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ABSTRACT

In this dissertation, it is explored the application of 3D printing to create structures containing
titanium dioxide (TiOz2) nanoparticles for water purification using sunlight. The nanoparticles used were
efficiently synthesized at low temperatures through a microwave-assisted solvothermal method, in com-
parison to conventional methods. The stereolithographic printing technique was employed to produce
mesoporous structures with various dimensions and cavities. Two methods were used to introduce na-
noparticles into the mesoporous structures: the microwave method (in-situ) and the dip-coating tech-
nique. Different solvents and catalysts were used for subsequent structural, morphological, and photo-
catalytic efficiency analyses. Photocatalysis tests conducted using a sunlight simulator revealed that the
TiO2 sample synthesized at higher temperature and pressure, using ethanol as a solvent during synthe-
sis, exhibited the best performance, degrading approximately 85% of RhB in 120 minutes. Subse-
quently, tests of photocatalysis under natural sunlight and reuse tests were conducted on the most
effective sample.

Structural and morphological characterizations of the nanoparticles were performed using scan-
ning electron microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy and scanning transmis-
sion electron microscopy (STEM). Additionally, optical measurements were also carried out to access
the optical band gap values of the powder materials.

This approach represents an effective alternative to produce macroporous materials with TiOz,

as 3D printing stands out as an economical, simple, fast, and versatile technique in part production,
enabling its application in various industrial contexts.

Keywords: 3D printing, TiO2 nanoparticles, photocatalysis, RhB, sunlight, dip coating, microwave
irradiation.
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RESUMO

Nesta dissertacéo, explora-se a aplicacdo da impressao 3D para criar estruturas contendo na-
noparticulas de didxido de titanio (TiO2) para a purificagdo da agua por meio da luz solar. As nanopar-
ticulas utilizadas foram sintetizadas de maneira eficiente e a baixa temperatura por meio de um método
solvotermal assistido por radiagao de micro-ondas, em comparagao com os métodos convencionais.
Utiliza-se a técnica de impressao estereolitografica para produzir estruturas mesoporosas com diversas
dimensdes e cavidades. Dois métodos foram empregues para introduzir as nanoparticulas nas estru-
turas, como o método de micro-ondas (in-situ) e técnica de dip coating. Utilizaram-se diferentes tipos
de solventes e de catalisadores para posterior analise estrutural, morfoldgica e eficacia na fotocatalise.
Os testes de fotocatalise realizados através de um simulador de luz solar, revelaram que a amostra de
TiOz2 sintetizada a temperatura e pressdo mais altas, tendo sido utilizado etanol como solvente durante
a sintese da mesma, apresentou a melhor performance, degradando aproximadamente 85% de roda-
mina B em 120 minutos. Posteriormente, foram conduzidos testes de fotocatalise a luz solar natural e
testes de reutilizagdo na amostra mais eficaz.

As caracterizagOes estruturais e morfolégicas das nanoparticulas foram realizadas por meio de
espectroscopia de raios-X por dispersao de energia (SEM), difragéo de raios-X (DRX), espectroscopia
Raman e microscopio eletrénico de varrimento por transmisséo (STEM) . Além disso, a reflectancia foi
obtida para calcular o hiato energético das nanoparticulas.

Esta abordagem representa uma alternativa eficaz para a produgéo de materiais macroporosos

com TiO2, uma vez que a impressdo 3D se destaca como uma técnica econdmica, simples, rapida e
versatil na producgéo de pecas, possibilitando a sua aplicagdo em contextos industriais variados.

Palavras-chaves: Impressao 3D, nanoparticulas de TiO,, fotocatalise, RhB, luz solar, dip coating,
micro-ondas.
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INTRODUCTION

1.1 TiO, nanostructures

TiO, is a widely studied n-type semiconductor with numerous applications, including in sensors
[1], dye-solar cells [2], electrochromic devices [3], and as a photocatalyst [4] (which is the most used in
the latter application) for purifying water/wastewater and air and in self-cleaning glasses [5]. Anatase,
rutile and brookite are the three major crystalline phases of TiO,, the first one having better photocata-

lytic activity amongst the three, which can be explained by its indirect band gap.

Anatase possesses an indirect band gap, meaning that the minimum energy in the conduction
band (CB) is separated from the greatest energy in the valence band (VB). As a result, excited electrons
stabilize at the lowest level of energy in the (CB), slowing down the charge carrier recombination period.
The trapping of photogenerated holes on the particle’s surface due to the steeper potential band bending
also causes spatial charge separation, enhancing the photocatalytic activity [6-10].

Anatase has a wider specific surface area, resulting in more active sites than rutile. The most
active facet of anatase is the {001}[11]. Researchers investigated how dissociative adsorption impacts
the photoactivity of TiO2 crystals. They have underscored that a greater proportion of {001} facets is
associated with heightened photooxidation reactivity in TiO2 particles of similar size [12]. These {001}
facets are thought to improve the movement of charge carriers, resulting in increased photocatalytic
efficiency [13]. The dissociative adsorption on {001} facets lowers activation energy and influences the
molecular-level reaction mechanism in photocatalytic processes, showcasing distinctive surface chem-
istry. Additionally, besides the improved dissociative adsorption, {001} facets assist in the separation of
charges generated during photoactivation, thanks to unsaturated Ti atoms and surface defects like ox-
ygen vacancies. This deficiency in oxygen induces specific surface reconstruction, fostering interfacial

electron transfer and the separation of charges [14].



Regarding the band gap of all TiO, phases, brookite and rutile phases of TiO, have band gaps of
3.0 eV, while anatase’s phase has a band gap of 3.2 eV, meaning that TiO, can be classified as a wide
band gap material [3] [15]. This means that higher energy, such as ultra-violet (UV) light, is needed to
activate the semiconductor, which can be a limitation for photoactivity under sunlight. However, many
studies have proven that working with TiO2 at the nanoscale with structures such as nanoparticles [16],
nanotubes [17] and nanowires [18] makes it possible to absorb light in the visible region. To reduce the
band gap energy and improve visible light absorption and minimize charge carrier recombination, it is
common to dope TiO, with different cations or anions, such as copper (Cu) [19], vanadium (V) [20], iron
(Fe) [21], and cobalt (Co) [22].

