventional heating Microwave heating
Conduction heating and convection currents Heating by microwaves
Superficial/wall heating Coupling at molecular level (volumetric heating)
Low heating rate High heating rate
Non-uniform heating Uniform heating
Higher energy consumption Lower energy consumption
Long processing time (several hours [193,194]) Short processing time (a few minutes [193,194])
Product quality and quantity can be affected Higher product quality and quantity
Material independent Material dependent

Numerous studies have reported the production of visible-light-activated TiO:
nanostructures using microwave synthesis methods, like other physical and chemical tech-
niques mentioned earlier [15,35,195,196]. In the next section the most studied and effective

strategies developed to enhance the visible light absorption of TiO2will be discussed.

1.7 Strategies to enhance the visible light absorption of TiO2

Several attempts have been made to extend the light-harvesting capacity of TiO: to the
visible range, such as doping, the fabrication of heterostructures and surface defect engineer-

ing [15,197].

1.7.1 Doping

Doping is the process of intentionally introducing impurities to any intrinsic material
to modify the optical, electronic, and physical properties of the material [198]. The doping
mechanism can be interstitial or substitutional. In interstitial doping, the impurities are added
between the host atoms without replacing them. On the contrary, in substitutional doping the
impurities replace some of the host atoms in the crystal lattice of the material [199]. The intro-
duction of dopants into the TiO: lattice can lead to the formation of new defect states within
the band gap that could absorb photons with energies lower than the energy of the band gap,
thus extending the absorption of the material to the visible light spectrum, boosting the pho-
tocatalytic efficiency under solar light [200,201].

Regarding TiO: doping, dopants owing comparable radii with Ti* are segregated at

the substitutional position, whereas dopants with smaller radii might occupy the interstitial
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sites of TiO2[202]. The doping of TiO: crystals can be achieved by either self-doping, non-metal
doping, metal doping, or co-doping. Self-doping refers to a process of introducing a charged
cation of the same species of the crystal structure, co-doping occurs when there are two or
more dopant elements introduced into the TiO: lattice structure, whereas non-metal and metal
doping involve respectively doping of non-metals, such as boron (B), nitrogen (N), and carbon
(C), and metals, such as manganese (Mn), vanadium (V), copper (Cu), silver (Ag) and Fe [198].
The type of dopant, along with precise control over its amount and distribution within the
TiO, structure, can be used to adjust the material's optical, electronic, and mechanical proper-
ties, broadening its potential applications [198].

The most common doping elements are transition metals, such as Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu and Zn [203]. These elements possess partially filled d-orbitals and they have been
reported to facilitate the formation of Ti* states which increases the number of oxygen defects,
thus promoting the adsorption of oxygen on the titania surface. Additionally, they introduce
intraband states close to the CB or VB edge, which might induce visible light absorption at
sub-band gap energies. Previous calculations revealed that there is a delocalization of the 3d
or 4d states of the transition metals, and frequently these states hybridize with the Ti’s 3d and
O’s 2p states, hence modifying the TiO: electronic structure and improving its visible light
absorption ability [35,171,204].

Surface defects, such as oxygen vacancies may also be induced due to doping, which
contributes to enhancing the photocatalytic activity of nanomaterials [205]. Doping subse-
quently not only improves photocatalytic performance, but also leads to changes in the nano-
materials” optical, electronic, and physical properties [198]. Nonetheless, an excessive concen-
tration of dopant may induce the creation of multiple trappings of charge carriers, which in
consequence increases the electron-hole recombination and decreases the number of active
charge carriers [35,205].

Doping with iron is a cost-effective strategy due to its abundance on Earth and the ease
with which iron atoms can substitute titanium (Ti) atoms. Moreover, iron doping is responsi-
ble for extending the photoexcitation response of TiO: to the visible absorption range and en-
hancing the catalyst's lifetime during the photocatalytic processes [35,206,207]. With the intro-
duction of iron atoms, new electronic states emerge within the forbidden band of the semicon-
ductor, leading to an extension in the light absorption range [208]. Similar to iron, Ca is an

inexpensive metal with promising potential in photocatalysis. Despite the limited research
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available, this scarcity encourages further investigation [209,210]. The literature review on the

use of these two dopants in TiOz will be presented below.

1.7.1.1 Doping TiO: with Fe* ions

Amongst the different metal ions that have been successfully incorporated, Fe (a tran-
sition metal ion) appears as an excellent candidate for doping TiO:2 due to its half-filled d-
electronic configuration and the similar atomic radius of Fe>*ion (0.69 A) and Ti* ion (0.75 A).
The titanium positions in the TiO: lattice can be easily substituted by the cation Fe*, which is
reported to provide trap centers for photogenerated electrons and holes since the energy level
of Fe?/Fe* is located near Ti*/Ti*; thus, enhancing the charge separation [35]. Several studies
have reported that Fe doping enhanced the photocatalytic performance of TiO2 compared to
other metals or intrinsic TiOz. For instance, Crisan et al. studied the effect of three transition
metal ion dopants: Fe, cobalt (Co), and nickel (Ni) on TiO: for the degradation of nitrobenzene
in water. The best photocatalytic activity results were achieved with Fe-doped TiO2 nanopow-
der in 120 min under UV-VIS light irradiation (4 = 300-500 nm). The material reached ~85%
degradation for a concentration of 0.5 wt. % Fe [211]. Sahoo and his team synthesized various
metal ion-doped TiO, microstructures using a 1 mol. % concentration of different metal ion
precursors, including silver nitrate, ferrous sulfate, and ferric nitrate solutions. TiO, was
doped with Ag?, Fe?*, and Fe®* ions, and the resulting materials were evaluated for their pho-
tocatalytic efficiency in degrading MB and Acid Blue 93. Under visible light, Fe**-doped TiO,
emerged as the most effective photocatalyst, achieving around 96% and 90% decolorization of
MB and Acid Blue 93, respectively, within 180 minutes of light exposure [212]. Afonso et al.
also demonstrated the outstanding performance of Fe-doped TiO, photocatalysts. The mate-
rial with a TiO2:FeCls weight ratio of 1:1.6 exhibited the highest photocatalytic activity, achiev-
ing a RhB degradation efficiency of 93.8 % after 3 h of simulated solar light irradiation [213].
Another study showed that a TiO, catalyst doped with 0.5 mol. % Fe achieved a 92 % removal
efficiency of bisphenol A (BPA) under simulated solar light [214]. Moreover, Sood et al. devel-
oped Fe-doped TiO: nanoparticles with improved performance in degrading p-nitrophenol,
obtaining a degradation value of 92 % in 5 h when the Fe* molar concentration was
0.05mol. %, under visible light irradiation and without the addition of oxidizing reagents
[215]. Nevertheless, in terms of increasing TiO: photocatalytic activity with iron doping, some
studies reported the opposite behavior. Multiple factors can contribute to the inconsistencies

reported in the literature, including disparities in synthesis methods, annealing temperatures,
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the organic compounds used for the photocatalytic tests, and the concentration of the iron

dopant [35].

1.7.1.2 Doping TiO: with Ca?* ions

In contrast with transition metals and rare earth metals, doping TiO2 with alkaline
earth metals, in particular with Ca, has been scarcely reported in the literature [216]. Moreover,
calcium is cost-effective, abundant, and green [217]. Based on the limited studies available on
water remediation employing Ca-doped TiO: nanomaterials, Michi et al. reported the synthe-
sis of Ca-doped TiO: nanofibers by the sol-gel electrospinning method. The best RhB degra-
dation rate was obtained with the 5 wt. % Ca-doped TiO: nanofibers reaching 95 % degrada-
tion after 100 min of UV light exposure, compared to 73 % with the undoped TiO: nanofibers.
Both intrinsic and doped materials were composed of a mixture of anatase/rutile. The im-
proved photocatalytic activity was attributed to the addition of calcium impurities into the
TiO2 lattice, which also led to a reduction of the rutile phase [210]. Another study by Liu et al.
demonstrated the production of Ca-doped TiO2 mesoporous anatase nanomaterials through a
solid-state reaction route. The photocatalyst with the ratio of Ca:Ti=1:7 achieved a thiophene
degradation of 90.2 % vs. 19.1 % with pure TiO2, under visible light irradiation for 50 min of
reaction. The degradation capacity of thiophene was attributed to the distribution, quantity
and vibration intensity of hydroxyl groups at the surface of the Ca-doped TiO: materials. Fur-
thermore, in these materials, some defects originated at the shallow surface. These defects
could have acted as electron/hole traps, thereby improving the separation of photogenerated

electrons and holes, resulting in improved photocatalytic activity of these materials [218].

1.7.2 Construction of heterostructures

The development of heterostructures based on TiO2 could be an efficient alternative to
improve the photoactivation of TiO2 under visible light irradiation [146]. A heterostructure or
junction is the interfacial union of two or more components with distinct electronic properties.
This junction is typically composed of a semiconductor with one or more materials, such as
metals or semiconductors [146].

Semiconductor/metal heterostructures are based on the deposition of metallic nano-
particles on semiconductors. In such a union, the recombination of electron-hole pairs can be

minimized due to the flow of photoelectrons from the conduction band of the semiconductor
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to the surface of the metallic nanoparticles and the creation of the Schottky barrier that pre-
vents the return of these charges to the conduction band of the semiconductor [146,219].

Semiconductor/semiconductor heterostructures can be classified either as anisotype —
a p-njunction—, or isotype heterojunctions, in which both coupled semiconductors are n-type
(n-n junction) or p-type (p—p junction). Depending on the band position, 3 possible band align-
ments in semiconductor/semiconductor heterostructures are possible: straddling gap band
alignment (type I), staggered gap (type-1I), and the broken gap (type-III) [146,220].

As illustrated in Figure 1.4 (a), upon light irradiation, in a type-I heterostructure, the
VB potential of semiconductor B is more positive than that of semiconductor A, whereas the
potential of the CB of semiconductor A is more negative than that of semiconductor B. Conse-
quently, both electrons and holes are transferred from A to B, resulting in the accumulation of
charge carriers in B [146]. This accumulation in the semiconductor with a smaller band gap

facilitates the recombination rate, which in turn decreases the photocatalytic activity.
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Figure 1.4: Schemes of the types of band diagrams in semiconductor junctions, (a) straddling gap or type-I, (b)
staggered gap or type-II, and (c) broken gap or type-III. The band bending mechanisms were omitted. Adapted
from [221,222].

In a type-II heterojunction, after illumination, the VB potential of semiconductor B is
more negative than that of semiconductor A, and the CB potential of semiconductor A is more
positive than that of semiconductor B (Figure 1.4 (b)). As a result, the photogenerated electrons
and holes migrate to the CB of semiconductor B and VB of semiconductor A, respectively. This
donor-acceptor interface can efficiently promote the separation of electrons and holes at the

26



interface [15,146]. However, the redox efficiencies in type-I and type-II are low, since oxidation
and reduction reactions occur on the VB and CB with weaker redox potentials [114]. Mean-
while, in a type-III heterojunction, the charge carrier’s separation is limited, once there is no
overlap between the band gaps of two semiconductors A and B [114,223].

Unlike the traditional type-I, II and III heterostructures, Z-scheme heterojunctions re-
tain stronger redox ability. According to the transport media, Z-scheme heterojunctions are
divided into traditional Z-scheme/redox pair mediator Z-scheme, all-solid-state Z-scheme and
direct Z-scheme or S-scheme (Figure 1.5) [224-226].

In a traditional Z-scheme or redox pair mediator Z-scheme, ion pairs are incorporated
that contain an electron donor and an electron acceptor as the mediator. Upon light irradiation,
electrons and holes are generated on both semiconductors A and B. Afterwards, the photogen-
erated electrons of semiconductor B and photogenerated holes of semiconductor A are con-
sumed by an electron acceptor and donor, respectively. Then, the strong redox power of ion
pairs separates electrons in the CB of semiconductor A and holes at the VB of semiconductor
B. The electron donor is oxidized by the holes on semiconductor A and turns back to the elec-
tron acceptor, forming a circular process in which electron donors and acceptors are consumed
by the photogenerated electron-hole pairs of the weaker redox potentials of semiconductors
A and B. At the same time, redox ion pairs separate electrons on semiconductor A (CB) and
holes on semiconductor B (VB) of higher redox potentials (Figure 1.5 (a)) [225].

Solid-state Z-scheme heterojunctions have the purpose of eliminating the use of redox
pairs and replacing them with nanoconductors, hence extending the range of applications. A
solid-state electron mediator (usually metals, such as Au, Ag, or Pt) is in contact with two
semiconductors and promotes interfacial charge carrier transfer. The photogenerated electrons
with weak reduction potential migrate from the CB of B and can recombine with the photo-
generated holes with a weak oxidation potential induced from the VB of A, assisted by the
electron mediator (Figure 1.5 (b)) [114,224]. In contrast to the traditional Z-scheme heterojunc-
tion, this configuration is compatible with liquid and gas phases [227]. Nevertheless, the utili-
zation of expensive and photo-corrosive noble metals restricts their utilization as photocata-
lysts and suffer from light-shielding effects [114,227].

The photocatalysts in which carriers are directly transported through the interface be-
tween the two semiconductors present a direct Z-scheme. The photogenerated electrons in the
CB of semiconductor B will be transferred to the interface and recombine with the holes in the

VB of semiconductor A due to the electrostatic attraction. Therefore, holes and electrons with
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stronger oxidative and reductive abilities can be preserved in the VB of semiconductor B and
the CB of semiconductor A, respectively (Figure 1.5 (c)). Contrary to solid-state Z-scheme het-
erojunctions, this configuration can reduce the cost and eliminate the light-shielding effect

[227].
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Figure 1.5: Schemes of the types of band diagrams in (a) traditional Z-scheme, (b) all-solid-state Z-scheme, and (c)
direct Z-scheme photocatalysts. The band bending mechanisms were omitted. Adapted from [221,228].

1.7.21 g-CsN4/TiO: heterostructure

To improve solar light energy harvesting, TiO2 has been coupled with several materi-
als, such as molybdenum disulfide (MoS:) [229], niobium(V) oxide (Nb20s) [230], cerium va-
nadium oxide (CeVOs) [231] and g-CsNa [15,232]. In particular, g-CsNs, an organic semicon-
ductor, has garnered significant interest, primarily due to its “earth-abundant” nature, re-
duced toxicity, facile synthesis, appealing electronic band structure and high physicochemical
stability [15,233]. g-CsNuis considered the most stable among the several carbon nitride allo-
tropic forms (a-CsNs, B-CsNs, g-h triazine, cubic CsNs, pseudocubic CsNi), under ambient con-
ditions [234]. Moreover, it has the lowest band gap attributed to the sp?-hybridized carbon and
nitrogen atoms, forming a 2D m-conjugated electronic system [15,235]. This material is com-
posed of layers of triazine or tri-s-triazine ring structures (the tri-s-triazine-structure (Figure
1.6) is the most thermodynamically stable [235]), connected by N atoms, wherein van der

Waals forces hold its layered stacking [15]. This semiconductor also exhibits electron-rich
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properties, basic surface functionalities and H-bonding motifs, making it suitable for catalytic

applications (Figure 1.6) [236].
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Figure 1.6: Tri-s-triazine-based structure of g-CsNs and its multiple functional surface properties. Reproduced from
Ref. [237].

Other characteristics of this material include high thermal stability (up to 600 °C in air)
and hydrothermal stability (it is insoluble in acidic, neutral or basic medium). Furthermore,
bulk g-CsNs has a small surface area (10 m2.g™"), however, the fabrication of multi-layer or
single-layer g-C3;N, nanosheets can significantly increase the specific surface area [238]. For
example, monolayer g-C3N, can achieve a specific surface area of up to 2500 m?.g™" [239].
Larger specific surface area offer more active sites for the adsorption of pollutants during the
photocatalytic experiments [240].

Regarding the fabrication methods, the thermal polymerization of low-cost precursors
(between 500 and 600 °C in air or inert atmosphere) is the most popular approach, owing to
its simplicity, high yield and cost-effectiveness [15,241]. The material’s precursors are carbon-
and nitrogen-rich organic compounds, typically dicyandiamide, melamine, urea and thiourea
[15,235].

The band gap energy of g-CsNa is between 2.7 and 2.8 eV, corresponding to a wave-
length of 450-460 nm, which allows the absorption of visible light. Moreover, it presents a
strong photoreduction capability, which is strongly promoted by the high redox potential of
-1.3 V (vs. NHE at pH =7 compared to the potential of —0.5 V for pure TiO2) [2]. Nevertheless,
since its top energy level of the VB is 1.4 V (vs. NHE at pH =7 compared to 2.7 V for pure TiO2),
it has a weak oxidative capability for water oxidation, leading to insufficient hydroxyl radicals’
production. In addition, the hybridization of the N 2p and C 2p states in the CB results in a

fast recombination rate of photogenerated charge carriers. Besides that, it is difficult to
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separate from water, which may cause secondary pollution, restricting its use in photocatalytic
applications [2]. Yet, the effective coupling of g-CsNi with other semiconductors has previ-
ously been shown to be advantageous in charge separation and enhanced absorption in the

visible light region [2].

1.7.3 Surface defect engineering

Three types of defects can be introduced into semiconductor materials, potentially en-
hancing their effectiveness in photocatalysis: surface, bulk, and interfacial defects. These de-
fects can be generated through various techniques, such as high-temperature treatment, rapid
heating, chemical reduction, vacuum activation, ball milling, and plasma etching. Surface de-
fects are irregularities that occur on the exterior of the material [242]. Common surface defects
include vacancies (missing lattice atoms at the surface [243]), adatoms (extra atoms adsorbed
onto the surface [244]), steps and kinks [245]. Bulk defects correspond to the ones that can be
found within the interior (bulk) of the material and may encompass vacancies, interstitial/sub-
stitutional defects, dislocations and grain boundaries [246]. Interfacial defects, meanwhile,
typically comprise grain, phase, twin boundaries and stacking faults that connect different
regions within the material [247-250].

Defects in a semiconductor can be classified into 0D, 1D, 2D and 3D types. 0D defects
(point defects) are defects that occur only at or around a single lattice point and can be intro-
duced through doping or by removing a lattice atom (vacancy). 1D defects (line defects) arise
from the misalignment of atoms in a crystal lattice and include two types: edge dislocation
and screw dislocation. 2D defects (planar defects) involve the formation of planes that divide
the structure into regions with identical crystal structures but different orientations. Examples
include stacking faults, grain boundaries, and twin boundaries. Another type consists of 3D
defects (volume defects), which can occur when two or more chemical species occupy one or
more crystal sites, leading to voids or several types of disorder within the crystal lattice [243].
Most of the time, defects arise naturally, without deliberate engineering, occurring during the
crystal growth process [243,251,252].

Studies have shown that microwave-assisted techniques can induce a higher density of
defects, compared to conventional heating methods like water bath heating [253]. The defects
will influence the optical, structural, electronic, and hence catalytic properties of the produced

metal oxide semiconductor [254,255]. Thus, further detailed studies are essential to
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characterize the defects induced by microwave synthesis and to understand their influence on

the catalytic performance [256].

1.8 Immobilization of TiOz2-based materials onto substrates

Various strategies to extend the light absorption of TiO: have been developed, often in
combination with the production of TiO2-based materials immobilized onto substrates to en-
hance their practical application and reusability [15,35,257].

The effective utilization of photoactive materials in heterogeneous photocatalysis com-
monly requires powdered materials, due to the higher surface-to-volume ratios and mass
transfer rates [258]. Nonetheless, the reuse and recovery of these materials are difficult and
costly to implement at large-scale processes, making the immobilization of photocatalysts on
substrates an excellent alternative to avoid these issues [8,259,260]. Furthermore, it avoids the
aggregation and leaching of the nanopowders, thereby minimizing the exposure of toxic com-
pounds to the environment [261,262]. Examples of those substrates include glass, polymers,
textiles, cork [9], cellulose-based substrates [35], and perlite, among others [263,264]. In addi-
tion, the utilization of green and inexpensive substrates has attracted a lot of interest in pho-
tocatalytic applications [92]. It is important to note that the procedure used to fabricate the
supported photocatalyst and the type of substrate significantly influence the photocatalytic
activity of TiO2 [265,266].

1.8.1 Floating/non-floating substrates

1.8.1.1 Cork

Over the last few years, a new category of photocatalysts, the so-called “floating pho-
tocatalysts”, has emerged with the potential to overcome the issues of recovery and recycla-
bility of nanopowders. Their use allows the maximization of the utilization of light as well as
the oxygenation of the photocatalyst due to the proximity of the air/water interface. Moreover,
their lightness makes them easy to collect from water, while no special equipment or stirring
is needed during the photocatalytic reaction. Concerning sustainable and natural floating ma-
terials, cork presents several advantages, making it suitable for photocatalytic experiments.

Cork is extracted from the bark of the cork oak tree (Quercus suber L.), Figure 1.7, it
flourishes in the specific regions of the Western Mediterranean (Portugal, Spain, Southern

France, part of Italy, and North Africa) and it is renewable, hydrophobic and sustainable. As
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a clear evidence of its sustainability, each time the bark is harvested from cork trees, the latter
can absorb up to 5 times more COz (to generate their bark) than a non-harvested tree [267].
Moreover, cork contributes to the circular economy, being extracted without damaging the
tree and being regenerated over the years, and it serves as the base for several products, some
of which are produced by recycled cork [9]. In terms of chemical composition, suberin repre-
sents almost 50 % of its chemical composition and it is mainly responsible for the elasticity and
compressibility of cork. In a lower percentage, lignin and cellulose are present and extrac-
tives/polysaccharides appear in minor percentages, followed by hemicelluloses and ash [268].
Portugal is the world’s largest producer of cork and around 100.000 tonnes of cork are esti-
mated to be produced each year. The cork industry, despite being one of the most profitable
markets in this country, generates a large amount of cork waste with no commercial value,
being usually burned to generate energy. Hence, instead of being wasted, one can take ad-
vantage of its unique properties, making cork a platform in photocatalytic experiments for the

treatment of contaminated effluents, which would benefit both industries [9,267].

Figure 1.7: Extraction of cork from a cork oak tree. Adapted from [269] and [270].

Studies focused on the production of TiO2-based materials by a relatively fast and low-
temperature microwave approach on cork and the investigation of their photocatalytic effi-
ciency are scarce. From the previous studies, Sboui et al. reported, for instance, the preparation
of TiO2-PANI nanocomposites for the degradation of MO dye by using a sol-gel method for
the synthesis of TiO2 nanostructures and heating treatment 350 °C for 6 h, followed by an
impregnation method to immobilize the nanocomposite on cork surface [271]. In another
study by Idris et al., TiOz/polyvinyl alcohol (PVA)/cork nanocomposites were prepared
through the immobilization of TiO2 nanoparticles on cork and by employing PVA as a binder
to anchor TiO: nanoparticles on the surface of the floating catalyst for the degradation of MB.
For the photocatalyst preparation, several steps were involved, and higher temperatures were

required to calcinate the TiO: nanostructures [272].
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1.8.1.2 Polyurethane (PU) foams

PU is a thermoplastic polymer, easily adaptable to several industrial applications: tub-
ing, footwear, industrial machinery, elastic fibers, insulators, medical devices, paints, and coat-
ings, among others. This versatile material presents outstanding abrasion resistance, low den-
sity, flexibility at reduced temperatures and suitable properties (chemical, mechanical and
physical) [260,273]. It is composed of repeated urethane (—-NHCOO-) basic units and fabri-
cated through the exothermic reaction involving diisocyanate (O=C=N—R'—N=C=0)
and either a polyester or a polyether polyol (HO-R-OH) [258]. The utilization of nanoparticles
to modify the chemical and mechanical properties of PU has proved to be effective in their
enhancement.

Although PU recycling presents some challenges, primarily due to the chemically
cross-linked structure of most PUs in the market (thermosets) and the diverse compositions of
PUs mixed during waste disposal [274], it has been demonstrated that polyurethanes can un-
dergo chemical recycling, reverting to their constituent monomers or segments, and be utilized
to generate new ones [275]. In this regard, research work is still in progress, but results indicate
potential circular economy solutions for PU [276]. Therefore, the combination of nanoparticles
with this polymer extends its applicability across an extensive range of research fields, for
instance, photocatalysis, sensors, solar/fuel cells, biomedical materials, and self-cleaning coat-
ings [273]. PU foams, besides having a floating character, present a large surface area, high
adsorption ability and excellent reusability [260,277,278].

Various studies have been performed with PU sponges as oil adsorbents [277,279,280],
but few works have reported the photodegradation of water pollutants using reusable polyu-
rethane foams immobilized with nano TiO:-based photocatalysts. To compare the perfor-
mance of different TiOz-based photocatalysts on PU supports for the decomposition of water
contaminants, Table 1.4 presents the studies found in the literature. Studies with missing data

were not included in Table 1.4.
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Table 1.4: Performance of several TiOz-based photocatalyst systems on PU supports for the degradation of water pollutants.

Photocatalyst

Immobiliza-

Light source

Optimal degra- kap
Photocatalytic conditions References
tion in situ? dation efficiency (min~1)
100 % of degra-
UV light e  Pollutant: Acid Black 1 (AB 1) dation in 60 min
Silicon dioxide-titanium dioxide ° Solution's concentration: 10 ppm Not calcu-
No source with the PU-40 % [281]
(5102/TiO2) ¢  The total weight of the PU-SiO2/TiO2 lated
<400 nm . 5i02/TiO2 compo-
film photocatalyst was 160 mg.
site film
91 % degradation
Iron-tetra(4-carboxyphenyl)por- e  Pollutant: Cyanide 2 well as 88 %
hine-sulphur-titanium dioxide- Vol .50 mL
P P No Solar light * otme: SUm toxicity removal 0.0196 [282]
reduced graphene oxide e  Solution's concentration: 100 ppm o
(Fe-TCPP-S-TiO2-rGO) ¢ Quantity of photocatalyst: 100 mg m
0.0017
sil dioxid h (deduced
ilver-titanium dioxide-graphene - Di
grap e  Pollutant: Diesel 76 % of degrada-  based on
(Ag-commercial TiO2 Aeroxide No Visible light e  Solution's concentration: 15000 ppm [260]
. tionin 16 h the exper-
P25-graphene) ¢  Quantity of photocatalyst: 300 mg
imental
data)
e Pollutant: BPA
e  Solution's concentration: 10 ppm 0.003 (de-
UV light ir- Experiments were carried out in a self- 97 % degradation duced
radiation (A = desiened horizontal circulating bed based on
Commercial TiO2 Aeroxide P25 No esighed hortzontal cireuiating be in 6 h (95 % re- [8]
254 nm, photocatalytic reactor (HCBPR) the exper-
. . moval of TOC)
18 mW cm™) The optimum ratio of the volume of PU imental
foam to the effective reaction volume of data)
HCBPR was 1 %
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1.8.1.3 Cellulose-based materials

Among the various sustainable substrates available, cellulose is known as being the
most abundant biopolymer on Earth. It is flexible, lightweight, inexpensive and compatible
with wet-chemical synthesis routes (such as microwave synthesis). This material is ubiquitous
and can be extracted from cotton, wood, hemp, rice, algae, bacteria, and several other natural
sources. All these unique properties make it highly attractive for photocatalytic applications
[5,6,92]. Cellulose is made of repeating glucose monomers, where the polysaccharide with a
molecular structure of (CsHi0Os)n is linked together through B-1,4-glycosidic bonds by a con-
densation reaction [1,3]. Cellulose has three hydroxyl groups in each glucose unit with a de-
gree of polymerization based on glucose units, ranging from 1000 to 15.000, depending on the
cellulose origin and treatments [283]. These hydroxyl (OH) groups will confer some important
characteristics, such as hydrophilicity, chirality, and biodegradability. In addition, the native
cellulose OH groups can be substituted by functional groups, resulting in cellulose derivatives
[284]. Furthermore, depending on the synthesis method and chemical modifications, cellu-
lose-based materials can either float on the water surface or sink [285].

Microwave-synthesized TiO: nanostructures have already been fabricated on cellu-
lose-based substrates. For instance, Zhang et al. produced nano-TiO2/cellulose composites by
a low-temperature (90 °C) and one-pot microwave-assisted synthesis approach. Cellulose fi-
bres were used as substrates and the composite material showed a rapid lead (Pb?*) adsorption
from wastewater with a maximum capacity of 42.5 mg.g~* [286]. A similar research study was
conducted by Cardoso ef al., which demonstrated that the fabrication of TiO2-cellulose nano-
composites is possible by the decomposition of titanium isopropoxide (TTIP) in ethanol media
together with wood cellulose fibers into the microwave-assisted solvothermal system under
mild conditions [287]. D. Nunes et al. also synthesized TiO: nanostructured films on bacterial
nanocellulose (BNC) and tracing paper using microwave synthesis at low temperature (80 °C).
This study demonstrated that flexible and reusable photocatalysts can be produced with min-
imal production stages under microwave irradiation [157]. Regarding this topic, research stud-
ies are still scarce. Other studies were found in the literature, but microwave irradiation was

not the chosen synthesis method [288-290].
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1.9 Combination of 3D printing and catalysis

The search for highly effective water remediation photocatalysts has led to intensive
research and advancements in the field of photocatalysis, recently combined with 3D printing
technologies. Additive manufacturing (AM) or 3D printing context has revolutionized design,
prototyping, and manufacturing due to its operation simplicity, precision, free design, low-
cost, rapid prototyping, and low energy consumption, apart from being able to produce com-
plex structures. It is also considered a low-waste production alternative [10,291-294].

A noteworthy advantage of using a 3D structure instead of nanopowders is in the re-
moval stage at the end of the photocatalytic treatment, since the 3D structure is easy to recycle
and reuse [295,296]. Moreover, some important parameters, namely channel geometry, diam-
eter, porosity, and surface-to-volume ratio can be optimized to boost the photocatalytic deg-
radation of water pollutants [293]. These properties open up new possibilities for designing
not only catalysts but also adsorbents that can be easily scaled up for industrial production
[297].

3D printing technologies can be categorized into solid, liquid, and powder-based sys-
tems. In solid-based systems, 3D structures are fabricated by processing plastic wire materials,
layers of adhesive-coated paper, plastic, or metal laminates. In liquid-based systems, a photo-
sensitive resin is typically used as raw material, while powder-based materials normally con-
sist of metal, ceramic or polymers in powder form [298].

Among the different approaches to 3D printing materials, the stereolithography (SLA)
technique, which is a polymer-based system, is a well-established technique in several indus-
tries, since it offers precision and high-resolution [299] to fabricate intricate 3D objects from
macro-to microscale [297]. The main advantages and disadvantages of this technique are sum-

marized in Table 1.5:
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Table 1.5: Main advantages and disadvantages of the SLA technique [300-302].

Advantages Disadvantages
Affordability Slower printing rate (depends on the model size)
The printing resolution depends on the wavelength of
User friendly
the laser beam
Low maintenance Maintenance cost
Rapid prototyping Price of photosensitive resin

Large-size models can be printed
High precision to print objects with complex struc-

tures and fine size.

Some research groups have already demonstrated the potential of AM techniques to
obtain 3D photoactive architectures based on metal oxide nanostructures for wastewater treat-
ment. Sopha et al. produced large 3D Ti meshes fabricated by direct ink writing (DIW) with
TiO2 nanotube layers by using wireless anodization. The TiO2 nanotube layers-modified 3D Ti
meshes showed a superior performance for the photocatalytic degradation of MB dye in com-
parison to TiO2-nanoparticle-decorated and non-anodized Ti meshes (with a thermal oxide
layer), which led to multiple increases in the dye degradation rate [303]. In another study by
Bansiddhi et al., 3D-printed TiO2/SiO2/polymer scaffolds were fabricated by SLA technique,
using TiO2 synthesized via a solution combustion process, silica adsorbent prepared from sug-
arcane leaves, and photocurable resin as feedstock. The TiO2/SiOz/polymer scaffolds demon-
strated potential in dye removal against MB and RhB dyes. The degradation percentages of
MB and RhB in the presence of the TiO2/SiOz/polymer scaffolds were 81.9 % and 60 %, respec-
tively. The 3D structures also revealed reusability characteristics after a hydrogen peroxide
treatment [304]. Fu et al. also reported the fabrication of a Pd-decorated TiO: hierarchical ver-
tical array by an extrusion-based 3D printer for the photocatalytic degradation of nitrophenol.
The array demonstrated rapid and efficient photo-assisted catalytic reduction of high concen-
trations of 4-nitrophenol wastewater (2 g.L™%, ca. 14.38 mmol. L") and its feasibility for contin-
uous flow wastewater treatment [305]. All these studies showed that 3D printing technologies
enable the construction of highly efficient photocatalytic systems adaptable to different chem-
ical reactions, providing a promising and scalable strategy for the treatment of polluted efflu-

ents.
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1.10 Main objective and tasks to be developed

Driven by the motivation for this PhD research and insights gained from the state-of-
the-art review, the main objective was established.

Main objective: Contribute to sustainability in the wastewater treatment field through

the microwave-assisted synthesis of TiO2-based materials, active under solar light and efficient
for the removal and degradation of organic water pollutants. The novelty of this PhD thesis
lies in creating these materials without employing energy-intensive processes, prolonged syn-
thesis times and additional high-temperature treatments such as calcinations. Unlike previous
adsorptive and photocatalytic studies that rely on unsustainable methods and use powdered
materials, this work will unlock the potential of microwave irradiation by reporting straight-
forward approaches to produce eco-friendly TiO,-based platforms using microwave irradia-
tion exhibiting dual-functional adsorptive and photocatalytic properties, thereby eliminating
the need to use materials in powder form. Their efficiency in recycling experiments will also
be explored. In addition, various strategies for modifying TiO, will be investigated using mi-
crowave irradiation, with sustainability principles integrated throughout all processes. Fur-
thermore, the proposed fabrication approaches aim to be easily scalable.

To achieve this, the main objective was divided into several tasks:

1+t task: Improve the visible light harvesting of TiOz and achieve maximum performance
in the photocatalytic experiments.

2nd task: Incorporation of the synthesized nanostructures on different cheap and eco-
friendly substrates.

3 task: Evaluate the removal and degradation efficiencies of organic pollutants in aque-
ous systems to simulate real-life environments over microwave-assisted-synthesized pristine
and/or modified TiO: nanomaterials and/or TiO2>-based platforms. Their degradation will be
assessed under simulated sunlight irradiation and/or natural sunlight irradiation. The adsorp-
tive and photocatalytic behavior of the produced materials will be further understood through
extensive characterization.

4" task: Perform reusability tests with the produced nanopowders and platforms to en-
sure their integrity for practical applications.

5 task: Examine the potential environmental impact of the produced materials by per-

forming toxicity assays with aquatic species.
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2.1 Synthesis methods and working principles

Unlike traditional hydrothermal/solvothermal methods, which require long processing
times (from half a day to several days) and high energy consumption (over a thousand watts),
hydrothermal/solvothermal methods assisted by microwave irradiation offer a more sustain-
able alternative. They enable the synthesis of materials in a shorter amount of time (from a few

minutes to hours) while consuming less power (hundreds of watts) [1].

2.1.1 Microwave irradiation

Microwaves are a type of electromagnetic wave, consisting of two perpendicular com-
ponents: electric and magnetic fields that travel at the speed of light in a vacuum. They occupy
the electromagnetic spectrum between 300 MHz (4 =1 m) and 300 GHz (4 = 1 mm), between
radio wave and infrared regions of the spectrum [2,3]. In industrial, medical, and scientific
applications, two primary microwave (MW) frequencies are commonly used: 0.915 GHz and
2.45 GHz. For example, domestic microwave ovens typically operate at a frequency of 2.45
GHz [4]. Although microwave reactors were initially introduced to the market as domestic
appliances, they have also found applications for conducting syntheses of organic and inor-

ganic materials at laboratory scale [5].

21.1.1 Microwave working principles and mechanisms

Microwave heating involves the use of electric and magnetic fields. The basis for the
operation of a microwave is the dielectric heating of different materials by two mechanisms:
dipole polarization and ion conduction. Microwaves can heat any material with mobile electric
charges, such as polar units of reactants/solvents (dipoles) or conducting ions in a sol-
vent/solid. In the first mechanism, upon microwave heating, the polar molecules, such as wa-
ter molecules, try to orientate with the rapidly changing alternating electric field. As a result,
heat is generated by the rotation, friction, and collision of molecules. In the second mechanism,
ions present in the mixture will move based on the orientation of the electric field. The micro-
wave energy field continuously changes, and so, the ions are always changing directions
through the solution, causing a localized heating that rises due to friction and collision [6-9],
Figure 2.1. The combination of electric and magnetic mechanisms is called interfacial polari-

zation.
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The polarity of a reaction mixture plays a crucial role in its ability to interact with micro-
wave energy, directly influencing the heating efficiency. For instance, the higher the polarity
of a reaction mixture, the better it couples with microwave energy, resulting in more efficient
heating. For example, more polar solvents such as ethylene glycol (EG), ethanol and isopropa-
nol (IPA), followed by water, are more efficient at converting microwave energy into heat
compared to nonpolar solvents like acetone, toluene or hexane [5,11]. This polarity interaction
is defined by the dielectric loss tangent (tan &), which provides a measure for the ability of a
solvent to absorb microwave radiation and to convert electromagnetic energy into heat at a
given frequency and temperature [12,13]. The dielectric loss tangent can be determined by the

following equation (2.1) [4]:

12

tan = — (2.1)

!

where ¢ (the imaginary part) indicates the dielectric loss factor (the material’s ability to dis-
sipate electrical energy), while &’ (the real part) is the dielectric constant and describes the
amount of electrical energy stored within the material [2,14]. For efficient absorption and rapid
heating, a high tan ¢ is required [13]. Materials with a tan §> 0.5 are considered good micro-
wave absorbers, with 0.1< tan §< 0.5 they are medium absorbers and when tan §< 0.1 the ma-
terials are typically low absorbers.

From equation (2.1), it can also be inferred that higher absorbers exhibit large dielectric

losses, allowing them to heat rapidly. Medium absorbers heat effectively but need more time
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to reach the target temperature. On the other hand, low microwave-absorbing solvents can be
heated well beyond their boiling points, though they require prolonged heating. The dielectric
constants and corresponding dielectric loss tangents of thirteen common solvents are pre-

sented in descending order of tan § (Table 2.1) [11,13].

Table 2.1: Dielectric constant and loss tangents of thirteen common solvents at 2.45 GHz and 20 °C [11,13,15].

Solvent Dielectric constant &’ tan §

Ethylene glycol 37.0 1.350
Ethanol 24.3 0.941

Dimethyl sulfoxide (DMSO) 45.0 0.825
2-propanol 18.3 0.799
Methanol 32.6 0.659
2-methoxyethanol 16.9 0.410
Acetic acid 6.2 0.174
N,N-Dimethylformamide (DMF) 37.7 0.161
Water 80.4 0.123
Chloroform 4.8 0.091

Ethyl Acetate 6.0 0.059
Acetone 20.7 0.054

Toluene 24 0.040

For example, water has the highest dielectric constant (80.4) among all solvents, which
might suggest it is the most polar. However, this is not the case, as its tan § value is 0.123,
which classifies it as a medium absorber [11].

For magnetic substances, the dielectric loss tangent (tan §,,) follows equation (2.2) [2]:

124

tan 611 = 'l;— (2.2)

!

where u' (the real part) describes the amount of magnetic energy stored within the material,
while u” (the imaginary part) represents the amount of magnetic energy that can be converted
into thermal energy.

It is important to point out that the dielectric loss tangents of the substances greatly vary
with temperature [16]. Other critical factors, including a substance's specific heat capacity, heat

of vaporization, and penetration depth, significantly influence the heating rate [5]. The
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penetration depth (D) quantifies how deeply light can enter a medium. It is defined as the
distance within the medium where the absorbed electric field drops to e~ of its initial value

[17]. The penetration depth can be estimated by using equation (2.3) [2,18]:

c

D=
2.3
wVZs’(Vl + tan? § — 1)1/2 23)

in which w is the angular frequency (w = 27f) and c is the speed of light (m.s™1).

The penetration depth of the microwaves is deeper into most nonpolar solvents than
into polar ones. However, in substances containing ions, the penetration depth can decrease
significantly, preventing effective microwave heating. In such cases, vigorous magnetic stir-
ring is required. Therefore, evaluating the heating efficiency and penetration depth of micro-

waves in a substance is essential for achieving optimal microwave heating [16].

2.1.1.2 Microwave components

The microwave apparatus is composed of the generator parts, transmission portion
and applicator parts. The first typically comprises a transformer (produces the necessary high
voltage), a magnetron (emits the microwaves), and a solenoid (which wraps the magnetron
tube and creates a magnetic field to regulate the power of the microwaves). The transmission
part has a waveguide made of metal to guide the microwaves from the transmitter to the ap-
plicator (the chamber used to place the samples) [4,14,16]. According to the frequency of the
microwave radiation generated by the magnetron, the size of this waveguide varies [16]. The
equipment is also equipped with protective and measuring elements (e.g. control unit), along

with other integrated systems such as a cooling section [19].

2.1.1.3 Types of reactor systems

There are two types of reactor systems: multimode cavities, which allow multiple vessels
to be irradiated simultaneously, and single-mode systems, where only one vial is irradiated at
a time [20]. In the first mode when the microwaves enter the cavity (heating chamber), they
will move around and reflect from the walls. High- and low-energy modes are created (hot
and cold spots) as the waves interact, either reinforcing or canceling each other. This results in
a non-uniform microwave field in the chamber. To better visualize the hot and cold spots,
Figure 2.2 displays the simulated spatial temperature profile of a multi-component meal (nine
chicken nuggets and mashed potatoes) alongside three experimental temperature profiles cap-
tured with a thermal imaging camera. Both experimental and simulated results indicate that
most of the mashed potatoes (represented with a parallelepiped shape in the experimental

68



profile) remained at lower temperatures, except at the edges. Likewise, the center of the
chicken nuggets (represented as cubes in the simulation and squares in the experimental pro-
file) did not reach higher temperatures. Notably, the two nuggets in the center remained
around 30 °C, while the nuggets on the edges, particularly their borders, reached approxi-
mately 75 °C, as observed in the experimental profiles [21]. To avoid a non-uniform microwave
field, microwaves have rotating platforms to ensure that the sample is exposed to constant
microwave energy. In the second mode, a more uniform microwave energy is irradiated to the
sample since the only cavity has the width of a single wave. This enables efficient heating of

small sample volumes, as small as 0.2 mL [5].
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Figure 2.2: Comparison of the spatial temperature profiles of a multi-component meal after 90 seconds of heating

in a 1200 W microwave oven: experiment in triplicate vs. simulation results. Reproduced from Ref. [21].

2.1.14 Laboratory microwave systems

For this PhD thesis, two microwaves were used: a CEM Discover SP (Matthews, CEM

Corporation) and a MARS One digestion system (Matthews, CEM Corporation), Figure 2.3 (a)
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and (b), respectively. Both systems operate with sealed vessels. The first system is a single-
mode setup that uses a quartz vial for the reaction mixture with a maximum capacity of 35 mL
(standard pressurized). The second system, in contrast, is a multi-mode setup that enables
higher material synthesis capacity. It includes turntables capable of holding 12 Teflon tubes,
each with a maximum reaction mixture capacity of 75 mL. The control is made through a con-
tactless infrared radiation (IR) sensor. MW reaction vessels are frequently made of Teflon and
quartz materials since these materials are transparent to the MWs [22]. The closed-vessel sys-
tems provide several advantages over open-vessel conditions, namely the possibility to work
with higher temperatures and pressures, accelerated reaction kinetics, and reduction of the

digestion time (in the case of digestion microwave systems) [23].

(@)

Figure 2.3: Available microwave systems in the laboratory. (a) CEM Discover SP and (b) MARS One digestion

system.

2.1.1.5 Microwave parameters

Some process variables integrated in the microwave can be controlled by the user, namely
[24]:

e Temperature (°C)

e Power (W)

e Time (min)

e Pressure (psi). This parameter must be programmed in the method of the CEM Dis-
cover SP system. The MARS One system does not have this option to be programmed.

e Magnetic stirring. This parameter must be programmed in the method of the CEM

Discover SP system. The MARS One system does not have this option to be programmed.
A pressurized environment offers significant advantages by enabling the boiling point

of most solvents to be reached and exceeded within seconds. The power applied to a
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microwave reaction is also important as insufficient power may fail to reach the desired tem-
perature, whereas excessive power can exceed it. Regardless of the solvent used, reactions of-
ten involve diverse reagents and catalysts that can enhance the coupling efficiency of the re-
action mixture to microwave energy. Therefore, sometimes applying a lower power for a con-
trolled duration at a specific temperature can yield more effective results. The applied temper-
ature should be selected carefully to ensure the formation of the desired material, prior to its
deterioration. Additionally, by applying continuous magnetic stirring, a homogeneous tem-
perature distribution is promoted. Once the optimal temperature is determined, the reaction
time can be adjusted to maximize product yield. If the reaction struggles to reach the target
temperature, a gradual increase in the power may be necessary. Moreover, studies have
demonstrated that simultaneously cooling the reaction vessel during a reaction helps maintain
a constant high-power level for direct molecular heating, thus improving the reaction rates
and percent yields of lower-yielding reactions. Simultaneous cooling is particularly beneficial
in reactions involving heat-sensitive reagents and/or products. Introducing compressed air
into the heating chamber while applying microwave irradiation prevents thermal heat from
accumulating in the reaction mixture [24,25].

Other parameters, such as the selection of reagents (catalysts: acid/base, surfactants, sol-
vents, etc.) influence the final product, namely size, shape, and crystallinity, and should be
adjusted before the microwave synthesis [13,24,26,27]. Concerning the solvents, some reac-
tions can be carried out in a solvent-free medium. This is applied, for instance, when all rea-
gents are in liquid form, when solid reagents melt at a specific temperature, or when the reac-
tion mixture efficiently absorbs microwave energy. Most of the solvent-free reactions that have
been reported are conducted in an open vessel and usually require larger vessels and mechan-
ical stirring. In solution-phase reactions, the choice of solvent can play a critical role in deter-
mining the outcome. As previously mentioned, the higher the polarity of a reaction mixture
or solvent, the better it can couple with microwave energy, resulting in a faster increase in
internal temperature. Temperature-sensitive reaction mixtures benefit significantly from this
property, as a nonpolar solvent can help dissipate the thermal heat generated by the interac-
tion between microwave irradiation and polar reagents. This ensures that while the reaction

receives the necessary activation energy, the internal temperature remains low [24].

