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Resumo 

A água é essencial para a sobrevivência da humanidade e a sua contaminação 

por poluentes orgânicos, como antibióticos, é um problema cada vez mais grave e que 

deve ser controlado. Isto é preocupante dado que a presença destes poluentes nos 

recursos hídricos pode representar riscos para a saúde e causar efeitos prejudiciais nos 

ecossistemas circundantes. Adicionalmente, os métodos convencionais de tratamento 

de água são ineficazes para este tipo de poluentes e, por isso, é necessário desenvolver 

métodos alternativos para os remover de forma eficiente de meios aquáticos. 

Uma dessas alternativas é a fotocatálise, uma tecnologia limpa que utiliza 

irradiação para promover uma reação catalítica. É conhecida por ter impactos mais 

baixos que métodos convencionais, possui um elevado potencial redox e, sob as 

condições adequadas, pode utilizar o sol, uma fonte de energia renovável, para 

impulsionar o processo. O TiO2 é um fotocatalisador particularmente importante devido 

ao seu baixo custo e estabilidade química. No entanto, apresenta várias limitações que 

impedem uma utilização eficiente sob irradiação solar. Nomeadamente, requer 

irradiação UV de elevada energia, que representa apenas cerca de 5% do espectro 

solar, sofre de uma rápida recombinação de cargas, o que reduz a sua eficiência 

fotónica, e, por fim, apresenta baixa afinidade para poluentes orgânicos. Embora várias 

estratégias de dopagem tenham sido testadas para ultrapassar estas limitações, todas 

elas apresentam os seus próprios problemas e limitações. 

Como alternativa a essas estratégias, existe a conjugação do TiO2 com carbon 

dots (CDs), que, devido à sua estrutura e propriedades, podem melhorar a separação 

de cargas no TiO2, alargar a gama de absorção para a luz visível e aumentar a afinidade 

para poluentes orgânicos. Assim, a adição de CDs ao TiO2 tem o potencial de aumentar 

a eficiência fotocatalítica sob luz solar ao mesmo tempo que evita os inconvenientes 

associados às estratégias de dopagem. Por fim, a síntese de CDs é altamente versátil, 

podendo estes ser produzidos a partir de uma vasta gama de precursores, incluindo 

resíduos orgânicos, contribuindo assim para a valorização desses resíduos, 

promovendo uma economia circular e reduzindo os impactos ambientais associados. 

Numa primeira fase do projeto, começámos por desenvolver nanocompósitos 

que fossem ativos sob luz visível para a fotodegradação de azul de metileno (MB), um 

poluente modelo. O nanocompósito inicial foi preparado a partir de TiO2 e de CDs 

produzidos através do tratamento hidrotermal de ácido cítrico e etilenodiamina, sendo 
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este doravante designado como NC100. A adição de CDs ao semicondutor teve um efeito 

significativo na eficiência fotocatalítica da degradação do MB sob luz visível. 

Nomeadamente, o NC100 teve aumento de 367% no desempenho catalítico quando 

comparado com o TiO2. Quando caraterizado, observou-se que houve um aumento da 

absorção no visível e um aumento da eficiência fotónica com a adição dos CDs. Estudos 

com scavengers revelaram ainda que a fotodegradação era mediada por radicais 

superóxido, diferindo do TiO2 e indicando que a adição de CDs pode também influenciar 

as espécies reativas envolvidas no processo de fotodegradação. Por fim, estudos de 

Avaliação do Ciclo de Vida (ACV) demonstraram que o NC100 é a melhor alternativa 

quando se considera o desempenho do catalisador, já que os seus impactos ambientais 

são amplamente compensados pela sua eficiência. Em suma, estes resultados iniciais 

demonstram que os CDs são uma forma eficaz de colmatar as limitações do TiO2. 

Seguiu-se o desenvolvimento de uma versão alterada do NC100, na qual 

ajustamos a síntese para incorporar palha de milho como co-precursor de carbono na 

produção dos CDs, resultando no NC50:50. Ao incorporar palha de milho, reaproveitámos 

um resíduo orgânico normalmente descartado, promovendo uma economia circular. 

Além disso, o uso desta biomassa permite evitar a parte dos impactos associados à 

produção do ácido cítrico, que de outro modo seria utilizado. Em termos de 

propriedades, o NC50:50, quando comparado com o NC100, apresentou uma ligeiramente 

melhor absorção na gama do visível, melhor eficiência fotónica e um ligeiro aumento da 

eficiência catalítica face ao TiO2 (374% contra 367% para o NC100). Em termos de 

impactos ambientais, estudos de ACV confirmaram que o NC50:50 apresentou impactos 

ambientais inferiores aos do NC100 e TiO2, tanto em termos absolutos como quando se 

considera a funcionalidade. Assim, este trabalho estabelece uma base sobre como 

desenvolver nanocompósitos sustentáveis de TiO2/CDs, reduzindo os impactos 

associados à produção das matérias-primas sem comprometer o desempenho. 

O principal objetivo deste projeto de doutoramento era desenvolver um 

fotocatalisador para a degradação de ciprofloxacina (CIP) sob irradiação solar. Após 

testar o NC50:50 para a fotodegradação de MB e outros corantes orgânicos sob luz visível, 

empregámo-lo agora para remover CIP de amostras aquosas. Usando um simulador 

solar, o NC50:50 conseguiu completamente remover 20 ppm de CIP em menos 20 minutos 

de irradiação, atingindo uma constante de reação de 0,2372 min⁻¹, a qual é superior a 

qualquer outro sistema baseado em TiO2 descrito na literatura para este composto, e 

que corresponde a um aumento de 217% na eficiência catalítica face ao TiO2. Embora 

alguns subprodutos tenham sido detetados, estes desapareceram subsequentemente 
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durante o processo de fotodegradação. Além disso, o NC50:50 mostrou boa estabilidade 

e manteve a sua atividade catalítica durante pelo menos três ciclos. Por fim, testes 

usando radiação solar natural e efetuados em diversos estados atmosféricos 

demonstraram que o NC50:50 é eficiente mesmo nestas condições. Concretamente, sob 

luz solar direta, o NC50:50 foi capaz de degradar completamente a CIP em menos 30 

minutos de irradiação, independentemente do dia, das condições do céu e da 

temperatura, com apenas o fator UV a ser capaz de afetar o processo. Em suma, este 

trabalho traça um caminho para alcançar uma maior eficiência fotocatalítica sob luz solar 

ao mesmo tempo que valoriza um resíduo orgânico e promove uma economia circular. 