1.2 Synthesis of nanostructures using microwave-assisted

methods

Depending on their intended application, TiO, nanoparticles can be synthesized using a variety
of methods. Synthesis methods in the liquid phase, such as sol-gel [23], colloidal [24], precipitation [25],
and hydrothermal [26], are convenient and have simple synthesis processes with controllable particle
size. However, many conventional methods require longer synthesis times, high energy consumption,

and can be costly [27].

The use of hydrothermal technology in the synthesis of TiO, nanoparticles has been improved
over the years, and the addition of microwave (MW) irradiation has been widely successful among the
scientific community. During the synthesis process, (MW) heat energy is generated through the conver-
sion of kinetic energy derived from the collision and friction of polar molecules. The (MW) oven magne-
tron radiates high frequency (MW)s, leading to the (MW) energy field continuously switching polarity at
a high speed and frequency. This results in the rearrangement of the molecular motion of polar mole-
cules from disorganized to an ordered high-frequency vibration [28].

The (MW)-assisted synthesis method for TiO, nanoparticles has several advantages over con-
ventional methods. It provides faster, saving energy, more uniform heating and a lower synthesis tem-
perature due to the combination of (MW) heating and water heat. It also allows for better control over
the crystal size, active facet, and agglomeration through the adjustment of parameters such as the ratio
of precursors, reaction pH level, time, and temperature [29-32]. Additionally, this synthesis method al-
lows for the growth of nanostructures on diverse substrates, including glass [33], cork [34], polyester
films[35], plastics [36], ceramics [37], microcrystalline cellulose [38] and also 3D printed structures [31],

which is the main focus of this work.



1.3 Dip coating

The dip coating (DC) method is a versatile and extensively used approach for applying thin films
onto different surfaces, presenting a wide array of uses in various scientific and industrial fields such as
in photocatalysis [39-41], optics [42-44], sensors [45-47], electronics [48-50] and biomedical applications
[51].

(DC), operates by immersing a substrate into a liquid solution or suspension, ensuring complete
coverage by the coating material, and then carefully withdrawing it. Upon withdrawal, the excess solution
drains off, leaving a thin film of the coating material adhering to the substrate. Subsequent to the coating
step, the substrate is typically left to dry, with the option of additional heat treatment to enhance the

film's properties [52], such as adhesion [53] and crystallinity [54].

As every other technique, the (DC) technique has its advantages. One notable advantage is its
simplicity and cost-effectiveness [55]. This method requires minimal equipment and resources, making
it accessible for various applications. Its versatility is another key strength, as it accommodates different
coating materials and substrate types [56]. Additionally, (DC) can achieve uniform coatings on complex

shapes and diverse surfaces [57], enhancing its applicability.

However, (DC) does have some limitations. Achieving precise control over film thickness and
uniformity can be challenging compared to more sophisticated techniques [58]. The method is primarily
suitable for thin films and may have limitations for thicker coatings. Moreover, the properties of the
coating solution, such as viscosity and concentration, significantly impact the final film characteristics
[59]. Despite these limitations, (DC) remains a valuable and widely used method, particularly when sim-

plicity and cost-effectiveness are prioritized in thin film deposition processes.

1.4 Photocatalysis

Photocatalysis is a chemical phenomenon that involves the use of light and a photoactive material
to accelerate a chemical reaction. Typically, it happens as a result of interfacial redox reactions involving
electron-hole pairs created at a semiconductor's surface. When the semiconductor is subjected to light
with an energy higher than its band gap, photoelectrons in the VB are stimulated to the (CB), leaving
holes behind. By causing adsorbed water molecules to oxidize and diffuse to the surface, these holes
create hydroxyl radicals (*OH-), which break down both organic and inorganic substances. At the same
time, electrons in the (CB) react with molecular oxygen (O.) in the air, generating superoxide anion
radicals (O,¢-) [60-61]. The superoxide ion participates in the oxidation reaction within the TiO, molecule

and prevents electron-hole recombination.



There are several factors that can limit the photoactivity of TiO,, including its band gap, the re-
combination of electron-hole pairs, and a low effective surface area. The dimensional structure of the
photocatalytic compound can also influence its performance, as the pore structure, pore volume, and
surface area are important consideration [7]. According to Zhang et al . [62], the fabrication of hierarchi-
cally porous materials with a large surface area can improve the photocatalytic efficiency of TiO,. These
materials can be used for a number of purposes and can be found in a wide range of architectures,

including microparticles, films, core-shell, nanosheets, spheres, nanofibers, and multi-level structures.

1.5 3D printing applied to photocatalysis

The integration of 3D printing with photocatalysis is revolutionizing the field of water purification.
Cutting-edge 3D printing techniques, including Digital Light Processing (DLP) [63] and Continuous Lig-
uid Interface Production (CLIP) [64], are facilitating the precise engineering of TiO2 nanostructures. This
engineering breakthrough enables enhanced efficiency in solar-powered water purification, showcasing

a pivotal stride toward sustainable technology.

The environmental impact of 3D-printed TiO2 nanostructures is noteworthy. The inherent eco-
friendly nature of this approach minimizes material wastage, offering a compelling green alternative for
water treatment. Beyond this, the photocatalytic degradation of contaminants under sunlight adds an-
other layer of eco-friendliness, presenting a promising solution with reduced energy consumption and a

diminished ecological footprint [65].

However, challenges persist in the widespread implementation of 3D-printed TiO2 nanostruc-
tures. Scalability, cost-effectiveness, and long-term stability are focal points for ongoing exploration.
Researchers are actively delving into novel materials, advanced printing techniques, and the integration

of these structures into scalable water treatment systems to address these challenges [66].

In parallel, additive manufacturing (AM) has emerged as a transformative force in photocatalytic
studies. AM, known for its simplicity, low cost, and capability to produce complex structures with minimal
waste, is making significant contributions [67]. Various 3D printing methods utilizing TiO2 nanoparticle-
based materials, such as powder-based inks [68], show immense potential for water treatment pur-
poses. The incorporation of TiOz in filaments for extrusion methods, like fused deposition modeling [69]

and robocasting [70], has been extensively studied, highlighting strengths and potential drawbacks.

As technology advances, alternative methods such as SLA 3D printing are gaining prominence
[71]. SLA involves curing a liquid photosensitive resin under a UV laser beam, resulting in highly detailed

and smooth structures. This technique enhances photocatalysis performance by enabling the creation



of interconnected architectures like scaffolds and honeycombs, offering efficient pollutant diffusion path-

ways.