21.1.6 Specific experimental details

Synthesis of TiO2 nanostructures on cork via microwave irradiation (study 1)
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Titanium (IV) isopropoxide (TTIP) with 97 % purity from Sigma-Aldrich (CAS: 546-68-
9) was used as the titanium dioxide precursor. To prepare a solution of 120 mL, 10 mL of a1 M
acid solution (oxalic acid anhydrous from Sigma-Aldrich (CAS: 144-62-7) was added to 110 mL
of absolute anhydrous ethanol from Carlo Erba reagents (CAS: 64-17-5) and stirred for 10 min,
until a homogeneous solution is obtained. Afterwards, 4 mL of TTIP was added dropwise to
the previous solution. Then, the obtained solution was left to stir overnight. This process guar-
antees the complete homogenization of the solution. Microwave synthesis was performed us-
ing a CEM microwave digestion system (MARS one) at 1000 W, 120 + 10 °C for 1 h. Solution
volumes of 20 mL were transferred into Teflon vessels of 75 mL, which were kept sealed. To
produce the TiO: cork platforms, cork sheets from Bi-Office (ref. RL044330 222468) were cut
into pieces of 1.5 x 3.5 cm?, fixed with Kapton tape to ordinary glass squares and each cork
piece was transferred to one microwave vessel containing the solution. Each piece should be
fully immersed in the solution. The functionalized cork platforms were afterwards cleaned in
an ultrasonic bath, first with deionized water for 10 min and then with IPA for another 10 min.
To eliminate excess solvents from the cork substrates, each piece was left to dry for a few
minutes on top of lab paper and dried at 60 °C in a desiccator between 30 min and 2 hours.
TiO2 nanopowder was simultaneously formed during microwave synthesis. The nanopowder
was washed repeatedly several times with deionized water followed by IPA using a centrifuge
at 4500 rpm for 5 min each time. Finally, the nanopowder was kept overnight in a desiccator

for drying at 80 °C in vacuum. A schematic of the experimental procedure is shown in Figure

2.4[28].
—TomL \ ’

<1 M oxalic acid | 4 mL Titanium
X solutigp,// ~/ _____ (IV)isopropoxide

| 110 mL
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120+ 10°C,1 h, 1000 W

Figure 2.4: Schematic of the TiO2 microwave synthesis procedure. The real images of the cork substrates before and

after synthesis are shown together with the TiO2 nanopowder simultaneously produced [28].

The final TiO: cork appeared slightly darker in color after microwave synthesis. This change

has been previously reported, and it can be explained by the temperature increase, attributed
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to the reactions involving cork components called the extractives, without any degradation

occurring [28].

Synthesis of TiO2 nanostructures via microwave irradiation for incorporation on 3D-printed architec-

tures (study 2)

TiOz2 nanostructures were synthesized using a solvothermal method assisted by micro-
wave irradiation. To prepare the solution, 2.5 mL of a 1 M solution of anhydrous oxalic acid
(Sigma-Aldrich; CAS: 114-62-7) was added to 57.5 mL of absolute ethanol (Sigma-Aldrich;
CAS: 64-17-5) and left to stir in a magnetic plate for 3 min. Afterwards, 2 mL of TTIP (Sigma-
Aldrich; CAS: 546-68-9) was added to the solution and stirred for 1 h. For the microwave syn-
thesis, 20 mL of the prepared solution was poured into a capped vessel and put into the mi-
crowave (CEM Focused Microwave Synthesis System Discover SP). The optimized parameters
set for the TiO2 nanostructures’ synthesis were 90 °C, 2 h, 10 bars (145 psi) and 100 W. After
the microwave synthesis, the nanopowder was filtered using the centrifuge (Neya 16 Remi
Centrifuge). In total, 3 cycles of Milli-Q water and 1 cycle of IPA under the same condition of
4000 rpm for 5 min were conducted to wash the nanostructures. The nanopowder was then
placed into a desiccator at 60 °C under a vacuum and left to dry for 3 h. In the end, the powder

was ground and stored in a recipient for further use [29].
Synthesis of g-CsNu by thermal polycondensation (study 3)

g-CsN4 in powder form was directly prepared by calcination of 20 g of urea (from
Sigma-Aldrich CAS: 57-13-6), which was transferred into a ceramic crucible and heated in a
mulffle furnace at 550 °C for 2 h, with a heating ramp of 35 min. The crucible was sealed to
avoid nanopowder loss. The reaction was carried out with the exhaustion system turned on
since the thermal decomposition of urea releases toxic gases and vapors (such as ammonia).

In the end, a pale-yellow powdered product was obtained [30].

Synthesis of TiO: nanostructures and g-C:N./TiO: heterostructures via microwave irradiation (study

3)

For the synthesis of the g-CsN4/TiO2 heterostructures, the obtained g-CsNsnanopowder
was dispersed in 23 mL of ethanol (96 %), and the solution was ultrasonically dispersed for 15
min to achieve homogeneity. Afterward, 0.3 mL of hydrochloric acid (HCl, 37 % purity from
Merck) was added, followed by 0.8 mL of dropwise TTIP (97% purity from Sigma-Aldrich).
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The solution was left to stir for 10 min. A volume of 20 mL of the prepared solution was then
transferred to a 35 mL Pyrex vessel, which was placed in a CEM Discovery SP microwave. The
synthesis was carried out for 1 h at 150 °C with a maximum power of 100 W and a maximum
pressure of 17 bar (250 psi). The resulting g-CsN4/TiO2 nanopowders were washed alternately
with deionized water and IPA several times using a centrifuge at 5320 rpm for 5 min each time
and dried in a desiccator at 80 °C, under a vacuum. Pure TiO: was also obtained by performing
a microwave synthesis under the same experimental conditions, except for the addition of g-
CsNs nanopowder [30]. A schematic of the experimental procedure for the synthesis of g-

CsN4/TiOz heterostructures by microwave is visible in Figure 2.5.

g-C3N4
nanosheets

Figure 2.5: Schematic diagram for the MW synthesis of g-CsN4/TiO2 heterostructures. The schematic in the orange
box represents the first steps for the synthesis of g-CsN4/TiO:2 heterostructures, while the schematic in the green box
represents the last steps [30].

Synthesis of TiO2 nanostructures for incorporation on PU foams via microwave irradiation (study 4)

TiO2 nanostructures were synthesized by a fast microwave approach. To prepare a so-
lution of 50 mL, 4 mL of HCI (37 % purity from Merck) was added to 44.4 mL of different
solvents (deionized water, ethanol, or IPA). Afterwards, 1.6 mL of TTIP with 97 % purity from
Sigma-Aldrich was added dropwise to the previous solution and it was left to stir for 10-
20 min, or until a homogeneous solution was obtained. Microwave synthesis was performed
using a CEM microwave digestion system (MARS one) and was carried out at 1000 W, 200 +
10 °C for 10 min. Solution volumes of 25 mL were transferred into Teflon vessels of 75 mL,

which were kept sealed. The resultant TiO2 nanopowders were washed with deionized water
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and ethanol several times using a centrifuge at 5300 rpm for 5 min each time until the pH of
the solution was 6-7. Finally, the nanopowders were kept in a desiccator for drying at 80 °C in
a vacuum for 12 h. It is important to mention that the microwave-assisted syntheses are repro-
ducible, and the obtained weights were 0.43 g (% yield = 100 %), 0.32 g (% yield = 74 %), and
0.15 g (% yield = 35 %) when ethanol, IPA and H20 were used as solvents, respectively [31].

Synthesis of TiO: and Fe:TiO: nanostructures via surfactant-assisted microwave irradiation (study 5)

TTIP, 97 % purity from Sigma-Aldrich was dissolved in absolute anhydrous ethanol
from Carlo Erba reagents (CAS: 64-17-5) and oxalic acid anhydrous from Sigma-Aldrich (CAS:
144-62-7). To prepare a solution of 120 mL, 5 mL of a 1 M oxalic acid solution was added to
115 mL of absolute ethanol and stirred for 10 min. Afterwards, 1 mL of polyethylene glycol
(PEG) 400 from Sigma-Aldrich (CAS: 25322-68-3) was added, followed by a dropwise addition
of 4 mL TTIP. Then the solution was stirred for 1 h. Microwave synthesis was performed using
a CEM microwave digestion system (MARS one), which was carried out at 1000 W, 170 + 10
°C for 1 h. Solution volumes of 40 mL were transferred into Teflon vessels of 75 mL, which
were kept sealed. To prepare the Fe:TiO: nanoparticles, 1, 2, and 5 mol.% of iron (III) nitrate
nonahydrate purchased from Sigma-Aldrich (CAS: 7782 81-8, 98 % purity) were added to the
previous solution, before the addition of TTIP. The nominal ratios of Fe precursor: TTIP were
0.01, 0.02, and 0.05 for 1, 2, and 5 mol. % of Fe, respectively. The solution was stirred for 1 h,
before transferring it to the microwave vessel. The as-synthesized TiO: nanopowders were
cleaned using a centrifuge at 4000 rpm for 5 min. The powders were washed several times
with deionized water, followed by IPA. Finally, the nanomaterials were kept overnight in a

desiccator for drying at 80 °C under a vacuum [26].
Synthesis of TiO: and Ca:TiO: nanostructures via microwave irradiation (study 6)

A microwave-assisted solvothermal method was employed. To prepare the Ca:TiO2
nanomaterials, 5 or 10 mol. % of calcium nitrate tetrahydrate (Ca(NO3)2-4H20, purity: 99% from
Sigma-Aldrich, CAS:13477-34-4) was dissolved in 48.4 mL of ethanol (purity: 96 %; CAS 64-
17-5) until a homogeneous solution was obtained. Then, 1.6 mL of TTIP (purity: 97 % from
Sigma-Aldrich) was added dropwise under fast magnetic stirring. The preparation of the so-
lutions was conducted at RT. For comparison, a solution of pure TiO2 was also prepared with-
out calcium nitrate tetrahydrate. In this case, a milky solution was obtained, while the solu-

tions with calcium precursor turned opaque. 20 mL of each mixture was then distributed into
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two Teflon vessels of 75 mL. A CEM MARS one microwave digestion system was used for the
syntheses with a power of 1000 W operating at 230 + 10 °C for 30 min. After that, the nanopow-
der was alternately washed with deionized water and ethanol using a centrifuge for 3 min at

5250 rpm (4 cycles). The final product was dried in a desiccator at 80 °C overnight.

2.1.2 Incorporation of the nanomaterials on different substrates

2.1.2.1 3D printing using the SLA technique

3D printing or AM involves the deposition of material layer-by-layer to create three-
dimensional structures or objects. It is not limited to prototyping, being also used for manu-
facturing, enabling large-scale customization, and transforming industries such as agriculture,
healthcare, automotive, medicine, construction, and aerospace, as well as individual custom-
ers who have acquired additive manufacturing equipment [32,33]. This technology surpasses
traditional manufacturing methods by reducing costs without the need for molds or casting
patterns. It enables the creation of complex geometries, offers greater freedom to meet the de-
sirable specifications, provides high-quality control over the manufacturing process, faster
production speeds, and minimizes waste, thus contributing to sustainability [32,33]. 3D print-
ing originated in the 1980s, initially using polymer materials with methods such as SLA, fused
deposition modeling (FDM), and selective laser sintering (SLS) [33]. According to American
Society for Testing and Materials (ASTM) Standard F2792, 3D printing technologies are di-
vided into seven techniques: binder jetting, material extrusion, directed energy deposition,
material jetting, powder bed fusion, sheet lamination, and vat photopolymerization. Each
technique is tailored to specific applications [32,34]. Among the current AM techniques, SLA
was the first 3D printing process available on the market and it remains one of the most fre-
quently used techniques [32,34].

Stereolithography or vat photopolymerization is an AM process in which a light source
solidifies liquid resin into 3D objects. As mentioned in Chapter 1, SLA has several advantages
including precision, speed, cost-effectiveness, and versatility. These benefits make it an essen-
tial process for creating models and prototypes to be applied in various fields [35]. For the
design of the 3D prototypes by using SLA, a 3D computer-aided design software (e.g. CAD or
Sketch Up) is used. The models are then generated by converting the digital model file into a
suitable format (e.g. STL). Then, the data can be transferred from computer-aided design soft-

ware to the 3D printing device. For most 3D models, a support structure is required to attach
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overhanging parts to the build platform, preventing deflection caused by gravity and preserv-
ing newly formed sections during the peeling process. This support structure is automatically
generated by the 3D printer's software (PreForm software). The printer firmware interprets
the data from the STL file. Afterwards, the 3D model is sliced into cross-sections of typically
100 microns (depending on the 3D printer), and several printing parameters such as printing
speed and pressure, layer height (resolution), infill pattern, and infill density are optimized to
change the accuracy of the printed object. Before the 3D printing starts, it is necessary to define
the build parameters and prepare the loading of the material, placement, and leveling of the
build platform. The printer checks if the liquid tank contains enough photosensitive resin,
which is photopolymerized when exposed to UV laser irradiation. If not, it fills the tank with
resin. There are two types of stereolithography processes: traditional (top-down) and inverted
(bottom-up) [36]. An inverted stereolithography printer was used, where a transparent tank
with a non-stick surface serves as a substrate for the liquid resin to cure against, allowing for
easy detachment of newly formed layers. The build platform is submerged just below the resin
surface by a distance equal to the thickness of one layer. A UV laser (4 = 355 nm) is directed at
two mirror galvanometers, which guide the light to the correct coordinates through a series of
mirrors. The focused light then passes upward through the tank's bottom, curing a layer of
photopolymer resin. The vertical movement of the build platform, combined with the hori-
zontal movement of the tank, separates the cured layer from the tank's bottom. The build plat-
form then rises, allowing fresh resin to flow beneath. This process is repeated until the print is
complete. In more advanced systems, the tank is heated to maintain a controlled environment,
and a wiper moves across the tank between layers to circulate the resin and remove clusters
of semi-cured material. Post-printing treatment steps are typically necessary to completely re-

move material in excess and stabilize the curing, such as UV treatment [37-43].

2.1.2.2 Composition of a photosensitive resin

A photocurable resin is composed of photoinitiators, monomers/oligomers, and addi-
tives (visual and functional supplements, like dyes). Resin is a polymer composed of short
carbon chains from one to a few thousand carbons. The monomer and oligomer chains in the
resin contain active groups at their ends. When the resin is exposed to UV light, the photoin-
itiator molecule splits into two parts, generating highly reactive radicals. These radicals are

transferred to the active groups on the monomer and oligomer chains. While this process

77



forms longer chains and creates cross-links, the resin transitions from a liquid to a solid state.

This transformation from liquid to a highly polymerized solid occurs within milliseconds [29].

2.1.2.3 Incorporation of TiO: nanostructures on 3D-printed architectures

In this study, the desktop Form2 (Formlabs) automated resin SLA system was used
(see Figure 2.6). This is an inverted-stereolithography SLA printer, in which several types of

resin can be employed depending on the final application [44].

Figure 2.6: Lab desktop SLA 3D printer Form?2 (from FormLabs).

3D macro-architectures were designed on Onshape, a CAD software system. Two
models of different sizes were produced: a large structure and a thin structure. The dimensions
of both large and thin 3D-printed blocks are indicated in Figure 2.7. The resin used was the
"Formlabs High Temp Resin", which was made for high-temperature resistance [29]. In this

case, it was chosen to withstand the temperature of the microwave.
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Figure 2.7: Design and dimensions of the 3D-printed TiO:z architectures indicated as large structure in (a) and thin
structure in (b). The real photographic image of the 3D-printed blocks is shown in (c). Reproduced with permission

from [29].

The printed structures were removed from the 3D printer and cleaned using IPA to elim-
inate residual uncured resin. They were submerged in an IPA bath for 6 minutes. After clean-
ing, the uncured structures were dried and exposed to UV irradiation (PSD Pro Series Digital
UV Ozone System, NOVASCAN) for 30 minutes at 60 °C to complete polymerization. Both
large and thin structures have cavities with centered crossed channels along the x-, y-, and z-
axes. The large structure features 5 x 5 x 11 holes with a calculated surface area of 20,217 mm?,
a calculated surface area to volume ratio of 0.0036 mm ™! and a calculated surface area to meas-
ured mass ratio of 4.238 mm?.g~!, while the thin structure comprises 2 x 5 x 11 holes with a

Tand a

surface area of 8,084 mm?, a calculated surface area to volume ratio of 0.0032 mm~
calculated surface area to measured mass ratio of 3.676 mm?2.g~* [29].

Before UV curing, both thin and large 3D-printed structures were impregnated with
TiO; nanostructures produced via microwave irradiation. For this step, 0.1 g of TiO, na-
nopowder was added to a bottle containing the 3D-printed block. The nanostructures were
distributed evenly over the block's surface by manually shaking the bottle for 5 minutes. The
printed block was then subjected to the UV post-curing process [29].

Following UV curing, the impregnated blocks were washed in Milli-Q water for 10
minutes at RT using a Bandelin Sonorex ultrasonic bath to remove any non-adherent
nanostructures. To enhance the photocatalytic activity of the 3D-printed architectures, the
blocks were subjected to microwave synthesis after impregnation and UV curing. The 3D-
printed block was placed in a MW vessel, and the solution used to produce TiO; nanostruc-
tures was added [29]. Details of the microwave parameters can be found in section 2.1.1.6. The

entire process for fabricating the 3D-printed architectures is illustrated in Figure 2.8. Two fab-

rication conditions were investigated (see Figure 2.8): (a) impregnation only with the TiO,
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nanostructures and (b) impregnation with TiO, nanostructures followed by a subsequent MW

- * Large structure
» Thin structure

synthesis step.

S min of manual
shaking (nanopowder)

UV curing J L UV curing
60 °C, 30 min 60 °C, 30 min

MW synthesis
90 °C, 2 h, 100 W, 10 bars

Figure 2.8: Schematic of the production of the 3D-printed architectures under the two investigated conditions: (a)
impregnation only with the TiO, nanostructures and (b) impregnation with TiO, nanostructures followed by a

subsequent MW synthesis step. Adapted from [29].

2.1.24 Dip-coating technique

Various methods are available for thin film coating, including dip-coating [45], drop-
casting [46], spin-coating [47], spray-coating [48], blade-coating [49], and roll-coating [50],
among others. Dip coating is a simple, waste-free, low energy consumption, and low-cost tech-
nique widely used to prepare films with a thickness generally below 1 pm [51] at both lab and
industrial scales [45,51-53]. Dip-coating process begins by preparing a stable solution with dis-
persed nanoparticles and a volatile solvent. It is also frequently used to apply coatings from
sol-gel solutions. This technique is also suitable for coating complex geometries and large sur-
faces. Its process can also be manual or automatic (the latter improves reproducibility, pro-
cessing speed and allows a scale-up [54]), and it can be carried out in a batch or continuous
mode. The substrate to be coated is immersed into the solution at a controlled speed followed

by a dwell time. Afterwards, it is withdrawn at a steady rate and dried, allowing the
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evaporation of the solvent (Figure 2.9). This process results in a uniform and thin layer of na-

noparticles deposited on the substrate due to viscous drag and capillary action. The final step,

solvent evaporation, can be conducted by drying the substrate either at RT or using a dryer

[55,56].

Sol y
precursor i

Dipping

Deposition
and drainage

Step 3

Solvent
evaporation

Figure 2.9: Sequential steps of the dip-coating process: step 1- dipping, step 2 - deposition and drainage, and step

3- solvent evaporation. Reproduced from ref. [45].

During the withdrawal stage, there are two main types of forces: draining and entraining

forces. Draining forces pull the liquid away from the substrate and back into the bath, while

entraining forces work to retain the fluid on the substrate. The balance between these forces

determines the thickness of the film [57]. The formation of the film can also be divided into

four regions ([57,58], see Figure 2.10):

Static meniscus: this region is characterized by a balance between hydrostatic

and capillary pressures, which dictates the meniscus shape.

Dynamic meniscus: located around the stagnation point, where entraining and

draining forces are in equilibrium. In this region, entraining forces gradually in-

fluence the solution flow until they become dominant.

Constant thickness zone: in this region, the film achieves a uniform thickness (k).

Wetting Zone: the region where the film started to be formed.
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wetting zone

constant film thickness zone

- dynamic meniscus

static meniscus

Figure 2.10: Coating occurs when a solid (a plate is represented on the left-hand side and a fiber is illustrated on
the right-hand side) is withdrawn at a velocity (v) from a liquid solution. At the bottom, the static meniscus is
visible. The liquid is sheared in the dynamic meniscus, which extends over a length (£). A uniform film with a

constant thickness (ho) is formed between this dynamic meniscus and a wetting zone. Adapted from ref. [58].

Based on the dominant forces governing the coating behavior, three distinct coating re-
gimes can be defined as (i) viscous flow, (ii) draining and (iii) capillary regimes. The first re-
gime occurs at high velocities and with viscous solutions, where coating behavior is governed
by viscous forces and gravitational attraction. In this regime, the entraining forces arise from
viscous forces acting on the solution as the substrate is withdrawn. If the withdrawal speeds
or solution viscosities are too low, viscous forces weaken. Consequently, the balance between
entraining and draining forces becomes influenced by surface-tension-driven solution move-
ment. Under these conditions, the coating is in the drainage regime. When the speed drops
below approximately 0.1 mm.s™?, a third coating regime emerges, the capillary regime. In this
regime, the solution is entrained onto the substrate through viscous flow at a rate slower than
that of evaporation. At these coating speeds, a constant film thickness is never fully achieved.
As a result, in the capillary regime, the final thickness depends on the withdrawal rate, the
solution properties, and the solvent's evaporation rate [57].

Some critical parameters must be taken into account during the dip-coating process of
nanoparticles [45,54,56,59,60]:

e Withdrawal speed

e Liquid properties (such as density, viscosity, surface tension and pH)
e Substrate properties

e Dwell time

e Number of dips

e Atmospheric conditions (like temperature and airflow)
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The thickness and uniformity of the coating are highly influenced by the withdrawal
speed. To produce thin films, a very slow pull-up speed is required, while thicker coatings
demand a high rate of immersion, a faster pull-up speed, combined with rapid drying of
highly volatile solvents [45,59,60]. Nevertheless, achieving a completely uniform substrate is
challenging, particularly when using high-surface tension solvents like water. In addition, the
thickness control is tough when preparing ultra-thin layers (< 20 nm) or ultra-thick layers
(> 1000 nm) from highly diluted or highly viscous solutions [53].

Solvents should exhibit moderate volatility (boiling points between 50 °C to 120 °C) to
allow enough time for the liquid film to level out while maintaining the drying time as short
as possible. They should also have a low surface tension to ensure a complete wetting of the
substrate and a homogeneous liquid flow. Solvents commonly employed include short-
chained aliphatic alcohols (such as ethanol, n-propanol, isopropanol and n-butanol), though
other solvents like esters or glycol ethers can be chosen. Mixing different solvents can help
optimize deposition performance, but phase separation due to selective evaporation must be
avoided, as it typically leads to flow instabilities and wetting issues [54]. Additives can be
incorporated into the solution to control film formation and extend the lifetime of the coating,
such as complexing agents or components with low vapor pressure (e.g., polyethylene glycol).
However, it is important to keep in mind that additives can serve as potential sources of con-
tamination, which may affect the coating properties.

Furthermore, atmospheric conditions such as airflow affect film formation, particularly
by influencing solvent evaporation. Before starting the deposition, it is essential to thoroughly
clean the substrate to ensure complete wetting and prevent surface contamination. An optimal
dwell time can also minimize the turbulence caused by the substrate's immersion. Addition-
ally, to increase film thickness or create stacks of different coating materials, a multiple dip-
coating process can be applied [54].

Another relevant parameter concerns the substrate's properties. This technique is effec-
tive for coating nanopore networks, as the solution is rapidly filled within the pores due to the
unidirectional movement of the linear meniscus upon withdrawal [56]. Moreover, the surface
energy of a substrate plays a significant role in wettability, affecting the coating's spread and
adhesion. A higher surface energy promotes better wetting, resulting in a more uniform film,
whereas a low surface energy leads to poor wetting and uneven coatings. Surface treatments
are an effective solution to enhance wettability and improve coating quality [57]. In addition,

factors such as the substrate's roughness, chemistry and mechanical properties can be adjusted
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for an excellent coating of substrates [61-63]. Although dip-coating is a simple process, multi-
ple variables will dictate the final characteristics of the coating. When properly controlled, it

could be a reliable and effective deposition technique [54].

2.1.2.4.1 Incorporation of TiO2 nanostructures on PU foams by dip-coating

In this work, 30 mg of the microwave-synthesized TiO: nanopowder (see section
2.1.1.6) was dispersed in 20 mL of Milli-Q water and ultrasonic agitated for 30 min (solution
A), step 1 in Figure 2.11. A second solution (solution B) was prepared by mixing 10 mg of
polyacrylic acid (PAA) with 20 mL of Milli-Q water. Solution B was left to stir for 30 min, step
1 in Figure 2.11. After that, solution B was poured into solution A and stirred magnetically.
Then, the pH was adjusted with NaOH to 7 [64], step 2 in Figure 2.11. Commercial porous
polyurethane foam was cut into parallelepipeds of 1.5 cm?® by volume (0.5 cm height x 1 cm
width x 3 cm length). The previously cut PU foam pieces were cleaned for 15 min in Milli-Q

water using an ultrasonic bath to remove possible dirt [31].

Step 1. rd? ML)

TiO2

Solution A Solution B

Step 2 NaOH

(pH=7)\fa°/i

Solution A+B

Figure 2.11: Diagram illustrating the process of preparing the dip-coating solution for the impregnation of PU foams

with TiO2 nanostructures. Steps 1 and 2 illustrate the preparation of solutions A, B and A+B, respectively [31].

Similarly to previous papers [59,65], to improve the hydrophilicity, PU foams were pre-
treated in a 1 M aqueous (aq.) solution of NaOH at 60 °C for 20 min, under agitation. This
solution will etch away part of the cell windows within the foam structure, exposing hydro-
philic groups. To complete the pre-treatment, the sponges were rinsed many times with Milli-

Q water and dried under a vacuum for 12 h at 80 °C [31].
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The incorporation of TiOz nanostructures on PU was carried out by manually dipping
the PU foams into the previously mixed solution (solution A+B). The immersion time was 5 s
and a sequence of 5 dipping cycles was performed at RT (step 3 in Figure 2.12). Some bubbles
were formed after each dip, and to remove them, the foams were squeezed several times with
tweezers. A hairdryer was then used to dry the foams (the height of the foams was 22 cm and
the distance between the hairdryer and the foam was around 7 cm). Between each dipping
cycle, foams were dried for 10 min (Figure 2.12). Lastly, they were ultrasonically cleaned in
Milli-Q water for 1 h to remove unbonded particles and dried at 80 °C overnight under a vac-
uum in a desiccator. The same foam was weighed before the TiO: impregnation (~0.066 g),
after the TiOz2impregnation (~0.071 g) and after the ultrasonic cleaning (~0.069 g). The final
weight of the TiO2 nanopowder on the foam substrate was around 3 mg and the foam main-
tained the same initial dimensions. Macrographs of the TiO2-PU foam are visible in Figure
2.12, in which one of them shows that its flexibility is maintained after the impregnation and

drying procedures. The technique employed proved to be simple and replicable [31].
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Figure 2.12: Diagram illustrating the dip-coating procedure. Step 3 represents the dip-coating and drying processes
to obtain TiO2-PU foams. Real photographic images of the produced TiO2-PU foam are also visible [31].

2.1.2.5 Drop-casting technique

Drop-casting, similar to dip-coating, is a simple, fast and reduced-cost technique for pro-
ducing thin films, though it is restricted to small areas [66,67]. Moreover, no material waste is
generated [67]. A droplet of liquid with a suspension of particles is deposited onto the sub-
strate and allowed to dry naturally or under a controlled atmosphere [68,69]. During the drop-
casting process, the substrate can be heated to further accelerate the evaporation process [69].
However, the main challenges of this method lie in controlling film thickness and ensuring a
uniform, continuous coating [69]. In fact, drop-casting suffers from the "coffee-ring effect".
This phenomenon occurs due to solvent evaporation during film assembly, which induces ca-
pillary flows within the droplet. These capillary flows transport particles toward the three-
phase contact line (where the solid, liquid, and gas phases converge [70]), causing the particles
to accumulate at the film boundaries and form a ring pattern. The ring's width is typically in
the micrometer range, leaving most of the area originally covered by the droplet largely un-
changed [71]. This effect is primarily driven by two mechanisms: enhanced evaporation
caused by the curvature at the droplet's edge and the pinning at the three-phase contact line.

While pinning prevents the droplet from contracting, the increased evaporation at the edge
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generates a flux flow within the droplet. However, this phenomenon can be mitigated by ad-
justing the liquid properties, such as viscosity and pH, surface properties, including surface
roughness, as well as atmospheric conditions [26,71,72].
Key controllable parameters include [26,68,69,71-74]:
e Liquid properties (type of solvent(s) and its polarity, pH, viscosity,...)
e Substrate properties (surface roughness, temperature of the substrate,...)
e Atmospheric conditions
The volume of dispersion and particle concentration can be easily adjusted depending on
the desired film thickness or structure. Higher concentrations typically produce thicker films
but may result in defects and non-uniformities. Therefore, optimizing the concentration is es-
sential to achieve the target film thickness and uniformity [74,75]. Regarding the type of sol-
vent(s), volatile solvents that efficiently wet the substrate and resist thin film instabilities, such
as de-wetting, are generally preferred. Water is rarely used due to its low vapor pressure and
high surface tension, but it can be replaced by alcohols. Organic solvents such as hexane, tol-
uene, and halogenated compounds are often more suitable for nanoparticles with hydropho-
bic capping ligands. These solvents enhance substrate wetting, and at the same time promote
the formation of uniform films by avoiding de-wetting issues [74]. The polarity of the solvent
can also influence the microstructure of the thin film. For example, a study showed that vari-
ations in the overall morphology and structural order of tetra(aniline)-surfactant thin film are
closely linked to the solvent's polarity [73]. The substrate's temperature during deposition can
also affect the evaporation rate of the solvent and the morphology of the film. A controlled
heating temperature ensures uniform evaporation and minimizes the formation of film de-
fects. In contrast, excessively high temperatures may cause rapid evaporation, creating non-
uniform films [74,76]. The environment conditions such as humidity, temperature, and pres-
sure are equally important since they can affect solvent evaporation rates and film formation
[74,77]. By optimizing these process parameters, reproducible thin films can be achieved, po-
tentially enabling large-scale production [67].
2.1.25.1 Incorporation of TiO2 and Fe:TiO: nanostructures on polymeric sub-
strates by drop-casting
Several circular polymeric filters made of MCE (mixed cellulose esters, composed of
inert cellulose nitrate and cellulose acetate polymers) with a pore size of 0.22 um and diameter
of 47 mm were tested. The filters were attached to previously cut ordinary glass squares using

Kapton tape. These glass squares were used to prevent the polymeric substrates from bending,
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after complete drying of the droplets. In this study, 40 mg of nanoparticles was added to 9 mL
of deionized water. Then, 1 mL of EG from Carlo Erba Reagents (CAS: 107-21-1, 99.5 % purity)
was also added to the previous solution. It is reported that a small amount of EG (10-30 vol. %)
in colloidal suspensions produces uniform layers. Before applying the droplets, and to miti-
gate the coffee-ring effect, the hydrophilic polymeric substrates were heated on a hot plate at
80 °C. Six layers of 1 mL of the aqueous solution were uniformly applied onto the substrates,
leaving the necessary time for each layer to dry [26]. A schematic of the overall experimental

procedure (sections 2.1.1.6 and 2.1.2.5.1) is visible in Figure 2.13.

Centrifugation and
drying of powders

Preparation of solution  Solvothermal Preparation of solution

(in section 2.1.1.6) synthesis (in section 2.1.2.5.1)
(170410 °C, 1 h, 1000 W)

&J:[%““w Drop-casting J

" -~ Hot plate @ 80 °C
== _Jﬁ;:i?'" (substrate on top of glass)

Figure 2.13: Schematic illustration of the synthesis of TiO2 and Fe:TiOz2 nanostructures followed by the impregnation

process on the filters [26].

2.1.2.6 Fabrication of TiO: and Ca:TiO: cellulose-based membranes

The pristine membrane was made using biomass cellulose nanofibers (BiNFi-s from
Sugino Machine Ltd., Japan, average fiber width: 10-50 nm) with a solid content of 2 %. The
nanofibers’ gel was dispersed in deionized water and stirred for 30 min, followed by the ad-
dition of pure TiO2and Ca:TiO: nanopowders, and vigorously stirred for 30 min. Afterwards,
TiOz2 and Ca:TiO2 membranes were poured into a Petri dish and left to dry in a controlled
environment (T = 25 °C with a relative humidity of 40 %). After drying, the membranes were
peeled off the dishes. A pristine membrane (without nanopowder) was also fabricated under

the same experimental conditions.
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2.2 Optimization of the synthesis parameters and impregna-

tion parameters

TiO2 nanostructures were directly synthesized on cork and 3D-printed resin blocks us-
ing low-temperature solvothermal methods under microwave irradiation at 120 °C and 90 °C,
respectively, with oxalic acid (one-step methods). These specific temperatures combined with
oxalic acid were selected to prevent substrate damage under microwave irradiation, which
would occur with higher temperatures or stronger acids. Although water is the most eco-
friendly solvent, ethanol was chosen for all studies due to its crucial role in maintaining parti-
cle uniformity in size and shape. To achieve complete substrate coverage, microwave irradia-
tion was applied for 60 min on the cork and 120 min on the resin substrates. While TiO;
nanostructures can be synthesized in acidic, neutral, or basic environments, better control over
their morphology and crystal structure is typically obtained under acidic or basic conditions.
However, similarly to the study with the cork and 3D-printed substrates, oxalic acid was used
to synthesize Fe-modified nanostructures, as extreme pH levels complicate the doping pro-
cess. Additionally, it was found that temperatures above 150 °C facilitate the formation of de-
fects, heterostructures, and doping. Therefore, in the case of defective TiO2 nanostructures on
PU foams, g-CsNs/TiO2 heterostructures, Fe and Ca-modified TiO: nanostructures on cellu-
lose-based substrates, the nanopowders were obtained at 200 °C, 150 °C, 170 °C and 230 °C,
respectively. To prevent the substrates from being destroyed under microwave irradiation,
defective TiO2 nanostructures on PU foams and Fe-modified TiO2 nanostructures on MCE wa-
ter filters had alternative impregnation techniques (dip-coating and drop-casting, respec-
tively, two-step methods). Both techniques were versatile, simple to implement, and cost-
effective for impregnating TiO,-based materials onto various substrates. Finally, using a sim-
ple mixing approach, Ca-modified TiO, cellulose-based substrates were developed, and the
nanostructures appeared uniformly distributed throughout the membrane and fully embed-
ded within the cellulose fiber matrix.

The initial syntheses were conducted using a single-mode microwave (CEM Discover
SP), followed by upscaling with a multimode microwave (MARS 1) to enhance the yields. Up-
scaling was performed in almost all studies, except for those involving TiO, on 3D-printed
architectures and g-CsN4/TiO; heterostructures, since in other studies, the results for both mi-
crowaves were compared and found to be similar after adjusting the parameters for each one
[76,77].
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2.3 Summary of the conditions used in each study

Table 2.2 presents a comparison of the various parameters used to produce TiOz-based
nanomaterials and the main differences between the studies. Despite variations in MW pa-
rameters across studies following optimization, TTIP and ethanol were always used as the Ti

precursor and solvent, respectively.
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Table 2.2: Comparison of the various parameters used to produce TiO2-based nanomaterials and the main differences across the studies.

Strategies to enhance

MW used MW parameters Precursor Solvent Acid Substrate the visible light
absorption
120 °C
Study 1 MARS 1 60 min TTIP (Ti precursor) Ethanol Oxalic acid Cork (floating) -
1000 W
90 °C
Resin (3D-printed
CEM 120 min
Study 2 TTIP (Ti precursor) Ethanol Oxalic acid blocks, -
discover SP 10 bars (145 psi)
non-floating)
100 W
150 °C
Construction of
CEM 60 min TTIP (Ti precursor)
Study 3 Ethanol HC1 37 % None heterostructures
discover SP 17 bars (250 psi) Urea (g-CsNs synthesis)
(g-CsN4/TIOz)
100 W
200 °C
Ethanol, IPA, PU foams Creation of surface
Study 4 MARS 1 10 min TTIP (Ti precursor) HC1 37 %
or water (floating) defects
1000 W
170 °C TTIP (Ti precursor)
MCE water filters
Study 5 MARS 1 60 min Iron (III) nitrate (Fe precursor: 1, 2 Ethanol Oxalic acid Doping (Fe* ions)
(non-floating)
1000 W and 5 mol. %)
230 °C TTIP (Ti precursor) Cellulose-based
Study 6 MARS 1 30 min Calcium nitrate tetrahydrate (Ca Ethanol No acid membranes (non- Doping (Ca?* ions)
1000 W precursor: 5 and 10 mol. %) floating)
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2.4 Characterization techniques

X-ray diffraction (XRD)

XRD measurements were carried out in an X'Pert PRO PANalytical powder (X'Pert
diffractometer using Cu Ka line radiation (A = 1.540598 A), operated at 45 kV and 40 mA.
Diffraction patterns were recorded from 20° to 80° (detector angle 208) with a step of 0.05° in a
Bragg-Brentano configuration using the nanostructures in the form of powder. For the TiO:
nanopowders that were integrated into 3D-printed blocks, the measurements were performed
from 20° to 70° 26 with a step size of 0.0334°. For the g-CsN4/TiO: heterostructures' study, the
diffractograms were acquired from 10° to 90° (28) range with a step of 0.05°. For the research
focused on TiO, nanostructures incorporated on PU foams and Ca:TiO: cellulose-based mem-
branes, a different equipment was used: an Aeris Benchtop XRD System equipped with a
PIXcellD detector. In this case, the XRD diffractograms were acquired from 10° to 90° and 20°
to 80° (20) range, considering a step of 0.02° and 0.0109° (spinning mode, rotation time: 4 s),
respectively. The TiO: anatase, rutile and brookite simulated diffractograms were obtained
from the International Centre for Diffraction Data (ICDD) with file numbers 00-021-1272, 00-
021-1276, and 00-029-1360, respectively. The average crystallite size of the synthesized nano-
materials was estimated by the Debye—Scherrer equation, which can be seen in Ref. [78], using
the software X'pert highscore plus (Almelo, The Netherlands, version 4.6a (4.6.1.23823)). The
lattice parameters were estimated through X-pert highscore plus after the alignment with the

reflections of standard silicon powder.
Electron microscopy

In the 3D-printed architectures, TiO2 nanostructures on cork and Fe:TiOz nanostructures
on water filters’ studies, scanning electron microscopy (SEM) images were obtained using a
Hitachi Regulus 8220 Scanning Electron Microscope (Mito, Japan), while for the energy dis-
persive X-ray spectroscopy (EDS) analyses, a Carl Zeiss AURIGA CrossBeam focused ion
beam (FIB)-SEM workstation (Oberkochen, Germany) was used. For the other studies, SEM
images were acquired with a Hitachi Regulus 8220 Scanning Electron Microscope (Mito, Ja-
pan) equipped with an Oxford EDS detector. The flat cross-sections of the cellulose mem-

branes (pristine, with TiO2 and 10 mol. % of Ca:TiO2) were prepared by the liquid nitrogen
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cryogenic fracture prior to SEM observations. The membrane thicknesses were measured us-
ing Image] software [79].

Scanning transmission electron microscopy (STEM), including high-angle annular dark-
field (HAADF) imaging, and transmission electron microscopy (TEM) observations were car-
ried out with a Hitachi HF5000 field-emission transmission electron microscope operated at
200 kV (Mito, Japan). This is a cold field emission gun (FEG) TEM/STEM with a spherical ab-
erration corrector for the probe, and it is equipped with one 100 mm? EDS detector from Ox-
ford Instruments. A drop of the sonicated dispersion was deposited onto lacey-carbon copper
grids and allowed to dry before observation. The average particle size and standard deviation
of the nanostructures were calculated based on the SEM and TEM images obtained from the

dimensions of several particles using Image]J software [79].
Atomic force microscopy (AFM)

AFM images were acquired with an Asylum Research MFP-3D Standalone system (Ox-
ford Instruments, Abingdon, UK) operated under ambient conditions, in alternate contact
mode, using commercially available silicon probes (Olympus AC160TS, fo = 300 kHz, k = 26
N.m™?%; Olympus Corporation, Tokyo, Japan). The images and height profiles were exported

using Asylum Research’s software packages after low-level plane fitting.
Raman spectroscopy

Raman spectroscopy measurements were obtained with an inVia Qontor confocal Raman
microscope from Renishaw (Kingswood, UK). A 50 mW green diode pumped solid state laser
operated at 532 nm was used as the excitation source, with a 10 s exposure time and settings
of 3 or 5 accumulations. The Raman spectra were recorded as an extended scan in the range of
100-700 cm™*. The laser beam was focused with a long working distance (8.2 mm) 50x Olym-
pus objective. The results present are based on the average of several scans taken on the surface
of the synthesized materials. The 521 cm™" peak of a silicon wafer was used to calibrate the
spectrograph for possible fluctuations in the Raman system. All measurements were per-

formed at RT.
Reflectancel/absorbance measurements

Total reflectance and absorbance measurements were recorded by using a double-

beam ultraviolet-visible-near infrared (UV-VIS-NIR) Shimadzu spectrophotometer with an
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integrating sphere in the range of 280-800 nm. The specular reflectance was also recorded in
the same range to obtain the diffuse reflectance data (DRS) and estimate the band gap energies
using the Kubelka-Munk function. BaSOs white powder was used as the reference. In some
studies, a PerkinElmer Lambda 950 UV/VIS/NIR spectrophotometer was used to directly

measure diffuse reflectance and absorbance. All measurements were carried out at RT.
Photoluminescence (PL)/Photoluminescence excitation (PLE) experiments

RT PL and PLE experiments were also conducted. A Fluorolog-3 set-up from Horiba
Scientific was used with a double additive grating Gemini 180 monochromator (1200 gr.mm™*
and 2x180 mm) in the excitation and a triple grating iHR550 spectrometer in the emission
(1200 gr.mm™~! and 550 mm). The excitation source used was a 450 W Xe lamp, exploring dif-
ferent excitation wavelengths. The PLE experiments were carried out by monitoring the ob-
served emission maximum. For the g-CsN4+/TiO: nanomaterials, RT PL measurements were
performed using a PerkinElmer LS55 luminescence spectrometer (PerkinElmer, Waltham,

MA, USA) equipped with a Xenon lamp as an excitation source. The PL data were acquired

from 400 to 600 nm, using an excitation wavelength of 350 nm.
Brunauer-Emmett-Teller (BET) method

The determination of the specific surface area was achieved by nitrogen adsorption ac-
cording to the BET method, in the determined p/p, range and following the methodology
described in ISO-9277 [80]. The results were obtained at 77 K using the ASAP 2010 Micromerit-
ics adsorption equipment. Before the experiments, an outgassed procedure was carried out

overnight or for 6 h at 120 °C under a vacuum ( 5 °. min™?) for the nanopowders (~0.2 g).
X-ray photoelectron spectroscopy (XPS)

The XPS experiments were performed using a Kratos Axis Supra with monochromatic Al
Ka irradiation (1486.6 eV). The XPS scans were acquired using a 225 W X-ray power and 40
eV of pass energy. The peaks were adjusted to the C 1s binding energy at 284.8 eV, except for
the analysis of Fe:TiO, nanomaterials, where the peaks were aligned to the O 1s binding en-
ergy at 530 eV. The XPS data were analyzed using CasaXPS software. For the study related to
Ca:TiO:z materials, the scans were obtained with an X-ray power of 150 W and a pass energy

of 10 eV. In this case, the peaks were not adjusted to the binding energy of C 1s or O 1s.
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Fourier transform infrared spectroscopy (FTIR)

RT FTIR transmittance spectrum of the produced powders was recorded on a PerkinElmer
FT-IR Spectrometer Spectrum Two (Waltham, MA, USA), equipped with an attenuated total
reflection (ATR) cell in the range of 400-4000 cm™2.

2.5 Experimental methods

Adsorption and photocatalytic experiments under simulated solar light

The photocatalytic activity of the TiO,-based platforms (including TiO2 3D-printed ar-
chitectures, TiOz-based cork platforms, and both pure TiOz and Fe:TiOz nanostructures on wa-
ter filters) was assessed at RT for the degradation of RhB (C,gH3;CIN,O3) from Sigma Aldrich
under a simulated solar light source. All experiments followed the international standard ISO
10678 [81]. A 50 mL solution of RhB (5 mg. L™!) in Millipore water was stirred under low mag-
netic stirring, with each platform positioned at the bottom of a reaction vessel. The TiO>-based
platforms were kept for a specific period in the dark (30 minutes for the TiO: 3D-printed
blocks/TiO2-based nanostructures on water filters and 60 min for the TiO: cork-based materi-
als) to achieve adsorption—-desorption equilibrium. For floating photocatalysts, no stirring was
applied during the reactions to prevent oxygenation of the solution and to simulate conditions
for floating photocatalyst applications. A light-emitting diode (LED) solar simulator (LSH
7320) was used, providing an AM 1.5 spectrum with an intensity of 100 mW.cm™2) (1000

mW. m™?2

=1 SUN). Absorbance spectra were recorded at various time intervals using a UV-
VIS spectrophotometer (PerkinElmer), extending up to 360 min (6 h) for the TiO2 3D-printed
blocks, 300 min (5 h) for the TiO2-based nanostructures on water filters and 720 minutes (12 h)
for the TiOz-based cork platforms. Measurements were conducted in the 400-700 nm wave-
length range (maximum peak intensity of RhB occurs at 554 nm). Control experiments using
blank RhB solution and pristine substrates were also performed under identical conditions
[26,28,29].