A parte final da tese consiste num estudo de ACV sobre os impactos ambientais 

de três nanocompósitos de TiO2/CDs diferentes e desenvolvidos para a fotodegradação 

de MB sob luz visível. Dado que este tipo de material fotocatalítico ainda se encontra 

numa fase inicial em termos de desenvolvimento, é importante obter dados concretos 

relativos aos impactos associados com o fabrico deste tipo de nanomaterial. A partir dos 

dados obtidos, verificámos que, para além de os nanocompósitos com maior atividade 

fotocatalítica apresentarem os menores impactos (quando se utiliza uma unidade 

funcional baseada no desempenho), o parâmetro que mais afeta os impactos 

resultantes foi a origem do TiO2 utilizado e a identidade dos precursores dos CDs, 

demonstrando assim que a substituição dos precursores dos CDs por fontes de 

biomassa (tal como a palha de milho) reduz ativamente os impactos ambientais 

associados ao nanocompósito e melhora a sua sustentabilidade. 

Em suma, este projeto demonstrou que a conjugação de TiO2 com CDs é uma 

abordagem válida para alcançar um método mais eficiente e sustentável para a 

degradação antibióticos, tais como a CIP, aproveitado para isso a radiação solar. Isto 

foi conseguido utilizando palha de milho como co-precursor de carbono, valorizando 

assim um resíduo orgânico sem comprometer a eficiência catalítica. Isto indica que a 

utilização de CDs à base de biomassa para superar as limitações do TiO2 é viável e 

pode ser feita tendo em consideração os impactos ambientais resultantes e a promover 

uma economia circular. Assim, este estudo estabelece uma base para o 

desenvolvimento sustentável de novos nanocompósitos para o tratamento fotocatalítico 

de águas residuais sob luz solar. 

Palavras-chave: fotocatálise, nanocompósitos, TiO2, carbon dots, poluentes orgânicos, 

corantes, azul de metileno, antibióticos, ciprofloxacina, ACV. 
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Abstract  

 Water is essential for the survival of humanity, and its contamination by organic 

pollutants such as antibiotics is an increasingly larger problem and must be controlled. 

This is troublesome given that the presence of these pollutants in water supplies may 

cause health hazards and have damaging effects on the surrounding ecosystems. 

Worryingly, conventional water treatment methods are ineffective for these types of 

pollutants and so, alternative methods must be developed to efficiently remove these 

pollutants from wastewaters.  

One such alternative is photocatalysis, a clean technology that uses irradiation to 

drive a catalytic reaction. It is frequently less impactful than conventional alternatives, 

has a high redox potential, and, under the right conditions, may employ the sun, a clean 

and renewable energy source, to drive the process. TiO2 is a particularly important and 

studied photocatalyst because of its widespread application, low cost, and chemical 

stability. However, it has several limitations that prevent its efficient use under solar 

irradiation. Namely, it has a wide band gap and, consequently, requires high energy UV 

irradiation, which accounts for only around 5% of the whole solar spectrum, it suffers 

from a rapid recombination of photogenerated charge carriers, thus reducing its photonic 

efficiency, and finally, it presents a poor affinity for organic pollutants. While several 

doping strategies have been tried to bridge these limitations, they all have their own 

problems and different challenges.  

As an alternative to those strategies, we have the conjugation of TiO2 with carbon 

dots (CDs), which, due to their unique structure and properties, may improve TiO2’s 

separation of photogenerated charge carriers, extend the absorption range into the 

visible, and provide a functionalized surface with affinity toward organic pollutants. Thus, 

adding CDs to TiO2 has the potential to enhance the sunlight-driven photocatalytic 

efficiency of TiO2 while avoiding the drawbacks associated with doping strategies. 

Moreover, the synthesis of CDs is highly versatile, and they may be produced from a 

wide array of carbon precursors, including organic waste. This may help in upcycling 

these residues, thus contributing to a circular economy while decreasing the 

environmental impacts associated with the synthesis of the photocatalyst. 

 In the first stage of the project, we started by developing visible-light active 

nanocomposites for the visible-light-driven photodegradation of Methylene Blue (MB), a 

model pollutant that we selected for our starting studies. The first successful 

nanocomposite we developed was the foundation for our future work. It was prepared 
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from TiO2 nanoparticles and CDs prepared via hydrothermal treatment from citric acid 

and ethylenediamine, hereby termed as NC100. With this nanocomposite, we observed 

that adding CDs to the semiconductor had a significant effect on the photocatalytic 

efficiency toward the visible-light-driven degradation of MB. Namely, NC100 displayed a 

367% enhancement of the catalytic performance when compared to bare TiO2. When 

characterizing NC100, we observed an increase in absorption in the visible range and 

evidence of a better photonic efficiency upon the addition of the CDs, thus providing two 

potential causes for the increased catalytic efficiency. Scavenger studies revealed that 

the photocatalytic mechanism was based mostly on superoxide radicals, differing from 

TiO2, indicating that adding CDs may also affect the species involved in the 

photodegradation process. Finally, Life Cycle Assessment (LCA) studies demonstrated 

that NC100 is a better alternative when considering a function-based functional unit, as its 

environmental impacts are greatly offset by a higher photocatalytic performance. 

Altogether, these initial findings affirm that CDs are an effective, low-toxicity, and 

scalable additive to transform TiO₂ into a highly active and sustainable photocatalyst for 

sunlight-driven processes for the removal of organic pollutants. 