This intricate fusion of 3D printing technologies and photocatalysis signifies more than just tech-
nological efficiency. It embodies a transformative shift towards sustainable water treatment solutions,
combining innovation, precision engineering, and environmental consciousness to address global chal-
lenges. Ongoing research and development in this dynamic field promise to unveil even more impactful
applications and solutions for the future of water purification [72-76]. Recent studies addressed the use
of 3D printed structures in photocatalytic applications with successful breakthroughs in the degradation
of air and water pollutants [77-81].

This work aims to develop the next generation of 3D photoactive nanomaterials based on TiO,
nanostructures. To achieve this, 3D-printing technology will be used to build 3D macro- mesoporous
TiO, structures that act as active sponges and increase adsorption and photoinduced activation to en-

hance photocatalysis under sunlight.






EXPERIMENTAL PROCEDURE

2.1 Synthesis of TiO2 nanoparticles

Solvothermal method assisted by (MW) irradiation was used to produce and synthesize TiO2 na-
noparticles. Initially, a solution was prepared by adding 2.5 mL of either a 1M solution of anhydrous
oxalic acid (Sigma-Aldrich; CAS: 114-62-7) or ammonium hydroxide (Sigma-Aldrich; CAS: 1336-21-6)
to 57.5 mL of a chosen solvent (Milipore water, absolute ethanol, or isopropyl alcohol). This solution
underwent stirring on a magnetic plate for 5 minutes. To this, 2 mL of titanium (IV) isopropoxide (TTIP)
(Sigma-Aldrich; CAS: 546-68-9) was added and stirred until homogenized. The (MW) synthesis was
initiated by introducing 20 mL of the final solution into a sealed glass container, which was then placed
into the (MW) apparatus (CEM Focused Microwave Synthesis System Discover SP). Two distinct ap-

proaches were employed for TiO2 nanoparticle synthesis, delineated in subsequent tables.

Table 2.1. — Specific parameters of TiO, nanoparticles synthesis.

Approach A Approach B
Step 1 Step 1 Step 2 Step 3 Step 4 Step 5
Ramp time (min) 20 20 20 20 20 20
Hold time (min) 60 1 1 1 1 20
Temperature (2C) 90 100 120 150 170 190
Pressure (PSI) 150 50 100 150 280 280
Power (W) 100 50 100 150 280 280

It is noteworthy to mention that, in total, 9 samples were created based on the two approaches

mentioned above. From approach A (in-situ), 6 samples were synthesized corresponding to the number




of combinations of solvents and catalysts (3 solvents and 2 catalysts). From approach B (dip coating),
only 3 samples were synthesized. In the table below, all the information about the samples is displayed.

The choice between a basic catalyst, such as ammonium hydroxide and an acid catalyst, like
oxalic acid, in the synthesis of TiO2 nanoparticles introduces nuanced differences with notable implica-
tions. Each type of catalyst plays a distinctive role in shaping the properties of the resulting TiO2 mate-
rial, with specific advantages and considerations. Their influence extends to the control of particle size,

morphology, and crystalline structure, impacting the photocatalytic activity of TiO2[82].

Table 2.2 — Information about TiO, samples.

Sample’s name Approach Solvent Catalyst
A1 A Milipore water Anhydrous oxalic acid
A2 A Absolute ethanol Anhydrous oxalic acid
A3 A Isopropyl alcohol Anhydrous oxalic acid
A4 A Milipore water Ammonium hydroxide
A5 A Absolute ethanol Ammonium hydroxide
A6 A Isopropyl alcohol Ammonium hydroxide
B1 B Milipore water Anhydrous oxalic acid
B2 B Absolute ethanol Anhydrous oxalic acid
B3 B Isopropyl alcohol Anhydrous oxalic acid

Post-(MW) synthesis, the nanoparticles underwent filtration using the Neya 16 Remi Centrifuge.
A meticulous washing process ensued, involving three cycles with absolute ethanol, each executed
under identical conditions of centrifugation at 5000 rpm for 3 minutes. Subsequently, the cleaned nano-
particles were transferred to a desiccator for drying. This drying process took place at 100 °C under
vacuum conditions for a duration of 1 hour. Following drying, the nanoparticles were subjected to grind-
ing and then carefully stored in a receptacle for future utilization. This meticulous procedure ensured
the successful synthesis of TiO2 nanoparticles, incorporating precise catalyst and solvent selections,
(MW) irradiation, and thorough post-synthesis processing.

2.2 Designing and printing of the 3D structure

A single structure was conceived using Fusion360, a computer-aided design (CAD) software
based in San Francisco, California, USA. To achieve this, the structure was meticulously crafted and
materialized using a Form-2 SLA printer, employing liquid resin, specifically Formlabs High Temperature
Resin for Heat Resistance.



Figure 2.2.1 - Design of the 3D macro mesoporous structure.

This circular structure has 25 mm of diameter and 5 mm of height. In its matrix, each one of the
circular holes has a diameter of 1mm, with a depth of 5mm (the structure is seen through), and are
separated of each other by 1mm. The 3D structure was taken out of the printer and cleansed using IPA
to eliminate any remaining unhardened liquid resin. Subsequently, it was immersed in an IPA bath for 6
minutes [83]. Following this, the untreated specimens were dried and subjected to 30 minutes of ultra-
violet (UV) irradiation using the PSD Pro Series Digital UV Ozone System NOVASCAN at a temperature

of 60°C to finalize the polymerization process.

2.3 Impregnation of nanoparticles in the 3D structure

Two different techniques were used for incorporating TiO2 nanoparticles in the surface of 3D
printed structures. The first technique, henceforward known as in-situ (IS), focused on the growth of
TiO2 nanoparticles directly on the 3D structure, by placing it inside the sealed glass container with the
solution, during the (MW) irradiation synthesis. The second technique, from now on known as (DC),
intended to deposit and coat the 3D structure with already synthesized TiO2 nanoparticles (via (MW)
irradiation synthesis) by submerging it in a stable suspension that contained the TiO2 nanoparticles.

For the IS method, the parameters used in the synthesis of TiO2 nanoparticles were the same as
in approach A (Table 2.1), since the resin of the 3D structure cannot withstand very high temperatures
(which would melt in the process).