Reusability tests were performed on the water filters that exhibited the best perfor-
mance and consisted in recovering the water filters with further discarding of the total liquid.
The recovered filters were dried in air, prior to the next exposure. For the 3D-printed architec-

tures, after each cycle, the photocatalyst was washed with water, exposed under UV light for

15 min to clean the residues. All reusability tests were carried out by repeated solar radiation
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exposure of the same sample in fresh solutions considering the same exposure times. Three
and five cycles were performed for the 3D-printed architectures and water filters, respectively.
For the cork substrates, the reusability tests (three cycles) followed the same procedure as
mentioned for the water filters, except they were conducted under natural sunlight [26,28,29].

The photocatalytic activities of pure TiOz, g-CsN4 and g-CsN¢/TiO2 nanopowders were
evaluated at RT, considering the degradation of MO (C14H14N3NaOsS) from Sigma-Aldrich un-
der simulated solar light source. For each experiment, 25 mg of each nanopowder was dis-
persed in 50 mL of the MO solution (12.5 mg.L™!) and stirred for 30 min (under low magnetic
stirring) in the dark to establish the absorption—-desorption equilibrium. Solar light exposure
was conducted by usinga WAVELABS LS-2 LED solar simulator with AM 1.5 spectrum, at an
intensity of 1 SUN. Absorption spectra were recorded using a UV-VIS spectrophotometer with
different time intervals, up to a total of 240 min (4 h). The measurements were performed in
the 300-600 nm range (MO maximum absorption peak is located at 464 nm). A blank experi-
ment (photolysis) was also investigated by irradiating the MO solution without any photo-
catalyst (before and after light exposure).

For the reusability experiments, a procedure similar to that used for the water filters was
followed. However, in this case, the catalysts were recovered by centrifugation at 6000 rpm
for 5 min with further discarding of the supernatant. The nanopowders were then dried at 60
°C for 12 h, before the next exposure. Additional parallel photocatalytic experiments were per-
formed to guarantee the same photocatalyst mass in each cycle (25 mg) [30].

TiO2 nanopowders for further incorporation on PU foams were also tested for the pho-
tocatalytic degradation of water pollutants, this time targeting a different water pollutant: tet-
racycline (50 mL of the TC solution (~30 ppm)). The conditions were the same as for the g-
CsN4/TiOz2 nanopowders, with the exception that the nanopowders were kept in the dark for 4
h. The decay of the maximum absorption peak of tetracycline (at 4 = 360 nm) was monitored
using a UV-VIS spectrophotometer at fixed time intervals in the 200-450 nm range. The stand-
ard curves of tetracycline were obtained by the absorption spectra with various concentrations
of 5, 10, 15, 20 and 30 ppm [31]. The linear expression that relates TC concentration and ab-

sorbance could thus be obtained and it is given by the following equation (equation (2.4)):
A =0.03705 X Crc¢ (2.4)

where A is the absorbance and Cr is the TC concentration in mg. L™ [31].
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The amount of adsorbed tetracycline per gram of adsorbent, and adsorption capacity

(uptake, q (mg. g™ 1)) was calculated according to equation (2.5):

q= Vsolution-M(/CO - Ce) % 100 (2.5)

In equation (2.5), Cy and C, are the initial and equilibrium concentrations of tetracycline

(mg.L™1), respectively, Vsolution is the volume of the solution (L), and Wis the mass of the ad-
sorbent (g) [82]. The percentage of pollutant uptake by the sorbent (sorption efficiency) was

calculated using the following equation, equation (2.6) [82]:

. . . CO - Ce
Sorption efficiency (%) = < %x 100 (2.6)
0

The pseudo-first-order model given by Lagergren is described by the following equa-
tion [82]:

log(qe — q) =logqe — kqt/2.303 (2.7)
in which ¢, and q represent the amounts of pollutant adsorbed (mg.g™!) at the equilibrium
time and time ¢ (min) respectively, k; is the rate constant of adsorption (min~1). The rate con-
stant and the corresponding linear regression correlation coefficient values can be determined
from the straight-line plots of log(g. — q) as a function of t [82].
The pseudo-second-order model given by McKay and Ho is expressed by equation
(2.8) [82]:

t 1 t

= + —
q kiq5 Qe

(2.8)

where g, and q represent the amounts of pollutant adsorbed (mg.g~?) at the equilibrium time
and time ¢ (min) respectively, k, is the pseudo-second-order rate constant (g.mg~!.min™?).
The values of g, and k, can be determined from the straight-line plots ofé as a function of ¢
[82].

The linear form of the Elovich equation is represented by equation (2.9) [82]:

=M+lln(t) (2.9)
be be '

in which a, is the initial adsorption rate constant (mg.g~1.min™?), b, is the extent of surface
coverage and the activation energy for chemisorption (g. mg~1). The values of a, and b, can be
obtained from the plot of g as a function of In (t) [82].

The intraparticle diffusion (Weber-Morris) model is expressed as follows [82]:
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q= kid\/z + Cintraparticle (2.10)

where k;q is the intraparticle diffusion rate constant (mg. g~*. min~%%). If intraparticle diffusion
occurs, then the plot of q against vt is linear. The value of the intercept (Cintraparticle) is related

to the thickness of the boundary layer i.e., the larger the intercept the higher the boundary

layer effect [82].
Bangham’s model equation can be expressed by equation (2.11) [82,83]:
CO kbMperlitre )
loglo (—) =lo <— + ag.log (t 2.11
808 \Go—am) =\ 2303Vai0n) T 218 _—

where (, is the initial concentration of the adsorbate in solution (mg. L™1), Vsolution is the volume
of solution (mL), Mperjitre is the weight of adsorbent used per litre of solution (g. LY, q

(mg.g™1) is the amount of adsorbate retained at time t, and ag and k;, are constants [82].
Co
Co—q

Through the straight-line plot of loglog( M) as a function of log (t), the constants ap

and ky, can be determined from the slope and intercept, respectively. If the double logarithmic
plots show a linear plot, then the diffusion of adsorbate into the pores of adsorbents is not the
only rate-controlling step [83].

The Boyd kinetic model can be expressed by equations (2.12), (2.13), and (2.14) [82,84]:

q 6 N 1 2
F=_-= 1—Fzﬁexp (—n2B,) 2.12)
n=1
By = (Vi— |n—(Z5)for F<085 (2.13)
B, = —0.4977 — In(1 — F) for F > 0.85 (2.14)

where F is the fraction of contaminant adsorbed at any time compared with the equilibrium.
The Boyd kinetic equation is applied to identify the rate-limiting step of the adsorption pro-
cess. The limiting step is represented by plotting B, (Boyd parameter) as a function of ¢. If the
plot is linear and passes through the origin, the adsorption process is controlled by intraparti-
cle diffusion [84]. Otherwise, the adsorption process is controlled by film diffusion or by both
film and intraparticle diffusions [82,84,85].

The photocatalytic experiments were conducted up to a total of 30 min (0.5 h) and in
triplicate for the TiO2 nanopowders, before and after light exposure. For the reusability tests,
the dried nanopowder with the best adsorptive and photocatalytic performance was evaluated
under the same experimental conditions previously described in the g-C3N,/TiO, experi-

mental procedure [31].
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In this last study, regeneration + reutilization assays were conducted, in which 40 mg
of the recovered catalyst (separated by centrifugation after the first photocatalytic cycle) was
suspended in 150 mL of deionized water and irradiated by UV light using three mercury
lamps (model HNSL from Osram Puritec) with a power of 95 W each, a wavelength of 254 nm,
and a total UV light intensity of 35 mW.cm™2.The solution vessel was placed at 27.5 cm from
the UV light source for 240 min. After the irradiation process, the TiO2 nanopowder was sep-
arated by centrifugation, washed with water, and dried under vacuum overnight. The dried
material was used as the catalyst in the next catalytic cycle for adsorption and photocatalytic
degradation of TC under the solar simulator [31,86].

For the photocatalytic activity of the TiOz-based nanostructures on PU foams, each
TiO2 PU foam was added to 15 mL of tetracycline solution, and the experiments were con-
ducted in the dark for 1 h to achieve the absorption—desorption equilibrium, followed by 180
min under simulated solar light. For the reusability tests (three runs), no centrifugation was
required before the measurements in the spectrophotometer. The functionalized TiO: PU foam
was only washed with deionized water and dried at RT prior to the following cycle while
maintaining the same duration in the dark/light exposure times [31].

Following a similar procedure to that of the photocatalytic experiments with TiO, PU
foams, the adsorption and degradation of TC over cellulose-based membranes (pristine, with
pure TiO2 and Ca:TiO:2 nanomaterials) were tested in the dark (until the adsorption-desorption
equilibrium was reached), and then under a simulated solar light source. The only difference
was that one quarter of each membrane was positioned at the bottom of a reaction beaker with
12.5 mL of a TC solution (30 mg. L™?). Each piece of membrane was stirred for 120 min (under
constant low magnetic stirring) in the dark. The spectra were recorded at different time inter-
vals with a spectrophotometer from 200-700 nm. The light experiments were carried out for
60 min. The best-performing membrane was reused and after each cycle, the membrane was
washed with deionized water and left to dry at RT before being subjected to a new cycle with

a fresh solution (5 cycles) [31].
Photocatalytic activity under natural sunlight

RhB photocatalytic degradation tests under natural sunlight with the cork substrates
were also conducted. The experiments started around midday in the city of Caparica and in
the month of May. The total exposure time was 240 min (4 h) since after that time (at the end

of the day) the solar intensity significantly decreased. Moreover, if the exposure was continued
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on another day, the experimental conditions (solar intensity and UV level) would significantly
differ, and for that reason, it has been considered 4 h of sunlight exposure for each photocata-
lytic experiment. The sunlight intensity was measured three times by using a solar power me-
ter from Sciencetech (Sciencetech-Inc., London, ON, Canada): before light exposure, in the
middle and at the end of the experiment. Before light exposure, the sunlight intensity was 810,
800 and 880 W.m™?, respectively, for the first, second and third experiments. In the middle of
the experiments (after 2 h of light exposure), the intensity decreased to 730, 750 and 810 W.m ™2,
respectively, for the first, second and third experiments. At the end of the experiments (after 4
h of light exposure), the sunlight intensity was 400, 350 and 300 W.m™?, respectively, for the
first, second and third experiments. During the photocatalytic experiments, the temperatures
ranged between 17-26 °C, 19-28 °C and 20-26 °C for the first, second and third experiments,
respectively. The UV levels were 7 out of 11 in the first experiment and 8 out of 11 in the second
and third experiments, according to the IPMA (Instituto Portugués do Mar e da Atmosfera)
website [28].

The photocatalytic experiments for the degradation of TC with the cellulose-based
membranes (without photocatalyst, with pure TiO2 and 10-Ca:TiO2) under natural sunlight
started around midday in Caparica (Portugal) in July. The total light exposure time was 30
min since the solutions with Ca:TiO2 nanopowders showed a tendency for stabilization after
15 to 30 min. Sunlight intensity was measured twice using the same solar power meter men-
tioned above, before light exposure and at the end of the experiment. In both measurements,
the sunlight intensity was 85 mW.cm™2. According to the IPMA website, the UV level was 8
out of 11.

Reactive oxygen species (ROS) scavengers’ experiments

ROS scavengers were used to investigate the species and the mechanisms involved in
the photocatalytic degradation of several water pollutants when exposed to light irradiation.
In these assays, ethylene diamine tetra acetic acid (EDTA, CiwoHisN20s, > 98 % purity from
Sigma-Aldrich, CAS: 60-00-4) was used as a hole (h*) scavenger, hydrogen peroxide (HP, H20,
> 30 % w/v, CAS: 7722-84-1 from PanReac AppliChem) as an electron scavenger (e”), isopro-
panol (IPA, CsHsO, 99.8% purity from Sigma-Aldrich) as a hydroxyl radical (¢ OH) scavenger,
p-benzoquinone (BQ, CsHiOz2, = 98 % purity from Midland Scientific (Sigma-Aldrich), CAS:
106-51-4) as the superoxide radical («O2") scavenger, and sodium azide (SA, NaNs, BioXtra,
CAS: 26628-22-8 from Sigma-Aldrich) as a singlet oxygen ('O2) scavenger. The trapping
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experiments were conducted under the same conditions as those to evaluate the adsorption
and photocatalytic performance. After the dark phase, typically 5 mL of a 0.5 mM aq. solution
of each scavenger is added to the pollutant’s solution (50 mL) containing 25 mg of photocata-
lyst. A solution without a scavenger + photocatalyst + 5 mL of deionized water (or the same
volume of the scavenger’s solution) was also exposed to light for comparison (denoted as NS).
For the Ca:TiO2 membranes, since a quarter of each membrane was used (~6.25 mg of na-
nopowder), only 12.5 mL of the TC solution and 1.25 mL of a 0.5 mM agq. solution of each

scavenger was added to this solution.
Liquid Chromatography-High Resolution Qq Time-of-Flight Mass Spectrometry analysis

The transformation products (TPs) formed during the photocatalytic degradation of
TiO2 PU foam solution were analyzed by LC-HRMS. Aliquots of 10 uL were analysed on an
UHPLC Elute system interfaced with a QqTOF Impact II mass spectrometer equipped with an elec-
trospray ionization (ESI) source, operating in the positive mode (Bruker Daltonics, Bremen, Ger-
many). Internal calibration was achieved with an ammonium formate solution introduced to
the ion source via a 20 pL loop at the beginning of each analysis, using a six-port valve. Ac-
quisition was performed in a data-dependent MS/MS mode with an acquisition rate of 3 Hz
using a dynamic method with a fixed cycle time of 3 s, and a m/z dependent isolation window
of 0.03 Da. Data acquisition and processing were performed using Data Analysis 5.1 software.
Chromatographic separation was achieved on a Kinetex C18 column 100 A (150 x 2.1 mm, 3 pm
particle size, Phenomenex) at 45 °C using a flow rate of 0.4 mL.min~!. The mobile phase was
0.1 % of acid formic in water (v/v, eluent A) and in acetonitrile (eluent B), the elution gradient
was as follows: 0-0.5 min linear gradient to 5 % B; 1-3 min linear gradient to 60 % B, 3-5 min
linear gradient to 100 % B, 5-9 min isocratic 100 % B, 9-11 min linear gradient to 5 % B, and
then the column was re-equilibrated with 5 % B for 4-min. The TPs were identified by HRMS
based on their accurate m/z values released as protonated molecules ([M + HJ*), considering
the accuracy and precision of the measurement parameters, such as error (ppm) and mSigma.
The molecular formulas were validated by extracting the ionic chromatograms from the raw
data, and accurate mass isotopic patterns were evaluated, supporting the respective proposed

chemical structures.
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Ecotoxicity assays

Artemia salina or brine shrimp is a zooplankton used to feed larval fish. This organism
is reported to be a suitable test organism for toxicity studies in the presence of nanostructures
[87,88]. For this reason, it was selected as a biological safety model test. Acute toxicities of PU
foams with and without TiO2 nanostructures on A. salina were investigated. To prepare Arte-
mia’s environment, artificial seawater was first prepared by mixing regular tap water with
commercial seawater salt (JBL GmbH & Co.), according to supplier instructions. Then, dry A.
salina cysts were added to the artificial seawater and were left to hatch under aeration and
artificial light, for 48 h, at 25-30 °C. Afterwards, 900 pL of artificial seawater, containing 10-15
nauplii, pristine PU foams and pre-treated TiO. PU-foams with dimensions of 1.5 x 1.5 x 1.5
cm?; 10 % DMSO as positive control; and artificial seawater as negative control were added to
24-well plates and incubated for 24 h, at 25-30 °C. After that, the dead nauplii were counted.
To kill the remaining nauplii, 100 % DMSO was added to all the wells and left to incubate for
2 h, at 25-30 °C [89,90]. After counting the total A. salina, the mortality, M (%) was calculated
according to equation (2.15).

Dead, 4y,
M (%) = ———— x 100 (2.15)
D eadTotal
where Deadznrepresents the number of dead A. salina nauplii 24 h after incubation and and

Deadroa represents the total of nauplii present in each well test. PU foams were tested with five

replicates [31]
Electrochemical characterization

To evaluate the electrochemical performance of the produced materials, a solution was
prepared with 2.5 mg of each nanopowder, 10 pL of Nafion perfluorinated resin (5 wt. % in
lower aliphatic alcohols and water, containing 15-20% of water content, from Sigma-Aldrich,
CAS: 31175-20-9) and 0.25 mL of DMF with 2 99 % purity from Sigma-Aldrich). Then, indium
tin oxide (ITO) glass samples were cut with dimensions of 2 cm x 1 cm, and an appropriate
amount of the solution was evenly coated on a sample area of around 1 cm?. Each layer was
left to dry at 50 °C before applying a new layer. The photoelectrochemical properties were
assessed on a standard three-electrode system (Gamry Reference 600) by using a potentiostat
model 600 from Gamry Instruments and with an electrochemical interface (Gamry Echem An-

alyst). ITO glass coated with the photocatalyst, platinum wire and the standard electrode
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Ag/AgCl (3 M KCL) were used as the working electrode, the counter electrode and the refer-
ence electrode, respectively. The electrolyte was a solution with 0.5 M of Na25Os at pH = 6.3.
The Mott-Schottky (M-S) curves were measured at 1 kHz. The potentials measured against
the (Ag/AgCl) reference were converted into NHE potentials, following equation (2.16) [30]:
Evg (NHE) = Eag/agcl + E°ag/agc
(2.16)
(E°ag/agal = 0.1976 V vs. NHE at 25 °C)

Electrical characterization

TiO2 and Ca:TiO2 nanostructures were deposited onto the commercial interdigitated
electrodes using a drop-casting technique, as described in [91]. Briefly, a Kapton mask was
placed over the electrodes exposing only the finger area. A 50 uL drop of a solution composed
of 1 mg of nanopowder in 1 mL of IPA was applied to the finger area (0.4 cm x 0.4 cm) with a
micropipette. The solvent was then evaporated using a hot plate at 60 °C for 2 min, and the
solution was homogeneously spread.

The electrical characterization of the devices was performed in a parameter analyzer
(Agilent 4155C from Keysight Technologies) in combination with an Everbeing probe station
(Everbeing Int’l Corp.). The measurements were performed for a voltage range of —10 to 10 V

under 5 cycles at RT.

2.6 Computational methods

Density-functional theory (DFT)

DFT calculations were also performed for the study related to Ca:TiO2 membranes using
the Vienna Ab initio Simulation Package (VASP) code [92]. The hybrid exchange-correlation
functional HSEQ06 [93] was chosen both for structure relaxations and electronic structure cal-
culations due to its ability to predict considerably more accurate semiconductor band gaps
when compared to standard local or semi-local functionals [94]. The exchanged fraction was
fixed at 15 %, as this has been shown to describe the electronic structure of anatase TiO2 with
a band gap compatible with the one measured in the study of the Ca:TiO2 membranes [95].

The defect-related simulations were run on periodic TiO:2 supercells, containing 3x3x1 unit
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cells (i.e., a total of 108 atoms), to ensure a separation of around 10 A between periodic replicas

of the defects. The explicitly treated electrons were 3p® 3d? 4s! for Ti, 2s? 2p* for O, and 3s? 3p°®

4s? for Ca, with the rest of the electrons included in the frozen core, handled by the projector

augmented-wave method [96]. For the supercell calculations, Brillouin zone integration was

done using the I point, the energy cutoff for the plane-wave basis set was 415 eV, and the

energy and force convergence thresholds were 10~° eV and 0.01 eV/A, respectively.
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The next section was adapted from the publication: Matias, M. L.; Morais, M.; Pimentel, A.;
Vasconcelos, F. X.; Reis Machado, A. S.; Rodrigues, J.; Fortunato, E.; Martins, R.; Nunes, D.
Floating TiO2-Cork Nano-Photocatalysts for Water Purification Using Sunlight. Sustainability
2022, 14(15),9645. doi: 10.3390/su14159645.

3.1 Introduction

Cork, as a renewable resource and biodegradable material, exemplifies sustainability by
offering a natural and eco-friendly alternative that supports environmental conservation and
reduces carbon footprints [1,2]. Given that approximately 22 wt. % of cork production is
wasted annually and typically burned for energy, repurposing it for photocatalytic applica-
tions presents a valuable and sustainable solution. Therefore, cork was selected as a substrate
for photocatalytic applications [2].

In this study, TiO2 nanomaterials were simultaneously produced in powder form and
deposited directly onto cork substrates via MW-assisted approaches. The syntheses were car-
ried out using oxalic acid at low temperatures (120 °C) for 1 h and without any seed layer or
preliminary preparation steps (see section 2.1.1.6). The produced TiO: nanopowder was ana-
lysed through XRD, Raman spectroscopy, TEM, FTIR, and UV-VIS absorption measurements,
while the TiO2-cork substrates were characterized using XRD and SEM. These substrates were
evaluated as floating photocatalysts for the degradation of RhB under simulated solar light

and natural light sources. Reusability tests were also conducted under natural sunlight.

3.2 Results and discussion

3.2.1 Structural and optical characterization of the TiO2 nanopowder

3.21.1 XRD

Figure 3.1 shows the experimental XRD diffractogram of the TiO:2 nanopowder. All
experimental peaks are fully assigned to TiO: tetragonal anatase phase (ICDD file No. 00-021-
1272), and correspond to the reflections (101), (004), (200), (105), (211), (204), (116), (220) and
(215) at 26 =25.3°, 37.8°, 48.0°, 53.8°, 54.9°, 62.8°, 68.9° and 75.0°, respectively. No peaks related
to other TiO: crystalline phases (brookite or rutile) were observed. Moreover, no impurities

were detected, such as Ti(OH)a [3,4]. The XRD results also demonstrate that the materials are
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well crystallized and the broad diffraction peaks suggest the presence of very small crystallites
[3,4]. Some contribution from the cork’s chemical components released during synthesis, es-
pecially due to the brown color of the resulting powders, was expected. However, it was not
confirmed by the XRD results, possibly because the material is amorphous or not well-crystal-
lized. The average crystallite size of the synthesized TiO: nanomaterials was estimated using
the Debye-Scherrer equation with the software X'pert highscore plus. The calculated crystal-

lite size value was found to be around 4.8 nm.

(101)

(200)

(004) (105)211)

(116)

0D ™ (220) (215

ICDD 00-021-1272 Anatase

Intensity (arb.units)

| | IPDD 00-021-1276 Rutile

|| | : ICDIIZ) 00-029-1360 Brookite

20 30 40 50 60 70 80
20 (degrees)

Figure 3.1: XRD diffractogram of the TiO2 nanopowder simultaneously synthesized by MW irradiation. For com-

parison, the simulated TiO:z anatase, rutile and brookite structures are also presented.

3.2.1.2 Raman spectroscopy measurements

Raman spectroscopy measurements were performed to confirm the purity of the syn-
thesized materials. Since the cork substrates obscured the signal of the TiO2 nanomaterials
(Figure A.1), probably due to the high penetration depth of the laser’s light (in this case with
a wavelength of 532 nm), only the materials in powder form were investigated. Six Raman
active modes (A1g + 2B1g + 3E;) are predicted for anatase [4-6]. As observed from the Raman
spectrum in Figure 3.2, among those, five TiO: anatase bands were identified at 144 cm™! (Eg),
198 cm™? (Eg), 393 cm™! (Big), 515 cm™? (Big + Aig) and 636 cm™! (Eg). The purity of the synthe-

sized TiO2 nanopowder is confirmed and aligns with the XRD results.
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Figure 3.2: Raman spectrum of the synthesized TiO2 nanopowder. The vertical dot lines represent the TiO2 anatase

Raman bands.

Nevertheless, the anatase TiO: phase was obtained, as seen previously from the XRD
and Raman spectroscopy results, indicating the successful conversion of the TiO2 precursors

under MW irradiation, which is based on the following equations (3.1) and (3.2) [7]:

Ti(OCH(CH)3);), + H,C,0, + 2H,0 - Ti(OH), C,0, ! + 4CsH,0H  (3.1)

Ti(OH), C,0, — TiO, + H,0 T +C0, T + CO 1 (3.2)

3.21.3 FTIR

The TiO2 nanopowder was also investigated using FTIR and the result is presented in
Figure 3.3. The presence of hydroxyl groups is indicated by the appearance of a broad band
between 3000 and 3600 cm™! and a band at 1680 cm™! due to the adsorption of water from the
surrounding environment [8-11]. For the lower wavenumber region, a peak located at around
1111 cm™! is visible and attributed to the stretching vibration of the Ti-OH bond [11], whereas
the peaks located at 438 cm™* and 1396 cm™ are attributed to Ti-O bending [12] and Ti-O-Ti
stretching modes [13], respectively. Other peaks corresponding to vibrational modes of resid-

1

ual organic species were also observed. FTIR stretching band at 1680 cm™" is likely related to

C=0 groups [14,15], while the broad and small peak that appears at 1260 cm™! is probably
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ascribed to C-O stretching mode from groups such as ethers (common linkages in lignin [16]),
alcohols, esters, lactones, phenols or carboxylic acids [17], all present in cork’s chemical com-
position [18-20]. The brown nanopowder obtained from MW synthesis may indicate the pres-
ence of traces of organic species coming from the cork substrates (see Figure 2.4, Chapter 2),

as revealed by FTIR, which were not detected by XRD and Raman spectroscopy techniques.

1396 cm 1111 cm’’

f
T

1680 cm™

Transmittance (arb.units)

430 cm™’
\

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.3: FTIR spectrum of the TiO2 nanopowder.

3.2.1.4 Electron microscopy

Figure 3.4 shows the SEM and TEM images of the TiO2 nanopowder synthesized under
MW irradiation. From the SEM image (Figure 3.4 (a)), the formation of nano-sized particles
largely agglomerated can be observed. Nevertheless, from TEM, it could be perceived that
these agglomerates are formed by very fine nanoparticles, displaying a nearly spherical shape
(Figure 3.4 (c) and (d)). The average particle size was found to be 4.86 + 1.31 nm. The inset in
Figure 3.4 (b) also shows the particle size distribution, revealing that small particles in the 4-
6 nm range are more likely to be found. The ring diffraction pattern in Figure 3.4 (b) attested
that these particles are solely from the anatase phase. Moreover, the fast Fourier transform
(FFT) images and the lattice spacing (~ 0.35 nm) correspond to the (101) planes of anatase TiO2
nanocrystals, Figure 3.4 (c) and (d). From the FFT image in Figure 3.4 (c), taken in the area
indicated as A in the black square, it can be observed that two sets of lattices are present and
that they are not perpendicular to each other with an equal lattice spacing of ~ 0.35 nm, corre-

sponding to the (101) and (011) planes of the anatase phase. Observed through the [111] zone
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axis, the angle inferred between both (101) and (011) is 82° consistent with the theoretical value
reported for pure TiO: anatase (ICDD file number 00-021-1272).

The TiO2 nanopowder synthesized without cork substrates (Figure A.2) also revealed
similar characteristics to those observed in the TiO2 nanopowder synthesized with cork sub-
strates. The MW synthesis resulted in very fine nanoparticles, in agreement with the findings

from an analogous study [21].
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of the TiO2 nanopowder: (b) bright-field (BF) image of the TiO2 nanopowder, (c) and (d) high-resolution TEM image
of the nanocrystals. The inset in (b) depicts the electron diffraction pattern of TiO2 nanoparticles with the anatase
phase together with the particle size distribution, and (c) and (d) show the FFT images of the areas indicated as A
and B, respectively (black squares).

3.2.1.5 Optical characterization

The optical properties of the produced TiO2 nanopowder (in the presence of the cork
substrates) were investigated by recording the UV-VIS absorption spectrum (see Figure 3.5).
As observed in Figure 3.5, an absorption maximum is obtained in the UV region, around

306 nm (~ 4.1 eV), and the absorption is seen to extend through all the visible region.
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Figure 3.5: Absorption curve of the TiO2 nanopowder synthesized in the presence of the cork substrates.

For comparison, the absorption spectrum of the TiO2 nanopowder synthesized in the
absence of the cork substrates was also recorded (Figure 3.6). In this last case, even though the
absorption maximum is placed at the same value as in Figure 3.6, no absorption occurs beyond
400 nm as expected (Figure 3.6), since pure TiO: presents a wide band gap value (around 3.2

eV for pure TiO: anatase nanoparticles [3,22,23]).

Absorbance (arb.units)

300 400 500 600 700 800

Wavelength (nm)

Figure 3.6: Absorption curve of the TiO2 nanopowder synthesized in the absence of the cork substrates.
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It can thus be concluded that the visible light absorption in Figure 3.6 may be attributed
to the presence of the binders that were transferred to the TiO2 nanopowder from the cork
during the MW synthesis that resulted in its brown color. Additionally, the introduction of
defects, including surface defects, in TiO, crystals during synthesis should also be considered,
as these defects can enhance visible light absorption [24,25]. In fact, several studies have re-
ported the impact of different binders on the TiO2 nanostructures, with these extractives inter-
acting with the nanostructures and modifying their morphology, size and optical properties

[26-28].

3.2.2 Structural characterization and photocatalytic performance of the

TiO2-cork substrates

3.221 XRD

XRD analyses were also carried out for pristine cork and TiO2-cork substrates (Figure
3.7). It can be observed that the pristine cork substrate shows a broad peak centered at around
20 = 21°, indicating its amorphous nature [29,30]. When it comes to the cork substrate, five
weak and broad peaks were detected, which can be associated with the presence of anatase.
The XRD peaks observed at 25.3°, 37.8°, 48.0°, 53.8°, and 54.9°, correspond to the (101), (004),
(200), (105), (211) reflections of the TiO: anatase phase. The results corroborate with the XRD
data obtained for the TiO: nanopowder (Figure 3.1), confirming the presence of TiO:anatase

nanostructures at the surface of the cork.
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Figure 3.7: XRD diffractograms of the pristine and TiO:z-cork substrates. For comparison, the simulated TiO:z anatase

is presented.

3.2.2.2 Electron microscopy

SEM images of the pristine cork substrates together with the TiOz ones are shown in
Figure 3.8. In Figure 3.8 (a) to (c), the pristine cork is shown, which displays several closed and
air-hollow unit cells, forming polygons in a regular honeycomb arrangement and the number
of sides in these polygons varies. As reported for Quercus suber L, hexagonal, pentagonal and
heptagonal cells are the most frequent, representing around 95 % of the total forms [31]. The
diameter of the cork cells is around 15-20 um (see Figure 3.8 (a)) and their size depends on the
season in which they are formed [31]. For instance, early cork cells (cells formed in the main
growth period) are greater in height and have thinner cell walls, while late cork cells (cells
formed at the end of the growth period) are smaller and have thicker walls [32,33]. In the spe-
cific case of Quercus suber L., for early cork cells, prism height ranges from 30-40 um, prism
base edges from 13-15 um, the average base area from 4-6x10- cm?, and the cell wall thickness
between 1 and 1.5 um. Late cork cells have a reduced prism height, nearly 10 pm, and the cell
wall thickness almost doubles. The number of cells per cm? fluctuates from 4 to 7x 107 for early
cork and late cork from 10 to 20x107 [31]. Another important characteristic is the non-uniform
undulations of the cell walls, which vary from cell to cell, as well as the roughness of their
surface [34]. Some corrugated cells are observed, together with a few collapsed cells (see Fig-
ure 3.8 (a)). Concerning the irregularities on the surface of the cells, granulates and small de-

posits are visible with no defined shape (Figure 3.8 (c)) [32]. It is also visible that the interior
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of these cork cells is closed, without internal porosity. After the MW synthesis (Figure 3.8 (d)
to (f)), it is possible to observe that the honeycomb arrangement of the cork cells is preserved.
Additionally, the TiO: agglomerates of nanoparticles are discernible at the surface of the cork,

filling the cork cells and entirely

“B N D\' J \ (©)

covering the substrate Figure 3.8 (f)).

Figure 3.8: SEM images of the pristine cork substrates (a) to (c) together with the TiO2 ones (d) to (e). The inset in

(f) shows a TiO2 nanoparticles” agglomerate at the interior of a cork’s cell.

The chemical composition of the substrates before (pristine cork) and after the MW
synthesis (TiOz-cork substrates) was analyzed by EDS (Figure A.3). The pristine cork sub-
strates (Ci2sHi20s6N for Quercus suber L. [35]) were mainly composed of C and O, consistent
with its chemical composition [29]. For the TiOz-cork substrates, a uniform distribution of Ti,
together with C and O was observed. This indicates the homogeneous distribution of all ele-

ments on the surface of the cork.
3.2.2.3 Photocatalytic activity of the TiO:-cork substrates

3.2.2.3.1 RhB photocatalytic degradation under simulated solar light

The RhB decolorization in the presence of the cork substrates (pristine and with TiOx)
was evaluated under simulated solar light for a total of 12 h. The aliquots of the dye were taken

after 1 h (up to 4 h) and, after that time, every 2 h using the UV-VIS spectrophotometer. A
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gradual decrease in the absorption peak of RhB (at 554 nm [36,37]) was observed over time.
The decolorization rate (%) of the RhB dye was calculated according to equation (3.3):

Ay — A

Decolorization (%) = x 100 (3.3)

0

where 4, is the initial absorbance of the pollutant solution before irradiation and A; is the
absorbance of pollutant solution after a certain exposure time (t) [21,38]. Blank experiments
(only RhB solution) were also carried out under simulated solar light and natural sunlight
(Figure 3.9 (c) and Figure 3.10 (c)). Although a slight increase in the RhB concentration is ob-
served for both cases, possibly due to the evaporation of the solvent over time [4], no degra-
dation of the RhB dye was observed in both cases, as reported in other studies [39,40].

Figure 3.9 (a) shows a RhB decolorization of 44 % without any catalyst on the surface
of the cork after 12 h. The uptake of RhB molecules by the pristine cork stems from its honey-
comb structure and cork cells’ surface roughness, increasing the RhB adsorption capacity dur-
ing the first few hours. However, after 8 h of light exposure, a tendency for stabilization is
visible (Figure 3.9 (c)). After that time, fewer trap sites on the cork surface could be available
leading to a decrease in the absorption rate. According to the literature, the adsorption kinetics
model of organic pollutants on cork presents a convex initial curvature, indicating that the
adsorption rate decreases with time: it becomes more difficult for the adsorbate to find free
sites to adsorb since the main sites are gradually occupied [41]. This overall significant adsorp-
tion of RhB molecules by the pristine cork, which is visible with and without irradiation in
Figure 3.9 (a), has also been previously reported [42].

It is also well established that suberin, the main chemical component of cork, is hy-
drophobic due to the existence of aliphatic substances bound to the aromatic domain as tri-
acylglycerol esters. Lignin, the second most abundant chemical component of cork, is charac-
terized by the presence of aromatic alcohol monolignols and acids (in particular, cinnamic and
ferulic acid) [43—45]. It is reported that the aromatic domain of both suberin and lignin will
determine the interaction between cork and the organic compounds, like RhB [46], which are
essentially hydrophobic [43,47]. As a result, these hydrophobic regions in the cork will confer
it special affinity to organic pollutants, and hence it is expected that an increase in the diffusion
of hydrophobic dye molecules into the cork will occur [47,48].

Meanwhile, with the TiOz-cork substrate (Figure 3.9 (b)), the decolorization efficiency
was substantially increased to 76 %, for the same exposure time. This indicates that the syn-

thesized TiO: nanomaterials effectively contributed to the degradation of RhB.
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It is well known that different factors may influence the photocatalytic activity of TiO,
such as the phase structure, crystallite size, specific surface area and exposed crystal facets
[49,50]. As confirmed by TEM and SEM, particles in the nanometer range were formed with
an average size of 5 nm. Smaller nanoparticles possess a high specific surface area and surface-
to-volume ratio [51]. As a consequence, more active sites on the catalyst are available to inter-
act with the pollutant molecules [4]. Moreover, if the particle size is decreased, the distance
that photogenerated electron-hole pairs need to travel is reduced, thus reducing the probabil-
ity of their recombination [52]. It was also observed by TEM and SEM that these particles
formed agglomerates. Such agglomerates influence the specific surface area of the nanoparti-
cles and consequently their photocatalytic activity [21,53,54]. Several approaches and synthe-
sis parameters can be used to minimize their formation including a variation of the solution's
pH and the addition of surfactants, among others. Nevertheless, the synthesized TiO2 nano-
particles enhanced the cork’s performance in the removal of RhB molecules from water (Figure
3.9 (a) and (b)).

The (101) anatase surface is found to dominate the structure of nanosized anatase crys-
tallites due to its energetic preference and higher stability, being labeled as the majority surface
[55]. As observed in Figure 3.4, (101) anatase near-spherical nanocrystals without a specific
facet on the crystal surface are largely present in the nanopowder produced. Therefore, no
contribution to RhB degradation from active anatase facets has been considered.

Moreover, in general, it is accepted that for pure TiO2 phases, anatase exhibits superior
photocatalytic activity than the other two crystalline phases: rutile and brookite. Rutile and
brookite are direct band gap semiconductors, while anatase presents an indirect band gap.
Therefore, anatase TiO: has a longer lifetime of photogenerated electrons and holes. Addition-
ally, the average effective mass of photogenerated electrons is the lightest compared to rutile
and brookite and, as a result, it exhibits the fastest migration of photogenerated electrons and
holes from the interior to the surface of anatase particles. Hence, a lower recombination rate is

expected with pure TiO: anatase, thus showing a better photocatalytic performance [49,56].
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Figure 3.9: RhB absorbance spectra under simulated solar light radiation (LED simulator with AM 1.5 Spectrum)
up to 12 h (720 min) for cork substrates: (a) pristine substrate and (b) TiO2 substrate. (c) Decolorization ratio (C/Co)
of RhB dye without any substrate (blank), with the pristine and TiO2-cork substrates, (d) pseudo-second-order
kinetics for RhB decolorization in the presence of the pristine substrate, and (e) pseudo-first-order kinetics for RhB

decolorization in the presence of the TiO2 substrate.
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The RhB degradation process in the presence of TiO2-cork substrates was investigated

by using the Langmuir-Hinshelwood model (equation (1.11, see Chapter 1)). Based on this

equation, the rate constants k,, (min~') can be determined by plotting —In (c%) vs. t [57],
where the slope of the linear regressions are the apparent rate constants [21].

The obtained photodegradation apparent rate constant was found to be
0.0019 min~* with the TiO: substrate (Figure 3.9 (e)), and it can be concluded that the photo-
catalytic dye degradation follows the pseudo-first-order kinetics, since a good correlation for
the fitted line was obtained (R? above 0.95 [58]). In contrast with the TiO: substrate, the pristine
cork substrate (Figure 3.9 (d)) did not show a satisfactory fitting for the pseudo-first-order
equation (which has also already been reported [42]), but fitted well (R? = 0.99) the pseudo-
second-order equation, described with the following equation:

1_ 1. kapt 3.4
C CO — ap ( . )
Based on equation (3.4), the rate constant can be obtained by a linear fit, through the

plot of % - cl vs. time [59], and a value of 0.0012 L.mg~1. min~! was obtained. As mentioned
0

before, this trend can be explained by a fast adsorption of RhB molecules in the first 8 h
(480 min), followed by a slower uptake and a subsequent stabilization, since fewer adsorption

sites are available.

3.2.2.3.2 RhB photocatalytic degradation under natural sunlight

RhB decolorization under natural sunlight was also monitored with the cork substrates
(pristine and with TiO2) within 4 h (240 min) (Figure 3.10). For comparison, the degree of RhB
decolorization under simulated solar light up to 4 h, in the presence of both cork substrates,
was also calculated and it is summarized in Table 3.1. As indicated before, no stirring nor
oxygenation were needed during the reactions. Due to the floating characteristic of cork dur-
ing the photocatalytic experiments under natural sunlight, the substrates can thus be easily

collected from the solution (Figure A.4).
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Figure 3.10: RhB absorbance spectra under natural sunlight up to 4 h (240 min) for cork substrates: (a) pristine
substrate and (b) TiO2 substrate. (c) Decolorization ratio (C/Co) of RhB dye without any substrate (blank), with the
pristine and TiO2-cork substrates, (d) pseudo-second-order kinetics for RhB decolorization in the presence of the

pristine substrate, and (e) pseudo-first-order kinetics for RhB decolorization in the presence of the TiO: substrate.
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Table 3.1: RhB decolorization percentages under simulated solar light and natural sunlight exposure up to 4 h.

RhB decolorization (%)

] ) Pristine substrate 22
Simulated solar light .
TiOz substrate 36
. Pristine substrate 39
Natural sunlight exposure .
TiO2 substrate 67

Table 3.1 shows that in the presence of the pristine substrate, a difference in the RhB
decolorization is observed, 22 % vs. 39 % of degradation under simulated solar light and nat-
ural sunlight, respectively. Cork’s chemical components may degrade upon prolonged UV
light irradiation [60]. In fact, the absorption of UV light by pristine cork under natural sunlight
might lead to the photooxidation of cellulose, hemicellulose, and degradation of some lignin
content present in cork, which could generate chromophore groups, such as carboxylic acids,
quinones and hydroperoxide radicals. As a result, these chromophore groups could trigger
photochemical reactions on the cork surface, thus promoting a faster decolorization of RhB, in
comparison with simulated solar light exposure [61-63]. For the TiO2-cork substrates, as ob-
served, an increase of decolorization efficiency by 31 % was obtained under natural sunlight
when compared to simulated solar light during 4 h. In contrast with the solar spectrum, which
is composed of around 5 % UV light, 43 % visible light and 50 % IR light [64], the LED solar
simulator used in the photocatalytic experiments mainly provides visible light (the irradiance
is cut for shorter wavelengths (high UV energy)), see Figure A.5. Since TiO: anatase has a wide
band gap value (~ 3.2 eV), it is mostly photoactive in the UV region [65], and so the difference
may be due to the UV light contribution of natural sunlight. This is also supported by the
obtained apparent rate constants with the TiO: substrate under natural sunlight, as visible in
Figure 3.10 and under simulated solar light (Figure 3.9 (e)). The reaction was 2.5 times faster
under natural sunlight (k,, = 0.0048 min™") than under simulated solar light (0.0019 min~") in

a third of the time (12 h under simulated solar light compared to 4 h under natural sunlight).

3.2.2.3.3 Reusability tests under natural sunlight

Reusability tests are of great importance to evaluate the stability of the photocatalyst
[66]. Since the best results were obtained under natural sunlight, reusability tests with the TiO2
cork substrate were performed under 3 consecutive cycles within 4 h (240 min) under natural
sunlight. Figure 3.11 shows the decolorization ratio (C/Cy) of the RhB dye, the pseudo-first-

order model fitting for RhB decolorization under 3 cycles and a column chart of RhB
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decolorization efficiency with the number of uses. A summary of the obtained results is also

presented in Table 3.2.
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Figure 3.11: Three consecutive reusability tests under natural sunlight with the TiO2-cork substrate: (a) decoloriza-

tion ratio (C/Co) of the RhB dye, (b) pseudo-first-order kinetics for the RhB decolorization and (c) decolorization

efficiency (%) vs. the number of cycles.

Table 3.2: Kinetic parameters (rate constants kap and linear regression coefficients R?) for the RhB decolorization

under natural sunlight (1%, 24 and 3¢ exposures) up to 4 h with the TiO2-cork substrate.

kap (min~1) R?
1t sunlight exp. 0.005 1
Pseudo-first-order-
2nd sunlight exp. 0.003 1
kinetics reaction
3 sunlight exp. 0.003 0.99

In Table 3.2 and Figure 3.11, a decrease in photocatalytic activity was observed with

the number of exposures. The reaction rate decreased from 0.005 min™

Lin the first cycle to

0.003 min~! in the third cycle. After performing 3 consecutive cycles, a decolorization effi-

ciency loss of around 22 % was obtained. Since neither heat/UV treatments nor rinsing were
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applied to the substrate between cycles, a high percentage of RhB molecules could have re-
mained from the previous cycle adsorbed on the photocatalyst surface, hindering the available
pore sites on the TiOx-cork substrate for reaction [67,68], thus decreasing its overall cycling
efficiency. This effect has been previously reported in different studies [21,67-69]. It is worth
mentioning that this work demonstrates the real contribution of the RhB molecules' adsorption
on pristine cork substrates, with a direct effect on the overall photocatalytic activity of the

floating photocatalysts.

3.3 Summary

TiO2 nanomaterials were directly synthesized on cork substrates by a fast and low-tem-
perature solvothermal method under MW irradiation (120 °C for 1 h) without any preliminary
process by using oxalic acid. These nanomaterials were characterized in powder form, as well
as on cork substrates. The characterization of TiO2 nanopowder by XRD, Raman spectroscopy
and TEM revealed the presence of the TiO: anatase structure. Although some FTIR bands in-
dicated the presence of cork’s organic species in the TiO2 nanopowder, crystalline TiO: anatase
nanoparticles were formed on the cork, as proved by XRD data. The obtained brown pow-
dered TiO: material showed a broad absorption band peaked at ~306 nm, which extended
through the visible range up to 800 nm. SEM and EDS analyses of the TiO: substrates showed
the formation of nearly spherical TiO2 nanoparticles that uniformly covered the honeycomb
cells of the cork. The best RhB decolorization efficiency was obtained with the TiO2-cork sub-
strate under natural sunlight, and a RhB degradation of 67 % was obtained compared to 39 %
with the pristine cork substrate in 4 h of natural light exposure. In the presence of the TiO:
substrates, the photocatalytic reaction was 2.5 times faster under natural sunlight than under
simulated solar light, in a third of the time (12 h under solar simulating light compared to 4 h
under natural sunlight). In summary, the results presented show that by using a simple MW
approach, cork floating catalysts based on TiO2 materials can be employed for removing or-

ganic pollutants from water under natural sunlight.
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The next section was adapted from the publication: Xue, R.; Matias, M. L.; Pimentel, A.; Pinto,
J. V.; Fortunato, E.; Martins, R. Photocatalytic Activity of 3D Printed TiO2 Architectures Under
Solar Radiation. In Photocatalysis for Environmental Remediation and Energy Production; Green
Chemistry and Sustainable Technology; Springer International Publishing, 2023; pp. 79-100
ISBN 978-3-031-27706-1.