 This was followed by the development of another iteration of NC100 in which we 

altered the synthesis in order to incorporate corn stover as a co-carbon precursor for the 

synthesis of CDs, resulting in NC50:50. By incorporating corn stover, we are adding value 

to an otherwise discarded organic residue and thus promoting a circular economy. 

Moreover, the use of this biomass also allows us to avoid some of the impacts associated 

with the production of citric acid that would otherwise be employed as the sole carbon 

source. NC50:50, when compared to NC100, had a slightly better absorption in the visible 

range, better photonic efficiency, and a slightly larger enhancement of the catalytic 

performance over TiO2 (374% versus 367% for NC100). In terms of environmental 

impacts, LCA studies confirmed that NC50:50 had lower environmental impacts than NC100 

and TiO2, both when considering a weight or a function-based functional unit. By 

demonstrating that waste materials can be upcycled into high-performance 

nanocomposites, this work provides a basis for developing sustainable TiO2/CDs 

nanocomposites by reducing the impacts associated with the production of the raw 

materials without compromising the performance. 

The main objective of the doctoral project was to develop a highly efficient 

sunlight-driven photocatalyst for the photodegradation of ciprofloxacin (CIP). After 

testing NC50:50 toward the visible-light-driven photodegradation of MB and other organic 

dyes, we employed it to remove CIP from aqueous samples. Under a solar simulator, 
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NC50:50 achieved a virtually complete removal of 20 ppm of CIP within 20 minutes of 

irradiation and a rate constant of 0.2372 min-1, which was higher than any other TiO2-

based system available in the literature for this compounds, and corresponds to a 217% 

enhancement of the catalytic efficiency over TiO2 and, even though some by-products 

were detected, they subsequently disappear during the photodegradation. Furthermore, 

NC50:50 displayed good stability and retained its catalytic activity during at least three 

cycles. Finally, tests under natural sunlight and varying atmospheric conditions revealed 

that NC50:50 is efficient even under these conditions. Namely, under direct sunlight, it was 

capable of fully degrading CP within 30 minutes of irradiation, irrespective of the day, sky 

conditions, and temperature, with only the UV factor being able to affect the degradation 

process. In summary, this work lays a pathway to achieve enhanced photocatalytic 

efficiency under natural sunlight while upcycling an otherwise discarded organic waste 

and promoting a circular economy. 

 The final part of the thesis consists of a comprehensive LCA study of the 

environmental impacts of three different TiO2/CDs nanocomposites developed towards 

the visible-light-driven photodegradation of MB. Given that this type of photocatalytic 

material is still at an early stage of development, it is important to obtain concrete and 

verified data regarding the sustainable development and fabrication of this type of 

nanomaterial. From the data we obtained, we found that, aside from the nanocomposites 

with the highest photocatalytic activity having the lowest impacts when using a function-

based functional unit, the most critical parameter affecting the overall impacts was the 

source of the TiO2 used in the nanocomposites and the identity of the CDs’ precursors, 

demonstrating that changing the CDs’ precursors to biomass sources (i.e. corn stover) 

actively decreases the environmental impacts associated with the nanocomposite. 

 In summary, this project confirmed that the conjugation of TiO2 and CDs is a valid 

approach to achieve a more sustainable yet efficient degradation of a relevant antibiotic, 

such as CIP, under both simulated and natural solar irradiation. Moreover, this was 

achieved while employing corn stover as a co-carbon precursor, thus upcycling an 

organic waste while maintaining the catalytic efficiency. This indicates that using 

biomass-incorporating CDs to bridge the limitations of TiO2 is feasible and can be 

achieved while taking into consideration the resulting impacts and promoting a circular 

economy, thus providing a basis on which to further develop novel sustainable 

nanocomposites toward the sunlight-driven photocatalytic treatment of wastewater. 

Keywords: photocatalysis, nanocomposites, TiO2, carbon dots, wastewater treatment, 

organic pollutants, dyes, methylene blue, antibiotics, ciprofloxacin, LCA. 
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Structure of the thesis 

The work developed within the scope and presented in this thesis was divided 

into three major sections: the introduction, the presentation and discussion of the results, 

and a conclusion with a future perspective section.  

The introduction consists of two publications related to the topics discussed in the 

thesis. First, we present a book chapter that provides a comprehensive review 

concerning carbon dots, including their synthesis, purification, sustainability, reactivity, 

applications, potential use in emerging technologies, and potential mitigation of 

environmental impacts. This is followed by a publication consisting of a comprehensive 

review of the reports concerning the photodegradation of antibiotics by TiO2/CDs 

nanocomposites available at the start of the doctoral project. Finally, a brief description 

of the project's main objectives is included. 

The second section, concerning the results obtained during the project, consists 

of four scientific articles depicting the continuous development of a photocatalytic system 

steered towards the sunlight-driven photodegradation of antibiotics and an evaluation of 

the environmental impacts that can be ascribed to such systems. First, an article is 

presented reporting an improved visible-light-driven photodegradation of MB, which, at 

this point, was chosen as a model pollutant for our starting studies. This was followed by 

a second article concerning MB in which we managed to make a more sustainable 

nanocomposite by including biomass in its constitution. A further development led to the 

publication of the third article of this section, in which we achieved a virtually complete 

degradation of an antibiotic, CIP, within thirty minutes of solar-light irradiation, both using 

a solar simulator and real sunlight, which consisted of the main objective of the doctoral 

project. Finally, a fourth article concerning the environmental impacts associated with the 

synthesis of TiO2/CDs nanocomposites for the photodegradation of MB is also 

presented. 

Finally, the third section of this thesis presents the main conclusions of the work 

performed and the future perspectives of this research. 
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1.1 Carbon dots: synthesis, properties, applications, and 

sustainability 

 

Book Chapter 

Citric Acid as a Precursor for Carbon Dots: Synthesis, Properties, Applications 

and Sustainability 

Sendão, Ricardo M. S.; Silva, José P.; Freitas, Martinho; Carneiro, Beatriz; Esteves da 

Silva, Joaquim C. G.; Pinto da Silva, Luís. “Citric Acid as a Precursor for Carbon Dots: 

Synthesis, Properties, Applications and Sustainability” (Chapter 2). In: Advances in 

Chemistry Research, Volume 79 (Ed.: James C. Taylor). Nova Science Publishers, 2023. 