For the DC method, the parameters used were the same as in approach B (Table 2.1). This
method allowed for higher synthesis temperatures by not having the 3D structure inside the glass vessel
and so, the impregnation of nanoparticles had to be done after the synthesis. To prepare the (DC)
solution, two other solutions were made so that a stable suspension was achieved. In the first solution,
for each 10 mL of distilled water was added 1 mg of PEG and 1 mg of PAAc and left it to stir for 24 h. In

the second solution, for each mL of distilled water was added 2 mg of powder and left it in an ultrasounds



bath for 30 min. Finally, to complete the final (DC) solution, 12 mL of the first solution and 20 mL of the
second solution were mixed in a separate container until homogenized. To coat the 3D structure with
TiO2 nanoparticles, a (DC) device was used. The specific parameters of this part were immersion speed,
hold time, emergence speed and drying time which were 500 mm/s, 5 s, 500 mm/s and 150 s (for each
side), respectfully. To speed up the drying part, a regular hair dryer was used.

To ensure that the 3D structures were coated with the desired amount of 25 mg of nanoparticles,

it was weighed before and after each procedure.

2.4 Photocatalysis activity

To test the photocatalytic activity of the 3D printed structures it involved subjecting them to ex-
amination using the LED Solar Simulator — LSH-7320 configured at 1 SUN intensity and conducted at
room temperature. RhB (RhB) served as the model dye for these experiments. In each trial, the structure
was positioned on the recipient platform, and a 50 mL solution of RhB (5mg/L) was agitated for 30 min
in darkness to establish adsorption-desorption equilibrium. The absorbance spectra were systematically
recorded at 30 min intervals through this period, employing the Spectrometer UV-Vis NIR — Perkin EImer
Lambda 950. To mitigate the issue of solution overheating during the aforementioned tests, the previous
recipient was enclosed within a larger receptacle filled with cold water. The rationale behind this proce-
dural modification was rooted in the observed consequence of solution overheating during the experi-
mental trials. This overheating phenomenon induced water evaporation, thereby causing unintended
elevation in the concentration of RhB within the solution, thereby distorting the intended outcomes.

For structures exhibiting optimal performance, reusability assessments were undertaken. Fur-
thermore, to substantiate the viability of the proposed methodology, photocatalytic reactions were con-
ducted under natural sunlight conditions, with a cumulative exposure time of 120 min. Solar intensity
was quantified using a Sciencetech solar power meter (Sciencetech-Inc, London, ON, Canada) reveal-
ing an approximate average value of 0.70 SUN and a UV index of 7 out of 11, as per measurements

from the IPMA (Instituto Portugués do Mar e da Atmosfera) website.

2.5 Characterization techniques

SEM images were captured utilizing the Regulus 8220 Scanning Electron Microscope. The sizing
of the nanoparticles was assessed through ImagedJ software. For EDS measurements, a Carl Zeiss
AURIGA CrossBeam SEM-FIB workstation was employed.

Scanning transmission electron microscopy (STEM) images, including high-angle annular dark-
field (HAADF) imaging, were carried out with a Hitachi HF5000 field-emission transmission electron
microscope operated at 200 kV (Mito, Japan). This is a cold FEG TEM/STEM with a spherical aberra-

tion-corrector for the probe and it is equipped with one 100mm? EDS detectors from Oxford Instruments.
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A drop of the sonicated dispersions was deposited onto lacey-carbon copper grids and allowed to dry

before observation.

X-ray diffraction (XRD) measurements were conducted using a PANalytical Xpert PRO MFP-3D
diffractometer, utilizing CuKa radiation as the X-ray source. The XRD data were collected within a 26
range of 20° to 90°, with a step size of 0.0334225°, and recorded with an X’'Celerator 1D detector. The
simulated crystal structures for brookite, rutile, and anatase were referenced to ICDD file No. 01-076-
1937, ICSD file No. 96-900-4143, and ICSD file No. 082084, respectively. The simulated anatase struc-
ture had lattice parameters (A) a = b = 3.7830 and ¢ = 9.4970.

Raman spectroscopic measurements were conducted using the inVia Qontor confocal Raman
microscope manufactured by Renishaw, located in Kingswood, UK. The excitation source employed
was a 50 milliwatt green diode-pumped solid-state laser operating at 532 nanometers. The laser oper-
ated with a 10-second exposure time and settings configured for 3 accumulations. Raman spectra
were recorded through an extended scan spanning the range of 100 to 700 wave numbers (cm™). The
laser beam was focused using a 50x Olympus objective with a long working distance of 8.2 millime-
ters. The reported results are derived from the average of multiple scans conducted on the surface of
the synthesized powder. To ensure accuracy and account for potential fluctuations in the Raman sys-
tem, the spectrograph was calibrated using the 521 cm™ peak of a silicon wafer. All measurements

were carried out at room temperature.

For optical characterization, the band gap of TiO2 powders was determined based on reflec-
tance spectra in the 200—800 nm range. This analysis was conducted using a PerkinElmer Lambda
950 UV/VIS/NIR spectrophotometer.
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RESULTS AND DISCUSSION

Pure TiO2 nanoparticles with a base and an acid catalyst were synthesized effectively utilizing
(MW) irradiation, a method known for its expeditious and low-temperature synthesis characteristics. The
subsequent step involved the successful fabrication of a macro-mesoporous structure through the em-
ployment of the SLA 3D printing technique. To impart functional attributes, the incorporation of nano-
particles was accomplished through two methodologies: in situ growth and (DC). A comprehensive eval-
uation was undertaken to gauge the photocatalytic activity of this 3D-printed TiO2 structure under sun-
light simulator conditions. The assessment encompassed an investigation into the impact of structural
morphology, the efficacy of both nanoparticle incorporation methods, and the reusability potential of the
printed TiO2 structure. Additionally, the photocatalytic performance of sample B2 was specifically scru-

tinized under sunlight simulator conditions as part of this comprehensive analysis.

3.1 Morphological and structural characterization of the nano-

particles synthesized under microwave irradiation

3.1.1 XRD measurements

X-ray Diffraction (XRD) analyses were conducted to discern the crystallographic structure of
TiO2-based materials. The powder diffractogram of A1, A2, A3, A4, A5, and A6 TiO2 nanoparticles is
depicted in Figure 3.1.3.