4.1 Introduction

This study reports the fabrication of 3D-printed TiO, macro-architectures for evaluation
as photocatalysts in water purification under solar radiation. The 3D structures, designed as
blocks, were manufactured using an SLA 3D printer. TiO, nanopowder synthesized through
MW irradiation was subsequently impregnated onto the printed block using a simple mixing
approach before the UV curing of the resin. MW synthesis was also employed to directly pro-
duce TiO; thin films on the macro-architectures, after impregnation and without the need for
a seed layer. 3D structures with two different sizes, different numbers of holes, and crossed
channels were fabricated (see section 2.1.2.3). The 3D materials were designed to increase the
reaction/exposed area, with strong adsorption capacity and high catalytic activity for pollutant
degradation under solar radiation. The structural characterization of the nanopowders and
3D-printed materials, after impregnation or MW synthesis, was carried out by XRD and SEM
coupled with EDS. The optical properties were assessed for the TiO2 nanostructures through
DRS studies. The photocatalytic activities of the 3D-printed architectures were evaluated for
RhB degradation under solar radiation. Additionally, the reusability of the most effective pho-
tocatalyst was examined.

The materials will hereafter be referred to as (see table below, Table 4.1):

Table 4.1: Assigned names and description of the synthesized materials.

Assigned names Description of the synthesized materials
L-TiO2 Large structure with just the impregnation of TiO2 nanostructures
T-TiO2 Thin structure with just the impregnation of TiO2 nanostructures

Large structure with the impregnation of TiO2 nanostructures
L-TiO=MW & preg ?
that was further subjected to MW synthesis

T-TiO:MW Thin structure with the impregnation of TiO2nanostructures
that was further subjected to MW synthesis
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4.2 Results and discussion

4.2.1 Structural and optical characterization of the TiO2 nanopowder

4211 XRD

The TiO2 nanopowder produced under MW irradiation was analysed by XRD, and the
obtained results are shown in Figure 4.1. The TiO: crystalline phase present in the nanopowder
is anatase with tetragonal crystallographic structure and no other secondary phases were de-
tected. The characteristic reflections of the TiO:2 anatase phase positioned at 28 = 25.25°, 37.71°
and 48.01° are assigned to (101), (004), and (200), respectively [1]. Moreover, no other peaks
associated with impurities, such as Ti(OH)s were found. The mean particle size calculated

from Scherrer’s equation [2] was 10 nm.
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(105)211)

(116)
(294) (220) (215)
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20 (degrees)

Figure 4.1: XRD diffractogram of the produced TiO2 nanopowder. The simulated TiO:z anatase, rutile and brookite
structures are also presented for comparison.
4.2.1.2 Electron microscopy and optical measurements

Figure 4.2 (a) shows the SEM image of the TiO2 nanostructures synthesized under MW
irradiation. The MW synthesis resulted in very fine particles, with a morphology resembling
nanospheres. The average sphere diameter calculated was 17.05 + 3.45 nm. DRS studies were
carried out for the TiO2 nanopowder. Its optical band gap value (Eg) value was determined

through the Tauc method. The Tauc equation (4.1) is described as follows [3]:
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(ahv)'/™ = B(hv — Ey) (4.1)

where a is the absorption coefficient, h is the Planck constant, v is the photon’s frequency, B
is an energy-independent constant, and m is a constant that depends on the nature of the elec-
tron transition and is equal to Y2 for allowed direct transitions and 2 for allowed indirect tran-
sitions [4]. Additionally, the corresponding absorption spectra (a) can be substituted by the
measured reflectance, R, through the application of the Kubelka—Munk function (F(R), equa-
tion (4.2)) [5,6]:

N2
F(R) = % _ g 4.2)

in which k represents the absorption coefficient and s is the scattering coefficient. The optical
band gap values can be obtained by extrapolating the linear part of the plots relating
(F(R)hv)Ym and (hv) to (F(R)hv)Ym =0, Figure 4.2 (b) [7]. This approach is frequently used in
the literature for estimating the band gap energy values. However, in the case of nanoparticles,
their high surface area may contribute to absorption, potentially leading to inaccuracies in the
calculated band gap values. Nevertheless, for comparison purposes with the literature, this
was the method employed [8-10]. The direct band gap value estimated was 3.22 eV, which is
within the reported values for the TiO: anatase phase [11,12]. A direct band gap was consid-
ered since it was previously reported that for very fine TiO: anatase nanoparticles, the direct

transition is more favorable [13].

140



—_
O

~

«©

=~
§
= 8
L
2
S af
I
>
=
@ 2f
<
“E =322eV
o i S 1 1
3 35 4
Energy (eV)

Figure 4.2: (a) SEM image of the TiO2 nanostructures, and (b) displays the (F(R)hv)1/m vs. (hv) plots to estimate the

optical band gap of the TiO2 nanostructures.

4.2.2 Structural characterization and photocatalytic performance of the

3D-printed architectures

4.2.2.1 Electron microscopy

Figure 4.3 shows the SEM images of the 3D-printed architectures following the impreg-
nation with TiO, nanostructures and subsequent MW synthesis. Since both large and thin
structures were fabricated under identical conditions and parameters, they exhibited the same
characteristics. Therefore, only the results for the large structure are discussed in this section.
Figure 4.3 (a) clearly demonstrates that MW irradiation does not compromise the integrity of
the printed block structure or its cavities. Figure 4.3 (a) and (c) confirm the successful impreg-
nation of TiO2 nanopowder on the surface of 3D-printed blocks. Figure 4.3 (b) shows TiO,
agglomerates in the micrometer size range, evenly distributed within the resin matrix. Never-
theless, using the mixing approach, the TiO: nanostructures remain as large agglomerates,
without achieving a uniform coating on the surface of the printed blocks. SLA 3D printing
techniques require a UV post-curing process after printing to transform monomers into highly
crosslinked polymer networks [14]. During the curing process, the printed blocks undergo
thermal expansion due to exposure to UV light and temperature exposure [15,16]. Conse-
quently, the final block tends to shrink as it cools to room temperature, resulting in a reduction
in size and an enhancement in mechanical properties compared to the raw printed material
before UV curing [17,18]. Hence, impregnating TiO, nanostructures on the surface of the un-
cured printed block allows them to gradually adhere to the resin during the UV curing pro-

cess, ensuring they remain attached to the surface after curing and cooling processes.

141



The 3D-printed architectures following impregnation were subjected to MW irradiation.
As shown in Figure 4.3 (c), this process resulted in a complete coverage of the printed block,
forming a continuous and uniform TiO; thin film composed of TiO, nanospheres. This con-
tinuous film effectively coated the exterior of the printed blocks, while the MW synthesis also
provided coverage of the interior walls of both structures. Similar to other rough substrates,
the formation of TiO: thin films without any seed layer or chemical treatment for adhesion is
expected to be due to substrate roughness, which promotes nucleation and fixation of the TiO2
structures [19,20]. Moreover, the thickness of this film could not be inferred precisely due to
the roughness of the surface and observed heterogeneities since the micrometer-sized TiO,

agglomerates from the previous impregnation remain visible even after MW synthesis.
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Figure 4.3: SEM images of a 3D-printed macro-architecture in (a) together with the surface of the printed block
following the impregnation of TiO, nanostructures (L-TiO2) in (b), and after the impregnation of TiO2 followed by
the MW synthesis (L-TiO2MW) in (c). The insets show the TiO2 agglomerates in (b) and the formation of a TiOz
thin film in (c).

EDS analyses were also carried out and are presented in Figure 4.4. The presence of C,
O, and Ti was observed in both conditions studied. The prominent signal of C is attributed to
the resin used for 3D printing. As expected from the SEM images in Figure 4.3 (b), Ti appears
as micrometer-sized agglomerates in the L-TiO: printed block. In contrast, the L-TiO2MW ma-
terial exhibits a more uniform distribution of Ti (Figure 4.4 (h)), with a stronger signal through-
out the material, confirming the homogeneous covering of its surface. No impurities were de-

tected.
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Figure 4.4: SEM and EDS analyses on the 3D-printed TiO2 macro-architectures after the impregnation with TiO:
nanostructures (L-TiO2) in (a) and after impregnation + MW synthesis (L-TiO2:MW) in (e). The corresponding EDS
maps of C (b and £), O (c and g), and Ti (d and h) are also visible.

4.2.2.2 Photocatalytic activity of the 3D-printed TiO: architectures

The photocatalytic activity of the 3D-printed TiO2 macro-architectures was evaluated
through the degradation of RhB under solar radiation using a sun simulator. Both large and
thin structures were considered with the TiO: impregnation, and they were compared to those
impregnated and then subjected to MW synthesis. The contribution of the 3D-printed block
without TiO, nanostructures to the RhB degradation was also studied.

Figure 4.5 (a) to (d) show the RhB absorbance spectra at various solar exposure times
with the different 3D-printed TiO: architectures acting as photocatalytic agents. After the pho-
tocatalytic experiments, a pinkish coloration can be observed on the 3D-printed blocks. Figure
4.6 presents the degradation ratio (C/Cy) vs. exposure time, where C is the concentration of the
pollutant at each exposure time and C, is the initial solution concentration [21]. The gradual
RhB degradation under solar radiation could be inferred for all conditions up to 360 min. A
3D-printed block without TiO2 nanostructures was also measured during the solar radiation
exposure experiments and no significant RhB photodegradation was observed over time (Fig-
ure 4.6 (a)).

The limit of 360 min was imposed due to the first appearance of a hypsochromic shift.
This shift is a consequence of self-photosensitization of the dye when exposed to visible light.
This behavior is commonly observed when conducting visible light-assisted photocatalysis
using dyes [22,23]. Apart from the decomposition of the dye through the destruction of chro-

mophore structure in the photocatalytic process, RhB molecules can shift to an excited state
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under visible light. During their excited state, they transfer electrons to the CB of the photo-
catalyst and RhB cation radicals (RhB**) are formed, which are responsible for the successive
N-deethylation reactions. This process is not governed by reactive oxygen species and in-
volves the sequential removal of ethyl groups from the amino nitrogen atoms, leading to a
hypsochromic shift in both the absorption and emission maxima [24-26]. N-deethylation of
RhB is known to be a stepwise process, in which the N-deethylated products are responsible
for the gradual hypsochromic shift in the absorbance peak [27,28] Hence, when hypsochromic
shift starts to appear, it means that the degradation of RhB is no longer predominantly due to
the action of the photocatalyst.

As shown in Figure 4.5 and Figure 4.6, the large structure condition (L) demonstrated a
better performance compared to the thin structure (T). This behavior was expected due to the
higher number of cavities (more channels for reaction) and larger reaction/exposed area. More-
over, the design of crossed channels is expected to maximize the contact between the solution
and photocatalyst, increasing the photocatalytic efficiency of the printed blocks. Both L-TiO2
and L-TiO2:2MW materials (Figure 4.5 (a) and (c)) reached RhB degradation values of 72 %.
Nevertheless, the L-TiO2MW material was more effective regarding the RhB photodegrada-
tion under solar radiation, reaching the threshold/hypsochromic shift earlier than the L-TiO».
The T-TiO: material reached 31 % of RhB degradation (Figure 4.5 (b)), while the T-TiO2MW
degraded 44 % for the same exposure time (Figure 4.5 (d)). Comparing both large and thin 3D-
printed structures subjected to MW synthesis, the larger structure was 28 % more efficient

(Figure 4.5 (c) and (d)).
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Figure 4.5: RhB absorbance spectra under solar radiation at RT with (a) the L-TiO2 material, (b) T-TiO2 material, (c)
L-TiO2:2MW material and (d) T-TiO2MW material. The slight differences in the initial values (0 min) are related to
different concentrations of RhB solutions used in the photocatalytic measurements. The insets show the photo-

graphic images of the 3D-printed blocks after photocatalysis in (a) and (b).

To enable quantitative comparison between the 3D-printed TiO: architectures, the pho-
tocatalytic reaction rates were determined (Figure 4.6). The calculated reaction rates were:
0.0038 min~! for the L-TiO2MW, 0.0034 min~! for the L-TiO>, 0.0015 min~? for the T-TiO=MW,
0.0011 min~! for the T-TiO: and 0.000283 min~! for the 3D-printed block without TiO2
nanostructures. The pseudo-first-order rate constant was calculated from the slope of In (Cy/C)
vs. the solar radiation exposure time (t) [29]. The photocatalytic reaction rate was higher for
the L-TiO2MW attesting its superior photocatalytic activity under solar radiation. The photo-
catalytic activity relies on several factors including the band gap energy, crystallite size, degree
of crystallinity, specific surface area, and active facets, among others [30,31]. In this work, the
impregnated TiO2 nanostructures were investigated, revealing that MW synthesis resulted in
very fine spherical particles (~17 nm as calculated from SEM images) with the TiO:2 anatase

phase and an optical band gap value within the values reported for the anatase phase [11,32].
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Figure 4.6: RhB degradation ratio (C/Co) vs. exposure time for the 3D-printed TiO: architectures under solar radi-

ation in (a) together with the corresponding photocatalytic reaction rates with the respective fitting curves in (b).

The nano-sized particles exhibit an enhanced redox capability, as they facilitate the mi-
gration of electrons and holes to their surface while suppressing electron-hole recombination,
thereby improving the photocatalytic performance [33]. Therefore, for all conditions investi-
gated, a significant contribution from the TiO: nanostructures is expected due to the typically
higher specific surface area associated with smaller particles [34]. However, since all the 3D-
printed TiO: macro-architectures were impregnated with TiO2 nanostructures using the same
approach, a similar contribution from these particles is anticipated across all the materials.

The printed design, including the size, number of holes, and crossed channels of the 3D-
printed macro-architectures significantly influenced the overall photocatalytic activity. The
larger structure exhibited a calculated surface/exposed area 2.5 times greater than that of the
thinner structure, providing a higher number of holes and channels for reaction. Conse-
quently, the improved photocatalytic efficiency is attributed to the design of the 3D-printed
block. The correlation between the design of 3D-printed materials and their photocatalytic ac-
tivity has been demonstrated in previous studies. Elkero et al. reported the production of 3D-
printed Au/TiO2 monoliths for the photogeneration of hydrogen from water/ethanol gaseous
mixtures under dynamic conditions and UV radiation [35]. The influence of the microfila-
ments' diameter on the photocatalytic activity was demonstrated. It was found that the diam-
eter of the microfilaments was a critical design parameter for the efficient photoproduction of
hydrogen because it determined the total geometric exposed area. 3D-printed monoliths with
filaments of 580, 410 and 200 um in diameter were produced, and the 200 pm microfilament
was more efficient since it had more channels for reaction. It can also be concluded that using

MW synthesis to produce a TiO: thin film after the impregnation of TiO: nanostructures
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enhanced the photocatalytic activity of the larger 3D blocks. The entire and even coverage of
the printed block surface (exterior and interior walls) effectively accelerated RhB photodegra-
dation under solar radiation, achieving the threshold/hypsochromic shift more quickly com-
pared to the L-TiO2 material (compare Figure 4.5 (a) with Figure 4.5 (c)). Moreover, as observed
in Figure 4.3 (c), the thin film consists of nanospheres. Therefore, the improved photocatalytic
efficiency of the L-TiO22MW can also be attributed to the presence of TiO2 nanostructures com-
posing the thin film [20,36].

Regarding the photocatalytic stability of the 3D-printed macro-architectures, cycling
tests were carried out with the best photocatalyst, i.e., L-TiO2:MW. Before the next cycle, the
photocatalyst was washed with water, subjected to UV light for 15 min, and then reintroduced
into a container with a fresh RhB solution. The results reveal its reusability over time (Figure
4.7 (a) and (b)). Figure 4.7 (a) demonstrates that the 3D-printed block can be reused multiple
times without any significant loss in its photocatalytic efficiency. The reaction rates were
0.0038, 0.0035 and 0.0037 min~! (Figure 4.7 (b)) for the first, second and third cycles, respec-

tively, attesting the consistent RhB degradation under solar radiation after several cycling

tests.
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Figure 4.7: (a) Three different cycles of RhB degradation ratio (C/Co) vs. exposure time for the L-TiO2:2MW material

under solar radiation. (b) Photocatalytic reaction rates with the respective fitting curves.

The photocatalytic experiments showed that combining 3D printing with the simple
mixing of TiO2 nanostructures produced under MW irradiation, followed by MW synthesis to
create uniform TiO: thin films, allowed the fabrication of enhanced photocatalysts with excel-

lent stability and superior reusability when exposed to solar radiation. The produced materials
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also eliminate the need for recovering powder, particularly nanopowder, which represents a

huge drawback in wastewater cleaning treatments.

4.3 Summary

3D-printed macro-architectures were successfully produced using the SLA 3D printing
technique by exploring two distinct sizes with a different number of holes and crossed chan-
nels. A novel method was demonstrated by impregnating the photocatalyst onto the printed
block. In this approach, the TiO2 nanostructures produced under MW irradiation were incor-
porated into the resin before UV curing by directly mixing the powder. This eliminated the
need for pre- or post-processing steps, thereby reducing additional costs and avoiding time-
consuming techniques. To improve the photocatalytic activity of the printed blocks, MW syn-
thesis was used to produce TiOz thin films without a seed layer, after the impregnation of TiO2
nanostructures. The TiO, nanostructures synthesized under MW irradiation resulted in the
formation of very fine TiO, anatase particles that appeared as spheres, as well as in the thin
film. The photocatalytic activity of the 3D-printed architectures was assessed by evaluating
the degradation of RhB under solar radiation, with the best photocatalyst achieving a degra-
dation of 72 %. The larger structure exhibited higher degradation rates than the thin structure,
owing to the greater number of holes/channels for reaction and a larger reaction/exposed area.
Therefore, the design of the structures was crucial in determining the final photocatalytic per-
formance. Moreover, the presence of the MW-synthesized TiO: thin film, along with the TiO,
impregnated agglomerates, accounted for the improved photocatalytic performance observed
in the materials studied. The best photocatalyst (L-TiO22MW) also displayed stability and re-
usability over time. The 3D-printed blocks developed in this study, combined with the MW-
synthesized TiO, nanostructures resulted in stable and reusable photocatalysts. These provide
an alternative to powdered photocatalysts and can be produced using simple, fast, and less

energy-consuming methods that are easily scalable for real-world applications.
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The next section was adapted from the publication: Matias, M. L.; Reis-Machado, A. S.;
Rodrigues, J.; Calmeiro, T.; Deuermeier, J.; Pimentel, A.; Fortunato, E.; Martins, R.; Nunes, D.
Microwave Synthesis of Visible-Light-Activated g-CsNs/TiO: Photocatalysts. Nanomaterials
2023, 13(6), doi:10.3390/NANO13061090.

5.1 Introduction

The development of visible-light-driven photocatalysts has become highly appealing for
environmental remediation through simple, fast and green chemical methods. A simple, seed-
layer-free and fast (1 h) MW-assisted approach is demonstrated to produce g-CsN4/TiO: het-
erostructures for the degradation of MO under visible light. The structural, optical and elec-
trochemical characterizations were performed by XRD, SEM and STEM (the last two equipped
with EDS detectors), AFM, XPS, UV-VIS absorption, PL spectroscopies, and M-S plots. Differ-
ent g-CsNs+ amounts mixed with TiO2 (15, 30 and 45 wt. %) were investigated for the photo-
catalytic degradation of MO dye using a solar simulator for up to 240 min (4 h). The materials
produced will hereafter be called 15-GCN-T, 30-GCN-T and 45-GCN-T for the 15, 30 and 45
wt. % of g-CsNa in TiOz, respectively. For a better understanding of the species involved in the
photocatalytic degradation process, experiments were performed with reactive oxygen species

scavengers. Reusability tests were also carried out up to five consecutive cycles.

5.2 Results and discussion

5.2.1 Structural and optical characterization of the g-Cs:N4/TiO: na-

nopowders

5211 XRD

The produced nanopowders, i.e. TiOz, g-CsNs, 15-GCN-T, 30-GCN-T and 45-GCN-T
were investigated by XRD. As seen in Figure 5.1, after heat-treating urea at 550 °C for 2 h, two
diffraction maxima at 13.2° and 27° (26) appear, indexed to the planes (100) and (002) of g-
CsNg, respectively [1]. According to previous studies, the broad diffraction maximum detected
at 13.2°is ascribed to the in-planar structure of repeated N-bridged tri-s-triazine units, whereas
the maximum at 27° is attributed to the stacking of the conjugated aromatic systems [2]. A

slight shift could be observed in the diffractogram of the produced g-CsN4 nanopowder when

154



compared to the database and, for that reason, the simulated g-CsNs was not present. Never-
theless, the XRD data is consistent with the literature for this material [1-4]. For the pure TiO:
nanopowder, the experimental XRD diffractograms could be fully ascribed to the anatase TiO:
phase (ICDD file number 00-021-1272). When it comes to the heterostructures, for all condi-
tions, the TiO:2 anatase diffractograms are also present. On the other hand, when g-CsN4 con-
tent is increased with respect to TiOz, a diffraction maximum at 27° appears, indicating the
presence of graphitic carbon nitride. This can be observed in the 30-GCN-T and 45-GCN-T
nanopowders (identified with black arrows in Figure 5.1), confirming the co-existence of both
materials (TiOz2 and g-CsN4). The absence of graphitic carbon nitride patterns in the 15-GCN-
T nanopowder is likely due to the low percentage present in this material. No further XRD

maxima or impurities were detected for all the materials produced.

(100) (002)

| ICDD 00-021-1272 Anatase

Intensity (arb.units)

| | ICDII',) 00-021-1276 Rutile
1 1 L

|| | ICDD 00-029-1360 Brookite

20 20 60 80
20 (degrees)

Figure 5.1: XRD diffractograms of TiO2, g-CsNs and heterostructures composed by TiO2 with different weight load-
ing percentages of g-CsNu (15-GCN-T, 30-GCN-T and 45-GCN-T). The simulated anatase, rutile and brookite TiO:
are also shown for comparison. Black arrows indicate the diffraction maximum at 27°, likely associated with the

presence of graphitic carbon nitride.

5.2.1.2 Electron microscopy

Figure 5.2 displays the SEM images of TiO:, g-CsNs and g-CsNs/TiO: heterostructures.
As can be seen in Figure 5.2 (a), the microwave synthesis in the presence of ethanol as solvent
resulted in several irregularly shaped particles with an average particle size of 543 + 135 nm

(Figure 5.2 (b)). Figure 5.2 (b) clearly shows that the larger particles are composed of
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aggregates of TiO, nanocrystals, with the inset highlighting the presence of a hollow sphere.
SEM images of g-CsNs are displayed in Figure 5.2 (c) and (d). Graphitic carbon nitride pro-
duced by direct calcination resulted in a 2D structure composed of a stack of thin sheets with
wrinkles and irregular shapes. Some micro-holes are also perceptible at the surface of the
sheets, which were probably formed due to the escape of gases, such as NHs, during the high-
temperature synthesis of g-CsNi. Consequently, the gas release could have etched the s-tria-
zine network structure [5]. Figure 5.2 (e)—(j) show the SEM images of the g-CsNa4/TiO: hetero-
structures. The similar shape and size of the TiO: particles observed previously in Figure 5.2
(a) are present in the 15-GCN-T material, covering some areas of the g-CsNa sheets. A TiO: film
was also formed at the surface of the sheets (Figure 5.2 (f)). Nevertheless, this film did not
completely cover the g-CsNa sheets for the 15-GCN-T material. Interestingly, when g-CsNa con-
tent was further increased, as shown in Figure 5.2 (g)—(j), the larger TiO: particles reduced in
size, and smaller TiO: agglomerates were formed, composing a film that was expressively
thick for the 45-GCN-T material (Figure 5.2 (j)). The close contact between the two materials is

thus essential to improve the charge separation and strengthen the photocatalytic activity [6].
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Figure 5.2: SEM images of the produced materials (a) TiOz, (c) g-CsNy, (e) 15-GCN-T, (g) 30-GCT and (i) 45-GCN-
T. The respective high-magnification SEM images are shown in ((b),(d),(f),(h),(j)), and (b) also displays an amplified
SEM image of a hollow TiO2 sphere.

Due to the high amount of g-CsNa on the 45-GCN-T material, some g-CsNs nanosheets
were not covered by TiO2, which could result in a faster recombination rate of photogenerated
charge carriers and, lastly, a decrease in the photocatalytic activity. For this reason, the 30-

GCN-T material was selected to be further investigated. The 30-GCN-T material was investi-
gated using STEM (Figure 5.3). In both STEM and bright-field TEM images (Figure 5.3 (a)—(d)),
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the presence of a thin 2D nanostructure with a sheet-like structure is clear. The TiO2 nanostruc-
tures are also clearly discernible in the STEM and TEM images (Figure 5.3 (a)—(g)). The ring
diffraction pattern in Figure 5.3 (d) attested that these particles are solely in the anatase TiO2
phase.

(b) BF-STEM (c) HAADF;STEM

| () HAADF-STEM

e 5 Tkl

2.3 & 5 6 7 B 9
Diameter (nm)

Figure 5.3: (a) Secondary electrons (SE) STEM image of the 30-GCN-T material, (b) BF STEM image of the same area
of (a), (c) HAADF-STEM image of the area in (a), (d) BF TEM image of the area in (a). The insets in (d) depict the
electron diffraction pattern of TiO2 nanoparticles with the anatase phase and the particle size distribution of the
TiOz2nanoparticles measured by TEM analyses. (e) and (f) Magnified SE-STEM and HAADF-STEM images of the
area analyzed in (a), respectively. (g) SE-STEM and (h) HAADF-STEM image of a TiO2 nanocrystal attached to the
g-CsNa sheet, and (i) atomic-resolution HAADF-STEM image of the area in (g) and (h), where the interface between
the TiOz nanocrystal and the g-CsNa sheet is clear. The inset in (i) shows the FFT image of the area indicated as A

(white square).

Consistent with the SEM results, it can be observed that g-CsN4 sheets are covered with
TiO2 nanostructures, though they do not form a continuous film. Larger agglomerates are also
perceptible (Figure 5.3 (a)—(f)), but, as observed previously, these are significantly smaller than
those found in the pure TiO, material. As reported in an analogous study [7], it can be seen
that these agglomerates are formed by very fine TiO: nanoparticles with irregular shapes,
where near spherical nanocrystals and more elongated ones can be observed (Figure 5.3 (g)-

(i)). The average TiO: particle size was found to be 5.17 + 1.37 nm, and it can be seen from the

158



particle size distribution (inset of Figure 5.3 (d)) that smaller particles in the range of 4-7 nm
are more likely to be found.

The STEM images (Figure 5.3 (g)—(i)) confirm the close contact between the g-CsNa sheets
and the TiO2 nanocrystals, where the in-depth analysis conducted using detailed HAADF im-
aging (Figure 5.3 (i)) revealed a clear interface between the TiO: nanocrystal and the g-CsN4
sheet. As reported earlier in the literature [8], low crystallinity of g-CsNa sheets was detected
in the TEM measurements. The atomic-resolution HAADF-STEM image in Figure 5.3 (i)
clearly reveals the atomic columns. Based on the Z-contrast, the visible spots are assumed to
correspond to Ti atoms [9]. These Ti atomic columns are perpendicular to each other, and a
lattice spacing of = 0.189 nm was measured, which perfectly matches the (200) and (020) atomic
planes of anatase [10]. Two other distinct TiO2 nanocrystals were investigated in Figure 5.4 (a)
and (b), revealing the (100) and (010) atomic planes of anatase with a lattice spacing of
= (0.378 nm [9]. The insets in Figure 5.3 (i) and Figure 5.4 (a) and (b) represent the FFT images
generated from areas indicated as A, B, and C, respectively. As observed in the [001] zone axis,
it is evident from the FFT patterns that the angles between (200) and (020), as well as between
(100) and (010) are 90°, in accordance with the theoretical value reported for pure crystalline
anatase TiO2 (ICDD file number 00-021-1272). Based on the atomic-resolution HAADF images
and FFT patterns, the tetragonal atomic arrangement on the (001) surface of the TiO2 nano-

crystals can be inferred [10].

(b) HAADF-STEM

3 d100=0.378 NN

8 E b
t s

Figure 5.4: (a), (b) Atomic-resolution HAADF-STEM images of two distinct TiO2 nanocrystals. The insets in (a) and

(b) show the FFT images of areas indicated as B and C, respectively (white squares).

EDS analyses were also carried out for the 30-GCN-T material. Figure 5.5 (a) shows a

magnified SE-STEM image of a g-CsNa sheet with TiO: agglomerates on its surface. EDS
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analyses confirmed that the sheet is mainly composed of C (Figure 5.5 (b)), N (Figure 5.5 (c))
and O (Figure 5.5 (d)), while Ti was detected in the agglomerates, revealing a uniform distri-

bution of this element (Figure 5.5 (e)).

(a) SE-STEM

(b)
(@)
| |

Figure 5.5: Artificially colored (mixed) SE-STEM image of the 30-GCN-T material (a), together with the correspond-
ing EDS maps of C (b), N (c), O (d) and Ti (e).

5213 AFM

AFM measurements were performed to determine the average height/thickness of the
produced g-CsNi nanosheets. The average thickness of g-CsNi nanosheets was calculated
based on several scans, which were taken from AFM images, and the value was found to be
around 4 nm. One of those scans is depicted in Figure 5.6. The formation of thin g-CsNa
nanosheets was also inferred from STEM analysis (Figure 5.3), in which transparent
nanosheets were observed. The obtained value of 4 nm is in alignment with previous studies,
in which similar size thicknesses ranging from 2 to 15 nm were reported for g-CsNs nanosheets

[11-13].
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Figure 5.6: (a) AFM image of a g-CsN4 nanosheet and (b) corresponding average height values measured between

the red lines.

5214 XPS

The surface chemical compositions of TiOz, g-CsN4 and 30-GCN-T materials were ana-
lyzed by XPS. Figure 5.7 (a) shows the survey spectra of the above mentioned materials, re-
vealing the existence of C and N elements in the g-CsNs nanopowder. Through the analysis of
the survey spectra, the characteristic peaks of Ti and O appear in TiO2 along with Ti, O, N and
C elements in 30-GCN-T, which confirms the purity of the produced materials. High-resolu-
tion XPS spectra of each element present in the materials (TiO2, g-CsN4 and 30-GCN-T) are
presented in Figure 5.7 (b)—(e). Figure 5.7 (b) shows the comparison between the deconvoluted
C 1s core level spectra of g-CsNs, TiO2 and 30-GCN-T. The g-CsNa sample was fitted with peaks
at 284.8, 286.1 and 288.2 eV of equal full-width at half maximum (FWHM) and a broader peak
at 293.5 eV. The peaks at 284.8 eV and 286.1 eV are identified as C—C and C-O bonds of ad-
ventitious carbon, respectively. The most intense peak at 288.2 eV corresponds to sp? C atoms
in the N=C-N aromatic ring of g-CsN4, whereas the peak at 293.5 eV is related to the three-
coordinate C atoms C-NH2 [14-16]. The C 1s emission of TiO: only presents emissions from
adventitious carbon. The 30-GCN-T material presents a mixture of g-CsNs and TiOz. Since an
excellent fit of the 30-GCN-T C 1s emission could be obtained by applying the peak models of
both g-CsNi and TiO: (with fixed relative binding energies and relative peak areas, respec-
tively), it can be concluded that no significant change occurred in the chemistry of both g-CsN4
and TiO: when forming the heterostructure. XPS high-resolution O 1s core level spectra for g-

C3Ns, TiO2 and 30-GCN-T are also shown in Figure 5.7 (c). Only a very small amount of oxygen
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is present in g-CsN4, in accordance with the C—O bond of adventitious carbon. For TiO, a
typical set of peaks related to Ti—O bonds, undercoordinated oxygen, hydroxyl groups and
surface-adsorbed water are found (in ascending order of binding energy) [14,17]. These peaks
do not change significantly in their relative areas when comparing the TiOz with the 30-GCN-
T material, indicating no chemical change in TiO2 upon the formation of the heterostructure.
Figure 5.7 (d) shows the high-resolution Ti 2p core level spectra of TiO: and 30-GCN-T.
For TiOz, the binding energy values of Ti 2ps2 and Ti 2p12 obtained at 458.5 and 464.3 eV can
be assigned to Ti* species in the form of TiO: agglomerates [18], and the peak positions are
consistent with the reported values for pure TiOz nanostructures [19]. The Ti 2p spectrum of
30-GCN-T is similar to the one of TiOz, both in shape and in peak position. Note that it is not
possible to comment on eventual binding energy shifts due to the necessary usage of an elec-
tron flood gun during the measurement. Regarding the deconvoluted high-resolution N 1 s
spectra of g-CsNs and 30-GCN-T (Figure 5.7 (e)), both materials exhibit five peaks at 398.7,
399.3,400.0,401.1,404.3 eV and 406.6 eV, corresponding to the binding states of sp?>-hybridized
aromatic N atoms bonded to carbon atoms (-C-N=C), tertiary nitrogen N—(C)s, C-N-H groups
[20], respectively, and two satellite peaks at higher binding energies [21]. No shifts in N 1s
spectra were observed. The N/C ratio of g-CsNs was also obtained, and its value was close to
the theoretical value of ideal g-CsNa (= 1.30). Using the C 1s peak model to determine the car-
bon of g-CsNs inside the 30-GCN-T material also allows quantifying the N/C ratio in 30-GCN-

T, which amounts to 1.4, which is very close to pristine g-CsNa.
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Figure 5.7: (a) XPS survey spectra of TiOz, g-CsN4 and 30-GCN-T materials. (b) Deconvolution of XPS C 1s of TiOz,
g-CsNs and 30-GCN-T spectra. (c) Deconvolution of XPS O 1s spectra of TiO2, g-CsNs and 30-GCN-T. (d) XPS Ti 2p
spectra of TiO2 and 30-GCN-T. (e) Deconvolution of XPS N 1s spectra of g-C3Ns and 30-GCN-T.

5.2.2 Optical characterization

The optical properties of the produced materials were investigated by UV-VIS absorp-

tion and PL spectroscopies (Figure 5.8). As observed in Figure 5.8 (a), pure g-CsNs shows an

absorption maximum at around 384 nm (3.23 eV), arising from the n — " transitions caused

by the electron transfer from a nitrogen non-bonding orbital to an aromatic antibonding orbital

[22,23], and an absorption onset at ca. 450 nm. Meanwhile, pure anatase TiO: exhibits an
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absorption maximum in the UV region and an absorption onset at ca. 390 nm (3.18 eV). The
absorption onsets allow to estimate the optical band gap values of the materials (around 2.8
and 3.2 eV, respectively, for pure g-CsNi and pure TiOz). These results are in good agreement
with the band gap values obtained from DRS spectra by means of the Kubelka-Munk function
[24], as depicted in the inset of Figure 5.8 (a), and fairly in line with the reported band gap
values for these materials [25-28]. For 30-GCN-T nanostructures, it is visible that two absorp-
tion peaks appear: one in the UV region, placed at the same wavelength value as for the ab-
sorption maximum of pure TiOz, and another one with a lower absorption at ca. 384 nm, most
likely related to the presence of g-CsNi. In addition, compared with pure TiO: these
nanostructures exhibited a red shift in the absorption onset, from 390 nm (pure TiO2) to around
450 nm, hence suggesting the ability of these materials to absorb photons in the visible region
and a possible enhancement of their photocatalytic activity under visible light.

The PL spectra of TiO2, g-CsN4 and 30-GCN-T materials are also presented in Figure 5.8
(b). In the case of pure TiO:, barely any emission was detected, while pure g-CsNs and 30-
GCN-T materials exhibited a similar broad and asymmetric emission band, typical of graphitic
carbon nitride [29,30]. The inset of Figure 5.8 (b) reveals a slight shift in the peak position be-
tween the two materials, with the band associated with pure g-CsNu peaking at 450 nm (~2.75
eV) while 30-GCN-T exhibiting its maximum at ~446 nm (~2.78 eV).
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Figure 5.8: (a) RT absorption spectra of TiO2, g-CsNs and 30-GCN-T nanopowders. The inset shows the Kubelka-
Munk plots (from DRS spectra of TiO2 and g-CsNsnanopowders). For the determination of the optical band gap
values, TiO2 and g-CsNa materials were considered as indirect band gap semiconductors. (b) RT PL spectra of TiO,
g-CsN4 and 30-GCN-T nanostructures from 400 to 600 nm using an excitation wavelength of 350 nm. The inset
shows the RT PL spectra (normalized intensity as a function of the wavelength from 428 to 470 nm) of g-CsNs and

30-GCN-T nanostructures.
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Figure 5.9 (a) and (b) depict the spectral deconvolution of the broad bands for each ma-
terial using three Gaussian functions. In both cases, the same bands were identified, peaking
at 2.817 eV (~440 nm), 2.709 eV (~458 nm) and 2.494 eV (~497 nm), which indicates the contri-
bution of the same optical centers to the overall PL emission. These findings are in line with
reports from Yuan et al. and Das et al., who demonstrated that after deconvolution of the g-
CsNa PL spectrum, three emission centers could be observed in this material at around 431,
458 and 491 nm, originating from the ¢*— lone pair, n*-LP and n*-r transition pathways,
respectively [31,32]. The slight shift in the peak position observed in the present materials is
due to different relative intensities of the deconvoluted bands, specifically, an increase in the
relative intensity of the band peaking at the highest energy, while the bands at lower energies
experience a reduction in their relative intensity. Although not shown, the same results were
observed for 15-GCN-T and 45-GCN-T, attesting to the reproducibility of this behavior. This
change in the relative intensity of the PL components can be related to the interaction between
the g-CsNa nanosheets and the TiO: particles, namely charge transfer phenomena, as reported

in other works [33,34], which will be highly beneficial for photocatalytic applications.
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Figure 5.9: Spectral deconvolution of the broad visible bands into three components for (a) g-CsN4 and (b) 30-GCN-

T materials. An adequate fitting was obtained using three Gaussian functions peaked at ~2.817 eV, ~2.709 eV and

~2.494 eV.

5.2.3 Photocatalytic degradation of MO under simulated solar light

The produced nanomaterials in powder form were tested as photocatalysts for the deg-
radation of MO under a simulated solar light source. The degradation rate was monitored by

recording the decay in the absorbance peak intensity at 464 nm [35] by using a UV-VIS
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spectrophotometer in intervals of 30 min (during the first 2 h) and after that every 1 h up to
240 min (4 h). After this time, a transparent solution could be observed (inset of Figure 5.10
(a)). The MO degradation ratio (%) was calculated based on equation (3.3) in Chapter 3. Based
on the absorbance vs. wavelength graphs, it is possible to calculate the ratio between the max-
imum value of each absorbance spectrum (4) at each exposure time and the initial absorbance
of the solution (4,), as depicted in Figure 5.10 (a). As shown in Figure 5.10 (a), MO degradation
without catalyst was insignificant in the dark and under simulated solar light, which indicates
that MO solution is highly stable under light exposure cycles. In fact, a slight increase in MO

intensity is observed over time, likely associated with the evaporation of the solvent [7].
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Figure 5.10: Degradation curves (C/Co) as a function of the exposure time) under simulated solar light up to 4 h
without photocatalyst (photolysis) and for TiOz, g-CsN4, 15-GCN-T, 30-GCN-T,45-GCN-T photocatalysts. The lines
are for eye guidance only. (b) Pseudo-first-order kinetics for MO degradation in the presence of TiO2, g-CsNy, 15-
GCN-T, 30-GCN-T and 45-GCN-T photocatalysts. The lines represent the linear fittings of the pseudo-first-order

kinetics equation.

A minimal MO degradation percentage was obtained (18 %) in the presence of pure g-
CsNa within 4 h under solar light. This phenomenon can be explained by the fast electron-hole
recombination in this material, which lowers its photocatalytic activity [36]. In contrast, a sub-
stantial increase to 60 % of MO degradation was achieved with pure TiO: for the same expo-
sure time.

Many factors influence TiO: photocatalytic behavior, such as crystalline phase, specific
surface area, active facets and particle size [37,38]. Regarding the effect of particle size, large
TiO: aggregates composed of nanocrystals were obtained (with an average size of ~ 543 nm,
as confirmed by SEM). It is well known that larger particles possess lower specific surface area
and surface-to-volume ratio [7]. Despite that, some hollow spheres were also observed (Figure

5.2 (b), providing more active sites for photocatalytic reactions. In terms of TiO: active surfaces,
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as revealed by STEM, the (100) surface was exposed in the TiO2 nanocrystals, which is one of
the most active surfaces for photocatalysis [39,40]. This is due to its superior surface atomic
structure (100 % five-coordinate Ti atoms (Tisc)), which is highly reactive, enhancing pollutant
adsorption and facilitating the photoreactions [39,41,42]. The crystalline phase also plays a key
role in photocatalytic activity. Although the synergistic effect of a mixture of TiO: phases
seems to be beneficial for photocatalysis, among the different TiO2 polymorphs and when it
comes to a single phase, TiO: anatase is considered the most photoactive phase [43]. Pure TiO2
brookite may present superior photocatalytic activity compared to the other two phases. How-
ever, it is difficult to synthesize, making it the least studied TiO: polymorph in photocatalysis
[44]. Comparing TiO: rutile and anatase, TiO: rutile suffers from low generation and high re-
combination rate of charge carriers because of deep electron traps, despite having a lower band
gap energy value (~3.0 eV) than TiO: anatase (~3.2 eV). Studies also indicate that TiO2 anatase
shows a slower charge carrier recombination since it has the lightest average effective mass of
photogenerated electrons and holes, hence the lowest recombination rate of charge carriers
[43,44]. In addition, TiO: anatase is considered an indirect band gap semiconductor, thus ex-
hibiting a longer lifetime of photoexcited electrons and holes since direct transitions of photo-
generated electrons from the conduction band to the valence band of anatase are not possible
[45].

Notably, all g-CsNs/TiO2 nanostructures exhibited superior photocatalytic performance
compared to pure TiO:z and pure g-CsNa (Figure 5.10 (a)). As observed previously through the
HAADEF-STEM image in Figure 5.3 (i), an obvious interface was revealed between the TiO2
nanocrystal and the g-CsNa sheet. Therefore, the enhancement of MO photocatalytic degrada-
tion under simulated solar light is expected to be due to an efficient photogenerated charge
carriers’ separation at the g-CsN4+—TiO: anatase interface. The 15-GCN-T and 45-GCN-T mate-
rials exhibited similar MO photocatalytic degradation percentages (75 and 77 %, respectively,
in 4 h). The SEM images in Figure 5.2 (a) show the presence of large TiO: agglomerates in the
15-GCN-T material, leaving some uncovered areas of the g-CsN4 nanostructures by TiOz. The
low content of g-CsNs may also lead to insufficient visible-light absorption to excite the elec-
trons and holes [46]. With the highest g-CsN4 content, not all g-CsN4 nanosheets were covered
by TiO: nanoparticles, and thus, this could have induced recombination of photogenerated
charges, as previously reported [46]. The material with an intermediate amount of g-CsNa (30-

GCN-T) demonstrated the best photocatalytic performance, and in the presence of this
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material, MO degradation of 84 % was achieved in 4 h. Therefore, the optimum g-CsNi loading
(among the ones explored) in TiO2 was found to be 30 % in weight.

To determine the MO degradation kinetics, the L-H model was used, and the simplified
pseudo-first-order kinetics equation was applied, as represented in equation 1.11 in Chapter

1. The photodegradation apparent rate constants (k,,) were obtained from the plots of

—In (CE) vs. time (t), as seen in Figure 5.10 (b), where the apparent rate constants correspond
0

to the slopes of the linear regressions. Table 5.1 summarizes the obtained kinetic parameters

(rate constants (k,p) and linear regression coefficients R?) for the degradation of MO under

simulated solar light up to 4 h.

Table 5.1: Pseudo-first-order kinetic parameters (rate constants and linear regression coefficients) for the photocata-
lytic degradation of MO under simulated solar light in 4 h over TiO2, g-CsNs, 15-GCN-T, 30-GCN-T and 45-GCN-

T nanostructures.

Nanostructures kgp (min™) R?
TiOz2 0.0036 0.99
g-CsNu 0.0007 0.95
15-GCN-T 0.0053 0.97
30-GCN-T 0.0071 0.99
45-GCN-T 0.0062 0.98

Through the analysis of Table 5.1, it can be concluded that the photocatalytic dye degradation
follows pseudo-first-order kinetics for all synthesized nanostructures since a good correlation
for the fitted lines was obtained (R? > 0.95) [7,47]. A much higher photocatalytic degradation
rate in the presence of g-CsNs/TiO2 nanostructures (15-GCN-T, 30-GCN-T and 45-GCN-T) was
exhibited compared to the pure materials of TiO2 and g-CsNi. Comparing the rate constant
obtained with the best photocatalyst (30-GCN-T), an enhanced efficiency of almost 1.97 and
10 times greater than that of TiO2 and g-CsN4 nanosheets was achieved, respectively. Consid-
ering the present results, the improvement of the visible light utilization (Figure 5.9 (a)), the
suppression in the recombination rate of photogenerated charge carriers compared to g-CsN4
(Figure 5.9 (b)), and the interaction between g-CsN: and TiO: (Figure 5.3 (i) and Figure 5.7)
might have helped in boosting the photocatalytic activity in this material. A summary of g-
CsNa4/TiO2 nanostructures reported in the literature used for the degradation of MO using dif-
ferent preparation methods is presented in Table 5.2. The results obtained in this work are also

presented in blue for comparison.
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Table 5.2: Summary of g-CsNs/TiOz nanostructures reported in the literature used for the degradation of MO using different preparation methods. The results obtained in this

work are also presented in blue for comparison.