ISBN: 979-8-88697-947-3. 

 

1.1.1. Introduction and contributions to this work 

 Carbon dots (CDs) are carbon-based nanoparticles that present several 

interesting properties, chief among which are a high photoluminescence, good water 

solubility, biocompatibility, and an extended absorption range. Because of this, research 

teams have focused on the development of CDs toward several different applications, 

such as sensing and biosensing, photodynamic therapy, photovoltaics, light-emitting 

devices, nanothermometry, and photocatalysis. CDs can be prepared either via top-

down or bottom-up strategies, with citric acid (CA) being perhaps the most widely 

employed carbon precursor in the synthesis of CDs due to presenting the desired 

characteristics for the synthesis while being inexpensive and readily available. Herein 

we performed an in-depth review of CA-based CDs, a common study case, in terms of it 

using during the synthesis (either solo or with dopants), the properties and reactivity of 

the resulting nanoparticles, their applications and a study of their sustainability and 

potential environmental impacts, including the outcome of substituting commercially 

available CA by biomass as the carbon source. 

 In this work, I was responsible for the bibliographic research, the writing of the 

first draft, with assistance from other co-authors, with the revision of the final draft being 

made the supervision of Professor Dr. Luís Pinto da Silva and Professor Dr. Joaquim 

Esteves da Silva. 
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1.2. Photocatalytic degradation of organic pollutants using TiO2 and 

CDs nanocomposites 

 

Article 

Photocatalytic removal of pharmaceutical water pollutants by TiO2 – Carbon 

dots nanocomposites: A review 

Sendão, Ricardo M. S.; Esteves da Silva, Joaquim C. G.; Pinto da Silva, Luís. 

"Photocatalytic removal of pharmaceutical water pollutants by TiO2 – Carbon dots 

nanocomposites: A review". Chemosphere 301 (2022): 134731. 

https://doi.org/10.1016/j.chemosphere.2022.134731. 

 

1.2.1. Introduction and contributions to this work 

 The use of pharmaceuticals by humanity is increasing on a year-on-year basis, 

and this specific class of organic pollutants is becoming an increasingly more relevant 

water contaminant. The problem is aggravated by the fact that conventional water 

treatment technologies are inefficient when it comes to this type of pollutant, and thus, 

alternatives must be developed. This objective is directly related to the doctoral project, 

which concerns the development of sunlight-active catalytic nanocomposites for the 

photodegradation of antibiotics. As the main base for our work, we used the study 

presented below, which focuses on and reviews the available reports concerning the 

development of TiO2/CDs nanocomposites for the photocatalytic removal of 

pharmaceutical water contaminants. It highlights the potential of CDs to bridge the 

limitations of TiO2 that prevent an efficient application under solar irradiation, explaining 

how the carbon-based nanoparticles can improve the uptake of visible irradiation, 

improve the photonic efficiency, and contribute toward a better adsorption of organic 

pollutants. Some aspects that need to be addressed before these nanocomposites are 

widely used are also pointed out. 

In this work, I was responsible for the bibliographic research and the writing of 

the draft, under the supervision of Professor Dr. Luís Pinto da Silva and Professor Dr. 

Joaquim Esteves da Silva. 
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1.3. Aim and objectives 

The number of organic pollutants entering aqueous systems is growing every 

year as new compounds are discovered, produced, and sold for various applications. 

Worryingly, conventional water treatment techniques are ineffective when it comes to the 

removal of this class of pollutants, which includes compounds such as organic dyes and 

antibiotics. 

Given this context, this project aims to develop an alternative to these methods 

based on advanced oxidation techniques by synthesizing sustainable TiO2/CDs 

nanocomposites with good visible-light activity that are highly efficient under solar 

irradiation, creating a process in line with the United Nations Sustainable Development 

Goals 6 (Clean Water), 9 (Industry and Infrastructure), 12 (Responsible Consumption 

and Production) and 14 (Life Underwater). TiO2 will be the photocatalytic component 

given its oxidizing power, low cost, low toxicity, and photostability. CDs will enhance the 

photocatalytic efficiency by extending the absorption of light into the visible region and 

enhancing the photonic efficiency, thus solving TiO2’s main limitations regarding sunlight-

driven photocatalysis. To improve the sustainability of the process, we also studied the 

incorporation of corn stover, a by-product of the corn industry, as a carbon source for the 

preparation of the CDs, thus upcycling this otherwise discarded organic material. 

This doctoral project had four objectives: 

1. Sustainable synthesis of CDs incorporating corn stover following the green 

methodologies developed by our research group; 

2. Development of visible-light-active nanocomposites obtained from the deposition of 

CDs into TiO2 nanoparticles, thus enhancing TiO2’s visible-light absorption and 

photonic efficiency; 

3. Sunlight-driven photodegradation of organic pollutants by the nanocomposites, 

including a study of their effectiveness, mechanism, and characterization of the 

photocatalysts; 

4. Life Cycle Assessment studies of the developed photocatalysts to obtain data 

concerning the environmental impact of the production processes and optimize their 

environmental performance. 
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2. Results and discussion 
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2.1. Development of visible-light active photocatalytic 

nanocomposites 

 

2.1.1. Preparation of first catalytic nanocomposite from commercial reagents 

Article 

Carbon Dots–TiO2 Nanocomposites for the Enhanced Visible-Light Driven 

Photodegradation of Methylene Blue 

Sendão, Ricardo M. S.; Algarra, Manuel; Ribeiro, Eduarda; Pereira, Mariana; Gil, 

Antonio; Vale, Nuno; Esteves da Silva, Joaquim C. G.; Pinto da Silva, Luís. "Carbon 

Dots–TiO2 Nanocomposites for the Enhanced Visible-Light Driven Photodegradation of 

Methylene Blue". Advanced Sustainable Systems 8(1) (2023): 2300317. 

http://doi.org/10.1002/adsu.202300317. 