The X-ray diffraction patterns (diffractograms) for samples A1, A2, and A3 demonstrate striking
similarities, suggesting a common crystalline phase. Upon detailed examination and comparison with
simulated diffractograms corresponding to various TiOz2 crystalline phases such as anatase, rutile, and
brookite, the experimental patterns notably align with the characteristic peaks of the anatase phase,
positioned at 2 0 = 25.25°, 37.71°, and 48.01° and assigned, respectively, to (101), (004), and (200)
anatase’s planes. Furthermore, no additional peaks related to impurities, such as Ti(OH)4, were identi-
fied.
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However, when examining the diffractograms of A4, A5, and AB, a significant deviation is evi-
dent. Not only do these samples fail to correlate with any of the simulated TiO2 crystalline phases, but
they also lack notable peaks altogether. Upon further investigation, we concluded that these samples
are likely amorphous, as they do not exhibit similarities with any of the simulated TiO2 crystalline phases
[86].
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Figure 3.1.1 - XRD diffractograms of A1, A2, A3, A4, A5 and A6. The diffractograms are normalized at the maxi-
mum intensity. Simulated rutile, anatase and brookite powder diffractograms are shown for comparison.

As the materials produced with base as precursor resulted in amorphous materials (A4, A5 and

AB), they were not considered for further analyses.

3.1.2 SEM analysis

Displayed in Figure 3.1.1 are presented the SEM images of samples from approach A (Figure
3.1.1 a, b and c¢) and from approach B (Figure 3.1.1 d, e and f) regarding TiO2 nanoparticles synthe-
sized under (MW) irradiation. The main difference between SEM images from approach A and B are
the size and shape of the nanoparticles. All images display large amounts of nanoparticles in the shape
of nanospheres and it can clearly be observed the presence of larger and deformed spheres that re-
semble nanorods. The average size of the measured nanoparticles from approach A are 9.89 + 3.84
nm for A1, 15.32 + 3.12 nm for A2 and 7.89 + 2.84 nm for A3. From approach B are 17.24 + 2.85 nm
for B1, 21.32 + 4.55 nm for B2 and 15.13 + 2.41 nm for B3. With the elevation of pressure and temper-
ature, so do the nanoparticles size gets bigger.
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Figure 3.1.2— SEM images of (a) A1, (b) A2, (c) A3, (d) B1, (e) B2 and (f) B3.

3.1.3 STEM analysis

The STEM images of the TiO2 nanoparticles synthesized using ethanol as solvent and 190 °C
as the temperature of synthesis. It is clear that synthesis resulted in very fine nanoparticles (around 5
nm) that are highly agglomerated (Figure 3.1.2. (a) and (b)). From the atomic-resolution HAADF STEM
image in Erro! A origem da referéncia nao foi encontrada.(c and d), it is clear atomic columns, that
from the Z-contrast, it can be assumed the visible spots must correspond to Ti atom [84]. These Ti
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atomic columns are perpendicular to each other, and it has been determined to be from the (100) and
(010) atomic planes of anatase with a lattice spacing of = 0.378 nm [85]. The insets presented in Figure
3.1.2. (d) represent the Fast Fourier Transformation (FFT) images carried out in the TiO2 nanocrystal
magnified in Figure 3.1.2. (d). Observed through the [001] zone axis, it is evident from the FFT patterns
that the angles (100) and (010) is 90°, in accordance with the theoretical value reported for pure crys-
talline anatase TiO2 (ICSD file No. 9852). From the atomic-resolution HAADF images and FFT patterns,
it can be inferred the tetragonal atomic arrangement on the (001) surface of the TiO2 nanocrystals [84-
85].

HAADF-STEM

Figure 3.1.3 - (a) Secondary electron (SE) STEM image of the B2 sample, (b) HAADF image of the area in (a), ()
and (d) Magnified HAADF-STEM image of a TiO2 nanocrystal. The inset in (d) shows the FFT image of the ana-
lyzed TiO2 nanocrystal.

3.1.4 Raman

Raman spectroscopy assessments were undertaken to affirm the compositional integrity of the

synthesized materials. Inspection of the Raman spectrum depicted in Figure 3.1.4 elucidates the
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presence of the characteristic TiO2 anatase bands at 144 cm™ (Eg), 198 cm™ (Eg), 393 cm™ (Eg), 515
cm™ (B1g + A1g), and 636 cm™ (Eg), incorporating the six Raman active modes (A1g+2 B1g +3 Eg) [87].
The verified purity of the resultant TiO2 nanopowder aligns seamlessly with the corroborative XRD data,

substantiating the fidelity of the synthesized material.
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Figure 3.1.1 - Representative Raman spectrum of the synthesized TiO. nanopowders. The vertical dot lines rep-
resent anatase TiO. bands.

3.2 Optical characterization

3.2.1 Optical Band Gap

The determination of the optical band gap energy for the synthesized nanoparticles was accom-

plished using the Tauc method. The Tauc equation is articulated as follows:
(ahv) = A(hv — Ej)™ (1)
In the context of the Tauc equation, the symbols represent the following parameters: ‘a’ denotes

the absorption coefficient, ‘h’ stands for the Planck constant, ‘v’ represents the photon's frequency, ‘A’

is an energy-independent constant, 'E,' signifies the energy band gap, and 'm' is a constant contingent
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upon the nature of the electron transition—assuming a value of 12 for allowed direct transitions and 2

for allowed indirect transitions. Furthermore, the absorption spectra ‘@’ can be interchanged with the

measured reflectance spectra 'R' by employing the Kubelka—Munk function F(R), equation:

1-R)? k
F(R)z%zg

In the given expression, 'R' denotes the absolute reflectance of the nanoparticles, 'k signifies the

absorption coefficient, and 's' represents the scattering coefficient. Consequently, to determine the en-

ergy band gap of the nanoparticles, both equations (equation 1 and 2) were integrated. The resultant

plot of (F(R)hv)Y/™ vs (hv) utilized the measured reflectance. Subsequently, the linear region of this plot

was extrapolated, as illustrated in (Figure 3.2.1.) [88-90]. It's noteworthy that this methodology is appli-

cable to all semiconducting materials that do not absorb light of sub-band gap energy or exhibit negligi-

ble absorbance [91].
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Figure 3.2.1 - Optical band gaps (F(R)hv)1/m vs (hv) plots for TiO, nanostructures.
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Band gap values for A1, A2, A3, B1, B2 and B3 are 3.03 eV, 3.01 eV, 3.12 eV, 2.95 eV, 2.93
eV and 3.00 eV, respectively. When analyzing the values, it is noticeable that B1, B2 and B3 all had
lower band gaps than A1, A2 and A3, meaning that samples from approach B can have a better photo-
catalytic performance than those form approach A, just for the fact that they can absorb more visible
light. One possible explanation to why approach B samples present lower band gaps is due to the pres-
ence of defects, such as oxygen vacancies. These vacancies act as electron traps, creating energy
levels within the band structure of TiO2. These vacancies can reduce the band gap energy, influencing
the material's electronic properties. Additionally, the presence of vacancies can enhance photocatalytic

activity by facilitating charge carrier generation and promoting redox reactions.