Optimum kap
Material Preparation method Light source [MO] Degradation efficiency (%) ) Ref.
loading (min™)
g-CsNa/seed
Seed induced Around 100 % MO
grown Ti:g-CsNa
solvothermal Visible light 10 mg. L1 degradation in 60 min 0.1014 [48]
mesoporous (1 molar ratio)
(MW: 105 °C/ 48 h) (pH=3)
TiOz2
g-CsNa:TiO2
Calcination 55 % MO degradation in
g-C3Na/TiO2 (brookite) Visible light 10 mg. L1 (35 % weight No data [49]
(400°C/1h) 180 min
ratio)
Anodic oxidation Xe lamp irradiation
g-C3Ny/TiO2 nanotube 84.6 % MO degradation in
method/ultrasonic (intensity 15 mg. Lt No data No data [50]
array 120 min
loading 100 mW/cm?)
300 W Xe lamp
Around 60 % MO
g-C3Ns nanosheets/ Hydrothermal synthesis irradiation with a 32.7 mg.L™1 (100 g-CsN4:TiO2
degradation in 300 min No data [51]
mesoporous TiO2 (MW: 180 °C/ 6 h) cut-off filter (A > uM) (2:1weight ratio) H -3
420 nm) (P )
g-C3sN4 nanosheets/TiO2 in situ sol-gel g-CsN4:TiOz2 (1:4 97 % MO degradation in 80
UV-VIS light 20 mg. L1 0.0718 [52]
nanoflakes (400 °C/ 3 h) weight ratio) min
g-CsNa:TiO2
Solvothermal synthesis 84 % MO degradation in 240
g-C3N4/TiOz2 Simulated solar light 12.5 mg. L7t (30 % weight 0.0071 This work
(MW: 150 °C/ 60 min) ) min
ratio
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A direct comparison of related studies, such as the ones presented in Table 5.2, is not
straightforward due to the distinct parameters employed during photocatalytic experiments.
Nonetheless, it is noteworthy to mention the simplicity of the method used to prepare g-
CsNa4/TiO2 heterostructures by using a lower temperature and shorter reaction time. In future
studies, to avoid the drawbacks associated with the recovery and recyclability of powder cat-
alysts, this heterostructure should be synthesized or immobilized on low-cost substrates
through a simple and fast approach, such as microwave irradiation, and without the need for
using toxic reagents, which has proved to be of great interest in photocatalytic applications

[7,19].

5.2.3.1 Reusability tests and possible photocatalytic degradation mechanism

Recyclability tests were carried out with the best photocatalyst (30-GCN-T) under simu-
lated solar light along five consecutive cycles of 4 h each. Figure 5.11 (a) shows the C/C, pho-
tocatalytic MO degradation over 30-GCN-T nanostructures along five cycles. A gradual de-
crease in the degradation efficiency is observed between cycles, and a degradation loss effi-
ciency of around 20 % is obtained at the end of the fifth cycle. A high percentage of MO mole-
cules or reaction products could have remained adsorbed on the surface of the catalyst, retard-
ing the photocatalytic degradation process [53].
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Figure 5.11: (a) MO degradation curves (C/Co) as a function of the exposure time) in the presence of 30-GCN-T
heterostructures up to 4 h under five consecutive cycles. The lines are for eye guidance only. (b) Comparison of the
degradation rates of MO under a simulated solar light source using the 30-GCN-T heterostructure, in the presence
of trapping reagents (BQ, IPA and EDTA) and with NS and 5 mL of water.

The contribution of different ROS to the degradation rate of MO dye using the 30-GCN-

T nanostructures was investigated under simulated solar light for 4 h. Although various ROS
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contribute to the photocatalytic degradation process [47,54], studies have shown that MO deg-
radation is mainly driven by holes (h*), hydroxyl radicals (*OH) and superoxide ions (*O2")
radicals [55,56]. Therefore, in this study, EDTA, IPA and BQ were used as specific scavengers
of holes (h*), hydroxyl radicals (*OH) and superoxide ions (*O:~). Photocatalytic degradation
in the absence and presence of the different scavengers is presented as a MO degradation rate
constant (Figure 5.11 (b)). As shown in Figure 5.11 (b), all scavengers inhibited MO degrada-
tion. The addition of IPA had little effect on the MO degradation rate, revealing negligible
participation of -OH radicals in the degradation process. Unlike IPA, upon the use of BQ, the
removal rate of MO dye over 30-GCN-T was significantly suppressed, thus suggesting that
superoxide ions are the primary active species involved in the photocatalytic degradation pro-
cess. This trend was followed by holes, since the addition of EDTA also showed a significant
decrease in the reaction rate. Similar results are also reported in the literature, where superox-
ide radicals were the main active species, and holes acted as complementary species in MO

photodegradation [57].

5.2.4 Electrochemical characterization

For a better insight into the charge transfer process and band alignment of the 30-GCN-
T material, the flat band potentials (Erg) of TiO: and g-CsNs were obtained under 1 kHz from
M-S plots, as shown in Figure 5.12. The values were estimated based on the M-S relation

(equation (5.1)):

L (2 ) (v - T) 5
C2.  \eg.goNy FB e (5-1)

int
where C3; is the interfacial capacitance; e is the electron charge (1.6 X 1071 C); &, is the die-
lectric constant of the materials; &, is the vacuum permittivity (8.85 x 10712 F. m~1); Ny is the
electron donor density; V is the applied potential; Egg is the flat band potential; K is the Boltz-
mann constant (1.38 x 10-23 J.K™1); and T is the temperature [58,59]. At RT, g is negligible

[58]. Flat band potentials can be estimated by plotting a graph of 1/C%; as a function of V and
can thus be estimated from the intercept of the linear portion of these graphs with the potential

axis (y-axis = 0) [60].
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Figure 5.12: M-S analyses performed at 1 kHz in 0.5 M Na250x4 electrolyte for TiOz and g-CsNa. The potentials were
measured against the Ag/AgCl reference. The flat band potentials (Ers) can be estimated from the linear portion of

the graphs, represented in blue dashed lines.

As visible in Figure 5.12, the positive slope on M-S plot curves suggests that both TiO2
and g-CsN4 materials exhibit an n-type semiconductor behavior [61-63]. The flat band poten-
tial values against Ag/AgCl were also estimated to be —0.7 V for TiOz and —1.1 V for g-CsNa.
These values are close to the previously reported data under 1 kHz [64,65]. The potentials were
recalculated against NHE, according to equation (5.1), and values of —0.50 V and —0.90 V were
found for TiO:2 and g-CsNy, respectively. Moreover, an approximation of the conduction band
potential values (Ecg) can also be performed, whereby for n-type semiconductors it is often
considered that Exg vs. NHE values are more positive at 0.1 V than E¢g values [65,66]; there-
fore, Ecp values were determined as —0.6 V and —1 V for TiO2 and g-CsNs, respectively. Based
on the predicted optical band gap values, as visible in the inset of Figure 5.8 (a), it is possible
to estimate the valence band potential values (Eyg), which are obtained by adding the Ecg
values to the optical band gap values [67], resulting in +2.6 V and +1.8 V for TiOz and g-CsNs,
respectively.

Based on the experimental results above, two possible MO degradation mechanisms of
the 30-GCN-T material are proposed (Figure 5.13). Under solar light, electrons are excited from
the VB of TiO: and g-CsNs to the CB and generate electron-hole pairs. Regarding the first
mechanism, since the VB potential of g-CsNa (+1.8 V vs. NHE) is less positive than the reduc-
tion—oxidation potential of OH/*OH (+1.99 V vs. NHE) and H20/*OH(+2.37 V vs. NHE), the
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holes will not be able to oxidize OH™ or H:20 into *OH radical species. Nevertheless, a small
decrease in the photodegradation percentage of MO was observed previously after the addi-
tion of IPA (Figure 5.11 (b)). Therefore, hydroxyl radicals participated in the degradation pro-
cess. This was further supported by the decreased percentage of MO degradation after the
addition of EDTA because the presence of holes was detected, which could contribute to the
generation of *OH radicals. Therefore, the formation of a Z-scheme mechanism seems possible
(Figure 5.13 (a)) [68]. In this scheme, the photogenerated electrons in TiO2 recombine with the
holes in g-CsNa through the built-in electrostatic field, resulting in a more efficient separation
of photogenerated charge carriers. Due to the more positive VB potential in TiOz (+2.6 V vs.
NHE) than that in OH™/*OH (+1.99 V vs. NHE) and H-O/*OH (+2.37 V vs. NHE) [69], the holes
can form hydroxyl radicals by reacting with adsorbed water molecules or surface hydroxyls
at the surface of TiO2. At the same time, the electrons on the CB of g-CsN4 could be captured
by Oz to form*O:~ radical species due to the more cathodic CB potential (—1 V vs. NHE) com-
pared to the redox potential of O2/*O2~ (—=0.33 V vs. NHE) radicals [69,70]. These hydroxyl and
superoxide radical species (OH™ and *O:, respectively) will further reduce and oxidize MO
dye to H20 and CO, with a major contribution from the superoxide radicals, as observed in
the photodegradation experiments with ROS (Figure 5.11 (b)) [71,72]. In this case, the good
coupling between TiO: and g-CsN4 leads to stronger reduction and oxidation abilities, which
will confer improved efficiency to the heterostructure for MO photocatalytic degradation un-

der sunlight.
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Figure 5.13: Illustrated mechanism of the photocatalytic activity of the 30-GCN-T heterostructure under solar light.
The potentials (V) relative to NHE scale are also represented. Black and red dashed lines correspond to the CB/VB
potentials of TiO2 and g-CsNy, respectively. Purple dotted lines are related to the redox potentials of the common
reactive species in photocatalysis. (a) Represents a possible Z-scheme photocatalytic degradation mechanism of the
30-GCN-T heterostructure, while (b) illustrates a possible type-II photocatalytic degradation mechanism of the 30-
GCN-T heterostructure.

In contrast to this mechanism, and as revealed before, only a small fraction of hydroxyl

radicals was formed during the photocatalytic reaction due to the slight inhibition with IPA.
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These hydroxyl radicals could have been produced by the reaction of remaining TiO:2 holes
and hydroxyl groups. In this mechanism (type-II heterostructure), see Figure 5.13 (b), electron—
hole pairs are produced and separated in both materials upon light irradiation. Photogener-
ated holes are transferred from TiO:2 to g-CsNs and do not produce hydroxyl radicals, although
they might directly oxidize MO dye. Meanwhile, the electrons in g-CsNa flow to the conduc-
tion band of TiO2 and are subsequently scavenged by oxygen at the surface of the catalyst to
generate superoxide radicals [34]. Efficient separation of electron-hole pairs is expected,
thereby prolonging the lifetime of photogenerated charge carriers, resulting in improvement

of the photocatalytic efficiency of the photocatalyst [73].

5.3 Summary

In conclusion, visible-light-activated photocatalysts based on g-CsNs and TiO2 were pro-
duced through a simple and fast microwave-assisted approach, contrary to the frequently em-
ployed time- and energy-consuming fabrication methods reported in the literature. Different
g-CsNs amounts in TiOz were investigated, and the produced nanopowders (15-GCN-T, 30-
GCN-T and 45-GCN-T) were tested for the degradation of MO under a simulated solar light
source. XRD data indicated the presence of solely anatase TiO2 and g-CsN4in 30-GCN-T and
45-GCN-T heterostructures, while only the TiO: anatase phase was detected in the 15-GCN-T
material, likely due to the low percentage of g-CsNs in the heterostructure. The SEM results
showed that the use of ethanol as solvent resulted in irregularly shaped TiO: particles, which
formed large aggregates. The increase in the amount of g-CsNa in TiO: led to the disintegration
of these larger particles, and smaller TiO: particles were formed, along with the formation of
a TiO2 film, which covered the porous g-CsNs nanosheets. For the 30-GCN-T material, STEM
revealed an established interface between a TiO: crystal and a g-CsNa sheet, while XPS con-
firmed both components to be chemically intact in the heterostructure. The ability to use visi-
ble light was demonstrated by the red shift in the absorption onset compared with pure TiOs.
The best photocatalytic performance was achieved with the 30-GCN-T heterostructure. This
heterostructure can degrade 84 % of MO dye in 4 h under solar light, corresponding to an
enhanced efficiency of almost 2 and 10 times greater than that of TiO2 and g-CsN4 nanosheets,
respectively. Two photocatalytic degradation mechanisms were proposed: type-II heterostruc-
ture and Z-scheme, where the latter seemed more plausible owing to the small fraction of hy-

droxyl radical species detected, whereas superoxide radicals were the main active species
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observed in the ROS scavengers’ experiment. An easy strategy was employed in this study,

without the need for pre- or post-treatment processes, in which g-CsNa4/TiO2 heterostructures

were synthesized through a microwave-assisted solvothermal method, demonstrating great

potential for water decontamination.
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The next section was adapted from the publication: Matias, M. L.; Pimentel, A.; Reis-Machado,
A.; Rodrigues, J. C,; Fernandes, A.; Monteiro, T.; Almeida Carvalho, P.; Neves Amaral, M. N.;
Reis, C. P.; Deuermeier, ].; Fortunato, E.; Martins, R.; Nunes, D. Functionalized 3D
Polyurethane Foams with Microwave-synthesized TiO2 Nanostructures for Solar Light-driven
Degradation of Tetracycline. Environmental Science: Advances 2025, 4, 713-738
doi:10.1039/D4VAO00110A.

6.1 Introduction

Encouraged by the lack of research work regarding the decontamination of wastewater
using TiO2 nano photocatalysts immobilized on reusable PU foams, and considering the po-
tential that floating photocatalysts may bring to replace the conventional TiO: photocatalysts,
this study reports the adsorption and photocatalytic performance of TiO: nanostructures im-
mobilized on PU foams by a simple dip-coating process for the removal and degradation of
tetracycline under solar light radiation. To our best knowledge, this has never been reported.

As stated in the first chapter, PU foam is an ideal low-cost substrate for the immobiliza-
tion of nanostructures and further use in photocatalysis due to its open-skeleton structure,
which provides a high surface area, excellent adsorption capacity and low density, making it
floatable. Additionally, PU foams can be flexible and have the potential for reusability [1-4].

The effect of ethanol, IPA and water on the formation of TiO2 nanostructures by a simple
and fast MW approach (10 min) is also systematically studied at the atomic level, demonstrat-
ing the direct relation between the structural defects and the nanomaterial’s photocatalytic
performance. The TiO: nanostructures synthesized in ethanol, IPA and water will be denoted
as TiO2_EtOH, TiO2_IPA and TiO:_H20, respectively. The TiO, nanopowder that showed the
highest effectiveness against tetracycline was used in the chemical quenching experiments (to
understand the photocatalytic mechanism) and it was further incorporated into PU foams.
Recyclability tests were performed on both TiO:2 nanopowders and 3D TiO: PU foams. More-
over, the results of ecotoxicity experiments were reported by assessing the acute toxicity of PU
foams (with and without TiO2 nanostructures) to nauplii of Artemia salina. The structural and
optical properties of the TiO: nanopowders were investigated by XRD, electron microscopy,
BET analysis, XPS and PL/PLE spectroscopies. The adsorption mechanisms were studied by

using five kinetic models: first-order, the McKay and Ho pseudo-second-order,
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Weber—Morris intraparticle diffusion, Elovich, Bangham and Boyd. For the PU foams, their

structural characterization was also carried out through SEM/EDS.

6.2 Results and discussion

6.2.1 Structural and optical characterization of the TiO2 nanopowders

6.2.1.1 XRD

The X-ray diffractograms of the TiO: nanopowders (TiO:_EtOH, TiO:_IPA and
TiO2_H20) are shown in Figure 6.1. In the presence of ethanol, all experimental diffraction
maxima can be assigned to the tetragonal TiO: anatase crystalline phase (ICDD file number
00-021-1272). An analogous study reported the production of TiOz nanostructures by MW ir-
radiation in ethanol under similar conditions of time and temperature, i.e., 10 min and 200 °C.
In this study, the XRD also showed a pure TiO: anatase phase [5]. However, when isopropanol
was used, besides observing the anatase diffraction maxima, another diffraction maximum
appears at around 30° (26), ascribed to the (121) plane of orthorhombic brookite crystalline
phase (ICDD file number 00-029-1360). Despite the experimental difficulties in obtaining pure
brookite, previous studies have shown that this phase can appear as a secondary phase in
acidic alcohol-based solutions under optimum conditions of acidity, temperature and precur-
sor concentration [6-8]. For the TiO>_H>O nanopowder, a clear mixture of rutile (ICDD file
number 00-021-1276) and anatase crystalline phases is identified. This result is in accordance
with previous reports on TiO:z synthesis in an acidic medium under a MW-assisted hydrother-
mal synthesis under the same temperature and time conditions, in which the formation of both

anatase and rutile was observed [9].
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Figure 6.1: X-ray diffractograms of the TiO2 nanopowders (TiO2_EtOH, TiO2_IPA and TiO:_H20) synthesized un-
der MW irradiation at 200 °C for 10 min. The simulations of TiO: anatase, rutile and brookite are also presented for

comparison.

6.2.1.2 Electron microscopy

6.2.1.2.1 SEM

The effect of different solvents on the morphology of the TiO:2 nanomaterials was in-
vestigated using scanning electron microscopy. From Figure 6.2 (a) and (b), it can be seen the
formation of micro-sized TiO: aggregates. These aggregates tend to have a spherical shape
however, elongated aggregates were also observed. From Figure 6.2 (b) and its inset, it can be
noted that these larger aggregates are composed of very fine nanocrystals. TiO2 micrometer
spherical aggregates were previously reported with ethanol as a solvent in MW synthesis
[5,10]. Moreover, it can also be inferred that these larger aggregates are highly porous (refer to
the arrows/dark spots in the inset of Figure 6.2 (b)). When it comes to the TiO2_IPA nanopow-
der (Figure 6.2 (c) and (d)), the formation of 1D nanostructures can be detected, with other
smaller nanocrystals with an undefined shape (refer to the inset in Figure 6.2 (d)). These very
fine TiO2 nanocrystals tend to aggregate [11], however, no specific larger structure was found
for this condition of synthesis. XRD measurements determined that this nanomaterial was
mostly composed of anatase with a minor presence of brookite and, for that reason, the heter-
ogeneity observed in this nanomaterial can be related to the mixture of phases. As for the

TiO2_H20 nanomaterial, the synthesis carried out in water resulted in 1D nanostructures.

186



However, in this condition, it is clear that the TiO2 nanorods presented a tetragonal shape,
which has been previously reported to be from the rutile phase [12]. This observation corrob-
orates the XRD measurements, in which a mixture of rutile and anatase was identified. Nano-
crystals with an undefined shape were also observed, but the 1D nanostructures dominated,
as can be seen in Figure 6.2 (e) and (f) and in the inset of Figure 6.2 (f). The nanocrystals syn-
thesized with H20 also tended to aggregate in larger structures and in this case, it can be ob-

served the formation of quasi-spherical micro-sized aggregates.

Figure 6.2: SEM images of the TiO2 nanomaterials, (a) and (b) TiO2_EtOH, (c) and (d) TiO2_IPA and (e) and (f)
TiO2_H20.

6.2.1.22 STEM

The TiO:_EtOH, TiO2_IPA and TiO2_H:0 nanostructures were also investigated using
STEM analyses. As demonstrated by the SEM images, the formation of micro-sized TiOz nano-
crystal aggregates for the material synthesized with ethanol is clear. From the STEM images

in Figure 6.3, the presence of porosity is evident even at the nanoscale (arrows in the inset). As

187



shown in the inset of Figure 6.3, faceted TiO2nanocrystals and others with round edges could

also be observed. The average TiO2nanocrystals” size was found to be 5.93 + 0.94 nm.

(c) HAADF-STEM
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(f) HAADF-STEM

Figure 6.3: (a) and (d) SE-STEM, (b) and (e) BF-STEM, and (c) and (f) HAADF-STEM images of the micro-scaled
TiO:2 aggregates of the TiO>_EtOH nanomaterial highlighting their porous characteristics. The inset shows that the
aggregates are composed of TiO2 nanocrystals. The presence of spaces/voids is also evident between the nanocrys-

tals (arrows), suggesting porosity at the nanoscale.

The TiO:_EtOH nanocrystals were further investigated using atomic-resolution annu-
lar bright-field (ABF) HAADF imaging (Figure 6.4). The SE-STEM images were of great im-
portance since the topographical contrast assisted the interpretation of the ABF and HAADF
images [13]. The Ti atomic columns are visible in the ABF and HAADF images, albeit with
reverse contrast [14]. The Ti atomic columns correspond to lattice spacings of 0.27 nm and 0.29
nm, which perfectly match the (110) and (102) atomic planes of anatase, respectively. FFT im-
ages acquired along the [221] zone axis showed that the angle between (110) and (102) is ~56°,
in accordance with the theoretical value reported for pure crystalline TiO: anatase (ICDD file
number 00-021-1272). The TiO2 nanocrystals show structural defects in the STEM images, at-
tested by a darker topographical contrast in the SE images (arrows pointing to the absence of
Ti atoms). Surface steps can also be observed in Figure 6.4 (e) and (f). The TiO: faceted nano-
crystal was further investigated (Figure 6.4 (h) and (i)) and high-index {012} and {102} facets
can clearly be observed. TiO: anatase high-index nanocrystals have been reported to display
high photocatalytic activities when compared to low-index faceted crystals due to their unique

atomic and electronic structure, with a high density of atomic steps, kinks, ledges, dangling
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bonds and abundant unsaturated coordination sites [15]. It has been proposed that higher in-
dex planes containing structural steps cause the electrons to be trapped at the low-coordinated
Ti cations at the steps, thereby enhancing the separation of charges. Consequently, these ad-
ditional electrons contribute to surface processes. On the other hand, the trapping of holes at
the surfaces of anatase is facet-dependent. Studies have shown that the (001) and (100), and
the (105) and (107) surfaces have the strongest affinity to trap holes, favoring the charge sepa-
ration on anatase crystals and allowing the presence of holes on these surfaces to interact with
molecular adsorbates. It has been suggested that hole trapping mainly occurs within the sub-
surface layers rather than on the surface facets for the (101), (110), (112) and (103) surfaces.
This could potentially extend the lifetime of electrons, preventing recombination [16]. In the
case of the (102) facets of anatase, the presence of surface defects was demonstrated with ter-
minations of oxygen completely distinct from the predicted stoichiometric structures [17].
Low-index faceted anatase nanocrystals were also observed in the TiO:_EtOH nanomaterial,
however, no topographical contrast was detected in the SE images or the ABF and HAADF
images of these nanocrystals, suggesting that they are defect-free. To the authors' knowledge,
TiO: anatase faceted nanocrystals with sizes in the order of ~6 nm had their atomic structure
investigated using STEM experiments for the first time. Such studies were paramount to de-
termine the nanocrystals” surfaces and presence of structural defects, including steps on their
high-index {012} facets and the absence of Ti atoms in the bulk (see arrows in Figure 6.4 (b)
and (c), and (e) and (f)). Previously, only larger TiO: anatase defective crystals like sub-mi-
crometer rods were reported [17]. The present STEM experiments determined that MW syn-
thesis with ethanol as solvent resulted in low- and high-index faceted anatase nanocrystals,
the latter with surface structural defects, which, when associated with the porous structure of
the micro-sized aggregates, effectively play a key role in the photocatalytic activity of these

materials.
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Figure 6.4: (a) SE-STEM, (b) ABF-STEM and (c) HAADF-STEM images acquired simultaneously of a TiO2 anatase
nanocrystal of the TiO2_EtOH nanomaterial. The inset shows the FFT image obtained from (c). (d) SE-STEM, (e)
ABF-STEM and (f) HAADF-STEM images of a TiO2 faceted nanocrystal with a FFT image of (f) presented in the
inset. The facet nanocrystal of images (d) to (f) was further magnified in (g) to (i). The arrows point to the atomic-

level surface structural defects.

The TiO2_IPA nanomaterial was also studied using atomic-resolution STEM (Figure 6.5),
and, in accordance with the SEM observations, the nanomaterial is composed of 1D nanostruc-
tures and nanoparticles with undefined shapes. XRD analysis demonstrated that this material
is mainly based on the TiO: anatase phase with a minor presence of brookite. This mixture of
phases was confirmed by the electron diffraction pattern on the inset of Figure 6.5 (d). The
presence of TiOz2 nanorods is evident in the STEM images (Figure 6.5 (a) to (c)) and in the BF-
TEM image (Figure 6.5 (d)), in which 1D nanorods with different sizes are perceptible. Alt-

hough larger nanorods with ~200 nm in length could be identified, the majority of nanorods
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appear with 28.5 + 4.3 nm in length and width, respectively. One of the larger TiO2 nanorods
was individually investigated (Figure 6.5), and from the atomic-resolution STEM images and
the FFT patterns, it can be concluded that the nanorods had the tetragonal TiO: anatase phase
(Figure 6.5 (f)). Moreover, the nanorod grew along its c-axis in the [100] direction, suggesting
a fast growth rate along this direction. From Figure 6.5 (e) and (f), it can be observed that Ti
atomic columns are perpendicular to each other. A lattice spacing of 0.19 nm perfectly matches
the (200) and (020) atomic planes of anatase [18]. The angle between (200) and (020) is 90° and
was also observed along the [001] zone axis, which is expected for anatase (ICDD file number
00-021-1272). The facets of the nanorod are {010} surfaces. The surface energy of the major
facets of anatase follows the order {001} (0.90 J/m?) > {010}/{100} (0.53 J/m?) > {101} (0.44 J/m?)
[15]. The relatively high surface energies of the {001} and {100}/{010} facets are ascribed to the
100 % five-fold coordinated titanium atoms (Tisc), in contrast to the 50 % Tisc found on {101}
facets [19]. The {101} facets of anatase have been extensively investigated, however, it has been
reported that the {010}/{100} facets display higher reactivity than {101} ones due to the higher
concentration of low-coordination Tisc centers, making crystals with these high-energy facets
desirable for photocatalysis [19,20]. When it comes to surface energy, it has been reported that
high-index facets display higher surface energy. As far as we know, the surface energy asso-
ciated with the {012}/{102} facets is unknown and cannot be easily measured in the present
case, due to the mixed nanocrystal types. However, the {201} facets, with a surface energy of
1.72 ].m™?, have been described to have more uncoordinated Ti atoms, promoting the photo-
generation of hydroxyl radicals [15]. The {102} and {103} surfaces have undersaturated Ti at-
oms and high-density step defects, resulting in high photocatalytic activity [21]. The surface
energy and atomic structure of crystals are vital for the photocatalytic performance of TiO2
anatase [15] and the literature suggests that high-index facets have better photocatalytic be-

havior.
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Figure 6.5: (a) SE-STEM, (b) ABF-STEM, (c) HAADF-STEM and (d) BF-TEM images of TiO2_ IPA nanocrystals. The

inset in (d) depicts the electron diffraction pattern of TiO2 nanocrystals with the anatase (A) and brookite (B) phases.
Atomic-resolution (e) ABF-STEM and (f) HAADF-STEM images of an individual TiO2 nanorod (~200 nm). The inset
in (f) shows the FFT image of the area in (f).

Figure 6.6 shows STEM images of the TiO2_H20 nanomaterial. XRD analysis showed
that the TiO2 nanostructures are a mixture of TiO: rutile and anatase with the presence of te-
tragonal-shaped nanorods, attributed to the rutile, as confirmed by SEM (Figure 6.2 (e) and
(f)). STEM observations corroborated the SEM images, in which the nanostructures are mostly
nanorods, with other nanocrystals having an undefined (quasi-spherical) shape. The rutile te-
tragonal nanorods have a pencil-like tip shape, and the presence of structural defects on the
nanorod tip and throughout its length was detected. An individual nanorod (~100 nm) was
further investigated (Figure 6.6), and based on the atomic-resolution STEM images and the
FFT pattern, it can be proven that the nanorods correspond to the tetragonal rutile (Figure 6.6
(d) to (f)). The axis direction of the nanorod is [001]. The crystal growth along the c-axis has
been associated with the fastest growth rate [22]. A lattice spacing of 0.30 nm has been ascribed
to the (001) atomic planes of rutile [23], while the reported 0.20 nm matches the (120) rutile
atomic planes, as seen in Figure 6.6 (f). Along the [210] zone axis, the angle between (001) and
(120) is 90°, in accordance with the tetragonal rutile structure (ICDD file number 00-021-1276).
Moreover, photocatalysts based on a mixture of rutile and anatase have been largely investi-

gated for their high photocatalytic activity [24-26].
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Figure 6.6: (a) SE-STEM, (b) ABF-STEM and (c) HAADF-STEM images of TiO2_ H20 nanocrystals. An individual
TiO2 nanorod was magnified and in (d) the FFT image of the area observed in (e) and (f) is presented. (e) Atomic-

resolution ABF-STEM and (f) HAADF-STEM images of the nanorod analyzed.

6.2.1.3 Specific surface area

The BET-specific surface area of the TiO2 nanopowders synthesized with different sol-

vents is presented in Table 6.1.

Table 6.1: BET specific surface area of the TiO2_EtOH, TiO2_IPA and TiO>_H>O nanopowders synthesized under
MW irradiation at 200 °C for 10 min.

TiO2nanopowders ~ Specific surface area (m2 g™?1)

TiO2_EtOH 231
TiO2_IPA 177
TiO2_H20 121

As seen in Table 6.1, the highest specific surface area was obtained with the TiO2_EtOH
followed by TiO2_IPA and then TiO:_H:O. These different solvents originated TiO: nanostruc-
tures with various morphologies and, consequently, different specific surface area values were

obtained. Moreover, intraparticle pores were observed in the TiO: EtOH nanopowder
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aggregates by SEM and STEM analyses. Hence, the high density of pores is likely to have a
significant influence on the specific surface area value. A larger surface area provides more
available sites on the particle surface for the adsorption of pollutant molecules, which, in turn,
enhances the photocatalytic process [27]. Although large aggregates were formed when etha-
nol was used as a solvent, these aggregates were composed of very small TiO2 nanocrystals
(average size of 5.93 nm), see inset of Figure 6.2 (b). Therefore, not only the shape of the parti-
cles but also their size is likely to have contributed to the differences observed in Table 6.1. It
should also be noted that compared with previous studies [5,28,29], all the MW-synthesized
TiO2 nanopowders exhibited much higher specific surface area values, though of the same

order of magnitude.

6.2.14 XPS

To study the surface properties of the TiO2 nanopowders, XPS measurements were
conducted. The survey spectra (Figure 6.7) revealed that all synthesized TiO2 nanopowders

are composed of titanium, oxygen and carbon (related to the adventitious carbon [30]).
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Figure 6.7: Survey spectra of all synthesized TiO2 nanopowders (TiO2_EtOH, TiO2_IPA, TiO2_H20).

The high-resolution XPS spectra of Ti 2p and O 1s (deconvoluted) are visible in Figure 6.8. As
seen in Figure 6.8 (a), for all synthesized TiO2 nanopowders, the Ti 2p core level shows two
components: Ti 2pi2and Ti 2ps», which are located at 458.6 eV and 458.6 eV and are both as-
sociated with Ti* oxidation state [31,32]. The Ti 2p peak shapes are identical for all TiOz na-
nopowders and no peak shift could be identified. Regarding O 1s spectra, the deconvolution

was fitted with three components according to the literature [33], see Figure 6.8 (b). The first
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component at 529.7 eV corresponds to lattice oxygen atoms (07?) in a fully-coordinated TiO>
with the Ti**ions mainly from the bulk, the second component, at 530.2 eV, is usually assigned
to oxygen-deficient regions (0~ ,072) of the metal oxide and the third component at 531.8 eV
is related with surface oxygen, which can be ascribed to loosely adsorbed, dissociated oxygen
or OH species from O: or H20 on the surface of TiO2 [34,35]. These peak positions have been
kept fixed during the fitting. Initially, the FWHM have been left free to adjust (within + 0.1
eV). For the final fitting, an average FWHM was calculated for all components, which was
then held constant between each nanopowder. Through the fitting, a clear decrease in surface
oxygen was revealed for the TiO2_H20 nanopowder, compared to the ones synthesized with
alcohol. This difference can be further visualized by plotting the normalized intensity of all O
1s emissions (Figure 6.9). This is also supported by the peak areas of the surface oxygen com-
ponent (see Figure 6.8 (b)), in which a decrease in the peak area percentages was observed
from around 12 % for the TiO:_EtOH and TiO:_IPA nanopowders to 9 % for the TiO2_H-0
nanopowder. This suggests a higher adsorption of oxygen species by the TiO2 nanopowders
synthesized with alcohol, rather than water. As observed previously with the obtained specific
surface areas and STEM analysis, the higher porosity and density of structural defects present
at the high-index facets of TiO: anatase (surface and bulk structural defects) should be the

major factors in the enhancement of capacity for surface oxygen adsorption [34,35].
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Figure 6.8: (a) XPS high-resolution Ti 2p spectra for the TiO2_EtOH, TiO2_IPA and TiO2_H20 nanopowders. (b) XPS
high-resolution O 1s spectra for the TiO2_EtOH, TiO2_IPA and TiO2_H:0 nanopowders. The peak area of each

component (lattice oxygen (Ti-O), oxygen-deficient regions and surface oxygen) is also shown for each synthesis

condition.
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6.2.1.5 Photoluminescence

Figure 6.10 displays the PLE and PL spectra obtained for all synthesized TiO: na-
nopowders at RT. The PL spectra were obtained by exciting the nanopowders with 390 nm
photons of a Xe lamp (450 W). As can be seen, the spectra are dominated by a broad visible
band peaked in the yellow-orange spectral region. The maxima of the PL bands are slightly
different depending on the solvent used. The TiO>_EtOH nanomaterial exhibits its maximum
at ~576 nm (~2.15 eV), while the TiO:_IPA and TiO:_H:O nanomaterials display maxima at
~565 nm (~2.19 eV) and ~584 nm (2.12 eV), respectively. Besides, the TiO:_EtOH nanomaterial
evidences a higher PL intensity, ~2.7 times higher than the one recorded for IPA, suggesting a
lower contribution from nonradiative processes when compared to the remaining nanopow-
ders and/or a higher contribution from the defect centres that give rise to the observed lumi-
nescence. It is also worth noting that the quantity of powder analyzed was similar for all ex-
periments and that all excitation and light collection conditions were kept during the experi-

ments to enable a reliable comparison of the absolute intensities of the PL emission.
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Figure 6.10: RT PLE /PL spectra (represented by dashed lines and solid lines, respectively) of the TiO2_EtOH,
TiO2_IPA and TiO2_H:0 nanopowders. PL was acquired under the 390 nm excitation of an Xe lamp, while the PLE

spectra were obtained by monitoring at the maxima of the PL bands.

Broad yellow/orange bands have been previously reported in the literature for TiO:
anatase [36—40]. According to lijima et al. [40], the band that appears at ~2.1 eV is likely related
to the presence of oxygen vacancies at the particle's surface since these authors observed that

its contribution decreases with increasing annealing in a flowing oxygen atmosphere. It was

197



also considered that the broad band observed was composed of more than one component
overlapping. Indeed, the large FWHM observed for the present nanopowders should also con-
sider this possibility. Another common band present in this spectral region for anatase crystals
is the one centered around 2.3-2.5 eV [39,40], which is often attributed to the radiative recom-
bination of self-trapped excitons (STE) localized in TiOs octahedra, and which the mentioned
authors claimed to be independent of the annealing process [40]. Tang et al. analyzed the PL
properties of TiO:2 anatase single crystals and argued that the luminescence observed in this
region was due to STE and/or impurity-trapped excitons, in line with what is often reported
in several titanates containing TiOs octahedra [41]. Nevertheless, the peak position and spec-
tral shape of this band are seen to be strongly dependent on the surrounding environment and
the excitation conditions, which suggests an overlap with other possible contributions [39].
The presence of other recombination processes involving surface states and trap states has
been identified as potential contributors to the broad PL band observed in anatase crystals in
this spectral region, which becomes more relevant as the specific surface area of the particles
increases [39].

In fact, when one considers the PLE spectra, a broad excitation band is observed in all
cases, particularly for the TiO>_EtOH and TiO:_IPA nanopowders. In both cases, the bands
have a peak at ~395 nm (~3.15 eV), likely corresponding to their optical band gap energies.
These results indicate that the emission bands are preferentially populated via photons with
energies equal to the band gap one, with an important contribution from shallow sub/below
band gap states, likely related to defect states, as mentioned above. For the TiO:2_H20 na-
nopowder, the excitation band maximum was found to be at ~401 nm (~3.09 eV), at a slightly
lower peak position than the one identified for the other two nanopowders. Indeed, this na-
nopowder was shown to be composed of both rutile and anatase phases and rutile is known
to have a lower band gap energy than that of anatase (~3.0 eV vs ~3.2 eV [42]), hence, the

observed PLE band may correspond to an overlap of both contributions.

6.2.1.6 Adsorption kinetics' study of the TiO: nanopowders

To understand the effectiveness of pollutant molecules' uptake from the solution by
the adsorbent, the adsorption kinetics was studied [43]. The influence of contact time on tetra-
cycline adsorption capacity onto TiO2 nanopowders is depicted in Figure 6.11. The uptake of
tetracycline molecules reaches its maximum value on average after 120 min for TiOz_IPA,

whereas for TiO:_EtOH 240 min are necessary to reach equilibrium. Since the adsorption
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capacity of TiO2_H20 was almost null, it cannot be seen in Figure 6.11. Figure 6.11 shows that
at the initial moments of the contact period, the adsorption is fast, especially for the TiO2_EtOH
nanopowder, and after that time, it becomes slower near the equilibrium. A larger amount of
vacant surface sites may be initially available for the adsorption to occur and then repulsive
interactions between the solute molecules and the solid might take place [44]. In fact, the im-
provement of adsorption efficiency with the TiO2_EtOH nanopowder compared with the other
nanopowders might be related to its high specific surface area (Table 6.1) during the first 120
min (Figure 6.11).
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Figure 6.11: Influence of contact time on tetracycline adsorption capacity onto TiO2 nanopowders. Experimental
conditions: gmax is 34 mg.g™, [TC] ~25-30 ppm, Vsolution = 50 mL, max. adsorption time = 240 min, W =25 mg. The

error bars indicate the standard deviations of triplicate experiments (n = 3).

The average adsorption capacities of the TiO2 nanopowders decrease in the following
order: TiO2_EtOH (28.73 mg.g™ 1) > TiO2_IPA (17.80 mg.g~ 1) > TiO2_H2O (~0 mg.g™1). Since
the sorption efficiencies of TiO2_IPA and TiO:_H:O are too low (34.7 % and 0 % after 240 min
(4 h)) compared with the sorption efficiency of ethanol (~55 %), see equations (2.5) and (2.6) in
Chapter 2, the adsorption mechanisms of tetracycline with both IPA and water nanopowders
were not further investigated.

The adsorption process comprises three distinct stages. Initially, solute species are
transferred from the bulk solution into the outer surface of the adsorbent (film diffusion).
Then, solute molecules migrate from the adsorbent outer surface to the pores of the adsorbent

internal surface (intraparticle diffusion). The last step is the adsorptive attachment of the solute
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species onto the active sites on the inner and outer surfaces of the adsorbent. Since this step
occurs very quickly, it is considered negligible as a rate-controlling step. Hence, the adsorption
rate is primarily governed either by outer diffusion, intraparticle diffusion or both [45,46].

To explore the adsorption process of tetracycline on the TiO._EtOH nanopowder, sev-
eral models were employed to fit the experimental data, including pseudo-first-order kinetic,
pseudo-second-order kinetic, Elovich, intraparticle diffusion, Bangham and Boyd plot models
[47], see equations (2.7), (2.8), (2.9), (2.10), (2.11), (2.12), (2.13) and (2.14) in Chapter 2. Through
linear regressions of the kinetic plots, the kinetic parameters for each model were calculated
and are listed in Table 6.2 and Table 6.3. For the calculations, only the first cycle of adsorption

was considered.

Table 6.2: Adsorption kinetic parameters of TC onto TiO2_EtOH adsorbent for the pseudo-first-order, pseudo-sec-

ond-order and Elovich models.

Model Parameters*
q:xp qgal k1 R2 ko Qe be
(mg.g™1) (mg.g™)  (min7?) (g mg~.min"?1) (mg.g~1. min"?) (g-mg™1)
Pseudo-
34.2 27.78 0.017 0.97 - - -
first-order
Pseudo-
second- 34.2 35.88 - 0.98 0.0015 - -
order
Elovich 34.2 - - 0.95 - 3.99 0.14

* g¢Pand g3 represent the experimental and calculated quantities of TC adsorbed at the equilibrium time
(mg.g™1), respectively; k; stands for the pseudo-first-order rate constant of TC sorption (min~1); R? is the corre-
lation coefficient; k; is the pseudo—second-order adsorption rate (g. mg=!. min™1); a. is the initial sorption rate
constant (mg. g~ 1. min~t) and b, is related to the extent of surface coverage and the activation energy for chemi-

sorption (g. mg™1) [47].
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Table 6.3: Adsorption kinetic parameters of TC onto TiO2_EtOH adsorbent for the intraparticle diffusion, Bangham
and Boyd models.

Model Parameters*

K, ct R? k2, c? R? K3, c® R R: ag ke,
Intra- - -
particle

diffu-

3.70 0 1 2.20 7.65 0.86 0.84 21.31 1 -

sion
Bang- 0.37 12.09

- - - - - - - - - 095
ham

Boyd - - - - - - - - - 098 - -
*kj5>® is the intraparticle diffusion rate constant of the 1%, 2nd and 3t stages, respectively (mg.g~*. min~%%);
€122 are the values of the intercept of the 1%, 2nd and 3 stages, respectively (mg.g™!); ap and
ky (mg.g~*.min"!) are the constants from Bangham’s model equation, and R is the correlation coefficient for

the Bangham or Boyd model [47].

The pseudo-first-order model characterizes the rate at the initial stage of adsorption, but can-
not describe the entire adsorption process [48]. The pseudo—second—order kinetic model, on
the other hand, presumes that chemisorption governs the adsorption mechanism, with the
sorption capacity being proportional to the number of active sites occupied by the adsorbent
[49]. Conversely, the Elovich model suggests that the active sites of the adsorbent have differ-
ent activation energies for chemisorption and so, the rate of solute adsorption decreases expo-
nentially with the accumulation of adsorbed solute [50,51]. Comparing the three models, the
experimental data are more closely aligned with the pseudo-second-order model, showing
higher correlation coefficient values (R? = 0.98). Additionally, the calculated q values (g
from the pseudo-second-order model are a better approximation of the experimental q values
(q¢?). Hence, the adsorption process is driven by chemisorption. Other studies have already
reported a similar behavior by TiO2 nanomaterials [52,53].

Since the pseudo-second-order model cannot identify the diffusion mechanism and the
possible rate-limiting step of the adsorption process, the intraparticle diffusion model was also
analyzed [45]. According to equation 2.10 in Chapter 2, a linear relationship between g and
t'/2 indicates the involvement of intraparticle diffusion in the adsorption process. Further-
more, if a straight line intercepts the origin in the plot, intraparticle diffusion is the rate-con-
trolling step [46]. As visible in Figure 6.12, multi-stage mechanisms are present. The linear
regression analysis of the data gives three different regions for the TiO:_EtOH nanopowder.

The three stages are likely related to external diffusion or film diffusion, gradual adsorption
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and equilibrium [54]. The absence of intercepts at the origin (value of the intercept C) in the
linear plots of the second and third stages is likely attributed to variations in mass transfer
rates from the initial to final adsorption stages [55]. This suggests that intraparticle diffusion
may not be the only rate-limiting step, with film diffusion also influencing the adsorption pro-

cess [47].
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Figure 6.12: Plot of the intraparticle diffusion model for the adsorption of tetracycline (first cycle) onto TiO2_EtOH

nanopowder. The solid red line represents the linear fit, while the black dots are the experimental data.

Bangham’s model was also investigated and the value of the obtained regression coef-
ficient was not higher than 0.95. This corroborates the major contribution of film diffusion of
tetracycline onto the nanopowder [56]. To determine the rate-limiting step in the adsorption
process of TC onto TiO2_EtOH nanopowder, the Boyd model was employed [46,47]. Through
the plot of B vs. t, if a straight line intercepts the origin, intraparticle diffusion governs the
rate of the process. Otherwise, the adsorption process is governed by film diffusion or chemi-
cal reaction dominates the adsorption rate. Even though the plot was linear, it did not intercept

the origin. Therefore, film diffusion primarily controls the adsorption process [57,58].

6.2.1.7 Photocatalytic degradation of TC over TiO: nanopowders

The photocatalytic activity of the TiO2 nanomaterials synthesized at 200 °C for 10 min
with different solvents under MW irradiation was evaluated through the degradation of tet-

racycline under simulated solar irradiation. Before light exposure, the solutions containing
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tetracycline and the photocatalysts were stirred in the dark for 240 min. After that time, the
solutions were exposed to a simulated solar light source for 30 min. During the blank experi-
ments (photolysis), no degradation was observed, indicating that tetracycline does not de-
grade over time (Figure 6.13 (d)). As previously discussed, the TiO>_EtOH and TiO:_IPA na-
nopowders showed a significant TC adsorption percentage after the dark (about 58 % and
30 % during the first cycle, respectively), whereas with the TiO2_H:O there was no adsorption.
However, after the time in the dark, under 30 min of solar light exposure and for all nanopow-
ders, a clear decrease in C/Co is observed (Figure 6.13). Moreover, the total TC removal per-
centages reach around 88 %, 77 % and 72 % with the TiO:_EtOH, TiO:_IPA and TiO:_H20
nanopowders (Figure 6.13 (a), (b) and (c)), respectively.
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Figure 6.13: Degradation profiles of tetracycline over TiO: catalysts (a) TiO2_EtOH, (b) TiO2_IPA, (c) TiO2.H20 and
(d) without photocatalyst, in the dark and under simulated solar light. Error bars indicate the standard deviations
of triplicate experiments (n = 3) in (a), (b) and (c).