 

2.1.1.1. Introduction and contributions to this work 

 This work reports the development of a visible-light-active photocatalytic 

nanocomposite toward the photocatalytic removal of organic pollutants from aqueous 

samples. Herein, we observed how adding CDs to TiO2 increased the photocatalytic 

efficiency by improving the visible-light absorption, photonic efficiency, and adsorption of 

organic pollutants. The CDs used in the process were commercially available CA and 

ethylenediamine (EDA) and were prepared via a hydrothermal process. Methylene blue 

(MB) was employed as a model pollutant, and a 367% enhancement of the catalytic 

performance was observed when compared to bare TiO2. Scavenger assays were 

performed to unravel the reactive species behind the photodegradation mechanism, in 

vitro studies were used to assess the toxicity of the CDs toward human cells, and life 

cycle assessment (LCA) studies were performed to compare the relative environmental 

impacts of using TiO2/CDs nanocomposites compared to using TiO2. 

In this work, I was responsible, under supervisor from my supervisors, for synthesizing 

the CDs and the nanocomposite, their characterization in terms of UV-Vis DRS and 

fluorescence spectroscopy, band gap and quantum yield calculations, photocatalytic 

assays, COD analysis, scavenger studies, comparison with other reports available in the 

literature, and environmental impact assessment via LCA studies. I also conducted the 

analysis and interpretation of the results and wrote the first draft of the paper, which was 
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then reviewed and edited by Professor Dr. Luís Pinto da Siva and Professor Dr. Joaquim 

Esteves da Silva, who supervised the process from end-to-end. The remaining 

experiments were performed by partners from other institutions and external service 

providers. Namely, the CDs’ toxicity assay was conducted by Eduarda Ribeiro, Mariana 

Pereira and supervised by Prof. Dr. Nuno Vale at CINTESIS – Faculty of Medicine of the 

University of Porto,  SEM and AFM analysis were done by CEMUP, FTIR analysis at 

FCUP | DQB – Lab&Services,  and finally, XPS and XRD were performed by Dr. Manuel 

Algarra and Dr. Antonio Gil from INAMAT^2 at the Public University of Navarra. It should 

be noted that while SEM, AFM, and FTIR analyses were performed by external service 

providers, I was the one responsible for data treatment and analysis. 
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2.1.1.2. Supplementary information 
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2.1.1.3. Conclusion 

The development of visible-light-active photocatalysts is essential to achieve 

sustainable photocatalysis under solar irradiation. In this study, CDs synthesized from 

citric acid and ethylenediamine were successfully incorporated into TiO₂ to overcome its 

intrinsic limitations, such as its narrow absorption range and poor photonic efficiency. As 

a result of the incorporation of CDs, the nanocomposite exhibited enhanced 

photocatalytic performance under visible-light irradiation, achieving a 367% increase in 

catalytic activity compared to bare TiO2 regarding the photodegradation of MB. This is 

primarily attributed to the CDs’ ability to extend the nanocomposites’ absorption into the 

visible range and to improve the separation of photogenerated electrons and holes, 

which is translated into a higher photocatalytic efficiency under visible-light irradiation. 

Interestingly, as observed in the scavenger studies, the introduction of CDs also 

changed the reactive species involved in the catalytic process. While bare TiO₂ primarily 

relied on hydroxyl radicals for photodegradation, superoxide radicals were the dominant 

reactive species for the nanocomposite. Furthermore, LCA studies showed that, while 

the nanocomposites have slightly higher impacts when considering a weight-based FU, 

those impacts are greatly offset by their enhanced potential when compared to TiO2, 

resulting in lower environmental impacts when considering a performance-based FU. 

Finally, cytotoxicity assessments also confirmed the safety of the synthesized CDs 

toward human cells, enabling their use in applications directly impacting human health. 

Altogether, these findings affirm that CDs are an effective, low-toxicity, and scalable 

additive to transform TiO₂ into a highly active and sustainable photocatalyst for sunlight-

driven processes for the removal of organic pollutants. 
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2.1.2. Incorporation of corn stover as a carbon source in visible-light 

active photocatalytic TiO2-CDs nanocomposites 

Article 

Visible-light-driven photocatalytic degradation of organic dyes using 

a TiO2 and waste-based Carbon Dots nanocomposite 

Sendão, Ricardo M. S.; Algarra, Manuel; Martínez, Juan; Brandão, Ana; Gil, Antonio; 

Pereira, Carlos; Esteves da Silva, Joaquim C. G.; Pinto da Silva, Luís. “Visible-light-

driven photocatalytic degradation of organic dyes using a TiO2 and waste-based Carbon 

Dots nanocomposite”. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 713 (2025): 136475. https://doi.org/10.1016/j.colsurfa.2025.136475. 

 

2.1.2.1. Introduction and contributions to this work 

This work further develops the visible-light active TiO2/CDs nanocomposite 

presented in section 2.1.1. and improves its sustainability by substituting part of the 

commercial reagents used in the hydrothermal synthesis of the CDs by incorporating 

corn stover, a major by-product of the corn industry. By doing so, we not only avoid part 

of the impacts associated with the production of citric acid, the typical carbon source 

used in traditional CDs synthesis, but also improve the circularity of the process by 

creating added value from a biomass that would otherwise be discarded. Furthermore, 

the preparation of the nanocomposites with these biomass-incorporating CDs (NC50:50) 

even led to a slight increase of the catalytic potential when compared to NC100, the first 

iteration of the nanocomposite (374% versus 367% increment over bare TiO2 for MB, 

respectively), with NC50:50 also being capable of removing other dyes, such as 

Rhodamine B (RhB), Orange II and Methyl Orange (MO) from aqueous samples. As 

before, a significant increase of the visible-light absorption capacity and photonic 

efficiency was observed upon adding the CDs, and tests with reactive species 

scavengers were performed to unravel the photodegradation mechanism of NC50:50. 

Finally, LCA studies confirmed that NC50:50 was the least impactful alternative when 

compared to TiO2 and nanocomposites made fully from commercially available reagents. 