3.3 Morphological and structural characterization of the func-
tional 3D printed structure

The successful integration of nanoparticles onto the surfaces of 3D printed structures was ac-
complished through different techniques. The figure below visually presents SEM images of the struc-
tures employing approach A with in-situ growth (Figure 3.3.1. b, ¢ and d), approach B with the DC
technique (Figure 3.3.1. e, f and g) and also an image of the 3D printed structure without nanoparticles
on it (Figure 3.3.1. a). At first, it is noticeable the difference between the 3D structure without nanopar-
ticles on it (Figure 3.3.1. a) and the rest of the images (Figure 3.3.1. b-g), where it can clearly be
observed and identified the presence of TiO2 nanoparticles.

When analyzing the images from approach A and approach B, some similarities can be observed
between both approaches such as large agglomerates of nanoparticles that are present on the resin
matrix and a complete and uniform coverage of it.

Regarding the images from approach A, which had the TiO2 nanoparticles synthesized and grown
in-situ, due to the 3D structure being inside the glass vessel with the solution, it is noticeable the pres-
ence of smaller particles and agglomerates of nanoparticles than the images of approach B. The es-
sence of this technique lies in the necessity for SLA 3D printed structures to undergo a UV post-curing
procedure following their emergence from the printer. This process is crucial for transforming monomers
into intricately interconnected polymer networks [92]. As the curing unfolds, the structures undergo ther-
mal expansion induced by UV light and temperature exposure [93]. Consequently, the final structures
exhibit a reduction in size at room temperature while concurrently improving their mechanical properties
in comparison to their pre-cured state [94-95]. Therefore, by applying a coating of nanoparticles onto
the surface of the nascent, uncured structure, these nanoparticles gradually integrate into the resin
during the curing process, becoming firmly affixed to the surface post-curing and subsequent cooling.

Now, with the images of approach B, it is observed larger nanoparticles and also larger agglom-
erates of it. This can be explained due to the fact that in this approach, the conditions set to synthesize
TiO2 nanoparticles were different than approach A, mainly in terms of temperature and pressure. Ele-

vated temperatures provide particles with greater thermal energy, enabling them to overcome
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intermolecular forces and facilitating the fusion of smaller particles into larger ones. Additionally, higher
pressures compress the particles, reducing the void spaces between them and promoting particle coa-
lescence [96]. Overall, the combination of elevated temperature and pressure promotes more vigorous
molecular motion and closer proximity between particles, leading to the agglomeration and growth of
particle sizes. Also, the technique used to impregnate the 3D structure was different. The particles ad-
here to the surface through capillary forces upon withdrawal from the solution. While (DC) may take
more time due to multiple steps, including nanoparticle synthesis and coating, it offers an alternative for
nanoparticle integration. Factors like solution concentration, withdrawal speed, and drying conditions
impacted the size, distribution, and adhesion strength of nanoparticles, potentially leading to variations
in coating uniformity and the formation of larger agglomerates of nanoparticles [97]. Nevertheless, both

techniques revealed to successfully cover the surface of the 3D resin with good adhesion to Its surface.




Figure 3.3.1 - SEM images of (a) the 3D structure without TiO, nanoparticles, (b) (c) (d) the 3D structure with
TiO2 nanoparticles incorporated via microwave irradiation (in-situ growth) A1, A2, A3 (respectively) and (e) (f) (g)
the 3D structure with TiO2 nanoparticles incorporated via dip coating B1, B2, B3 (respectively).

3.4 Photocatalytic activity

The photocatalytic prowess of TiO2 under UV irradiation has been extensively explored and has
yielded remarkable outcomes [98-101]. However, when exposed to sunlight, a diminished photocatalytic
performance is anticipated due to TiO2 being a wide band gap semiconductor. The solar spectrum en-
compasses UV (5%), visible (40%), and infrared (IR 55%) wavelengths. Yet, as TiO2 primarily absorbs
in the UV region, it selectively captures only the UV segment of the solar spectrum [7]. The variability in
solar radiation intensity induced by weather, time of day, and other factors underscores the necessity
for solar simulators, which enhance experimental precision and afford better control over radiation in-
tensity. The credibility of a solar simulator is contingent upon meeting certain criteria, including high
spectral match, low-irradiation spatial nonuniformity, and minimal temporal instability, in comparison to

natural sunlight [102].

One structure was generated as subject of investigation. This structure consists of a circular disk

with circular holes displayed in a honeycomb pattern, totalizing a surface area of 427 mm?2.

3.4.1 3D printed TiO2 photocatalysis

RhB serves as an exemplary organic compound for photocatalytic activity assessments due to
its high-water solubility and an absorption peak within the visible range (554 nm), facilitating monitoring
of degradation through optical absorbance spectroscopy. Not only is RhB a commonly employed chem-
ical in industrial production, but it is also a contributor to environmental pollution. Consequently, the
photocatalytic performance of TiO2 structures was appraised by examining the degradation of RhB un-
der sunlight simulator conditions. The outcomes are graphically presented in Figure 3.4.1. accompanied
by the corresponding degradation percentages calculated using equation 3:

o

Degradation (%) =

X 100 3)

o

In equation 3, 'Co' represents the initial absorbance of the RhB solution, while 'C' denotes the
absorbance of the RhB solution at each specific exposure time.
All experiments were initiated with the RhB solution at an absorbance value of 1. The tests were

concluded upon the initial occurrence of a hypsochromic shift in the RhB solution.
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The hypsochromic shift observed is a consequence of the self-photosensitization phenomenon
of the dye when exposed to visible light. This occurrence is typical in visible light-assisted photocatalysis
involving dyes [103-104]. Beyond the degradation of the dye resulting from the destruction of the chro-
mophore structure through photocatalytic processes, RhB molecules, when exposed to visible light, can
transition to an excited state. In this excited state, electrons are transferred to the CB of the photocata-
lyst, leading to the formation of RhB cation radicals. These cation radicals are accountable for subse-
quent N-de-ethylation reactions [105-107]. The gradual hypsochromic shift in the absorbance peak is
attributed to the formation of N-de-ethylated products, as the N-de-ethylation of RhB is recognized to be
a stepwise process [108-109]. Therefore, the appearance of the hypsochromic shift signifies that the

degradation of RhB is no longer primarily attributable to the action of the photocatalyst.