The photocatalytic performance is highly influenced by the crystalline phase, particle
morphology, crystallite size, specific surface area and crystal facets of the photocatalyst [59].
In terms of crystalline phases, mixtures of anatase/brookite, anatase/rutile, and pure anatase

phase were obtained, respectively, for the nanopowders synthesized in IPA, H>O and ethanol.
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Many reports state that a mixture of TiO: crystalline phases could lead to a synergistic effect
that would improve the separation of photogenerated carriers [60,61]. However, this was not
verified in the present study, and the findings demonstrated that the nanopowder comprising
pure TiO: anatase displayed the best photocatalytic performance. As seen from SEM and
STEM images, the TiO:_EtOH powder presented micrometer spherical/elongated aggregates
with faceted nanocrystals and displayed porosity even at the nanoscale. In the case of both
TiO2_IPA and TiO:_H:0, nanorods and some particles with undefined shapes were observed.
For the latter, these nanostructures aggregated in quasi-spherical micro-sized particles. The
porous structure of TiO2_EtOH suggested that this material would have a higher surface area,
which was confirmed by the BET measurements. In heterogeneous catalysis, most reactions
between the catalysts and reactants occur on the catalyst’s surface in a way that a large surface
area will not only provide more active sites at the catalyst surface to produce radical species
but also anchor the organic pollutant’s molecules [62]. Indeed, a larger specific surface area
was obtained with the TiO:_EtOH nanopowder, which provided more adsorption sites, re-
sulting in an enhancement of tetracycline molecules to adsorb onto the surface of TiO, as vis-
ible with the adsorption kinetics study. The combination of a high adsorption capacity, to-
gether with the ability to produce radical species, contributed to enhancing the removal of the
pollutant from water. In fact, XPS measurements attested to the ability of both TiO:_EtOH and
TiO2_IPA nanopowders to adsorb surface oxygen.

At the atomic level, differences were evident between the different solvents used. In
the case of the TiO>_EtOH nanopowder, faceted nanocrystals (~6 nm) with atomic structural
surface (steps) and bulk (absence of Ti atoms) defects were observed on the high-index facets.
The atomic arrangement of titanium and oxygen on the anatase phase determines the different
facets formed, dominating the TiO: surface chemistry [15]. It is known that the low-index (101)
TiO:z anatase surface is the most stable, followed by the (001) one. However, the (001) surface
has a higher photocatalytic activity than the (101) surface [63]. Therefore, the interest in high-
index TiO2 anatase surfaces has been increasing lately since these nanomaterials exhibit excep-
tional photocatalytic properties when compared to low-index ones. Indeed, it has been demon-
strated that high-index TiO2 nanomaterials exhibit better adsorption and photooxidation per-
formance than the low-index {001}, {100} and {101} surfaces [15]. Moreover, generally, high-
index facets exhibit high surface energy, resulting in a high reactivity [15]. TiO2 high-index
faceted nanocrystals ({012} and {102} facets) were observed through STEM and thus are ex-

pected to significantly impact the overall photocatalytic activity of the nanomaterial with an
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additional contribution from the presence of structural defects. In fact, the surface defects ob-
served in the high-index facets, and suggested by the photoluminescence results, can contrib-
ute to stabilizing these high-index facets and, consequently, enhance the separation of photo-
generated charges and ultimately aid in boosting the photocatalytic performance [16,64]. It is
noteworthy to mention that most reports on the synthesis of high-index facets of TiO:highly
depend on the use of toxic chemicals [15]. Unlike these studies, an environmentally benign
approach is herein proposed.

Integrating high-index facets with defective TiO: nanocrystals is highly desirable to
strengthen the response in the visible light region and limit the recombination of photo-gen-
erated carriers [15]. Regarding the defects in TiO2, Kong et al. discovered that adjusting the
ratio of bulk defects to surface defects in TiO2 nanocrystals can significantly boost the separa-
tion of photogenerated charge carriers and improve the photocatalytic performance [65]. Yet,
establishing a direct correlation between surface/bulk defects and photocatalytic activity re-
mains difficult, mainly due to their interaction with other factors that influence photocatalytic
performance, such as crystalline phases and exposed crystal facets [66].

Nevertheless, when it comes to surface defects, various reasons are attributed to their
improvement in the removal of pollutants. The first is related to changes in the surface prop-
erties of TiOz, which could induce different adsorption/desorption capabilities of reactants,
intermediates, or products. Another reason is the light absorption ability. Due to the existence
of these surface or sub-surface defects, new intermediate levels could be created within the
band gap of TiO, leading to enhanced capacity for visible light absorption. The third reason
has to do with disorders at the surface that could turn into traps for electrons or holes, limiting
the recombination of photogenerated charge carriers and, consequently, increasing the life-
time of charge carriers in the material [67-69].

Therefore, the enhanced photocatalytic activity observed in the TiO._EtOH nanopowder
can be ascribed to a synergistic effect of factors. These include its high surface area stemming
from a porous structure at the micrometer scale, as well as nanometer and atomic level contri-
butions, characterized by pores within the nanocrystals, and the exposure of high-index crys-
tal facets with atomic bulk and surface defects. Additionally, the higher capacity for surface
oxygen adsorption further contributes to this enhanced activity.

To quantitatively compare the decomposition efficiency under solar light, the experi-
mental data were fitted according to the pseudo-first-order kinetic model (equation (1.11),

Chapter 1). The kinetic parameters (rate constants kg, and linear regression coefficients R?)
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can be found in Table 6.4 (highlighted in blue). These results were compared with those found
in the literature, where TiO, nanostructures were also used for the degradation of TC (see

Table 6.4).
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Table 6.4: Kinetic parameters and experimental conditions for the tetracycline degradation under light irradiation over TiO2 photocatalysts found in several studies from

the literature. A comparison is made with the results obtained in this study, including the control (without photocatalyst) and TiO: nanopowders synthesized with ethanol,

IPA and water (highlighted in blue).

Kinetic parameters

['I;C] aft]:ir (ja)rk ([Tc]i]r:itila; Vsoluti;n*** w [Catal}ISt] t* (min) Light source Ref.
mg.L™ mg.L™ L~
kep (min~1) R2 g g (mL) (mg) (gL
uv
Nano TiO2 2.4x1072 1 - 37 - - 1 120 [70]
(A=254 nm)
Nano TiO2 2.1x1072 - ~20 20 - - 1 210 uv [71]
3.8 x 1072 (0-30 min); 0.98 (0-30 min); uv
~8** 10 100 20 0.2 120
Nano TiO2 2.0 x 1072 (30-120 min) 1 (30-120 min) (A =350 nm) 721
(aeroxide P25) 3.6 X 1072 (0-30 min); 0.97 (0-30 min), 0.84 Visible
~8** 10 100 20 0.2 120
3.9 x 1073 (30-120 min) (30-120 min) (A =420 nm)
Visible
Nano TiO2 23x1073 0.97 ~8.19** 10 100 20 0.2 240 (A> 400 nm; [73]
40 mW.cm™2)
Control 2.2x107* 0.94 12
Simulated
This
TiO2_EtOH 0.4 x 1071t 0.90 24 30 50 25 0.5 30 solar light .
wor
(100 mW. cm™2)
TiO2_IPA 0.3x107?! 0.97 19

* Reaction time under light exposure;** Deduced; *** Volume of TC solution
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Comparing the rate constant (k) values in Table 6.4 with previous studies, Safari et al. re-
ported similar rate constant values by nanosized TiO:z for the photodegradation of TC in aque-
ous solutions under UV light (kgp, = 2.49 x 10-2min~", [TCJipitial = 27 mg.L™") [70]. Bouafia-
Chergui et al. also reported the photocatalytic degradation of TC in water using TiO: as the
photocatalyst under UV light. The most concentrated solution had an initial tetracycline con-
centration of 20 mg.L™' and the obtained apparent rate constant value was 2.1 x 1072
min~! [71]. Again, this value is in line with the present results for TiO2 nanopowders. How-
ever, in this study, solar radiation was used, which adds significant environmental value, with
the incorporation of renewable sunlight energy and not being restricted just to UV radiation.
Other studies were found; however, tetracycline hydrochloride was used as the pollutant [74—
76] and/or the photocatalytic experiments were conducted under different experimental con-
ditions [72,73,77]. Moreover, it is worth mentioning that this work reports a simple and fast
MW synthesis of TiO: nanostructures by employing non-toxic reagents, which showed excel-

lent ability for the removal of tetracycline molecules from polluted water.

6.2.1.8 Recyclability tests

To determine the stability of the photocatalysts, reusability tests were performed in the
presence of the best photocatalyst (the TiO:_EtOH nanopowder) under a simulated solar light
source. For the second cycle, as seen in Figure 6.14 (a), little adsorption (~ 15 %) occurred
within 240 min (4 h) in dark (no regeneration). This result may be due to the fact that tetracy-
cline molecules are blocking all active sites around the photocatalyst. After the completion of
the second cycle, the TiO2 nanopowder without regeneration was observed through SEM (Fig-
ure 6.14 (b)). A clear thick layer is wrapping the photocatalyst structures, which is thought to
be causing the significant loss of TC adsorption’s capability. It also impacted the overall per-
centage of TC removal, and the material can only reach 40 % of TC degradation, compared to
the initial 88 % (Figure 6.13 (a)). To fully recover the adsorption capacity of the photocatalyst,
a strategy based on UV exposure was explored, since it is simple to implement in a real pro-
duction process [78]. After the first cycle (adsorption + photocatalytic activity), the TiO2_EtOH
nanopowder was exposed for 4 h to UV light irradiation in an aqueous solution. A complete
recovery is observed in terms of TC adsorption (~ 60 % after 240 min of dark) and overall TC
removal (~ 80 % is obtained after 240 min of dark + 30 min of light exposure), see Figure 6.14
(a). In contrast with the TiO:2 nanopowder without regeneration, the SEM image of the na-

nopowder treated with UV light shows the presence of well-defined particles without a
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coating layer (Figure 6.14 (b)), which confirms the recovery of the TiO: nanostructures. To the
best of our knowledge, there are no other studies in the literature showing similar SEM images
of nanostructures encapsulated/coated with TC compounds and/or products from the photo-

degradation reaction of TC.
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Figure 6.14: (a) Comparison of TC adsorption (240 min in the dark) and adsorption followed by photocatalytic
activity (240 min in the dark + 30 min of simulated solar light exposure) without and with a UV exposure regener-
ation of 240 min (both corresponding to the second cycle of reutilization). (b) SEM images of the TiO2_EtOH na-

nopowder without and with regeneration.

6.2.1.9 ROS' scavengers experiments

The influence of different ROS on the degradation rate of TC using the TiO2_EtOH na-
nopowder was investigated under simulated solar light and after 240 min in the dark (Figure
6.15). Several ROS contribute to the photocatalytic degradation process, encompassing holes
(h*), hydroxyl (*OH), superoxide ions (*O:7), singlet oxygen ('0,) radicals and electrons (e-)
[79-81]. As shown in Figure 6.15, it can be observed a reduction in the degradation percentages
upon the use of BQ and SA scavengers. This indicates that *O2" and !0, radicals are the main
active species involved in the degradation process of TC. These findings are well aligned with
earlier research reporting the presence of superoxide radical species in the degradation pro-
cess of tetracycline over TiO: nanostructures [34,82-84]. Regarding the generation of singlet
oxygen radical species, several pathways have been proposed in the literature [85]. Neverthe-

less, surface defects that can act as both reactive sites and trapping sites might enhance the
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photocatalytic performance. Studies indicated that the existence of surface Vo can be further
reduced into superoxide anions and then converted into singlet oxygen [86,87]. Although the
existence of surface Vo could not be undoubtedly confirmed by XPS and photoluminescence
spectroscopy analyses, the surface defects of the photocatalyst, as observed through STEM,

may be associated with the origin of these reactive species.
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Figure 6.15: Degradation percentages (%) of TC with the TiO2_EtOH nanopowder under solar simulated light, after
240 min of dark, in the presence of different scavengers (BQ, SA, HP, IPA and EDTA) and with NS.

6.2.2 Structural characterization of the PU foams

The photocatalytic experiments with the TiO2_EtOH nanopowder showed enhanced
overall adsorption and degradation of tetracycline molecules compared with the other sol-
vents (i.e., nanopowders with IPA and water). Therefore, this nanopowder was chosen for
further impregnation on PU foams to avoid the costly recovery processes of nanopowders and
guarantee the sustainable character of the materials produced. The photodegradation of tetra-
cycline under simulated solar light and ecotoxicity assays against Artemia salina were both

conducted in the presence of these functionalized TiO: PU Foames.

6.2.2.1 SEM/EDS

The PU foams observed by SEM showed the typical cellular structure specific to poly-
urethane foams (Figure 6.16) [88,89]. The pores of the commercial PU foam were in the milli-

meter range (Figure 6.16).
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Figure 6.16: SEM image of the pristine PU foam.

From the SEM images, it is possible to observe that the surface of the pristine PU foam is
smooth without any macro-sized defects and crack-free but with wrinkling edges (Figure 6.17
(a)). At the micrometer range, it was possible to observe artifacts throughout its surface (Figure
6.17 (b)). The PU foams were also observed after the NaOH treatment (pre-treated) and no
clear difference could be inferred when compared to the pristine PU foam (Figure 6.17 (c) and
(d)). Nevertheless, when the pre-treated PU foam was observed after the dip-coating process,
the differences became evident (Figure 6.17 (e) and (f)), even at the macro-scale, with the pres-
ence of some agglomerates on the wrinkling edges of the PU foam resultant from the deposi-
tion process (Figure 6.17 (e)). SEM images (Figure 6.2 (a) and (b)) show that the TiO2 nano-
materials synthesized with ethanol as solvent resulted in micrometer TiO: aggregates and,
after the dip-coating process, these aggregates are still discernible. The artifacts observed in
the pristine and pre-treated PU foams can still be observed after the deposition process, how-
ever, other smaller structures were observed, suggesting the presence of dispersed TiO: parti-

cles or smaller TiO: aggregates at the foam surface.
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Pristine

Pre-treated

Figure 6.17: SEM images of the PU foams. (a) Pristine PU foam, (b) pre-treated PU foam and (d) pre-treated PU
foam after dip-coating of the TiO2 nanomaterials synthesized with ethanol. The corresponding EDS maps of C (g),
(i) and (k); O (h), (j) and (I); and Ti (m) are presented.

212



Pristine PU foam, pre-treated PU foam and pre-treated PU foam after dip-coating of the
TiO2_EtOH nanomaterial were also analysed using EDS. The analyses were carried out simul-
taneously in the same areas of the SEM images for all the PU foams. EDS analysis confirmed
that the pre-treatment with NaOH did not leave residues at the surface of the foam, since no
impurities were detected, i.e., sodium salts. Both pristine and pre-treated PU foams were com-
posed of C and O, which is expected for polyurethane foam substrates [90] (Figure 6.17 (g) to
(j))- In Figure 6.17 (k) to (m), C and O are observed from the substrate, but also Ti and O are
present on the TiO:z agglomerates. Ti was also detected throughout the foam surface as can be
observed by the Ti EDS map in Figure 6.17 (m). Based on the EDS analyses, it can be inferred
that the NaOH surface treatment assisted the immobilization of the TiO2 nanostructures at the

PU surface.

6.2.2.2 Photocatalytic degradation of TC over pre-treated PU foams

The photocatalytic activity of the pre-treated PU foams, with and without the photo-
catalyst, was determined considering the degradation percentages when exposed to simulated
solar light. Two different types of water were investigated with the pre-treated TiO2 PU foams
and under identical experimental conditions: Milli-Q and potable tap water. In both cases, the
study in the absence of light was performed for 1 h to achieve adsorption-desorption equilib-
rium. For the experiment with Milli-Q water, after the dark phase, it can be seen that both
pristine (uncoated) and pre-treated TiO2 PU foam (black curve) did not adsorb TC molecules
(Figure 6.18). Despite the microporosity, the foam’s surface is flat and smooth (Figure 6.17 (c)
and (d)), leading to the low adsorption of tetracycline molecules observed with the pristine
PU foam during the dark. Regarding the pre-treated TiO: PU foam (experiment with Milli-Q
water), as seen previously in Figure 6.13 (a), the TiO2 nanopowder showed significantly high
adsorption towards molecules of tetracycline during the dark phase. Throughout this process,
the surface area played an important role. In contrast with the use of nanopowder, upon im-
mobilization on a PU foam (Figure 6.18, black curve), this adsorption was almost null. A pos-
sible explanation could be related to the use of polyacrylic acid in the dip-coating process,
impacting the adsorption mechanism of the photocatalysts. This polymer may be blocking the
available sites at the surface of the photocatalyst. Nevertheless, under light irradiation a nota-
ble decay in the concentration of tetracycline is observed in the presence of the TiO: PU foam,

in comparison with the pristine PU foam, attesting the photocatalytic behavior of the TiO2
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nanostructures, Figure 6.18, by reaching around 80 % of TC degradation in 180 min of light
exposure.

The adsorption + photocatalytic performance of the pre-treated TiO2 PU foam for TC
degradation was also evaluated with tap water to simulate conditions closer to practical ap-
plications. The presence of mineral content (dissolved inorganic anions and cations [91]) in tap
water had little effect on both adsorption and photocatalytic behaviour (Figure 6.18, green
curve), with a slight decrease in efficiency (~13 %). This loss of efficiency might be attributed
to the competition of inorganic matter for the active sites on the photocatalyst’s surface or to
its deactivation, ultimately reducing the pollutant degradation rate. Inorganic anions in water
can interact with h* and *OH, acting as scavengers. Moreover, this interaction can be promoted
by the high reactivity and non-selectivity of *OH radical species. This results in inefficient
degradation or even complete inhibition of the advanced oxidation process [91,92]. This phe-
nomenon might be occurring, leading to the stabilization of the photodegradation rate after 60
minutes of light exposure. Nonetheless, if trace amounts of TC remain after wastewater treat-
ment, the TiO, PU foams can effectively degrade this water pollutant in real water for up to
60 min.

The organic water pollutants' photodegradation in the presence of semiconductors is
achieved when the photocatalyst is exposed to light with an energy superior to the one of its
band gap. In these conditions, the photons” energy is absorbed, leading to the excitation of
electrons from the VB to the CB, thus creating electron-hole pairs. If the recombination of elec-
trons and holes does not occur, electrons and holes can migrate to the surface of the photo-
catalyst and participate in redox reactions. Holes will oxidize water molecules and form *O2"
species. Simultaneously, electrons will reduce oxygen molecules and generate *OH species.
The superoxide radicals will be protonated afterwards to harvest hydro-peroxyl radicals
(HOO?) and thereafter H2O: and *OH are formed [93-96]. These hydroxyl radical species will
be further responsible for the transformation of TC molecules into different intermediates. Alt-
hough multiple degradation pathways could be proposed due to these various intermediates
that may be formed, the ROS produced would attack the double bonds, aromatic ring and
amino group in tetracycline, typically via ring opening and cleavage of the central carbon bond
reactions [80,97,98]. Smaller intermediates would be generated and eventually would be min-
eralized into some tiny molecules, such as CO:, H20 [99] and inorganic ions that are gradually

formed via oxidation steps [80].
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Figure 6.18: Degradation profiles of TC over PU foams (pristine and pre-treated TiO2 PU foams) in the dark (for 60
min) and under simulated solar light (for 180 min). The red curve represents the C/Co over time for the pristine

foam (uncoated) in Milli-Q water, while the black and green curves are for the pre-treated TiO2 PU foams in Milli-

Q and tap water, respectively.

6.2.2.3 Proposed degradation pathways of TC

To understand the photocatalytic degradation process of TC in Milli-Q water and in
the presence of the TiO2 PU foams, LC-HRMS was employed to identify the degradation in-
termediates and help to propose a reaction mechanism. The MS spectra and proposed ionic
structure of all products identified, in the dark (for —60 min), and under simulated solar light
(for 180 min) are displayed in Figure A.10. For pure TC solution, the spectra 1a) and 2a) (in
the dark and 0 min, respectively) show two peaks, one with m/z 445.1611 assigned to the pro-
tonated molecule of tetracycline, and a smaller one with m/z 427.1499 attributed to an anhy-
drotetracycline structure. The later peak is probably due to an impurity present on the active
pharmaceutical ingredients, the anhydrotetracycline (tetracycline European Pharmacopoeia
(EP) impurity C) [99].

The TC photodegradation pathways include dealkylation, hydroxylation, ring-open-
ing and mineralization [100]. Several studies have demonstrated that the TC dimethylamine
moiety ((CHs)2N at the C4 position in TC molecule, see in Figure 6.19 TC 444) is preferentially
dealkylated due to the N atom directly attached to the chiral center. This degradation pathway
is dependent on the specific reaction conditions and incomplete removal of the methyl group

can occur [101]. TC has three types of functional groups with relatively high electron density,
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including the double bond, phenolic group and amine group. Among them, the double bond
is the most reactive with hydroxyl radicals. In TC, the double bond at the C11a-C12 position
(Figure 6.19, see TC 444) has higher electron density than that at the C2-C3 position (Figure
6.19, see TC 444), which is more likely to be attacked with *OH radicals [102]. Upon comple-
tion of the demethylation and double bond opening reactions, TC continues to be attacked by
reactive groups such as ¢O:,, *OH and h* holes [77,100]. As a result, the molecular structure
of TC undergoes further decomposition and ring-opening reactions, gradually transforming
from a tetracyclic to a monocyclic or bicyclic structure.

The photodegradation of TC results in the production of different intermediates due
to the different nature of the photocatalysts and reaction conditions. Light conditions, inor-
ganic ions and pH in the system can also influence the adsorption process and the oxidation
of reactive radicals, affecting the generation and conversion of intermediates [100].

During the solar-light-driven TiO: PU foam photocatalysts process, the intensity peak
of TC was decreased and some intermediates with m/z 477, 461, 447, 431, 413 and 401 appeared
after 30 min of irradiation (Figure A.10 (4a-b)). These main intermediates were mainly gener-
ated in N-demethylation process and hydroxylation process, and three possible degradation
pathways are presented in Figure 6.19. Pathway I is related to the low bond energy of N-C
bond (Figure 6.19). Several studies have demonstrated that a N-demethylation process due to
*Oz or h* attack of C4 bond of TC molecule would occur, resulting in the removal of the me-
thyl group conducting to the formation of the transformation product (TP) 430, which subse-
quently produced other intermediate with m/z 417 [101,102]. However, in the present study, a
TP 412 with m/z 413.1341 and 32.027 u lower than the protonated molecule of TC (m/z 445.1611)
was found. This intermediate may be due to the loss of the -CH: group at C4 plus an H.0
molecule at C5a and C6 (Figure 6.19), and is also reported in Ref. [103]. Further continuous
*O: or h* attacks generated TPs 320, 290 and 276, followed by degradation to small molecules
(m/z 199 and 177) via decarboxylation and dihydroxylation reactions. Pathway II is primarily
a hydroxylation process (Figure 6.19). The C11a-C12b double bond of TC was attached mole-
cules by *OH, which first leads to the formation of the major intermediate (TP 460), which is
further degraded by *OH producing TP 476 and TP 494 (a very small peak with m/z 495.1617
assigned to [C22H27N2011]%, not included in the Figure 6.19) [101]. Pathway III in Figure 6.19 is
associated with the demethylation of the dimethylamine group of intermediate TP460, which
leads to the formation of intermediate TP 446. This further loses the remaining methyl group,

producing TP 400. These two intermediates are further decomposed by the ring opening
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reaction via decarboxylation and H20 removal reaction, forming smaller products with m/z
323, 303, 235, 207, 157 and 135. At 180 min of light exposition, the main signals present in both
mass spectra (Figure A.10 7a-b) are mainly due to small molecules (m/z 157, 135 and 199, 177,
respectively), indicating that the organic intermediates are gradually mineralized into water,

carbon dioxide and other inorganic substances.
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6.2.2.4 Recyclability tests with the pre-treated TiO: PU foams

To verify the integrity of the TiO2 PU foam, reusability tests were conducted under 5
consecutive cycles, Figure 6.20. In each cycle, the foam was exposed to solar light for 180 min.
A minimal photocatalytic efficiency loss of around 20 % was obtained upon completion of the
fifth cycle. This indicates that the TiO2 PU foam is stable [104] and can be reused for up to 5
cycles. In fact, the dip-coating method enables a good adhesion of the nanomaterials to differ-
ent substrates with various compositions and intricate geometrical structures, as previously
demonstrated [105]. Moreover, studies have shown that the polymer used for dip-coating
(PAA) is compatible with this technique [106,107]. The present results demonstrate that reus-
able photocatalysts with high degradation efficiency towards water pollutants can be pro-
duced effectively and affordably while avoiding the issues associated with the recovery of

powdered photocatalysts.
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Figure 6.20: Photocatalytic recycling activity of pre-treated TiO2 PU foam within 5 cycles under simulated solar
light for 180 min.

6.2.2.5 Ecotoxicity assays

Exposure studies on Artemia salina (nauplii) were conducted in the presence of the pre-
treated TiO2 PU foams to examine their effects on marine ecosystems. The mortality (%) was
determined under acute exposure for 24 h with the PU foams, (without photocatalyst, with
pre-treatment and photocatalyst), as well as with the negative control (artificial seawater) and

positive control (10 % DMSO), see equation (2.15) in Chapter 2. The mortality rate (%) for
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Artemia is shown in Table 6.5. As expected, the pre-treated TiO. PU foam exhibits a slightly
higher mortality percentage compared with the foam without the catalyst. This may be related
to the photocatalytic behavior of TiO2 under light irradiation and the generation of ROS caus-
ing oxidative stress on the organisms [108]. However, the aim of the utilization of a polymer
(in this case, polyacrylic acid) to coat the TiO2 nanostructures is not only to promote better
adhesion of the nanostructures to the PU foam but also to minimize possible toxic effects on
aquatic organisms. According to the literature, polyacrylic acid can hinder the formation of
ROS by TiO:z nanostructures and help mitigate their phototoxicity under sunlight [109]. Most
importantly, it should be noted that the TiO2 PU foams presented very low mortality (< 10 %),
and hence, are considered safe for aquatic species [110]. As for current eco-toxicological stud-
ies, these often assess the toxicity effects with suspensions of nanoparticles [110-113], rather
than determining the acute toxicity of nanoparticles functionalized on substrates to aquatic

organisms, as herein investigated.

Table 6.5: Mortality rate (%) for Artemia Salina (nauplii) measured for 24 h exposure to pristine (without photocata-

lyst) and pre-treated PU foam (with TiO2 photocatalyst). Mean + SEM, n = 5.

Mortality (%) Standard error of the mean (%)

Negative control (Artemia salt) 2 1.79

PU foam (without) photocatalyst 2 1.79

Pre-treated PU foam (with photocatalyst) 8 4.92
Positive control (10 % DMSO) 100 0

6.3 Summary

Solar-light-driven TiO: photocatalysts on 3D polyurethane foams were developed with
the aid of MW irradiation and a dip-coating method. MW synthesis of TiO2 nanopowders was
performed at 200 °C for 10 min in the presence of different solvents (ethanol, IPA and water).
Pure anatase was obtained for the synthesis in ethanol, whereas in IPA and H-O, a mixture of
anatase/brookite or anatase/rutile phases was present, respectively, as revealed by XRD.
SEM/STEM results revealed highly porous micro-sized spherical/elongated TiO: aggregates
composed of fine nanocrystals for the TiO>_EtOH nanomaterial. These TiO2 nanocrystals had
low and high-index facets, while the latter presented bulk/surface structural defects. For the
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syntheses using IPA and water, 1D nanostructures were formed together with other smaller
nanocrystals with an undefined shape. A higher contribution from the defect states for the
TiO:2 ethanol nanopowder was also suggested based on the PL measurements. BET analysis
confirmed that the specific surface area of the porous TiO: synthesized with ethanol was su-
perior to the nanopowders synthesized with IPA and H20, thus conferring it enhanced capac-
ity for surface oxygen adsorption, as observed through XPS. This characteristic enabled a high
TC sorption efficiency (~ 58 % in 240 min). Reusability tests demonstrated that UV exposure
effectively restored its adsorption capacity and overall performance for the removal of TC.
Although TC adsorption was suppressed when TiOz nanostructures were incorporated into a
PU foam, almost the same percentage of TC removal+degradation from aqueous systems
could be obtained (~ 80 % in 180 min of solar light exposure with the TiO2 PU foam and ~ 88 %
with the TiO:_EtOH nanopowder in 240 min of dark + 30 min of solar light exposure). Photo-
catalytic experiments using tap water demonstrated the potential of TiO,-PU foams for de-
grading TC in real-life aqueous systems. LC-HRMS spectra confirmed the contaminant degra-
dation over the TiO2 PU foam solution. Moreover, the exposure of TiO2 PU foams to aquatic
organisms had no significant toxic effects after 24 h. In summary, this study highlighted the
production of reusable 3D TiO: PU foams with a strong ability to remove water pollutants,
such as antibiotics, by the combination of a fast MW-assisted approach and a simple dip-coat-

ing technique.
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7.1 Introduction

In this study, surfactant-modified TiO2 nanopowders were prepared using a fast sol-
vothermal method (1 h) under microwave irradiation and without any further calcination pro-
cesses. The surface modification of the nanopowders with PEG (PEG 400) as a surfactant was
explored to produce porous materials with a high surface area and enhanced photocatalytic
activity.

These nanopowders were impregnated on porous platforms (MCE membrane filters) by
a drop-casting technique. The effect of incorporating different molar ratios (1, 2, and 5 %) of
iron precursor and the effectiveness of the impregnation method were systematically studied.
The characterization of the produced materials was carried out in terms of structural and mor-
phological properties by SEM, EDS, XRD, XPS, and Raman spectroscopy. Optical characteri-
zation was also carried out for the nanostructures via UV-VIS absorption measurements. Fi-
nally, their efficiency as photocatalysts on water filters was investigated for the degradation
of the organic model pollutant, RhB, under solar radiation. Reusability tests within three re-
peated cycles were also performed. The nanopowders will be referred to as pure TiO, 1-
Fe:TiOg, 2-Fe:TiO:z and 5-Fe:TiO: for the materials synthesized with 0, 1, 2 and 5 mol. % of iron

precursor, respectively.

7.2 Results and discussion

7.2.1 Characterization of the TiO: nanopowders

7211 XRD

The as-synthesized nanopowders were also investigated using XRD and the results are
depicted in Figure 7.1. All peaks in the experimental diffractograms indicate the presence of
the TiO: anatase phase, which has Ti™® (octahedral) and 03 (trigonal planar) coordination
geometry [1,2]. The peaks detected correspond to the planes (101), (004), (200), (105), (211),
(204), (116), (220), and (215) at 26 =25.3, 37.8, 48.0, 53.8, 54.9, 62.8, 68.9, and 75.0°, respectively.
No peaks associated with rutile or brookite were detected. For the Fe-rich nanostructures, no
additional peaks assignable to a metal oxide phase (Fe20s (hematite) or Fe2TiOs) were detected.
As such, the quantity/percentage of these oxides could be too low to be detected, could be

amorphous or, since Fe* and Ti* have similar ionic radii, Fe** ions could have successfully
232



substituted Ti* ions. No changes in peak intensity as a function of iron loading, or shifts could
be observed [3-5]. No peaks coming from impurities such as Ti(OH)4 were detected, and the
XRD results demonstrate that the materials were well-crystallized (high intensity and well-
defined peaks that match well with a known structure [6]) and highly nanostructured (the
reflections are broader/larger FWHM compared to bulk crystalline materials [7,8]) [4,9].

(100) Pure TiO,

)(116)(220) (215)

(004)  (200) 405 (
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204

2-Fe:TiO,
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Figure 7.1: XRD diffractograms of pure TiO2 and 1-Fe:TiOg, 2-Fe:TiO2 and 5-Fe:TiO2 nanostructures with PEG syn-
thesized by microwave irradiation. The simulated TiO: anatase, rutile, and brookite structures are also presented

for comparison.

The average crystallite sizes of the synthesized nanomaterials were calculated using the
X-pert highscore plus software. The estimated crystallite sizes for each powder are summa-

rized in Table 7.1.

Table 7.1: Estimated crystallite sizes (nm) for pure TiOz, 1-Fe:TiO2,2-Fe:TiOz and 5-Fe:TiO2 materials with PEG syn-

thesized by microwave irradiation.

Pure TiO2 1-Fe:TiO2 2-Fe:TiO2 5-Fe:TiO2
Sizes (nm) 6 5.7 5.2 49

The increase in iron content led to a decrease in the crystallite size. As reported, doping
with Fe ions could inhibit the growth of TiO: anatase crystals [5,10,11]. Hence, it can be sug-

gested that this effect is more pronounced for higher iron contents.
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7.2.1.2 Electron microscopy

72121 SEM

Figure 7.2 depicts the SEM morphology of pure TiO: (Figure 7.2 (a)) and 1-Fe:TiOg, 2-
Fe:TiO2 and 5- Fe:TiO2 nanoparticles (Figure 7.2 (b)-(d), respectively). PEG was used as a sur-
factant for all microwave syntheses. It can be observed that all conditions resulted in nanosized
TiO:2 particles with a spherical shape. These nanoparticles form agglomerates as they aggre-
gate into larger particles, reaching the micrometer range during the drying process. The insets
in Figure 7.2 also show the grain size histograms and the Gaussian model with an acceptable
fitting for all particle size distributions. The estimated average particle sizes were 18.58 +
2.73 nm, 18.40 + 2.26 nm, 17.00 + 2.57 nm, and 16.54 + 3.02 nm for pure TiO:, 1-Fe:TiO;, 2-
Fe:TiOz and 5-Fe:TiO: materials, respectively. A decrease in diameter was observed with the
increase in iron content, which has been previously reported [10-12]. As expected, the ob-
tained values for the particle sizes are superior to the crystallite sizes (Table 7.1) since particles
are agglomerates of grains, and the grains are composed of several crystallites. A more pro-
nounced decrease in the nanoparticle size was achieved when the Fe concentration was above

2 mol. %.
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Figure 7.2: SEM images and insets showing the Gaussian model (in red) for fitting the histograms of (a) pure TiOx2,
(b) 1-Fe:TiO, (c) 2-Fe:TiOz, and (d) 5-Fe:TiO2nanoparticles prepared by microwave irradiation using PEG.
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7213 XPS

The chemical composition of pure TiO:2 and the Fe:TiOz nanostructures with PEG was
analyzed by XPS. The conditions of 1 and 2 mol. % of Fe showed a weak iron signal; therefore,
these data were not included in this study; hence, only the composition of 5 mol. % (corre-
sponding to 1.4 at. %, as estimated by XPS) is presented. Survey spectra of pure TiOz and 5-
Fe:TiO2 are shown in Figure 7.3. XPS results showed that Ti and O were clearly identified for
pure TiO2, whereas for the Fe:TiO2 nanostructures, Fe could also be detected. A carbon peak
was also visible, related to adventitious carbon at the surface. Figure 7.4 shows the high-reso-
lution XPS spectra of O 1s (deconvoluted) and Ti 2p core levels of pure TiO2 nanostructures

with PEG and of 5-Fe:TiO-.
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Figure 7.3: Survey spectra of pure TiO2 spectra and 5-Fe:TiOz nanostructures synthesized with PEG.

(a) (b)

Pure TiO, 5-FeTio,
2 | om A )
e c O1s
3 3
o o
A I
S L
=2 =
‘B D
5 D 5
E \ =
536 534 532 530 528 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
(c) _
Pure TiO, Ti zpwz
—— 5FeTiO, )
Ti2p

Intensity (arb.units)

468 466 464 462 460 458 456
Binding Energy (eV)

Figure 7.4: Deconvolution of XPS O 1s spectra of (a) pure TiOz, where features A, B, C and D are visible and corre-
spond to lattice oxygen, undercoordinated oxygen either at the surface or close to oxygen vacancies and adsorbed
water and organic species, respectively, and (b) 5-Fe:TiOz nanostructure with PEG. Ti 2p peak is also shown in (c)

for pure TiO2 and 5-Fe:TiOz nanostructures with PEG.
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In Figure 7.4, four peaks can be observed that correspond to lattice oxygen (A), under-
coordinated oxygen either at the surface or close to oxygen vacancies (B), and adsorbed water
and organic species (C, D) [13]. An increase of the peaks B-D with respect to peak A is ob-
served in the 5-Fe:TiO2 material, compared to TiOz. Part of this increase may be ascribed to a
higher oxygen vacancy concentration due to doping. Due to charge neutrality, the substitution
of titanium ions by iron of a lower oxidation state may lead to the formation of compensating
defects, such as oxygen vacancies. In both cases, the O 1s core level is centered at around
530 eV, which corresponds to the binding energy of the metal oxide (TiOz). A shoulder is ob-
served at around 533 eV and is related to the OH groups at the surface [14]. Regarding Figure
7.4 (c), the two components of the Ti 2p core level that arise from spin orbit-splitting [15] can
be observed for pure TiOz and 5-Fe:TiO: nanostructures, both associated with the Ti*‘oxidation
state. The peak positions and the peak separation of the Ti 2p doublet are in good agreement

with previous studies of pure TiO2 nanostructures [16]. A detailed scan of Fe 2p from 5-Fe:TiO:

is shown in
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Figure 7.5 (a). The pronounced peak around 708.6 eV indicates the presence of Fe?, and
a set of fitting parameters accounting for the rich satellite structure of oxidized iron is available
in the literature [17]. The deconvolution did not converge using the exact relative constraints
for the peak parameter of Fe*(FeO) in ref [87]. However, freeing the area of the peak at the
highest binding energy led to convergence and a satisfactory fit quality. The intensity of this
satellite peak at 5.9 eV from the center of gravity of the main peaks (another indication for Fe?
[18]) is sensitive to the polarizability of the environment of the Fe atoms via the extra-atomic
relaxation, one of the relaxation processes related to the photoemission event [19,20]. In con-
trast to FeO, Fe atoms in the 5-Fe:TiOz sample were surrounded by TiO2, which has about 40

times higher permittivity than FeO [21,22]. This justifies the different relative intensity of the
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satellite peak compared to FeO [17] and identifies the iron oxidation state as pure Fe?*. Photo-

catalytic reduction of Fe* to Fe? in a TiO2 matrix was speculated to occur in vacuum under X-

ray irradiation [23], which made the quantification of the iron oxidation state in the original

sample unreliable. Since the reduction of iron is the first part of the photocatalytic mechanism

explained below, the detection of only Fe?* by XPS corroborates the high photocatalytic activity

of the sample.
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Figure 7.5: (a) XPS spectrum of Fe 2p for 5-Fe:TiO2 with PEG (in which green, light green, red, pink and orange

colors represent the Gaussian—Lorentzian components that best fitted Fe 2p spectrum (GL 30), and (b) VB XPS
spectra of pure TiO2 and 5-Fe:TiO2 with PEG.
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Figure 7.5 (b), the XPS valence bands of pure TiO: and 5-Fe:TiO2 nanostructures are

represented. No binding energy reference was applied to these spectra (C 1s was measured at
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285.8 eV). For 5-Fe:TiO: nanostructures, four features (A, B, C, and D) are visible at binding
energy positions of ~7, 5, 2.5, and 1 eV, whereas pure TiO: only shows features A and B. These
values are consistent with the ones found in the literature [24]. Both A and B features are re-
lated to O 2p derived states and correspond, respectively, to the ‘bonding’ and ‘non-bonding
orbital emissions’ of TiOz Feature D is potentially related to the defect state of Ti* 3d. This
would support the conclusion above of a photocatalytic reduction in the XPS chamber [23]. At
around 2.5 eV, another feature starts to appear with Fe doping (feature C), related to mixed Fe

3d and Ti 3d derived states very close to the Fermi level [14,24,25]. As seen in
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Figure 7.5 (b), pure TiO:z has a valence band maximum of ~2.5 eV, while for 5-Fe:TiO,
a new state was formed within the band gap, with an edge of maximum energy at ~—0.07 eV.
Additionally, Fe addition led to a shift towards lower binding energies for the maximum edge
of the original valence band of TiO: (from 2.7 eV for pure TiO:z to 2.5 eV for 5-Fe:TiOz) [26]. A

similar shift was previously reported [24].

7.2.1.4 UV-VIS absorption measurements

To investigate the optical absorption characteristics of pure TiO:2 and 5-Fe:TiO:
nanostructures with PEG, UV-VIS absorption spectra were recorded (

Figure 7.6). Pure TiO: shows an absorption peak at 354 nm (~3.5 eV), with an onset
around 400 nm (~3.1 eV), which is fairly in line with the value expected for the anatase band
gap [27,28]. Moreover, intrinsic TiO2 also did not show any absorption beyond 400 nm. Mean-
while, for Fe:TiO2 nanopowders, even though the absorption maximum is placed at the same
value obtained for pure TiOz (which has also been previously reported [29]), the onset absorp-
tion is seen to shift towards higher wavelengths due to the increasing contribution from a tail
of states that extends from the absorption maximum. This observation is likely related to a
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higher density of defect states present in these materials and contributing to the visible light
absorption. Such an increase accompanies the increase in the Fe %. This could effectively indi-
cate that the visible light absorption of TiO: has been enhanced by the introduction of Fe.
Moreover, a small band can be distinguished at around 476 nm, becoming more pronounced
with higher concentrations of iron. According to the literature, this visible light absorption can
be attributed to two factors. One is the formation of a dopant energy level (Fe*/Fe*) within
the band gap of TiOz, which is related to the excitation of 3d electrons of Fe3* from the dopant
energy level to the TiO2 conduction band at 415 nm. The second one can be ascribed to the d—
d transition of Fe(Ill) or the charge transfer transition between interacting iron ions (broad
band at around 500 nm) [30,31]. Considering the XPS result discussed above, the introduction
of new intermediate levels at the nanoparticles surface may be a likely explanation for the
emergence of this new absorption band. These levels can act as traps and reduce the rate of
recombination [5,32]. Besides that, a further reduction of the nanoparticles size could accentu-
ate their contribution from surface defects due to the increase in the surface/volume ratio. The
enhancement of the visible light absorption can also be seen from the inset of

Figure 7.6. The powder color changed from white (pure TiO: on the left side) to yellow
(5-Fe:TiO:2 on the right side). All of these reasons may thus contribute to an improvement in

the photocatalytic efficiency of the nanomaterials under visible light.
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Figure 7.6: Absorption curves of pure TiOz and 1-Fe:TiOz, 2-Fe:TiO2, and 5-Fe:TiO: catalysts with PEG synthesized

by microwave irradiation.
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7.2.2 Characterization of the impregnated substrates
7.2.2.1 Electron microscopy

72211 SEM

As previously mentioned, the as-synthesized nanopowders were impregnated on po-
rous water filters to aid in the recovery of the nanosized photocatalysts. Pure TiO2 and 5-
Fe:TiO2 nanopowders were incorporated on the substrates for further photocatalytic experi-
ments. Figure 7.7 shows the SEM images of the pristine porous substrates, together with the
impregnated ones. From Figure 7.7, it is possible to compare the differences between the sub-
strates, without (Figure 7.7 (a)) and with the nanopowders (Figure 7.7 (b) and (c)). The sub-
strate presents a micro-sized porosity, which remained after impregnation. Regarding the im-
pregnated substrates, the nanopowders of pure TiO: (Figure 7.7 (b)) and 5-Fe:TiO: (Figure 7.7
(c)) formed, by using the drop-casting technique, uniform films of nanoparticles that entirely
and uniformly covered the substrates. Some micrometer-sized agglomerates were also ob-
served on the substrate’s surfaces. In terms of morphology, and as expected from the SEM
analysis of nanopowders, similar nanosized and spherical particles were obtained on the in-

vestigated porous substrates in both conditions.

Figure 7.7: SEM images of the pristine porous polymeric substrates, together with the impregnated ones. (a) Pristine
substrate (without nanopowders), (b) impregnated with pure TiO2 and (c) with 5-Fe:TiO2 nanopowders with the
addition of PEG.
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EDS analyses were also carried out on these substrates (Figure 7.8 and Figure 7.9). The
pristine substrates were only composed of C and O (Figure 7.8 (b) and (c)), consistent with a
substrate made of mixed cellulose esters [33,34]. For the impregnated substrates with pure
TiO2 nanoparticles, a strong presence of Ti was observed, together with C and O (Figure 7.8

(e),(f) and Figure 7.9 (b)).

Figure 7.8: SEM images of the polymeric substrates (a) pristine (without nanopowders), (d) with pure TiO2 + PEG
and (h) with 5-Fe:TiO2+ PEG. The corresponding EDS maps of C ((b),(e),(h)) and O ((c),(f),(i)) are also visible.

In the case of impregnated substrates with 5-Fe:TiO2 nanostructures, the presence of Ti along
with Fe was visible, as well as C and O (Figure 7.8 (h),(i) and Figure 7.9 (d),(e)), which confirms
the successful impregnation of the substrates. In EDS analyses, the presence of some microm-
eter-sized agglomerates on the impregnated substrates was visible, as well as the homogene-

ous distribution of all elements.
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Figure 7.9: SEM images of the impregnated polymeric substrates (a) with pure TiO2 + PEG and (c) with 5-Fe:TiOz+
PEG. The corresponding EDS maps of Ti ((b),(d)) and Fe (e) are also visible.

Table 7.2 summarizes the EDS chemical analysis of the 5-Fe:TiOz and pure TiO2 nanopowders

impregnated on the porous substrates.

Table 7.2: EDS chemical analysis (at. %) of the 5-Fe:TiO2 nanopowder after impregnation on the porous substrate

(a). The atomic percentages of the different elements with the pure TiO2 water filter are also shown for comparison

(b).

(a) (b)
Elements At.% At %

C 32.8 20.6
Ti 26.8 14.0
@) 39.0 65.4
Fe 1.40 0

Total 100 100

The EDS Fe:Ti atomic ratio obtained was 0.05 (Table 7.2 (a)). This value is in line with
the ratio obtained by XPS (0.06).