In this work, I was responsible, under supervision from my supervisors, for 

synthesizing the CDs and NC50:50, their characterization in terms of UV-Vis DRS and 

fluorescence spectroscopy, band gap calculations, photocatalytic assays, COD analysis, 
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scavenger studies, comparison with other reports available in the literature and 

environmental impact assessment via LCA studies. I was also responsible for the first 

draft of the paper, which was then reviewed and edited by Professor Dr. Luís Pinto da 

Siva and Professor Dr. Joaquim Esteves da Silva, who supervised the process from end-

to-end. The remaining experiments were performed by partners from other institutions 

and external service providers. Namely, SEM analysis was done at CEMUP, FTIR, XPS, 

XRD and ss-NMR were performed by Dr. Manuel Algarra and Dr. Antonio Gil from 

INAMAT^2 at the Public University of Navarra, and Juan Lázaro-Martínez from the 

University of Buenos Aires, and finally, EIS experiments were conducted by Dr. Ana 

Brandão and supervised by Prof. Dr. Carlos Pereira from CIQUP – IMS, Faculty of 

Sciences – University of Porto. While SEM analysis was performed by an external 

service provider, I was the one responsible for data treatment and interpretation. 
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2.1.2.2. Supplementary information 
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2.1.2.3. Conclusion 

This work presents the successful development of NC50:50, a nanocomposite that 

integrates CDs that embody corn stover, an agricultural waste that consists of a by-

product of the corn industry. NC50:50 managed to achieve a substantial enhancement in 

photocatalytic efficiency when compared to TiO2, achieving a 374% increase in the 

catalytic efficiency despite partly substituting commercial reagents with an organic 

waste. Notably, the incorporation of corn stover as a co-carbon precursor did not 

compromise the functionality of the CDs regarding their conjugation with TiO2. On the 

contrary, the nanocomposite outperformed both bare TiO2 and NC100 (corresponding to 

the nanocomposite described in section 2.1.1.), highlighting the potential of employing 

biomass as a carbon source. 

Furthermore, LCA studies confirmed that NC50:50 had lower environmental 

impacts than both NC100 and bare TiO2, particularly when considering a function-based 

FU that accounts for the fact that a more resource and energy-intensive synthesis may 

be offset by a higher efficiency in the resulting material. These improvements are 

attributed to the fact that NC50:50 displays a high photocatalytic efficiency and that using 

corn stover instead of CA reduces the need for commercial reagents, minimizing the 

environmental impacts associated with their production. Furthermore, the CDs were also 

synthesized using a hydrothermal process that required a lower reaction time, further 

decreasing the associated impacts. 

By demonstrating that an abundant waste material can be upcycled into a high-

performing nanocomposite, this work provides a basis for how to improve the 

sustainability of TiO2/CDs nanocomposites by reducing the impacts associated with the 

procurement of the raw materials required for their production. NC50:50 highlights that it is 

possible to decrease the environmental impacts of a product without compromising its 

performance.  
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2.2. Sunlight-driven photodegradation of ciprofloxacin 

Article 

Enhanced Photocatalytic Degradation of Ciprofloxacin Under Natural 

Sunlight Using a Waste-Derived Carbon Dots–TiO₂ Nanocomposite 

Sendão, Ricardo M. S.; Brandão, Ana; Pereira, Carlos, Esteves da Silva, Joaquim C. G.; 

Pinto da Silva, Luís. “Enhanced Photocatalytic Degradation of Ciprofloxacin Under 

Natural Sunlight Using a Waste-Derived Carbon Dots–TiO₂ Nanocomposite”. Catalysts 

16(2) (2026): 142. http://doi.org /10.3390/catal16020142. 

 

2.2.1. Introduction and contributions to this work 

 This works consists of the main objective of my doctoral project. Namely, herein 

we report a high efficiency sunlight-driven photodegradation of the antibiotic CIP using 

NC50:50, a photocatalytic nanocomposite prepared from TiO2, and CDs made from corn 

stover, CA and EDA via hydrothermal treatment. The resulting nanocomposites, aside 

from presenting an enhanced absorption of visible light and an improved photonic 

efficiency, also presented a larger specific surface area than TiO2. As a result, in 

laboratory conditions, after adding the CDs to TiO2, a 217% enhancement of the catalytic 

efficiency was observed regarding the photodegradation of CIP under solar irradiation. 

In fact, CIP was virtually fully degraded under 20 minutes of irradiation, presenting a rate 

constant of 0.2372 min-1, which is higher than any other TiO2-based system available in 

the literature with similar or higher catalyst dosages and CIP concentrations. 

Furthermore, while potential degradation by-products were detected via HPLC-DAD, 

these subsequently virtually disappear under irradiation. NC50:50 also demonstrated to be 

stable, as it maintained good photocatalytic activity after three cycles. Finally, in order to 

assess NC50.50’s ability to work under real-world irradiation, tests were made under 

natural sunlight. Under these conditions, NC50:50 managed to achieve virtually full 

degradation within 30 minutes of irradiation, even under different meteorological 

conditions, with the UV factor appearing to affect the photodegradation efficiency the 

most (temperature and sky conditions appear to have virtually no effect). In summary, 

this work lays a pathway to achieve enhanced photocatalytic efficiency under natural 

sunlight while upcycling an otherwise discarded organic waste and promoting a circular 

economy. 
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In this work, I was responsible, under supervision from my supervisors, for 

synthesizing the CDs and NC50:50 and performing the photocatalytic assays (both under 

simulated and natural sunlight), scavenger studies, recycling studies, and comparison 

with other reports available in the literature. I also conducted the analysis and 

interpretation of the results and wrote the draft of the paper, which was then reviewed 

and edited by Professor Dr. Luís Pinto da Siva and Professor Dr. Joaquim Esteves da 

Silva, who supervised the process from end-to-end. BET experiments were conducted 

by Dr. Ana Brandão and supervised by Prof. Dr. Carlos Pereira from CIQUP – IMS, 

Faculty of Sciences – University of Porto. 
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2.2.2. Supplementary information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

143 

 
 

 

 

 

 

 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

144 

 
 

 

 

 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

145 

 
 

 

 

 

 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

146 

 
 

2.2.3. Conclusion 

 This work reports the development of sunlight-active photocatalytic 

nanocomposites toward the photodegradation of CP under both simulated and natural 

sunlight. This was done using a nanocomposite prepared from TiO2 and CDs, NC50:50, 

which also incorporated corn stover, an organic waste, on its preparation. The resulting 

nanocomposite presented an enhanced absorption in the visible range, an inhibited 

recombination of photogenerated charge carriers and a larger specific surface area than 

commercial TiO2. 