The degradation of RhB utilizing 3D printed TiOz2 structures under a simulated sunlight environ-
ment yielded notable outcomes. Notably, B2 (Figure 3.4.1.) demonstrated the most significant efficacy,
achieving an 85% degradation after 120 minutes. Following closely, B1 (Figure 3.4.1.) secured the
second position with a 68% degradation over the same exposure duration, reflecting a discernible 25%
deviation from B2. Claiming the third spot, B3 (Figure 3.4.1.) exhibited a 60% degradation, marking a
nearly 42% reduction (almost half) in photocatalytic performance compared to B2. A2 (Figure 3.4.1.)
occupied the subsequent position, showcasing a 35% degradation. Concluding the series, A1 (Figure

3.4.1.) and A3 (Figure 3.4.1.) registered 26% and 25% degradation, respectively.

The disparities between the results obtained from approaches A and B are noteworthy. While
none of the samples from approach A attained a degradability threshold of 50%, all samples from ap-
proach B not only surpassed this benchmark but achieved a notable 60% or more in degradability. This
substantiates the superiority of approach B over approach A. These findings hold great promise, espe-
cially when contrasted with existing literature, where TiO2 photocatalysis under visible light often neces-
sitates prolonged degradation periods. Prior studies by W. Ren et al. [110] observed almost 30% deg-
radation over 300 minutes using undoped nanoparticles. J. Wang et al. [111] reported a 10% degrada-
tion of RhB in 25 minutes and certain investigations employing 3D printed TiO2 structures under visible

sunlight required more extensive exposure times, up to 6 hours, to achieve 75% efficiency [31].

Furthermore, the degradation ratio was assessed using the Langmuir-Hinshelwood (L-H) kinetic

model. For the pseudo first-order reaction, the L-H model equation is expressed as follows:
—dC/dt = kC (4)
where C is the concentration, k is the rate constant, and t is the time.

The rate constant k can be determined from the slope of the linear fitted line by plotting the

pseudo first-order reaction using the equation:

In(C,/C) = kt (%)
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Figure 3.4.1- RhB absorbance spectra under sunlight simulator conditions (led Simulator with AM 1.5 spectrum)

(a) A1, (b) A2, (c) A3, (d) B1, () B2 and (f) B3
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The degradation ratio vs time of exposure are displayed in Figure 3.4.2. A 3D structure without
TiO2 present in it was exposed in RhB under solar simulator conditions (Resin_RhB). The findings sug-
gest that the resin lacks inherent photocatalytic properties, and the entirety of the degradation observed
is attributed solely to the influence of nanoparticles integrated into the surface (Figure 3.4.2.). To facili-
tate a quantitative comparison, rate constants were computed to serve as indicators of the respective

photoactivities.

The photocatalyst exhibiting the highest performance was B2, registering a constant rate of
0.0174 min™", followed by B1 at 0.0092 min~", and B3 with a rate of 0.0075 min~". In contrast, samples
from approach A demonstrated notably lower constant rates, specifically 0.0036 min~ for A2 and 0.022

min~"* for A1. A3 emerged as the least efficient photocatalyst, recording a rate of 0.0010 min™.

Through a comprehensive analysis of each incorporation method in terms of photocatalytic per-
formance, it becomes evident that an additional enhancement in the degradation rate is achieved when

structures with impregnated nanoparticles are synthesized under the conditions of approach B.
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Figure 3.4.2 - (a) RhB degradation ratio (C/Co) vs. exposure time for the 3D printed TiO; structures under light simulator

(b) Kinetic parameters of the structures with the respective fit curves.

As previously elucidated, the photocatalytic efficacy of semiconductor materials is intricately gov-
erned by various determinants crystallinity, encompassing band gap energy, surface defects, nanostruc-
ture crystal facets, and high surface area, among other factors. In this specific instance, the photocata-
lytic performance was distinctly influenced by the method employed for nanoparticle synthesis condi-
tions. This is underscored by the fact that all TiO2 nanostructures exhibited uniform characteristics, no-
tably being of the anatase phase, characterized by a substantial effective surface area conducive to
heightened surface reactions. Additional shared attributes included an optical band gap below 3.12 eV.

The enhancement observed in the constant rates from approach A to approach B can be at-

tributed to the increased temperature and pressure during (MW) synthesis.
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The superior efficacy of ethanol as a solvent in the synthesis of TiO2 nanoparticles via (MW)
irradiation, leading to enhanced photocatalytic performance, can be attributed to several factors. (MW)
radiation interacts with the solution molecules, converting energy from electromagnetic into thermal
[112]. Hence, it can be deduced that the selection of diverse solvents holds significance in organic
synthesis. Among the crucial factors influencing (MW) synthesis, solvent polarity stands out as a key
parameter. As solution polarity rises, the heating process becomes more effective due to enhanced
interaction with (MW) energy [113]. The viscosity of a solvent is a crucial factor that influences its ca-
pacity to absorb (MW) energy, primarily impacting molecular rotation. In highly viscous mediums, mo-
lecular mobility is constrained, making it challenging for molecules to align with electromagnetic radia-
tion. Consequently, the heat generated through dipole rotation decreases in such environments [114].

Ethanol, characterized by its unique chemical properties, facilitates a homogeneous and efficient
reaction environment. Its relatively low boiling point ensures rapid evaporation during (MW) irradiation,
promoting the formation of nanoparticles with desirable characteristics. Additionally, ethanol's excellent
solvating power enables the dissolution of titanium precursor compounds, fostering uniform dispersion
and promoting the formation of well-defined nanoparticles. The controlled interaction between ethanol
and titanium precursors likely influences the nucleation and growth processes, contributing to the syn-
thesis of TiO2 nanoparticles with optimal size, morphology, and crystalline structure. Moreover, the dis-
tinctive properties of ethanol, such as its ability to act as a reducing agent, may play a role in governing
the reduction-oxidation dynamics during the synthesis, influencing the final characteristics of the TiO2
nanoparticles [115-118]. The synergistic effects of these factors collectively contribute to the superior
photocatalytic performance observed in TiO2 nanoparticles synthesized using ethanol as the solvent
under (MW) irradiation.