7.2.2.2 Raman spectroscopy

Raman measurements were also carried out, as this technique allows to clearly distin-
guish between TiO: phases [35] and evaluate the purity of TiO2 and 5-Fe:TiO2 nanostructures

impregnated on polymeric substrates. The results obtained are shown in Figure 7.10.
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Figure 7.10: Raman spectra of the pristine polymeric substrate, pure TiOz and 5-Fe:TiO2 nanopowders impregnated

on the polymeric substrates. Vertical dash lines represent anatase TiOz.

The Raman spectrum of the pristine substrate is also shown for comparison, demon-
strating that there was no contribution associated with the substrate. In the impregnated sub-
strates, five bands corresponding to six active modes of the tetragonal anatase phase can be
observed in Figure 7.10, i.e., 144 cm~! (Eg), 198 cm~1 (Eg), 393 cm~! (Big), 515 e~ (Big + Aug),
and 636 cm~! (Eg) [9,36,37]. The Eg mode is ascribed to symmetric stretching vibration in octa-
hedral TiOs clusters, while the Biz mode is related to symmetric bending vibration in the same
clusters. The Aig mode is assigned to anti-symmetric bending vibration and it is reported that
the E; mode at 636 cm~! is attributed to the displacement of symmetric oxygen atoms in Ti-O
bonds in the x,y-plane [38,39]. No additional peaks related to iron or iron oxides were detected

in the 5-Fe:TiO2 substrate, which corroborates the XRD results.

7.2.2.3 Photocatalytic degradation of RhB under simulated solar light

Absorbance spectra were acquired to evaluate the photocatalytic activity of the im-
pregnated substrates in the degradation of RhB under solar radiation at RT (Figure 7.11). The
absorption peak intensity of RhB (occurring at 554 nm [40]) was measured at different irradi-
ation times to estimate the decrease of RhB content. The photodegradation rate of the RhB can

be calculated using the equation (3.3) in Chapter 3.
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Figure 7.11: RhB absorbance spectra under simulated solar light radiation (LED simulator with AM 1.5 spectrum)
up to 5 h for the polymeric substrates (a) without nanopowders, (b) with pure TiO2 and (c) with 5-Fe:TiO2 nanopow-
ders with the addition of PEG.

According to Figure 7.11 (a), without the catalyst on the surface of the polymeric sub-
strates, some removal of the dye was observed either in the absence or presence of light. As
reported in the product description, these polymeric membranes can also be used in aqueous
solutions as filters. They possess a high porosity percentage and thus act like hydrophilic
“sponges” that can easily capture the RhB dye molecules on the pore sites in some hours (63 %
of degradation was achieved in 5 h). This retention of RhB dye molecules was also clearly

observed (Figure 7.12) with the color change of the substrate before (from white) and after

® T
2 7 [ Time [min]:
c 1t =30
S o9f—o
Pristine 2 0.3-_22 Pure TiO,
T 07—
8 0.6F —120
2 ost—
8 A ——210
S
@]
0
o)
1 L L { 0 L 1 L 1 1
550 600 650 700 400 450 500 550 600 650
Wavelength (nm)
)
= 11
c 1 Time [min]:
S [ -30
s 09F —ao
-E o8l —30 57Fe:TiOZ
o —60
~— 0.7} T
O ogl —120
(8] —150
% 0.5F 15
04F —a2n0
'g 0.3F
pr:d 0.2}
O 01k
< —

photocatalysis (to fuchsia pink).

0 i 1 n 1 L 1 1 1 L 1 L
400 450 500 550 600 650 700

Wavelength (nm)

245

700



N®VN

NOVA SCHOOL OF
SCIENCE & TECHNOI\V.OGY

(@)

Figure 7.12: Water filters used in this study, (a) pristine, (b) impregnated substrate before photocatalysis and (c)

impregnated substrate after photocatalysis.

Nevertheless, since all experiments were conducted with the same substrate, this con-
tribution will be equal for all the materials studied [9]. In the presence of pure TiO: (Figure
7.11 (b)), a higher degradation percentage of 87 % was achieved for the same time exposure as
the substrate without catalyst. On the other hand, the addition of 5 mol. % of Fe drastically
improved the photocatalytic activity of TiO2. In 3.5 h, a RhB degradation of 85 % was obtained,
whereas for pure TiO;, the RhB degradation was 74 % for the same exposure time.

As mentioned before, various factors can influence photocatalytic activity, such as the
crystalline structure, morphology, porosity, particle size, iron content and the presence of sur-
face defects [41,42]. Regarding the contribution of particles’ shape and size to the enhanced
photocatalytic behavior observed, as assessed by the SEM images in Figure 7.2 and estimated
from the XRD results, all conditions resulted in spherical nanoparticles in the same size range
(around ~18 nm from SEM measurements). Since both size and shape are comparable, similar
contributions are expected for both materials, thus it does not justify the observed behavior
for the 5-Fe:TiO2 material.

Moreover, in terms of the TiO: phase present, it is well known that anatase TiO2 shows
superior photocatalytic activity than rutile or brookite [43,44]. It has been reported that anatase
exhibits a longer lifetime of photogenerated electrons and holes than rutile and brookite [45].
Additionally, the average effective mass of electrons and holes in anatase is smaller than that
of rutile and brookite, which favors a faster migration of photogenerated charge carriers from
the interior to the surface of anatase, thus reducing the recombination rate and improving the
photocatalytic activity [45]. As revealed by the XRD and Raman spectroscopy results, all syn-
thesized materials have the anatase TiO: phase, hence the photocatalytic degradation enhance-
ment of the 5-Fe:TiO2 substrate must be owed to the incorporation of iron ions into the TiO:

lattice.
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The enhanced photocatalytic behavior observed with the Fe addition may be ascribed
to the mechanism of the photocatalytic processes in 5-Fe:TiO: material. It is reported that there
are two energy levels: the reduction level, which is located below the TiO: conduction band
(Fe*/ Fe?) and another one, the oxidation level, above the TiO: valence band (Fe*/Fe*). First,
the formation of Fe?" species occurs due to the migration of photogenerated electrons from
TiO2 to Fe*. These Fe?* species are unstable, owing to the loss of the d° electronic configuration,
and easily oxidize to Fe® by transferring electrons to absorbed O: and forming reactive super-
oxide anions (07). Meanwhile, Fe* ions can act as a hole trap, since Fe*/Fe* energy level is
above the TiO:2 valence band and oxidize to Fe*. Fe* then reduces to Fe* by reacting with an
OH- group and hydroxyl radicals (¢OH) are formed. These hydroxyl radicals are powerful
oxidizing species that attack the chemical bonds of surface-adsorbed organic materials. There-
fore, Fe** ions can act as trap sites for the photogenerated electrons and holes, thus suppressing
the recombination of those photogenerated charges and ultimately enhancing the photocata-
lytic activity under visible light [12,46].

However, an important note should be taken regarding the amount of iron content that
plays an important role in photocatalytic activity [47]. Some studies report a reduction in pho-
tocatalytic activity when the dopant concentration increases. For example, the photodegrada-
tion rate of phenol decreases when La® concentration in TiO: is between 1.5 and 5 mol. % [48].
Similarly, the photocatalytic activity for the degradation of Acid Yellow 29 dye decreases
when the Ce® percursor exceeds 2 (w/v) % and the Nd* precursor is superior to 1.5 (w/v) %
in TiO2 [49]). In another study, no improvement in RhB degradation was observed with dopant
concentrations up to 10 at. % of Mo* and Cr®* in TiOz, compared to the undoped TiO: [50]. It
is stated that multiple trapping of charge carriers can take place, which in consequence in-
creases the electron-hole recombination. Thus, fewer charge carriers will be able to reach the
surface to degrade the pollutant. Moreover, an excessive concentration of dopant may accu-
mulate on the surface of the catalyst, reducing the penetration depth of light and consequently
the number of active sites [46]. Nevertheless, this excessive dopant trend does not seem to
occur in this study, since improved photocatalytic activity was demonstrated relative to pure
TiO2.

The generation of intermediate energy levels as a result of the presence of Fe ions was
also confirmed by XPS, which could have served as trapping centers for the photogenerated
carriers. As also revealed by XPS, the valence state of Fe ions is lower than that of lattice Ti

ions. Considering charge balance, oxygen vacancies are likely to exist in the 5-Fe:TiOz sample
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and are also expected to play important roles in enhanced photocatalysis, since they can act as
photoinduced charge traps and adsorption sites, thus contributing to increase the lifetime of
photogenerated charge carriers and resulting in an improvement of the photocatalytic perfor-
mance [51-53].

Comparing the curves in Figure 7.13 (a), it can also be confirmed that the photodegra-
dation was much faster with the 5-Fe:TiO: substrate. The reaction kinetics was also investi-
gated using the Langmuir-Hinshelwood kinetic model (equation (1.11), Chapter 1). According

to the Lambert-Beer law, the concentration is proportional to the absorbance; thus, it can be

assumed that In (ci) x In (Ai) [54], where C, is the initial concentration and C is the concen-
0 0

tration at a certain time.

Based on (equation (1.11), Chapter 1), the rate constants k,,, (min~?) can be determined

by plotting —In (2) or —In (Ai) versus time [54]. From the slope of the linear regressions, the

Co 0
rate constants can be obtained. The obtained kinetic parameters (rate constants, linear regres-
sion coefficients and half-life times) are summarized in Table 7.3. From Figure 7.13 (b) and
Table 7.3, it can be concluded that the photocatalytic dye degradation follows the first-order
kinetics for both pure TiO: and 5-Fe:TiO: samples, as the correlation constant (R?) for the fitted
lines is above 0.95 [55].

The obtained photodegradation apparent rate constants were found to be 0.007 min™*
and 0.01 min~?! for the substrates with pure TiO2 and 5-Fe:TiO: nanostructures, respectively.
The obtained k,p, values indicate that the RhB photodegradation with the 5-Fe:TiO2 material
was 1.5 times faster than pure TiO.. Half-life times were also calculated (see Table 7.3) and
they are defined by the time it takes for the concentration of a reactant to reach half of its initial
value [56], and can be determined by using equations (7.1) and (7.2).

¢ 2Ma"1—q
/2 ™ (ng=DkaplAo]ma~1

(7.1)

For n, =1 (pseudo-first order):

In (2)
kap

tl/Z,na: 1= (72)

where n, is the apparent or pseudo-reaction order [56,57].
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Figure 7.13: (a) RhB degradation ratio (C/Co) vs. exposure time for the impregnated substrates (with pure TiO2and
5-Fe:TiO2 photocatalysts) and the pristine (without catalyst) under simulated solar light. (b) Pseudo-first order ki-

netics for RhB photocatalytic degradation of the investigated impregnated substrates.

Table 7.3: Kinetic parameters (rate constants kap, linear regression coefficients R?, and half-life times t12) for RhB
photocatalytic degradation under solar radiation with the impregnated materials (with pure TiO2 and 5-Fe:TiO:

photocatalysts).

Kinetic parameters

kap (min~')  R2 t1/2 (min)
Pure TiO2 0.007 0.99 99
5-Fe:TiO2 0.01 0.98 69

As expected, the kinetic studies confirm that the 5-Fe:TiO: substrate exhibited the high-
est photocatalytic degradation of RhB, compared to the pure TiO: substrate under the same

experimental conditions, since it achieved the lowest half-life time.

7.2.2.4 Recyclability tests

Reusability tests of photocatalytic materials are of great importance to examine their
applicability in real wastewater treatments. To evaluate the possibility of reuse, the best pho-
tocatalyst, i.e. 5-Fe:TiO: photocatalyst on the porous substrate, was chosen for the experiments.
An the end of each cycle, the water filter was recovered, and the RhB solution was discarded.
Afterwards, the photocatalyst was dried in air and exposed to the next cycle with a fresh so-
lution of RhB. No washing steps were carried out between cycles. Five consecutive cycles of
RhB removal and photocatalytic degradation were performed under the same experimental

conditions and up to 210 min (3.5 h). In Figure 7.14 (a) and (b) a decrease in photocatalytic
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activity was observed. The reaction rate decreased with the number of uses from 0.01 min~tin

the first cycle, to 0.004 min~" in the fifth cycle.
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Figure 7.14: (a) Different cycles of RhB degradation ratio (C/Co) vs. exposure time for 5-Fe:TiO2 material on the
porous substrate, (b) pseudo-first-order kinetics for RhB photocatalytic degradation of the impregnated investi-
gated substrate (5-Fe:TiO2), (c) reusability of the 5-Fe:TiO2 substrate under 5 dye degradation cycles within 210 min
each and under solar radiation and (d) reusability of the pristine substrate under 3 dye removal cycles within 300

min each and under solar radiation.

The reusability results can also be seen in Figure 7.14 (c). The impregnated substrate lost
approximately 27 % of degradation efficiency after performing 5 repeated cycles since in the
first cycle a dye degradation of 85 % was achieved, while in the fifth cycle, it was 58 %. Despite
the considerable loss of efficiency after 3 cycles (of around 21 %), a much smaller efficiency
loss is observed during the next cycles. This loss could be attributed to the high adsorption
phenomenon of RhB, where RhB molecules remain adsorbed on the photocatalyst surface,
hindering the available pore sites of the substrate with the nanostructures for reaction [58,59].
The reusability tests of the pristine substrate also confirmed that a significant contribution to
this degradation efficiency loss comes from the substrate, with the adsorption of RhB mole-

cules (see Figure 7.14 (d)). This phenomenon is also occurring on the 5-Fe:TiO: substrate,
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decreasing its overall cycling efficiency. Moreover, the possibility of some nanoparticles de-
taching from the water filter to the solution after each cycle cannot be excluded, which may

reduce the performance in the subsequent cycle.

7.3 Summary

Pure TiO2 and TiO:z nanostructures with Fe were successfully synthesized by a fast sur-
factant-assisted microwave irradiation (1 h), without a calcination step, and impregnated by
drop-casting on porous water filters. The approach used in this study enabled the total cover-
ing of the porous substrates and the evaluation of their photocatalytic activity in the degrada-
tion of RhB under solar radiation. SEM confirmed the formation of fine particles with a sphere-
like appearance and films that uniformly coated the substrates. XRD revealed the presence of
pure TiO:z anatase in all nanostructures, which was further confirmed by Raman spectroscopy
on the impregnated substrates. The 5-Fe:TiO: substrate exhibited an enhanced RhB photodeg-
radation when compared to pure TiO:. The highest photodegradation under solar radiation
was 85 % with the 5-Fe:TiO: material after 3.5 h, compared to 74 % with pure TiO:. The pho-
todegradation rate of RhB dye with the 5-Fe:TiO: substrate was 1.5 times faster than pure TiO..
The XPS and UV-VIS results support that the presence of Fe ions led to the introduction of
new energy levels, as well as defects, such as oxygen vacancies, that played an important role
as traps for the photogenerated carriers, leading to a reduction in the recombination rate, fol-
lowed by a visible enhancement in the photocatalytic activity. In summary, this study demon-
strated that the synergy between the micro-porosity of the substrates and the surface-modified
Fe:TiO2 nanostructures enhanced the substrates photocatalytic properties. Flexible and eco-
friendly photocatalytic functionalized substrates were produced with the potential for

wastewater removal.
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The present study is under submission: Matias, M. L.; Gaspar D.; Carvalho, D.; Pimentel, A;
Pereira, L.; Machado, A. S. Reis; Rodrigues, J.; Monteiro, T.; Deuermeier, D.; Martins, R.; For-
tunato, E.; Nunes, D. Defect-Engineered Ca-TiO, Nanomaterials for Enhanced Adsorption and
Photocatalytic Degradation of Water Pollutants on Sustainable Cellulose Membranes. Ad-
vanced Sustainable Systems 2025, e00675. https://doi.org/10.1002/adsu.202500675.

8.1 Introduction

In this study, cellulose-based membranes embedded with Ca-modified TiO2 nano-
materials were synthesized using a rapid solvothermal-assisted microwave method (30 min).
Nanopowders containing 5 and 10 mol.% Ca in TiO:2 (designated as 5-Ca:TiO: and 10-Ca:TiO,
respectively) were produced, along with intrinsic TiO2 (designated as TiO:), for comparison.
The nanopowders' structural, optical, and electrical properties were analyzed using XRD,
STEM/EDS, BET analysis, XPS, UV-VIS absorption measurements, and conductivity tests. Ad-
ditionally, DFT computational calculations were performed to gain deeper insights into the
impact of calcium on the TiO: lattice.

The structural and morphological characterization of the membranes was conducted via
SEM/EDS. The effectiveness of these membranes in removing and degrading TC was evalu-
ated under both simulated solar light and natural sunlight. Scavenger experiments were car-
ried out to identify the ROS involved in the TC photocatalytic degradation process. Further-
more, the reusability of the best-performing photocatalytic membrane was assessed over five
consecutive cycles under simulated solar light.

The novelty of this work lies in harnessing cellulose, a biodegradable and abundantly
available biopolymer, as a robust support. Unlike previous studies by other authors that rely
on unsustainable methods and powdered photocatalysts, our approach utilizes eco-friendly
micro-sized cellulose derived from wood to create membranes with enhanced adsorptive and
photocatalytic properties. The integration of the nanostructures during membrane fabrication
is intended to minimize the risk of potential release into the environment and facilitate future
large-scale applications. Another highlight of this study is the fine-tuning of structural defects,

resulting from calcium addition and microwave irradiation.
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8.2 Results and discussion

8.2.1 Characterization of the TiO2 nanopowders

8.2.1.1 XRD

The diffractograms of the TiO2-based powders (Figure 8.1) show that the materials can
be fully ascribed to anatase, with the broadness of the diffraction maxima reflecting the nano-
crystalline nature. No impurity phases could be detected, indicating that the Ca? ions integrate
the TiO, structure. Given that oxygen has a much higher electronegativity than calcium (3.44
vs. 1 [1]), the substitution of oxygen for calcium is improbable. It is also unlikely for Ca?" to
occupy interstitial sites due to its significantly larger ionic radius than Ti** (1 vs. 0.61 A [2,3]).
Most likely calcium substitutes titanium [4], and the difference in radius justifies the structural
distortion summarized in Table 8.1. An increase in the amount of calcium had a negligible
effect on the lattice parameter a, while a marginal decrease of the ¢ value was observed, as
shown in Table 8.1. The corresponding shifts toward higher 26 values are observed for the

(004) and (101) planes of anatase for the 5-Ca:TiO, and 10-Ca:TiO, materials in Figure 8.1.
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Figure 8.1: XRD diffractograms of the synthesized nanopowders (TiO2, 5-Ca:TiO2 and 10-Ca:TiOz). The simulated

cards for TiO2 anatase and silicon (intern XRD pattern represented by *) are also shown.

Table 8.1: Estimated lattice parameters of the nanomaterials (TiO2, 5-Ca:TiOz, 10-Ca:TiOz).

Lattice parameters (A)

a=b c a/c ratio
TiO2 3.779 9502  0.3977
5-Ca:TiO2 3.780 9.492  0.3982
10-Ca:TiO2  3.781 9.492  0.3983

In most cases, substituting a smaller ion for a larger one causes a lattice expansion,
while the opposite shrinks it [5,6]. However, factors beyond the cationic size can govern the
lattice expansion or shrinkage [7]. For instance, Vaisakhan et al. studied the influence of alio-
valent cation substitution on the structural and electrical properties of Gd2(Zr1xMx)207-s (M =
Sc3* and Y**; x =0, 0.1,0.2, 0.3, 0.4). The reported ionic radii of Gd3*, Zr**, Sc** and Y3* in an
eight-coordinated fluorite-type lattice are 1.053 A, 0.84 A, 0.87 A, and 1.019 A, respectively [6].
Although both Sc** and Y** possess larger radii than Zr**, Sc** substitution reduced the lattice

parameter, causing the lattice to contract, whereas substitution with Y®* increased it and
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resulted in a lattice expansion [6]. In the first case, this effect was attributed to Schottky defects
in the anionic sublattice resulting from aliovalent substitution. The replacement of tetravalent
Zr with trivalent Sc was suggested to create oxygen vacancies in the lattice to maintain elec-
trostatic balance [6]. A similar explanation was proposed in another study on tungsten bronze
ceramics (SrsSmTiz,,xNbs_»,030_y), where lattice contraction was attributed to an increased
deficiency of oxygen [8]. Other factors may contribute to shifts such as stacking faults, point
and extended defects, stresses or strain [9]. Another explanation is phase transformation or
the formation of secondary phases [10,11] like CaO or CaTiOs; however, additional phases

were not identified in the present XRD results.
8.2.1.2 Electron microscopy

8.2.1.2.1 STEM

STEM observations showed that calcium introduction has a significant impact on the
shape, size and local crystal structure of the TiOz nanocrystals. Microwave synthesis in the
absence of calcium resulted in the formation of nanocrystals with quasi-equiaxed and square
shapes as well as rod-like morphologies with rounded edges, as illustrated in Figure 8.2 (a)
and (b). The nanoparticles exhibited well-defined steps and atomically flat facets as indicated
by the arrows in Figure 8.2 (c), a feature previously reported for microwave-assisted synthesis
of TiO2 nanoparticles [12]. The average particle size was 12.6 + 4.3 nm. The size heterogeneity
reflected in the histogram of Figure 8.2 (b) resulted from the presence of a relatively small
population of rods, whose average diameter and length were 11.9 + 3.1 nm and 19.0 £ 6.2 nm,
respectively. All particles consisted of well-crystallized anatase (Figure 8.2 (c) and (d)). The
fast growth direction of the anatase rod-like structures is one of the <110> directions, as re-
ported earlier [13]. This overruling of symmetry attests to the influence of kinetics during the
growth process in microwave-assisted synthesis due to the high-temperature gradients across

the hot spots [14,15].
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Figure 8.2: (a) ABF-STEM and (b) HAADF-STEM images of quasi-equiaxed and rod-like TiO2 nanocrystals synthe-
sized in the absence of Ca. The inset in (b) shows the nanoparticles’ size distribution. (c) The quasi-equiaxed parti-
cles evidenced atomically flat facets and surface steps (arrows). (d) Magnified detail of the rod-like nanocrystal
demonstrating that the fast growth direction of these morphologies is one of the <110> directions. The FFT image

of the image is presented in the inset.

Adding 5 mol. % of Ca (Figure 8.3) induced a slight decrease in the average size of the
nanocrystals (10.5 £ 3.1 nm). Square-shaped and rod-like particles (10.6 + 2.2 nm and 15.0 +
1.7 nm in diameter and length, respectively) were also observed for this condition. The pres-
ence of Ca atoms was not detected from contrast differences in HAADF STEM images due to
the close atomic numbers of Ca and Ti. Nevertheless, lattice distortions and surface defects
were detected in these particles (see arrows in Figure 8.3 (c) and (d) and the lines in (f)). In
addition, the presence of Ti vacancies along the atomic columns could be inferred from the
noticeable lower contrast (see arrow in Figure 8.3 (f)). Structural defects are known to occur in
metal oxides synthesized under microwave irradiation [16-21] with significant enhancement
in the presence of dopant/impurity elements [22]. Microwave irradiation activates non-ther-
mal microwave-field-induced diffusion processes at the surfaces [16,23-25]. This interaction

enhances mass transfer within the crystal, causing structural defects and impurity
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accumulation near boundaries [16,23,26]. Rosa et al. demonstrated that adding different con-
centrations of Ca to ZrO: led to the formation of surface steps and lattice distortions and dis-
arrangements in the ZrO: nanocrystals [16]. A similar behaviour may justify the distortions
and defects observed in the 5-Ca:TiO: nanomaterial. Figure 8.3 (f) shows that the investigated
nanocrystal exhibits both ordered and disordered atomic columns, with lattice spacings vary-
ing by approximately 10 %. The lattice disarrangements observed in Figure 8.3 (f) are con-
sistent with the XRD results (Table 8.1) that suggested lattice distortion in the anatase lattice
induced by Ca? ions. A similar effect, with lattice distortion, was also observed with the in-
sertion of chloride ions into TiO2, which prevented the recombination of electron-hole pairs
and increased the photocatalytic activity of the material under visible light [27]. By adding Hf
into anatase, lattice distortions were also imaged, confirming that Hf** substitutes in the Ti*
sites. This substitution resulted in a more open crystal structure, which was achieved via the

difference in ionic radius [28].
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Figure 8.3: (a) ABF-STEM and (b) HAADF-STEM images of TiO2 nanocrystals synthesized with 5 mol. % of Ca. (c)
and (d) Magnified details where the solid arrows point to surface defects. (e) Nanoparticle size distribution for the
5-Ca:TiO2 nanopowder. (f) Magnified detail of (d) and corresponding FFT (inset in (e)). The dashed arrow in (f)

points to a lower contrast region likely resulting from the presence of Ti vacancies across the atomic columns.
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With an increase in Ca concentration to 10 mol. %, a slight reduction in nanocrystal size
was observed, with an average particle size of 9.7 + 3.0 nm. Additionally, the particles’ mor-
phology tended to become more rounded and irregular, without atomically flat facets. More-
over, a notable increase in surface defects compared to the 5-Ca:TiO: nanomaterial was ob-
served (see Figure 8.4 and arrows in Figure 8.5 and Figure 8.6).Various types of structural
defects were identified in this material. For instance, Figure 8.4 presents a stacking fault, a 1D

crystallographic defect.

Figure 8.4: A 10-Ca:TiO2 nanocrystal with a stacking fault.

Furthermore, in the inset of Figure 8.5 (b), a clear and coherent interface with different crys-
tallographic orientations is evident. This type of grain boundary (2D defect) becomes increas-
ingly prevalent with higher Ca concentrations, favoring a non-epitaxial growth between the
adjacent grains. The Ti atom columns within the inner structure of the nanocrystal (denoted
as region A) were identified by the characteristic dumbbell-like arrangement with lattice spac-
ings of 3.8 A and 2.4 A. These values correspond precisely to the (200) and (004) crystallo-
graphic planes of anatase, respectively, defining a [010] zone axis. In the surface, designated
as B, the FFT pattern obtained along the [001] zone axis (right inset in Figure 8.5 (d)) exhibited
a deviation from the expected 90° angle between the (200) and (020) planes of pure anatase.
Such a deviation is associated with the lattice disarrangements induced by Ca? ions, as ob-
served for the 5-Ca:TiO2 nanomaterial, which is in line with a previous study on doped ZrO:

[16]. During synthesis, dopants can influence the nucleation and growth mechanisms of
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materials, either by inhibiting or promoting specific crystallographic orientations. This process

can lead to the development of irregular surface structures, including steps and kinks [29-32].

SE-STEM — '_ABF-STEM

8 10 12 14 18 18
Diameter (nm)

HAADF-STEM —amr—

Figure 8.5: (a) SE-STEM, (b) ABF-STEM, and (c) HAADF-STEM images of a synthesized TiO2 nanocrystal with
10 mol. % of Ca. The arrows point to the surface defects observed within the nanocrystal. (d) The defective area of
the nanocrystal was further investigated using atomic-resolution ABF-STEM (inset in (b)) and HAADF-STEM im-
ages (d), where it is clear the grain boundary defect. The FFT images of both areas (A and B) are presented in the
insets of (d). The nanocrystals’ size distribution was also estimated for the 10-Ca:TiO2 nanopowder and is presented
in (d).
Another 10-Ca:TiOz nanocrystal was further investigated, as shown in Figure 8.6. The exten-
sive presence of surface defects can be observed in Figure 8.6 (a), (b) and (e). Grain boundaries
were also observed in both inner and surface regions, however, in this specific nanocrystal,
voids were also observed in the defective area (Figure 8.6 (e)). EDS analysis was also per-
formed to evaluate the distribution of Ca within the 10-Ca:TiOz nanocrystals. From Figure 8.6
(h), it can be seen that Ca is uniformly distributed alongside Ti and O. Additionally, no impu-
rities were detected in the EDS measurements.

It is known that structural defects are fundamental to the reactivity of ionic solids, as

the defect-induced disorder within the surface layer primarily governs their chemical reactiv-

ity [33]. It has also been demonstrated that a high density of surface steps significantly
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enhances molecular adsorption and lowers the energy barriers for chemical reactions [34]. Nu-
merous studies have explored the influence of structural defects on the adsorption properties
and photocatalytic performance of TiO2 nanomaterials [12,35,36]. Fu et al. demonstrated that
the synergy between bulk and surface defects on TiO: can effectively address its rapid charge
recombination and limited O: adsorption capacity [37]. Bulk defects can act as hole acceptors,
facilitating directional hole transfer and significantly improving electron-hole separation [37].
Simultaneously, surface defects enhance adsorption, further contributing to the material's
overall photocatalytic performance. In Ref. [38], the authors synthesized both rutile and ana-
tase TiO:z phases using a hydrothermal method and controlled defect formation through calci-
nation. The study revealed that bulk defects in TiO: tend to confine photogenerated holes,
making them unavailable for reactions. As a result, these trapped holes may act as recombina-
tion centers for photogenerated charges, thereby reducing photocatalytic efficiency. In con-
trast, surface defects can trap photogenerated holes, promoting charge separation and conse-
quently enhancing photocatalytic activity. Liu et al. [39] showed that TiO2 nanosheets with
predominant surface defects have significantly higher activity in photocatalytic water reduc-
tion to hydrogen compared to those with dominant bulk defects. This enhanced activity is
attributed to surface defects that can trap electrons at the surface and facilitate the adsorption
and activation of water molecules. It was shown that TiOz-x particles with surface and bulk
defects with more grain boundary oxygen vacancies exhibited an improved charge separation,
leading to a remarkable degradation efficiency of gaseous isopropanol [40]. Han et al. [41] at-
tributed the enhancement in photocatalytic activity of TiO2 Degussa P25 to the structural mod-
ification of this material under microwave irradiation with the formation of surface defects,
such as Ti** and Ti-OH, and the reaggregation of the anatase/rutile phases. An analogous study
with TiO: anatase nanocrystals synthesized under microwave irradiation revealed the pres-
ence of surface steps within the high-index {012}/{102} facets and bulk defects (absence of Ti
atoms) [12]. The surface defects contributed to the significant TC adsorption capacity of the
nanomaterial (about 58 % in 240 min) and the removal of ~90 % after 30 min of simulated solar
light exposure.

In the present study, the addition of 10 mol. % of Ca led to the extensive formation of
point and 2D defects, accompanied by 1D defects, lattice disarrangements and voids. This in-
dicates that increasing the Ca concentration significantly influenced the formation of structural
defects, with a higher density of surface defects observed at higher Ca concentrations. There-

fore, this is expected to increase reactivity, with surface defects acting as adsorption sites for
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the reaction, facilitating charge transfer and enhancing charge separation within the photo-
catalyst, thereby improving its catalytic performance [39,42]. Bulk defects also play a role in
the overall photocatalytic activity since they typically act as recombination sites for photogen-
erated electron—hole pairs and hinder the diffusion of charge carriers, which can result in re-
duced photocatalytic activity [42].

To the best of the authors” knowledge, this study is the first to provide direct imaging
evidence of the correlation between Ca concentration and the formation of structural defects,
including point defects (vacancies), 1D defects (stacking faults), 2D defects (grain boundaries),
and 3D defects (voids), ultimately resulting in the formation of highly distorted anatase nano-
crystals. Hence, it was hypothesized that the synergistic effect of microwave irradiation and

Ca incorporation significantly contributes to the pronounced formation of both surface and

bulk defects.
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(b) HAADF-STEM

Figure 8.6: (a) ABF-STEM and (b) HAADF-STEM images of a defective 10-Ca:TiOz2nanocrystal. The defective nano-
crystal presents voids (c) and grain boundary defects (d). The FFT images of the investigated areas are presented
in the insets of (c) and (d). (e) SE-STEM image of the defective nanocrystal with arrows pointing to the surface

defects, together with its EDS maps of oxygen (f), titanium (g) and calcium (h).
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8.2.1.3 Specific surface area

The nanopowders were further investigated by BET measurements. Figure 8.7 shows
the isotherm curve obtained for the 10-Ca:TiOz material. The hysteresis loop observed corre-
sponds to a type IV isotherm, as classified by the International Union of Pure and Applied
Chemistry (IUPAC), indicating the presence of a mesoporous structure with pore sizes rang-
ing from 2 to 50 nm [43,44]. The same type of isotherm was observed for the other synthesized

nanopowders (data not shown).

© 350 F ~7Of siope=2048¢g"

| ‘9 6.5} Intercept=0.62g"'

-~ — 6.0} R?=0.99

™ 300 f) [ C constant = 34.04
E L BET surface area =

[ 165.1 m%g

200t = 35 o Experimental data
[ Fitting curve
150 B -8.10 0.15 0.20 0.25 0.30

Relative pressure (p/p,)
100 ’

—o— Adsorption
—a— Desorption

N
o
—

02 04 06 08 1
pip,

o

Quantity adsorbed (
o

Figure 8.7: N2 adsorption/desorption isotherm (quantity adsorbed vs. p/po) at standard temperature and pressure
(STP)) for the 10-Ca:TiO2. The inset shows the fitting curve of the BET surface area for the 10-Ca:TiO2 material.

Based on these results, it was possible to calculate the surface area by the BET equation
[45]. The BET surface areas of TiO2 and Ca:TiO2 nanopowders are shown in Table 8.2 and also
in the inset of Figure 8.7 (only for the 10-Ca:TiO2 nanopowder). Table 8.2 shows an increase in
the specific surface area with higher calcium content, suggesting that the defective regions
(extensive presence of surface defects and bulk defects, i.e. voids in the case of the 10-Ca:TiO2
material) and the smaller particle size may contribute to this increase. The 10-Ca:TiO2 material
is thus anticipated to provide a wider contact surface for the adsorption of pollutant mole-

cules, thereby accelerating the removal process of pollutants [46—48].
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Table 8.2: Specific surface areas for the synthesized nanomaterials estimated by the BET method.

Specific surface area (m?.g™1)

TiO2 134.4
5-Ca:TiOz 137.6
10-Ca:TiO2 165.1

8.21.4 XPS

To understand the effect of the addition of calcium in TiO2, XPS measurements were
conducted for TiO: and 10-Ca:TiO: nanopowders. Although the survey spectrum for 10-
Ca:TiO, was not recorded, Figure A.11 confirms the presence of Ti and O in the TiO, material.
Additionally, Ca was detected in the 7 mol. % Ca:TiO, nanopowder (7-Ca:TiO.). The observed
C 1s peak is attributed to adventitious carbon adsorbed on the TiO, surface [49]. The 10-
Ca:TiO, material is expected to exhibit a spectrum comparable to that of 7-Ca:TiO.. The bind-
ing energy varies from 286 eV in the case of 10-Ca:TiO: to 287.8 eV for TiO.. While 286 eV is
an average value for oxide [50], 287.8 eV is a clear indication of charge accumulation during
the measurement. Consequently, the Ti 2p and O 1s binding energies of TiOzspectra are also
significantly higher than the ones of 10-Ca:TiO: (Figure 8.8 (a) and (c)). A similar shift of 0.35
eV to higher binding energies was also reported for 3 at. % Sb-doped SnO: compared to un-
doped SnO: and it was attributed to the occupation of conduction-band states in degenerately
doped SnO: [51]. The presence of structural surface defects may have also affected the binding
energies of the nanopowder with calcium. For instance, Mahatha et al. [52] reported a similar
shift of Mo 3d and S 2p core levels between different regions on molybdenum disulfide (MoSz)
(0001). In this case, the binding energy shift was attributed to band bending effects due to
surface defects, such as steps. Upon the overlap of the Ti 2p spectrum of TiO: with the one of
10-Ca:TiOy, it becomes visible that the peak shapes and peak separation are identical (Figure
8.8 (b)) [27,53]. The overlapped O 1s emissions of the two samples (Figure 8.8 (d)) reveal a
slight increase in the shoulder at 533 eV. This might be attributed to the additional adsorption
of hydroxyl groups at the surface of the metal oxide, possibly indicating a higher chemical
reactivity of the surface [54]. It was reported that more negative surface charges lead to more
efficient adsorption of pollutant molecules by the metal oxide through the formation of hydro-
gen bonds [54-56]. The presence of oxygen vacancies can not be directly inferred from the XPS
results, as the analysis of materials exposed to the atmosphere is generally influenced by hy-

drocarbons and moisture at the surface [57].
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Figure 8.8: (a) Ti 2p XPS high-resolution spectra of TiO2 and 10-Ca:TiO2 nanopowders. (b) The TiO: curve in (a) was
shifted to overlap with the 10-Ca:TiOz curve in (a), due to charging effects in the TiO2 material. (c) O 1s XPS high-
resolution spectra of TiO2 and 10-Ca:TiO2 nanopowders. (d) The TiOz curve in (c) was shifted to overlap with the
10-Ca:TiO2 curve in (c), due to charging effects in theTiO2 material.

For a better understanding of TiO2 doping by Ca, XPS of the valence band region of the
10-Ca:TiO2 nanopowder was obtained, as displayed in Figure 8.10. The results for TiO. were
not presented due to its low conductivity. Nevertheless, studies have shown that the valence
band maximum values for intrinsic TiO: anatase range between 2.94-3.23 eV (measured as the
energy difference between the Fermi level (Er) and the valence band maximum) [49,58]. For
10-Ca:TiO,, this energy difference was found to be 3.6 eV. This suggests the presence of a
downward band bending at the surface (as visible in Figure 8.9) and an associated accumula-
tion layer of electrons or an increased bulk electron concentration due to doping of this n-type

material [59-61].
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Increasing bulk electron concentration

Figure 8.9: Schematic representation of a downward band bending, Vb, in an n-type semiconductor, as the Fermi
energy level (Er) moves up towards the charge neutrality level (CNL) (a)—(c). As the electron concentration increases
on the bulk material, a reduction in the density of unoccupied surface states is observed until the bulk and surface
Fermi levels stabilize at the CNL (c). VBM and CBM represent the valence band maximum and conduction band

minimum levels, respectively. The surface is represented by the vertical black line. Reproduced from Ref. [62].

Similarly to [63], it can also be deduced from Figure 8.10 that the Fermi-level position of the
10-Ca:TiO2 material is probably above the conduction band minimum by 0.47 eV since the
estimated band gap for TiO: anatase is 3.13 eV (see section 8.2.1.7) and the obtained energy
difference between Er and the valence band maximum is 3.6 eV. Doping is expected to modify
the electrical properties of TiO2 [53]. In fact, it has been demonstrated that Vo content is in-
creased when a lower-valence cation (e.g. Ca?") replaces Ti*, preventing Ti** formation. In con-
trast, higher-valence cation doping stabilizes Ti** without generating Vo, as Ti* sites are occu-
pied by higher-valence cations, suppressing vacancy formation [64]. The formation of oxygen
vacancies will increase the electronic conductivity of TiO:2 [28,65]. Therefore, the 10-Ca:TiO:

nanopowder should exhibit a higher electron conductivity [64,66].
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Figure 8.10: XPS valence band spectrum of the 10-Ca:TiO2 nanopowder.

8.2.1.5 Conductivity measurements

The conductive nature of both TiO: and 10-Ca:TiO: nanopowders was further probed
by recording the current (I)-V curves from —10 to 10 V (Figure 8.11). Both materials displayed
a linear I-V behaviour, indicating ohmic contact between the electrodes and the nanoparticles,
characteristic of semiconducting materials [67,68]. However, it can be observed from the semi-
logarithmic graph in the inset of Figure 8.11 that calcium strongly influenced the electrical
properties of TiOz, showing an increase in the current of around 2 orders of magnitude for the
whole range of voltages, compared to TiO:. This is in line with the degenerate Fermi level
position in 10-Ca:TiO: found by XPS, which implies a high carrier concentration. Lin et al. re-
cently reported an improvement in the electric conductivity in 1D Na-TiO2(B) nanobelts with
a high lattice distortion of 2 orders of magnitude higher than that of pristine TiO2 (B), which
was attributed to the increased content of Vothat could promote a high electron concentration
[69]. Al-Salim et al. also reported that in TiO: films doped with Ca*, the Ca?* ions promoted
the formation of Voor interstitial Ti3*. This, in turn, contributed to a reduction in the recombi-
nation rate of charge carriers [70]. This explanation suggests the enhancement of the photo-
catalytic and photoelectrochemical performances [71], and it remains the most plausible ex-
planation for the high conductivity [4]. Indeed, the dopant characteristics (such as radii, elec-
tronegativity, atomic number, and energy level of the valence shell) strongly influence the

electrical conductivity and resistivity [72].
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Figure 8.11: I-V curves of TiO2 and 10-Ca:TiO2 nanomaterials between —10 to 10 V. The corresponding I-V curves

plotted on a semi-logarithmic scale can be seen in the inset.

8.2.1.6 DFT calculations

The anatase phase of TiOz has D symmetry and all atoms of the same chemical ele-
ment are equivalent to each other. The calculated lattice parameters are a = b = 3.77 A and
¢ = 9.56 A, which deviate from the experimental values by 0.1% and 0.6 %, respectively. The
calculated band gap of the pristine material is 3.07 eV, in line with the one found in Ref. [73]
using a very similar level of theory, and agreeing with our measured band gap.

Concerning Ca-related defects in this material, it has been suggested in previous works
that Ca atoms favour a Ti-substitutional position. For example, in the calculations in Ref. [58],
it was assumed that interstitial Ca (Caint) or O-substitutional Ca (Cao) cannot occur due to the
relatively large radius of Ca atoms, so only Ti-substitutional Ca (Cari) was considered. In turn,
after the experimental measurements in Ref. [4], the authors of this study suggested that the
conductivity of anatase TiO2 can be increased by increasing the Ca substitution into Ti. In the
present work, we modelled the three possibilities mentioned above, Caint, Cao and Car, by
adding a Ca atom in the corresponding location, relaxing the atomic positions, and calculating

their respective formation energies, E¢yrm, given by

Eform = Edefect - Epristine + Eremoved - Eadded- (8-1)

Here, Egefect and Epristine are the total energies of a supercell of defective and pristine TiOs,
respectively, whereas Eremoveq and Eaqgeq cOrrespond to the energies of the atoms removed or
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added to form the defect, respectively. With this definition, defects with lower formation en-
ergies are more stable and more easily created in the material. We considered O-rich condi-
tions, so that the energy of an O atom is half the energy of an O:2 molecule, and the energy of
a Ti atom is E(Ti) = E(TiO,) — E(0,), the difference between the energy per formula unit of a
TiO2 unit cell and an O2 molecule. The energy of a Ca atom is the energy per atom of a face-
centred cubic Ca unit cell.

Table 8.3 contains the calculated formation energies and local symmetries of Caint, Cao
and Cari, which shows that there is a clear preference for Ca atoms to occupy Ti-substitutional
sites when incorporated into anatase TiOz. The Ca atom takes up more space in the lattice than
a Ti one. Indeed, the average Ti-O bond length is 1.95 A, while for Ca-O itis 2.17 A, which is
11 % longer.

Table 8.3: Calculated formation energies and local symmetries of interstitial calcium (Caint), 0Xygen-substitutional

calcium (Cao) and titanium-substitutional calcium (Cari) defects in anatase TiOx.

Defect Etorm (eV) Symmetry

None - Din
Caint -0.58 Cov
Cao -0.11 Cov
Cari -3.19 D2d

In Ref. [58], a non-hybrid DFT method was used to predict that the introduction of
substitutional Ca in anatase TiO: slightly increases the band gap energy of the material but
does not add any localized states due to Ca within the band gap. Here, we calculated the band
energies at the I' point of bulk TiO2 and Cari-defective TiO2, which are shown in Figure 8.12.
The calculated band gap of pristine anatase TiO2 is 3.07 eV, in agreement with the calculations
in Ref. [73] and the value estimated by the absorption measurements presented in section
8.2.1.7. This value increases marginally by 0.02 eV with the introduction of a Cari defect, an
effect predicted in the work in Ref. [58]. However, our band gap value is significantly more
accurate due to the more refined method of calculation. The minimal difference of 0.02 eV is
below the accuracy of DFT calculations, often considered to be around 50 meV. Nevertheless,
we can state that the band gap remains practically unchanged in the presence of Car;, and that
this defect alone does not add energy states inside the TiO2 band gap. The increased conduc-

tivity of Ca-modified TiO: cannot be explained by substitutional Ca alone.
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Figure 8.12: Band energies at the I' point of anatase TiOz bulk (leftmost diagram), with Car (middle diagram), or

with an oxygen vacancy (rightmost diagram). Blue (red) lines denote occupied (unoccupied) levels.

Oxygen vacancies famously promote an increase in n-type conductivity in materials.
In a previous DFT work [74], it was predicted that Vo defects in anatase TiO: have a high
formation energy, above 4 eV. In fact, we calculated the formation energy of Vo and obtained
4.20 eV. However, the calculations of Ref. [74] also showed that, when the material was doped
with Ti-substitutional cations (Y, Zr, Nb, Mo, Ag, Sn, Au or Ce) the formation energy was
reduced by almost 5 eV. This motivated our investigation of the formation of O vacancies in
the vicinity of a substitutional Ca atom (Vo-Carm) in the anatase TiO2 model, which yielded a
formation energy of —1.71 eV, that is, a decrease of almost 6 eV with respect to the 4.20 eV
found on the intrinsic material. The resulting relaxed structure is shown in Figure 8.13, where
it can be seen that both the Ca atom and a nearby O atom are attracted towards the vacancy.
In fact, this nearby O atom is closer to the vacant site than to its initial position. Figure 8.12
reveals that an oxygen vacancy within the anatase TiO2 model alters the band structure of the
latter by adding an electronic state of just 0.27 eV below the conduction band bottom, which

can lead to an increase in the conductivity. This was observed both with Vo and with Vo-Cari.
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Figure 8.13: Side view, along the b lattice vector, of the relaxed structure of an O vacancy in the vicinity of a substi-
tutional Ca atom. The spheres represent atoms of titanium (grey), oxygen (red) or calcium (green). The dotted circle
is the location of the oxygen vacancy, and the blue arrows connect the initial positions of the Ca atom and a nearby

O atom to their final positions.