 Regarding its photocatalytic potential, under a solar simulator, NC50:50 achieved 

a virtually complete removal of CIP within 20 minutes of irradiation and a rate constant 

of 0.2372 min-1, which corresponds to a 217% enhancement when compared to the TiO2 

benchmark. Some by-products appearing during CIP degradation were also virtually fully 

degraded by NC50:50. Furthermore, as observed in tests with reactive species 

scavengers, the superoxide radical, h+, e- and 1O2, by that order, seem to be the species 

behind the photodegradation mechanism. During recycling studies, NC50:50 also showed 

good stability, maintaining its photocatalytic activity during at least three catalytic cycles. 

Finally, tests under natural sunlight and varying atmospheric conditions revealed that 

NC50:50 is efficient even under these conditions. Namely, under direct sunlight, it was 

capable of fully degrading CP within 30 minutes of irradiation, irrespective of the day, sky 

conditions, and temperature. 

 In summary, this work confirmed that the conjugation of TiO2 and CDs is a valid 

approach to achieve a more sustainable yet efficient degradation of a relevant antibiotic, 

CIP, under both simulated and natural solar irradiation. As a confirmation of the potential 

of this strategy, when compared to other TiO2-based systems, NC50:50 presented the 

highest reaction rate constant of the literature works we could find and required the last 

amount of time to fully degrade the initial CIP in the reactional mixture. Moreover, this 

was achieved while employing corn stover, thus upcycling an otherwise discarded 

organic waste while maintaining a good catalytic efficiency. This indicates that using 

biomass-incorporating CDs to overcome the limitations of TiO2 is feasible and can be 

achieved while also upcycling corn-stover, thus achieving a better catalytic efficiency and 

a more circular economy. 
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2.3. Life Cycle Assessment studies of photocatalytic TiO2/CDs 

nanocomposites 

Article 

Comparative life cycle assessment of the fabrication of visible-light-driven 

photocatalytic TiO2 – Carbon dots nanocomposites for wastewater treatment 

Sendão, Ricardo M. S.; Esteves da Silva, Joaquim C. G.; Pinto da Silva, Luís. 

"Comparative life cycle assessment of the fabrication of visible-light-driven photocatalytic 

TiO2 – Carbon dots nanocomposites for wastewater treatment". NanoImpact 38(22) 

(2025): 100556. http://doi.org/10.3390/suschem4040024. 

 

2.3.1. Introduction and contributions to this work 

 The final part of this thesis consists of a comprehensive study of three different 

TiO2/CDs nanocomposites prepared toward the photodegradation of MB. As shown in 

the previous sections, the addition of CDs to TiO2 has the potential to bridge TiO2’s poor 

visible-light absorption and photonic efficiency, thus expanding the real-world application 

of this known photocatalyst. However, given that this type of photocatalytic material is 

still at an early stage of development and that there are aspects of the process still 

requiring optimization, concrete and verified data regarding the sustainable development 

and fabrication of this type of nanomaterial is lacking. Toward this end, we performed a 

LCA study to understand the environmental impacts of different visible-light-active 

TiO2/CDs nanocomposites produced toward the photodegradation of MB. From the data 

we obtained, we found that the nanocomposites with the highest photocatalytic activity 

were the ones whose synthesis was associated with lower environmental impacts, as a 

higher catalytic potential resulted in a lower mass of catalyst required for the process, 

and that the most critical parameter affecting the overall environmental impacts was the 

source of the TiO2 used in the nanocomposites. 

 In this work, I was responsible for gathering the data concerning the different 

nanocomposites reported in the study, perform the LCA studies, analyzing and 

interpreting the results obtained and writing the first draft of the paper which was then 

reviewed and edited by Professor Dr. Luís Pinto da Siva and Professor Dr. Joaquim 

Esteves da Silva, who supervised the research from end-to-end. 
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2.3.2. Supplementary information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

159 

 
 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

160 

 
 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

161 

 
 

 



FCUP | FEUP 
Use of photocatalytic nanocomposites for the degradation of antibiotics in wastewater 

162 

 
 

2.3.3. Conclusion 

 This work studies the environmental profiles of three different photocatalytic 

TiO2/CDs nanocomposites prepared for the visible-light-driven photodegradation of MB, 

which were prepared using different synthetic strategies, CDs, and sources of TiO2, and 

presented different catalytic efficiencies. This study highlights that the environmental 

sustainability of TiO2/CDs nanocomposites can be significantly improved through the 

careful selection of raw materials, particularly the sources of TiO2 and the carbon 

precursors for CDs, while other factors, such as the electricity used, have a very low 

impact on the outcome.  

During the LCA studies, using either weight-based or function-based FUs led to 

the same outcome. Namely, we observed that synthesizing TiO2 from precursors such 

as TTIP and TTBO led to large environmental impacts, whereas using commercially 

available TiO2 markedly reduced those burdens, given that the synthesis process via the 

chloride and sulphate methods is already optimized for yield and requires the least 

possible amount of raw materials. Secondly, although the CDs account for a smaller 

fraction of the total environmental impact, their contribution becomes more significant 

when synthesized from precursors like ethylene glycol and silver nitrate, leading to a 

larger environmental footprint. Substituting these commercial reagents with biomass-

derived alternatives, such as corn stover, can further reduce environmental impacts, 

given that they replace artificial chemicals and that their environmental burdens are 

already accounted for in the life cycle of other products. This way, we reduce the 

environmental impacts associated with the materials used while promoting a circular 

economy that creates added value from otherwise discarded waste.  