There are a lot of factors that have an influence in TiO2 photocatalytic behavior like the specific
surface area, the crystalline phase and particle size [119-120]. Larger particles are known to have a
lower surface-to-volume ratio and specific surface area [34]. Despite this, spheres were also seen, which
increased the number of active sites available for photocatalytic processes. According to STEM, one of
the most active surfaces for photocatalysis in TiO2 is the (100) surface, which was exposed in TiO2
nanocrystals. This is because it has a greater electronic band structure and a superior surface atomic
structure with 100% five-coordinate Ti atoms (Tisc). This allows for the generation of higher reductive
and oxidative photoexcited charge carriers, which are then transferred to the TiO2 surface to react with

the pollutant molecules and increase photocatalytic performance [121-122].

Hierarchically mesoporous TiO2 nanostructures demonstrate exceptional photocatalytic efficacy
due to their substantial surface area, enabling the adsorption of reactant molecules on numerous active
sites and large pore volumes facilitating the diffusion of pollutant molecules during the photocatalysis
reaction. This attribute is advantageous for reaction kinetics [62]. Consequently, quantum sized meso-
porous TiO2 exhibits more efficient separation of photogenerated charge carriers, indicative of robust
redox reactions [123-124].
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3.4.1.1 Reusability test

A crucial consideration for practical applications is the reusability of the photocatalyst, contributing
not only to the recovery of the photocatalyst but also to the viability of water treatment at an industrial
scale. Therefore, a three-cycle test was conducted for the DC B2 sample (Figure 3.4.3.). After each
cycle, the photocatalyst was washed with water, exposed under UV light for 30 minutes each side to
clean residues, and reintroduced into a container with a new RhB solution. The photodegradation of
RhB for the three cycles and the degradation rate are depicted in Figure 3.4.3., respectively.

As illustrated in Figure 3.4.3., the degradation curves are remarkably different. The first exposure
exhibits degradation with a rate constant (k) of 0.0060 min™", the second exposure with k = 0.0023 min™,
and the third exposure with k = 0.0015 min™. This inconsistency demonstrates crucial problems in the

reusability properties of the sample, since its performance plummets.
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Figure 3.4.3 - (a) Different cycles of RhB degradation ratio (C/C0) vs. exposure time for DC B2 structure under sunlight

simulator. (b) Kinetic parameters of the structures, with the respective fit curves.

Following a thorough analysis of the preceding experimental outcomes, the reasons behind the
underwhelming performance observed in the reusability test during successive photocatalytic trials,
were unknown. A revelation emerged during a meticulous examination under the scanning electron
microscope (SEM), giving a sense of disappointment. Figure 3.4.4. starkly illustrates observable cracks
on the TiOz2 film, unveiling an undisclosed factor contributing to the challenges faced in replicating the
test.

This discovery underscores the pivotal role of viscosity control in the deposition process of TiO2
films utilizing the sol-gel (DC) technique. Citing existing research, the highlighted passage emphasizes
the critical management of parameters such as ionic concentration, heating conditions, and withdrawal
speed to ensure the production of crack-free films [125]. The emergence of cracks becomes apparent
when thin films reach a critical thickness [126]. Notably, the regulation of withdrawal speed proves in-
strumental in preventing crack and bubble formation post-annealing [127].

Furthermore, the sol-gel (DC) technique provides a versatile means of manipulating the film's

microstructure by adjusting solution composition and deposition conditions. This, in turn, influences the
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achievement of crack-free TiO2 thin films [128]. This connection elucidates the intricate interplay of dep-

osition conditions and their consequential impact on crack formation in TiO2 thin films.

Figure 3.4.4 - SEM images of the surface of the 3D printed TiO structure DC B2 after 3 exposures to under sun-
light simulator conditions
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3.4.1.2 Photocatalysis under natural sunlight

As a proof of concept, photocatalytic activity at natural sunlight conditions was performed for

DC B2 and the following result is shown in Figure 3.4.5. The degradation rate of RhB was 0.0062 min~

1, which was much lower compared to the sun simulator exposure, mainly due to the low and oscillating

UV index and the atmospherical conditions.
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Figure 3.4.5 - (a) RhB degradation ratio (C/CQ) vs. exposure time for DC B2 structure under natural sunlight. (b)

Kinetic parameters of the structure, with the respective fit curve.
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CONCLUSION AND FUTURE
PERSPECTIVES

In conclusion, the comprehensive investigation into the synthesis, 3D printing, and photocata-
lytic performance of TiO2 nanostructures has yielded valuable insights. The successful integration of
nanoparticles onto 3D printed structures using in-situ growth and (DC) approaches showcased distinc-
tive characteristics, with approach B consistently demonstrating superior performance in terms of pho-

tocatalytic activity.

Structural analysis through SEM, STEM, XRD, and Raman spectroscopy confirmed the suc-
cessful synthesis of TiO2 nanoparticles with a macro-mesoporous structure. The utilization of (MW)
irradiation for nanoparticle synthesis, followed by SLA 3D printing, proved effective, highlighting the
potential for scalable and precise manufacturing.

Photocatalytic assessments, particularly under sunlight simulator conditions, emphasized the

considerable impact of synthesis conditions on the photocatalytic efficiency of TiO2 structures.

Reusability assessments, although presenting challenges, provided crucial insights into the
limitations of dip-coated samples, specifically B2, attributed to crack formation in the TiO2 film. This
underscores the importance of meticulous control over deposition conditions, particularly viscosity, in

enhancing the long-term stability and performance of TiO2-based photocatalysts.

Looking ahead, future research endeavors should focus on addressing the identified challenges,
such as crack formation during the (DC) process. Exploring advanced deposition techniques and opti-
mizing synthesis conditions could contribute to enhancing the reusability and scalability of TiO2-based
photocatalysts. Additionally, the environmental impact of the photocatalytic process and the potential
release of by-products should be thoroughly investigated to ensure the sustainability of water treat-

ment solutions.
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The integration of 3D printing with advanced photocatalytic materials opens avenues for innova-
tive applications in water treatment and beyond. This study highlights the need for continued interdisci-
plinary collaboration between material scientists, engineers, and environmental researchers to propel
the development of efficient, cost-effective, and sustainable water purification technologies. The fusion
of 3D printing and photocatalysis represents a promising approach for addressing global water chal-

lenges, providing cleaner and accessible water resources for future generations.
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