Lastly, let us look into the effect of the occurrence of Carti or Vo defects on the lattice
parameters of anatase TiOz, with the aid of Table 8.4. The values in this Table indicate that the
presence of substitutional Ca increases both the a and c lattice parameters relative to intrinsic
TiOz, while O vacancies have the opposite effect. The composite defect, Vo-Car;, leaves a un-
changed but causes c to increase, albeit by less than 1 % (see Table 8.4). Both experimental and
calculated results indicate that the two lattice parameters change by less than 0.1 A and by less

than 1 % with the inclusion of Ca in the lattice.

Table 8.4: Calculated lattice parameters of anatase TiO2 models, both pristine and defective.

System a=b(A) c (A)
Bulk TiO> 3.77 9.56
Cari 3.79 9.63
Vo 3.76 9.55
Vo-Cari 3.77 9.62
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8.2.1.7 UV-VIS absorption measurements

Figure 8.14 presents the RT UV-VIS normalized absorption spectra of the produced
nanopowders from 250 to 800 nm. To better compare the different materials, the inset in Figure
8.14 presents a magnification between 320 to 450 nm. Even though all nanopowders have the
same absorption maxima related to the excitation of electrons from the valence band to the
conduction band in the UV region ~312 nm (3.97 eV) [75], a slight difference in the absorption
onset is visible on the inset. The introduction of dopant results in a slight blue shift. The optical
band gap of the materials was estimated from the onset of absorption, and values of 3.13 eV,
3.10 eV and 3.07 eV were obtained for the 10-Ca:TiOz, 5-Ca:TiOz and TiO, respectively. These
were compared to the values obtained using the Tauc method, which provided 3.13 eV, 3.11
eV, and 3.07 eV for the same materials. As expected, the values are close considering the ob-
served step absorption indicated by the arrow in the inset. Moreover, a minor increase in the
optical band gap is observed with higher calcium concentrations. However, it is important to
note that the true band gap values remain uncertain due to estimation errors [76,77]. The minor
blue shift can be due either to the differences in the density of surface states that are responsi-
ble for changes in the tail of states or to the presence of defect levels near the band edges
[78,79]. Indeed, as estimated by the DFT calculations, the introduction of Ca can promote the
formation of a higher number of Vo, which subsequently creates energy levels near the bottom
of the conduction band. This hypothesis was further corroborated by the experimental results,

as an increase in conductivity was observed with the Ca introduction.
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Figure 8.14: UV-VIS normalized absorption spectra of TiOz, 5-Ca:TiOz and 10-Ca:TiO2 nanopowders between 250-
800 nm. The inset represents a magnification between 320-450 nm. The arrow points to the slight deviation that is

observed between the nanopowders.

8.2.2 Characterization of the membranes

The 10 mol. % Ca nanopowder exhibited a higher specific surface area and a predomi-
nance of structural defects due to the increased Ca concentration. For that reason, it was se-
lected for incorporation into cellulose matrices to produce sustainable adsorptive and photo-
catalytic membranes activated by solar radiation. For comparison, cellulose membranes were

also prepared with TiO, but without calcium.
8.2.2.1 Electron microscopy

8.2.2.1.1 SEM/EDS

Figure 8.15 presents the surface morphology of the nanocellulose membranes (pristine
(a), with TiOz2 (b) and 10-Ca:TiO2 (c) nanopowders). As seen in the low magnification image,
the pristine membrane (Figure 8.15 (a)) exhibits a highly compact surface structure, without
pores, due to the small fibril dimension with a diameter of tens of micrometers in length, and
nanometer range (~50 nm) in width, as previously reported [80,81]. The network of fibrils is
also randomly oriented, as observed in an analogous study [82]. It was also reported that the
small fibril size leads to a large surface area [81], which may increase the number of contact

sites for a good dispersion of nanoparticles. Some irregularities at the surface are also
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perceptible due to the entanglement of fibers forming lumps (in the order of nanometers [83]),
which are randomly distributed throughout the membrane (Figure 8.15 (a)). After incorporat-
ing TiO2 nanoparticles into the solution for membrane preparation, no visible damage to the
fibers was observed, and the anatomical characteristics of the cellulose fibers, including their
lengths, were maintained (Figure 8.15 (b)). However, the surface became rougher (Figure 8.15
(b)) compared with the pristine (Figure 8.15 (a)). The nanoparticles are also clearly perceptible
at the surface and appear to be well distributed. The same morphological characteristics are

preserved with the addition of the 10-Ca:TiO2 nanopowder (Figure 8.15 (c)).

Figure 8.15: SEM images of the cellulose membranes: (a) pristine membrane, (b) membrane with TiOz and, (c) mem-
brane with 10-Ca:TiOx.

EDS analyses of the membranes were also performed (Figure 8.16). The pristine mem-
brane was mainly composed of C and O. The analyses also revealed that Ti was uniformly
distributed throughout the surface (for TiO2and 10-Ca:TiO2 membranes), and present within
the agglomerates. For the 10-Ca:TiO: membrane, Ca was also evident with the dark purple

spots (Figure 8.16 (1)), composing the randomly distributed agglomerates at the surface.
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Figure 8.16: EDS maps of the pristine cellulose membrane, TiO2 and 10-Ca:TiO2 membranes. EDS maps show the
corresponding elemental mapping images of carbon ((b), (e), (i)) — represented in red; oxygen ((c), (f), (j)) — blue;

titanium ((g), (k)) — yellow; and calcium (l) — purple.

Figure 8.17 presents SEM cross-section images of the membranes. The pristine mem-
brane exhibits a dense and compact structure, characterized by the closely packed fiber ar-
rangement typical of nanopaper membranes [84,85]. The addition of nanopowders results in
a noticeable change in morphology, characterized by a more open structure and the formation
of channels within the membrane. As shown in Figure 8.17, both TiOz and 10-Ca:TiO2 mem-
branes exhibit an expressive increase in surface roughness. This higher roughness is highly
desirable for the removal of pollutants as these surfaces are more susceptible to fouling than
membranes with smoother textures (more attachment sites for pollutant molecules) [86]. The
average thicknesses of the membranes were also determined, with values of 44.6 + 4.6 um,
36.2 £1.3 um; 33.2 £ 4.5 um for the pristine, TiO2 and 10-Ca:TiO2 membranes, respectively (n =
5). The significant morphological changes resulting from the addition of nanopowders can
explain the observed variations in membrane thicknesses. Furthermore, from EDS measure-
ments, it was confirmed that the nanoparticles of TiO2 and 10-Ca:TiO: formed agglomerates
completely embedded within the cellulose fiber matrix (Figure 8.17 (g), (k), (I) and see the
arrows indication in Figure 8.17 (c), (k) and (I)). Additionally, it is evident that the TiO: ag-
glomerates were not confined to the surface but well distributed throughout the membrane
structure. In agreement with the previously obtained EDS results (Figure 8.16), no impurities

were detected in the membranes (Figure 8.17 (d)-(1)).
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Figure 8.17: (a)-(c) SEM flat cross-section images of the pristine, TiO2 and 10-Ca:TiO2 membranes. The arrows indi-
cate the presence of agglomerates embedded within the membranes. (d)-(I) The respective EDS maps of TiO2 and
10-Ca:TiO2 membranes are also visible. EDS maps show the corresponding elemental mapping images of carbon

((e), (1)) — represented in red; oxygen ((f), (j)) — blue; titanium ((g), (k)) — yellow; and calcium (I) — purple.

8.2.2.2 Adsorption and photodegradation of TC under simulated solar light and natural
sunlight

The adsorption capacity of TC over different materials (pristine, TiO2 and 10-Ca:TiO:
cellulose-based membranes) is shown in Figure 8.18. Before performing the visible light deg-
radation experiments, the adsorption properties of these materials were evaluated in the dark
at RT for 120 min. Initially, the adsorption rate with all membranes was rapid during the first
hour (Figure 8.18), owing to the abundance of available binding sites. Afterwards, the adsorp-
tion rate gradually slowed as the binding sites became saturated, in line with the reports of
reference [87]. Several experimental conditions can influence the adsorption capacity and the
mechanism of interaction between the adsorbate and adsorbent such as pH, temperature, ad-
sorbent dosage, contact time, initial pollutant concentration, and adsorbent nature (e.g. adsor-
bent shape) [88]. In this study, pH, temperature, adsorbent dosage, contact time, and initial
pollutant concentration were kept constant. Therefore, only the adsorbent nature is expected
to influence the adsorption. Compared to the adsorption percentage of 25.5 % (adsorption ca-
pacity of ~11.8 mg.g~!) with the TiO» membrane, the 10-Ca:TiO> membrane achieved a value
of 55.9 % (adsorption capacity of ~25.8 mg.g™%).
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Figure 8.18: Effect of contact time on TC adsorption capacity onto pristine, TiO2 and 10-Ca:TiO2 membranes. Exper-
imental conditions: gma=25.8 mg.g™, [TClinitia= 23.11 ppm, Vsolution= 12.5 mL, maximum adsorption time = 120 min,
W =6.25 mg.

The membrane with calcium demonstrated improved adsorption capability toward
pollutant molecules. In fact, the rapid microwave heating combined with the addition of do-
pant atoms/impurities favored the formation of more defects in the materials, thereby exten-
sively modifying the surface of the TiO, as revealed from the STEM images in Figure 8.3,
Figure 8.5 and Figure 8.6. As indicated by the XPS results, the hydroxyl species in the calcium
membranes might have also enhanced the binding of organic pollutant molecules [89].

To further understand the adsorption mechanism, kinetic studies were conducted by
adjusting the experimental data to four adsorption models: the pseudo-first-order (Lagergren
1898), pseudo-second-order (Ho & McKay 1998), Elovich (Aharoni & Tompkins 1970), and
intra-particle (Weber Jr. & Morris 1963) models [90-92]. The kinetic studies of the pristine and
TiO2 membranes were not further investigated due to their significantly lower adsorption ca-
pacity compared with the calcium-containing membrane. The obtained kinetic parameters for

the 10-Ca:TiO2 membrane are summarized in Table 8.5 and Table 8.6.
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Table 8.5: Adsorption kinetic parameters of TC onto 10-Ca:TiO2 adsorbent for the pseudo-first-order, pseudo-sec-

ond-order and Elovich models.

Model Parameters*
qsxp qgal kl RZ k2 QAe be
Pseudo-
25.8 316 0.13 0.75 - - -

first-order**

Pseudo-se-
cond-or- 25.8 29.14 - 0.74 0.0015 - -
der**
Elovich** 25.8 - - 0.97 - 0.975 0.089

* goPand g% are the experimental and calculated amounts of TC adsorbed at the equilibrium time (mg.g™1), re-

spectively; k; is the pseudo-first-order rate constant of TC adsorption (min~?); k, is the pseudo-second-order ad-
sorption rate (g.mg~'.min"'); a, is the initial adsorption rate constant (mg.g~!. min"1); b, is the extent of surface
coverage and the activation energy for chemisorption (g. mg™1); R? is the correlation coefficient

**To see the equations used, check Chapter 2 (equations (2.7), (2.8) and (2.9)).

Table 8.6: Adsorption kinetic parameters of TC onto 10-Ca:TiOz adsorbent for the intra-particle model.

Model Parameters*

ki c?t R? kZ, c? R2 k3, c3 R3

Intra-particle model** 1.87 2.83 1 418 -12.7 1 1.91 4.88 1

*kii* are the intraparticle diffusion rate constants of the 1%, 2nd and 3¢ stages, respectively (mg.g~1. min=%);
C123 are the values of the intercept of the 15 2nd and 3 stages, respectively (mng.g?); R?, 3 are the correlation coef-
ficients of the 1%, 2nd and 34 stages, respectively.

**To see the equations used, check Chapter 2 (equation (2.10)).

Even though the correlation coefficients (R?) for the pseudo-first-order and pseudo-
second-order models were too low (below 0.80), the Elovich model is the one that could better

describe the experimental data, showing an R? of 0.97 (Table 8.5). This model assumes that
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adsorption occurs on localized sites and that the rate of adsorption of solute decreases expo-
nentially as the amount of adsorbed solute increases, without the desorption of products. This
suggests that the rate-limiting step in the process is chemisorption through bond sharing and
interactions between the TC molecules and the active sites of the photocatalyst. These interac-
tions are likely mediated by the functional groups in the pollutant (e.g., -OH, -C=0) and those
on the photocatalyst surface (e.g., ~Ti-OH). In this case, two types of adsorption probably exist
[93]. First, the adsorption might occur at the lower energy surface sites of the photocatalyst,
and then at the higher energy surface sites, resulting in a decrease in the adsorption rate [90,94—
96]. Similar findings were observed for the adsorption of TC onto TiO: photocatalysts
[93,97,98].

The intra-particle diffusion model was applied to understand the diffusion rate-con-
trolling procedure, and the obtained parameters were included in Table 8.6. This model is
based on the following assumptions: diffusion occurs in a radial direction; the external re-
sistance to mass transfer of adsorbate molecules is negligible, and intraparticle or pore diffu-
sivity remains constant over time and with position. Typically liquid—solid adsorption pro-
cesses can be divided into three steps: in the first one, the mass transfer takes place from the
bulk solution to the solid external surface (film diffusion); then, mass transfer into the pores
of the adsorbent occurs (intraparticle diffusion), and finally, adsorbate molecules are adsorbed
by physical or chemical mechanisms on the active sites of the solid [90,99]. Three linear regions
can be identified in Figure 8.19, indicating that the intraparticle diffusion is not the only rate-
controlling step. In the first stage (stage I), the adsorbate molecules are transferred from the
bulk liquid to the external surface of the adsorbent, while in the second stage (stage II), the
intraparticle diffusion becomes the rate-controlling step, involving the penetration of adsorb-
ate molecules into the porous structure of the photocatalyst. In the final stage (stage III), the
slope decreases (k;) compared to stage II (Table 8.6), indicating a slowdown in intraparticle
diffusion as the process approaches equilibrium and reaches maximum adsorption. Neverthe-
less, it is important to note that these results do not enable the identification of which process

serves as the overall rate-limiting step in the adsorption mechanism [90,92,100].
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Figure 8.19: Intra-particle diffusion model plot for TC adsorption onto the 10-Ca:TiO2 membrane. Stage I is repre-
sented by a solid blue line, while stages II and III are illustrated with dashed and dotted blue lines, respectively.

Photocatalytic experiments under simulated solar light were also conducted for the
degradation of TC in the presence of the membranes, either pristine or with the photocatalysts
(TiOz2and 10-Ca:TiOz), as presented in Figure 8.20. The real image of the membranes is shown
in Figure 8.21. After mixing cellulose with the nanopowders, the membranes became less
transparent and exhibited a more whitish appearance (Figure 8.21). During the black experi-
ment (photolysis), the degradation of the TC solution without photocatalyst was minimal be-
fore and after light exposure (Figure 8.20), confirming the stability of the solution. Similarly,
in the presence of the pristine membrane, only an overall small degradation value of 18 % was

observed after light exposure.
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Figure 8.20: C/Co over time without (photolysis) and with the produced membranes for the TC removal and pho-
todegradation in the dark conditions (for 120 min) and under simulated solar light (for 60 min). [TC]mital = 23.11
ppm, W=6.25 mg, Visolution = 12. 5 mL.

Figure 8.21: Real image of the cellulose-based membranes: pristine, with TiO2 and 10-Ca:TiO2 nanopowders.
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After irradiation for 60 min, the overall percentage of adsorption + photocatalytic deg-
radation of TC was 81 % in the presence of the 10-Ca:TiO2 membrane. In contrast, it was 55 %
with the TiO2 membrane under the same conditions.

It is well known that the different synthesis parameters will determine the final mate-
rial characteristics [101]. STEM analyses confirmed that microwave irradiation and calcium
incorporation effectively induced several defects, namely lattice distortion, surface defects (ir-
regularities at the surface, such as steps) and voids, as observed in the 10-Ca:TiO:2 material. As
reported by Nishikawa et al., lattice distortions of TiOz induced by doping can lead to the for-
mation of potential slopes of the valence band maximum and conduction band minimum
[102]. These potential slopes facilitate the separation of the photogenerated electron-hole pairs,
improving the photocatalytic performance.

Bulk defects typically improve light absorption while acting as both charge carrier
traps and recombination centers. In contrast, surface defects serve mostly as charge carrier
traps and adsorption sites, promoting charge transfer to adsorbed species and photocatalytic
reactions [39]. Nevertheless, by adjusting the concentration of metal ions, the surface-to-bulk
defect ratio modifies, and an optimal ratio can enhance the efficiency of electron-hole separa-
tion [101].

Additionally, it has been reported that surface hydroxyl groups (Ti-OH) facilitate the
transfer of carriers from the interior to the surface of the metal oxide by the formation of a high
electron density to trap the photogenerated holes [103-105]. Not only is the charge separation
process affected [106], but the formation of hydroxyl radicals can also be promoted upon
the reaction of the terminated hydroxyl groups on the TiO: surface with the photoinduced
holes [103,107].

In terms of specific surface area, the 10-TiO2:Ca nanopowder had the highest surface
area value (see Table 8.2), with a mesoporous character, which is anticipated to enhance the
photocatalytic performance of the membrane, as the increased surface area provides more ac-
tive sites, facilitating the generation of radical species and improving pollutant molecule ad-
sorption, thereby boosting overall photocatalytic activity [108,109].

Part of the C/C, decay can be attributed to the adsorption of pollutants directly onto
the membrane, as observed in the pristine membrane (Figure 8.20). Due to the distinct struc-
tural differences between the pristine and TiO2-based membranes it is expected that the latter

have a higher surface adsorption, since they exhibiting a more open and channeled
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morphology. However, the membrane's structural contribution between TiO, and Ca-modi-
fied TiO, cannot be considered, given their similar surface roughness and thickness.

The kinetic parameters of TC photodegradation over TiO2 and 10-Ca:TiO2 membranes
were determined, and the experimental data were fitted to the pseudo-first-order kinetic
model (Table 8.7). Since this model did not fit the data well (R*< 0.9), the applicability of the
pseudo-second-order model was examined [110,111], and the obtained kinetic parameters are

also shown in Table 8.7.

Table 8.7: Kinetic parameters (rate constants and linear regression coefficients) for the TC degradation under sim-

ulated solar light with TiOz and 10-Ca:TiO2 membranes.

Kinetic parameters for each model?

Pseudo-first-order* Pseudo-second-order*

kap (min~1) R? kap (L.mg™'min~") R?

TiO2 mem-
0.016 0.81 2.94 x 1074 0.90

brane

10-Ca:TiO2
0.034 0.73 9.4x107* 0.99

membrane

aReaction conditions: [TC] after dark = 17.2, 10.2 mg L™? for the solutions with TiO2and 10-Ca:TiO> mem-
branes. Vsoltion=12.5 mL, W= 6.25 mg, reaction time = 60 min, source of light: simulated solar light.

*To see the equations used, check Chapter 1 (equation 1.11) and Chapter 3 (equation 3.4).

For both TiOz and 10-Ca:TiO2 membranes, a better fit was found for the pseudo-second-
order model (R? = 0.90). This could be related to the formation of a low concentration of hy-
droxyl radical species in the degradation process [111]. This model assumes that the degrada-
tion process occurs in multiple stages involving the formation of various intermediate species.
Unlike the pseudo-first-order model, which presumes that the degradation reaction rate is di-
rectly proportional to the concentration, the pseudo-second-order model suggests that the re-
action is primarily governed by chemisorption interactions between adsorbent and adsorbate
involving valence forces through sharing or exchanging electrons. This process creates a non-
equilibrium of adsorption-desorption. Degradation processes exhibiting this type of kinetic
behaviour have been previously reported, particularly when composites or combined systems

are employed [111,112].
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Photocatalytic experiments were also conducted under natural sunlight, maintaining
the same experimental conditions as those used with simulated solar light, i.e. 120 min in the
dark, except the light exposure duration, which was reduced to 30 min instead of 60 min, as

the concentration of the solution tended to stabilize beyond this point (Figure 8.22).
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Figure 8.22: C/Co over time without (photolysis) and with the produced membranes for the TC removal and pho-
tocatalytic degradation in dark conditions (for 120 min) and under natural sunlight (for 30 min). [TC] =23.11 ppm,
W=6.25 meg, Visolution=12. 5 mL.

A similar adsorption + photocatalytic behaviour was observed across all samples compared to
the exposure under simulated solar light. The 10-Ca:TiO2 membrane demonstrated the best
overall performance in terms of adsorption and photocatalytic activity, reaching a removal +
degradation percentage of 74 %.

Cellulose-based materials have been widely studied for photocatalysis [113-117]. These
materials are commonly used to form cellulosic fiber matrixes with metal oxide nanomaterials
(composite materials) or as support to be immobilized with nanostructures and thin films,
hence facilitating their reutilization [117,118]. Regarding the utilization of TiO2/cellulose-based
composites for the removal and degradation of tetracycline, only a limited number of studies
were found. Zhang et al. produced an aerogel by freeze-drying based on cellulose and titanium
dioxide materials which removed 86.48 % within 180 min under visible light (simulated solar
light source). Almost the same percentage was obtained in the present study, though in 60 min
of light exposure and without needing complex and multi-step experimental approaches [119].

Additionally, the fabricated Ca:TiO2 membranes demonstrated the ability to remove TC even
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in the absence of light, making them particularly promising for applications in light-deprived
environments. The other research study by Kanmaz et al. reported the synthesis of a TiOz-ethyl
cellulose biocomposite by a solvent-free mechanochemical synthesis. The best adsorptive com-
posite reached an adsorption capacity of 23.26 mg.g~* in 480 min [92]. In contrast, in the pre-
sent study, a similar adsorption capacity (25.8 mg.g~*) of TC was obtained, but in just 120 min.

8.2.2.3 Recyclability tests

For practical uses, it is essential to have a stable photocatalyst with reusable character-
istics. For that reason, the reusability of the best-performing 10-Ca:TiO: photocatalyst was in-
vestigated over 5 consecutive cycles under simulated solar light. Prior to the following cycle,
the membrane was rinsed with deionized water and allowed to dry at RT before starting a
new cycle with a fresh solution. The results presented in Figure 8.23 show a decrease of around
20 % in the performance of the catalyst after the fifth cycle (a reduction in membrane perfor-
mance of 5.86 %, 7.34 %, 3.25 %, and 5.44 % was observed between the first and second, second
and thrid, third and forth, and forth and fifth cycles, respectively). Only five cycles were per-
formed, as the decrease in efficiency remained relatively consistent, ranging between 5 % and
7 %. TC molecules from previous cycles may remain adsorbed, blocking the active sites of the
photocatalyst and reducing its overall cycling efficiency [12].

Regarding the disposal of photocatalytic platforms after use, cellulose offers a sustaina-
ble solution by enabling a second life for these platforms through recycling. This recycling
process involves separating the cellulose fibers from the photocatalytic powder, recovering

the fibers, and producing new recycled membranes [82].
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Figure 8.23: C/Co over time for the removal and degradation of TC under dark (for 120 min) and under simulated

solar light (for 60 min) with the 10-Ca:TiO2 membrane in 5 consecutive cycles.

8.2.24 ROS'scavengers experiments

Scavenger experiments were conducted to identify the ROS involved in the TC photo-
catalytic degradation process over the 10-Ca:TiO2 membrane. Figure 8.24 shows a slight de-
crease in the degradation percentage upon the addition of the BQ scavenger, indicating that
*Ozx radicals may be the major species that participate in the photocatalytic degradation pro-
cess. These findings align with prior research demonstrating that superoxide radicals play a
major role in the photocatalytic degradation of TC over TiO>-based materials [120-122]. This
trend was followed by holes, which have been indicated in other studies as key radical species
involved in the photocatalytic degradation process under simulated solar light (Figure 8.24)
[123,124]. Simultaneously, the results indicate that electrons, hydroxyl radicals and singlet ox-

ygen species were the least important reactive species in the degradation process (Figure 8.24).
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Figure 8.24: Effect of several scavengers (BQ, SA, HP, IPA and EDTA) on TC photocatalytic degradation over the
10-Ca:TiO2 membrane under simulated solar light. For comparison, the photocatalytic degradation percentage of a

solution without a scavenger (no scavenger (NS)) is also shown.

8.3 Summary

Ca-modified TiO, nanomaterials were developed by a microwave-assisted approach
followed by a simple method to produce sustainable cellulose membranes for the degradation
of TC under simulated solar light and natural sunlight. All produced nanomaterials (TiO2, 5-
Ca:TiO:z and 10-Ca:TiO2) exhibited a pure anatase phase, as confirmed by XRD measurements.
A higher amount of calcium in the nanomaterials led to an increase in the specific surface area
values, together with a higher density of structural defects, 0D, 1D, 2D and 3D defects. The
formation of these structural defects was proved to be due to a synergetic effect of Ca concen-
tration and microwave irradiation. XPS results indicated enhanced adsorption efficiency of
hydroxyl groups, reflecting greater chemical reactivity on the surface of the 10-Ca:TiO2 nano-
material. DFT calculations predicted that substitutional Ca significantly facilitates the creation
of O vacancies, introducing additional electronic states near the conduction band edge, namely
by increasing the density of the oxygen vacancies, and thus enhancing electrical conductivity.
The 10-Ca:TiO: cellulose membrane achieved an adsorption percentage of 55.9 % compared to
25.5 % with TiO2 in 120 min. The best performance was achieved with the 10 mol. % Ca:TiO,
membrane with an overall TC adsorption and degradation percentage of 81 % in 180 min un-
der simulated solar light. These enhanced adsorptive and photocatalytic properties of the
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developed membranes are a combination of the high surface area of Ca:TiO, agglomerates,
the possible presence of oxygen vacancies, other structural defects, and surface hydroxyl
groups. The approach developed in this study provides a sustainable solution for wastewater
treatment and pollutant degradation, even in low-light conditions. This makes the membranes
particularly promising for applications in environments with limited or no light. Furthermore,
the membranes demonstrated reusability and recyclability, while the adopted approaches
align with sustainability principles and circular economy and enable efficient scaling for prac-

tical applications.
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This PhD thesis highlighted the potential of sustainable solutions to treat polluted water
using TiOz2-based nanopowders/platforms. Therefore, several fabrication processes and the
systematic characterization of the produced materials were presented. Eco-friendly and sim-
ple microwave-assisted methods were conducted to develop solar-light-driven TiO:-based
nanostructures, demonstrating high efficiency in removing and degrading various water pol-
lutants. The degradation was evaluated under solar radiation (simulated solar light and natu-
ral sunlight). To address the challenges of recovery and recyclability of nanopowders, the
TiOz-based nanostructures were incorporated or directly synthesized onto various inexpen-
sive and eco-friendly substrates, either floating or non-floating, namely cork, cellulose-based
materials (mixed cellulose esters and pristine cellulose), resin, and polyurethane foams. Mi-
crowave irradiation followed by several impregnation techniques (direct synthesis, drop-cast-
ing and dip-coating) was suitable for producing TiO2-based platforms with great adsorptive
and photocatalytic properties. These properties were enhanced by employing several strate-
gies to modify TiOz, which included the fabrication of a heterostructure (g-CsN4/TiO2), the cre-
ation of surface defects, and doping with two different abundant metal ions: Fe’ and Ca?".

Therefore, all proposed objectives were accomplished.

9.1 Floating photocatalysts vs. non-floating photocatalysts

Floating photocatalysts, such as cork and PU foams, remain on the water surface and
offer several advantages over non-floating alternatives: (i) maximization in the utilization of
solar energy and good surface oxygenation, (ii) easy recovery and recyclability from water
solutions, reducing time and costs with subsequent water treatments; (iii) lower energy con-
sumption, since they revealed good photocatalytic performance without magnetic stirring,
thus making them highly suitable for lakes and other low-agitation water bodies. Moreover,
they provide future potential for integration with solar cells, maximizing solar energy utiliza-
tion for simultaneous energy generation and water treatment.

However, studies involving non-floating platforms (in this case, impregnated cork,
resin, and cellulose-based substrates) demonstrated comparable effectiveness in pollutant re-
moval and degradation in aqueous systems. The selection between floating and non-floating
substrates depends on the final application: floating catalysts are advantageous for outdoor
large-scale water treatment systems due to their ease of recovery and sunlight accessibility,

while non-floating ones exhibit enhanced stability in fixed systems and versatile applicability
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(e.g., self-cleaning surfaces, immobilized configurations). The latter are particularly suited for
gas-phase reactions and scenarios requiring precise control over the reaction parameters (e.g.,
flow rate, light intensity) in controlled industrial environments, such as continuous flow reac-

tors where immobilization on reactor walls is essential.

9.2 Experimental conditions of photocatalytic tests

Both anionic (i.e., MO) and cationic (i.e., RhB) model dyes, as well as TC (an antibiotic),
were tested in the photocatalytic experiments. Since real effluents typically contain multiple
pollutants, investigating potential interactions between different chromophores is crucial for
developing effective water treatment strategies. Although using the same TiO,-based sub-
strate for degrading multiple pollutants posed challenges due to the complexity of the in-
volved reactions, these studies demonstrated the successful degradation of various water con-
taminants, including dyes (RhB and MO) and antibiotics (tetracycline) using sustainable TiO,-
based platforms. Other pollutants, such as phenol and caffeine, were also tested in the photo-
catalytic experiments; however, since the investigated materials were unable to degrade them,
these results were not included. To bridge the gap between laboratory and real-world condi-
tions, experiments were conducted with tap water, revealing promising potential for practical
implementation. The experiments with TiO2 PU foams revealed that tap water had little effect
on both TC adsorption and photocatalytic performance compared to Milli-Q water, with only
a slight efficiency reduction (~13%).

Detailed investigations on removal efficiency, degradation kinetics, and optimization of
key process parameters, including pH, temperature, and pollutant/photocatalyst concentra-
tion are essential, as these factors contribute to the performance of the photocatalysts. The
impact of these last parameters should be explored in more detail in future studies. Moreover,
integrating photocatalysis with other advanced oxidation processes could further boost effi-

ciency and cost-effectiveness.

9.3 Adsorption and photocatalytic degradation of different pollutants

over TiO2-based platforms

Among all the impregnated substrates developed, the highest efficiency in RhB removal
and degradation was achieved under simulated solar light using TiO2 nanostructures contain-

ing 5 mol. % iron on water filters, reaching a combined adsorption and degradation rate of
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85 %, compared to 74 % with pure TiO;, after 3.5 hours of light exposure. This enhanced per-
formance was attributed to the interaction between the substrates' microporosity and the sur-
face-modified Fe:TiO2nanostructures, greatly improving their photocatalytic activity. The 3D-
printed TiO:architectures after the impregnation and microwave synthesis also demonstrated
the ability to degrade RhB under the same solar light conditions, achieving a degradation rate
of 72 % with the larger structure, in contrast to 44 % with the thinner structure. The architec-
tural design was crucial in defining the final photocatalytic behavior. Finally, the TiO2 cork
substrates, particularly those exposed to natural sunlight, exhibited the highest RhB decolori-
zation efficiency, reaching 67 % after 4 h of light exposure, compared to 39 % with the pristine
substrate. When considering powder photocatalysts, they are expected to have higher effi-
ciency compared to impregnated platforms due to their superior surface-to-volume ratios [1].
Nevertheless, for the degradation of the MO dye, the 30 wt. % g-CsNa4/TiO2 heterostructure
exhibited the best performance, achieving 85 % degradation in 4 h. Although the immobiliza-
tion of this photocatalyst on a substrate was not explored in the current study, subsequent
research should prioritize its incorporation into sustainable substrates, such as those examined
in this thesis. This integration should employ environmentally friendly processes while adopt-
ing a lifecycle perspective, including the recycling of these platforms after their end-of-life, in
alignment with circular economy principles. In terms of TC adsorption and degradation, both
defective TiO2nanostructures on PU foams and TiO2membranes with 10 mol. % Ca exhibited
a comparable overall efficiency, achieving approximately 80 % adsorption and degradation
under simulated solar light within 240 min (60 min dark + 180 light exposure) and 180 min
(120 min dark + 60 min light exposure), respectively. However, the Ca-modified TiO2 mem-
brane achieved this degradation percentage value in a shorter time than the PU foam. These
findings underscore that doping, heterostructure formation, and defect engineering of TiO2
are effective strategies for enhancing photocatalytic performance.

As demonstrated in some cases in this thesis, scavenger agents were insufficient for iden-
tifying the ROS involved in the photocatalytic degradation process. An alternative approach
could be the use of electron paramagnetic resonance spectroscopy (EPR). In this technique,
upon exposure to a magnetic field, the species that have unpaired electrons (e.g. ROS), absorb
electromagnetic radiation at specific frequencies, causing the electron spins to align in differ-
ent orientations (paramagnetism). From this interaction, the EPR spectrum can give detailed
information about the type, concentration, and nature of the ROS [2,3]. In situ (mimics local

environments) and operando (under operation) studies could also provide valuable insights
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into the reaction mechanisms and facilitate the design of high-performance catalysts. By al-
lowing the monitoring of catalysts during photocatalytic reactions, species and intermediates
that are often undetectable under ex-situ conditions can be detected. This real-time data is
crucial for elucidating reaction pathways and identifying active sites. Moreover, structural,
bonding, and reactivity changes of the catalysts can be revealed during reactions, thus ena-
bling researchers to get a more comprehensive understanding of the relationship between cat-
alyst properties and performance under reaction conditions, enabling the development of ma-
terials tailored to specific applications [4-6].

In addition, tracking the levels of TOC, which reflects the amount of organic material in
water, is crucial for assessing how well drinking water treatment systems are performing. Re-
ducing TOC is essential for meeting regulatory standards, as elevated levels can promote the
formation of harmful byproducts that may persist in the environment and pose significant
health risks. The standard approach for measuring TOC involves oxidizing the organic matter
present in the water and transforming it into quantifiable forms. Therefore, the degree of min-
eralization in the photocatalytic processes should be studied in the future using TOC analysers
[]-

The TiO, platforms investigated were reusable for the tested number of cycles; however,
further research should ensure that nanostructures are not released during longer cycling tests
(even months or years), for instance with an inductively coupled plasma technique, to facilitate
the transition from laboratory studies to real-world applications.

Before implementing these TiO: platforms in practical applications, it is important to
assess their impact on aquatic organisms, as shown with TiO, PU foams, which were environ-
mentally safe for aquatic systems, thus contributing to sustainability. However, further re-
search is required to identify the physicochemical properties of the nanomaterials that could
potentiate adverse effects on the species and explore the interactions between nanomaterials

and cells.

9.4 Adsorption and photocatalytic degradation of contaminants with
real polluted water samples
To better evaluate the real-life applicability of the photocatalytic degradation process,

experiments should first be conducted using tap water. This assessment will also facilitate the

application of the process to real contaminated water samples, ultimately enabling its
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implementation in industrial wastewater treatment systems. Assessing the individual impact
of organic and inorganic ions present in the water, the physicochemical properties of water
(e.g. pH and conductivity), as well as the photocatalyst's properties such as surface charge are
vital for comprehending the photodegradation process of organic pollutants. The study of tox-
icity from the by-products formed after the photocatalytic degradation process in these sys-

tems is equally important.

9.5 Combining photocatalysis and 3D printing technologies

SLA 3D printing technology was explored to construct 3D porous and photocatalytic
architectures of resin-based TiO2 nanostructures. The freedom of design allowed the construc-
tion of porous architectures, significantly influencing the final photocatalytic performance.
Despite showing great potential for fabricating catalysts and reactors, the successful imple-
mentation of 3D printing technologies requires interdisciplinary expertise to address several
challenges. These include optimizing the printing slurry with well-dispersed, stable, and cost-
effective photoactive nanomaterials, refining the structural design while ensuring high cata-

lytic performance of the 3D structures, and improving scalable printing methods.

9.6 Integration of computational methods for further advances in pho-

tocatalysis

As demonstrated for the work of Ca-modified TiO2 membranes, DFT calculations
played a key role in studying the impact of calcium addition on the TiO: properties. Therefore,
it is predicted that not only the optimization of the photocatalyst properties (including the
exploration of various strategies to turn the catalysts active under the whole spectrum of solar
radiation) but also finding the best photocatalytic conditions can be significantly accelerated

by integrating computational predictions before experimental implementation.

9.7 Final remarks

This PhD thesis demonstrated that efficient and sustainable platforms of TiO2-based
nanostructures with adsorptive and photocatalytic properties can be developed through fast,
non-toxic, simple microwave-assisted methods, even at low temperatures. As water scarcity

and water pollution continue to pose global challenges, the combination of photocatalysis with
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other advanced oxidation processes and novel nanomaterials may offer sustainable solutions
to ensure clean and safe water for future generations. This synergy lays the foundation for a
healthier society by ensuring universal access to safe water, sanitation, and hygiene, improv-
ing water quality, and protecting/restoring water-related ecosystems. This PhD research con-
tributes specifically to achieving the latter two goals. Nevertheless, the scope of this thesis
extends beyond this specific application, as the advanced nanomaterials developed can also
be integrated into sensing, energy harvesting, conversion and storage, and various other tech-
nological domains. Their versatility, sustainability, and abundance make them highly prom-
ising for a wide range of applications. Moreover, their photoactive properties under solar ra-
diation, the most abundant energy source on Earth, further enhance their potential for envi-

ronmentally friendly and energy-efficient solutions.
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The oral presentation was on September 28 in the section of Oxide materials and thin-

films session (chairperson: prof. Pedro Barquinha), talk 15.

Matias, M. L.; Reis-Machado, A. S.; Rodrigues, J.; Calmeiro, T.; Deuermeier, J.;

Pimentel, A.; Fortunato, E.; Martins, R.; Nunes, D. Photocatalytic behaviour of visible-

light activated g-CsNs/TiO: heterojunctions. AdvPhotoCat-EE2023 (invited speaker) —
July 25-28, 2023, online.

The oral presentation was on July 27 in section 3 (chairs D. McCormack and Y.

Mahmoud).

Matias, M. L.; Reis-Machado, A. S.; Rodrigues, J.; Calmeiro, T.; Deuermeier, J.;

Pimentel, A.; Fortunato, E.; Martins, R.; Nunes, D. Solar light-driven activated g-
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CsN4/TiOz photocatalysts synthesized by microwave irradiation. FEMS EUROMAT
2023 — September 03-07, 2023, Frankfurt Am Main, Germany.

The oral presentation was on September 06 in section A05.02: Functional Catalytic and

Nanoporous Materials-2, lecture #1244 (session chair Prof. Sixto Giménez).

e Matias, M. L.; Morais, M.; Pimentel, A.; Vasconcelos, F. X.; Reis Machado, A. S.;

Rodrigues, J.; Fortunato, E.; Martins, R.; Nunes, D. Microwave-assisted synthesis of

photocatalysts based on nano TiO> materials for water remediation. 12 European

School for Young Materials Scientists 2023 — November 07-08, 2023, Brno, Czech

Republic.
The oral presentation was on November 8 in the section of Advanced materials.
e Matias, M. L.; Pimentel, A.; Reis-Machado, A.; Rodrigues, J. C.; Fernandes, A.;

Monteiro, T.; Almeida Carvalho, P.; Neves Amaral, M. N.; Reis, C. P.; Deuermeier, J;

Fortunato, E.; Martins, R.; Nunes, D. Microwave-assisted synthesis of 3D TiO»-

polyurethane foams for the degradation of antibiotics under solar radiation. MSE 2024

— September 24-26, 2024, Darmstadt, Germany.
The oral presentation was on September 26 In the F10.02: Session 2 (F10: 3D Structural
Design of Functional Materials for Smart Applications), lecture #1028 (session chair

Prof. Joao Mano).

Poster communications (3):

e Matias, M. L.; Reis Machado, A. S.; Rodrigues, J.; Fortunato, E.; Martins, R.; Nunes, D.

Eco-friendly TiO»-based platforms produced by microwave-assisted approaches to

treat wastewater. IX Annual Meeting i3N — May 02-03, 2024, Leiria, Portugal. P17

e Matias, M. L.; Morais, M.; Pimentel, A.; Reis Machado, A.S.; Rodrigues, ].; Deuermeier,

J.; Calmeiro, T.; Fortunato, E.; Martins, R.; Nunes, D. Microwave-assisted synthesis of

TiO»-based nanostructures activated by solar energy for water purification. SPMicros

Conference 2024 — September 13, 2024, Braga (INL), Portugal.
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e Matias, M. L.; Morais, M.; Pimentel, A.; Reis Machado, A.S.; Rodrigues, J.; Deuermeier,

J.; Calmeiro, T.; Fortunato, E.; Martins, R.; Nunes, D. Sustainable TiO: platforms

produced with the aid of microwave with potential for the degradation of water
contaminants. EurASc Annual Symposium & Ceremony 2024 — October 29-30, 2024,

Academia das Ciéncias, Portugal. P14

10.3 Workshops/courses

e Project Management I course from NOVA Doctoral School — May 05, 15, 22 and 29,
2023, online, Portugal.

e 37 FITANANO workshop — July 17-19, 2023, Faculty of Pharmacy, University of Lis-
bon.

¢ Correlative Materials Characterization Workshop 2023 - November 09-10, 2023, Brno,
Czech Republic.

10.4 Projects

This PhD thesis is integrated in the project “Sustainable Stone by Portugal” with the ref.
a110405010101, approved and financed by Portugal's Recovery and Resilience Plan (cf. Aviso
N-0-02/C05-i01/2022). The development of functionalized stone surfaces is proposed with self-
cleaning abilities to be applied as facade claddings, protecting building walls while contrib-
uting to environmental remediation. Titanium dioxide (TiO:z) will cover the second-life stone
materials using the easily up-scaling and green microwave synthesis technique. These func-
tionalized materials will be directly installed on building facades originating photocatalytic
stone surfaces, capable of removing dirt while purifying air. FCT NOVA has already devel-
oped the process, providing the Industrial Partners with all the technology behind the depo-
sition of the TiO:2 photoactive layers and assisting the implementation of industrial microwave
equipment for large-scale production. Hence, the integration of TiO2 nanostructures on sus-
tainable substrates, such as stone, through microwave irradiation is necessary to achieve the

task of functionalized stone. This task is related to the research aims of this PhD thesis.
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10.5 Invitations

Invitation to submit cover artwork for issue no. 5 of Environmental Science: Advances re-
lated to the publication of the paper: "Functionalized 3D Polyurethane Foams with Micro-

wave-synthesized TiO: Nanostructures for Solar Light-driven Degradation of Tetracycline."
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Appendix

Figure A.1 shows the Raman spectroscopy measurements of the cork substrates (pris-

tine and with TiOz).
~~
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Figure A.1: Raman spectra of the cork substrates (pristine and with TiO2).

Figure A.2 reveals the presence of very fine particles highly agglomerated for the TiO:

nanopowder synthesized in the absence of the cork substrates.
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Figure A.2: SEM image of the TiO2 nanopowder.

Figure A.3 shows the EDS analysis of the cork substrates (pristine and with TiO2).

Pristine

Figure A.3: SEM images of the cork substrates: (a) pristine substrate and (d) TiO2 substrate. The corresponding EDS
maps of C ((b) and (e)), O ((c) and (f)) and Ti (g) are also visible.

Figure A.4 shows the prepared RhB dye solutions with the pristine and TiO: cork sub-
strates during the photocatalytic experiments under natural sunlight. No-stirring or oxygena-
tion were needed during the reactions. As visible, due to the floating characteristic of cork, the
substrates can be easily collected from the solution without the need of complex experimental

equipment.
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Figure A.4: Photocatalytic experiments with the cork substrates under natural sunlight: (a) pristine substrate and
(b) TiOz2 substrate.

Figure A.5 shows the comparison between the solar irradiance spectrum of the MiniSol

model LSH-7320 and the reference AM1.5.
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Figure A.5: Spectral irradiance vs. wavelength (from 400 to 1100 nm) of the MiniSol model LSH-7320 and the refer-
ence AML1.5.
Figure A.6, Figure A.7, Figure A.8 and Figure A.9 present the tandem mass spectra of
TC and three TPs. The proposed fragmentation paths of the precursor ions m/z 445.1609, m/z

461.1567 and m/z 235.0256 are also depicted.
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Figure A.6: (a) High-resolution tandem mass spectrum in the ESI positive of the precursor ion m/z 445.1609 assigned
to the protonated molecule of tetracycline. (b) Proposed fragmentation path for the precursor ion m/z 445.1609

assigned to the protonated molecule of tetracycline with the molecular formula [C22H24N20s].
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SpectumData
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Figure A.7: Tandem mass spectrum acquired in the ESI positive mode for the precursor ion assigned to the proto-
nated molecule of TP 446, ionic formula [C21H2N209+H*]*. The Table “Spectrum data” denotes the accurate mass

measurement values for the fragment ions identified in the MS/MS spectrum.
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Figure A.8: (a) Tandem mass spectrum of the precursor ion m/z 461.1567 attributed to the protonated molecule of

TP 460 with the ionic formula [C22H2sN209+H*]*. (b) A proposed fragment path is described in the scheme.
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Figure A.9: (a) Tandem mass spectrum of the precursor ion m/z 235.0256 assigned to the protonated molecule of TP

234 with ionic molecular formula [C11HsOs+H*]*. (b) The proposed fragmentation path is described in the scheme.

Figure A.10 displays the UHPLC-HRMS analysis in the ESI positive mode of TC in the

presence of a pre-treated TiO2 PU foam.
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Figure A.10: UHPLC-HRMS analysis in the ESI positive mode of TC in the presence of a pre-treated TiO2 PU foam.
Figures show the mass spectra of TC intermediates in the absence of light 1a) —60 min and when exposed to solar
light at different reaction times: 2a) 0 min; 3a-b) 15 min; 4a-b) 30 min; 5 a-b) 60 min, 6 a-b) 120 min, 7a-b) 180 min.

Transformation products were identified based on their accurate m/z values released as protonated molecules

[M+H]*. The elemental composition of each peak was predicted using the algorithm Smart Formula 3D, and values

with mass deviation (A) lower than 5 Da and mSigma <50 were considered acceptable (see spectra table).

Figure A.11 shows the XPS survey spectra for TiO2 and 7 mol. % Ca:TiO:z (7-Ca:TiOz)

nanopowders.
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Figure A.11: XPS survey spectra for TiO2 and 7-Ca:TiO2 nanopowders.
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