In summary, considering the good photocatalytic efficiency described in sections 

2.1.2. and 2.2.1. and the LCA studies reported in section 2.3.1., the incorporation of 

biomass such as corn stover, if done properly, offers a promising path toward the 

development of high-performance, low-impact photocatalysts for sustainable wastewater 

treatment applications. 
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3. Conclusion and future perspectives 
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3.1. Development of visible-light-active photocatalytic 

nanocomposites 

 The main objective of this doctoral project was to develop an efficient sunlight-

driven photocatalyst for the photodegradation of antibiotics in aqueous media. Water is 

essential for humanity, and thus, its contamination by organic pollutants is troublesome 

and must be addressed. However, conventional treatment methods are inefficient of 

removing these classes of pollutants, and alternatives must be developed. Even though 

photocatalysis using semiconductors such as TiO2 is a very promising alternative, it 

poses several challenges that prevent its effective use under solar irradiation. Namely, 

TiO2 requires high-energy UV radiation (only around 5% of the solar spectrum), has a 

poor photonic efficiency, and a low affinity toward organic compounds.  

Given this, my work consisted of employing CDs to bridge the limitations posed 

by TiO2 by preparing visible-light-active photocatalytic nanocomposites. CDs, because 

of their unique structure and properties, can extend the nanocomposites’ absorption into 

the visible range, improve the separation of photogenerated charge carriers, and provide 

a suitable surface for interaction with organic compounds.  

In the first stage of the project, we developed NC100, made from TiO2 

nanoparticles and CDs from CA and EDA prepared via hydrothermal treatment. The 

resulting NC100 has a considerably higher photocatalytic efficiency over bare TiO2. 

Namely, an enhancement of 367% was observed regarding the visible-light-driven 

photodegradation of MB (used as a model pollutant). Characterization via UV-Vis DRS 

and fluorescence spectroscopy suggests that this may be attributed to a higher uptake 

of light in the visible range and an improved separation of the photogenerated charge 

carriers. Furthermore, mechanistic studies revealed that, upon adding the CDs, there is 

a shift in the dominant reactive species behind the photodegradation, suggesting that 

carbon nanoparticles influence not only the resulting properties of NC100 but also the 

photocatalytic mechanism. Finally, LCA studies demonstrated that NC100 is a better 

alternative than TiO2 when considering a function-based functional unit, as its 

environmental impacts are offset by a higher photocatalytic performance. 

NC100 was followed by the development of NC50:50, a similarly prepared 

nanocomposite in which the CDs synthesis was altered to incorporate corn stover, an 

organic residue of the corn industry, as a co-carbon precursor. Even though we now 

substituted some of the chemical grade commercial reagents with biomass, NC50:50 still 

displayed, when compared to NC100, a slightly better absorption in the visible range, 
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better photonic efficiency, and a slightly larger enhancement of the catalytic performance 

over TiO2 (374% versus 367% for NC100). Therefore, by incorporating corn stover, we 

not only create something of value from an otherwise discarded product and promote a 

circular economy, but we also achieve this while maintaining, and even slightly 

increasing, the photocatalytic performance of our nanocomposites. Moreover, LCA 

studies confirmed that NC50:50 had lower environmental impacts, both when considering 

weight or function-based FUs. The smaller impact when using a weight-based FU is a 

result of avoiding the impacts associated with the production of the CA that would 

otherwise be required as the solar carbon source, whereas the higher performance of 

NC50:50 further reduce its relative impacts when compared to NC100 and TiO2, showcasing 

the potential of this being a viable strategy to upcycle organic waste into high-

performance, sustainable photocatalysts. 

Overall, these findings confirm that the conjugation of TiO₂ with biomass-derived 

CDs may be an effective approach to improve the visible-light responsiveness, and 

consequently the solar-light activity, of TiO2. This strategy provides a basis for the 

development of environmentally sustainable nanocomposites for the efficient removal of 

organic pollutants in wastewater treatment applications. 

 

3.2. Sunlight-driven photodegradation of ciprofloxacin 

 The widespread presence of antibiotics in wastewater is a result of human activity 

and, if left unchecked, may be hazardous both to human health and the environment. 

CIP is specifically relevant, as it is a representative of the fluoroquinolone family, a group 

of broad-spectrum antibiotics that contributes to the development of multidrug-resistant 

strains of both Gram-positive and Gram-negative bacteria. Given that quinolones were, 

in the recent past, the class of antibiotics most frequently prescribed to adults, they can 

be found in high concentrations in wastewater and have already been detected in 

wastewater treatment plants. Because of this widespread use, treatment guidelines 

frequently recommend the use of this type of antibiotic for less severe infections to delay 

the development of drug-resistant bacteria.  

 Because of the importance of CIP, developing a method that allows its efficient 

removal from wastewater is highly relevant, as common treatment methods are 

ineffective. To pursue this, the main objective of the doctoral project was to develop a 

highly efficient sunlight-driven photocatalyst for the photodegradation of CIP. After 

testing NC50:50 toward the visible-light-driven photodegradation of organic dyes, we 
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tested it regarding the photodegradation of CIP under solar irradiation. Under simulated 

solar irradiation, NC50:50 achieved a virtually complete removal of 20 ppm of CP within 20 

minutes of irradiation and a rate constant (0.2372 min-1), corresponding to a 217% 

increase of the photocatalytic efficiency over TiO2. Although some intermediate by-

products were initially detected, they were fully degraded over the course of the reaction. 

Furthermore, when tested under natural sunlight, NC50:50 remained highly effective, 

achieving a full removal of CIP within 30 minutes of direct sunlight Irradiation, regardless 

of temperature and sky conditions, with only UV intensity influencing the degradation 

rate. 

It is our opinion that this research validates the conjugation of TiO₂ with biomass-

derived CDs as an effective strategy for achieving sustainable and efficient 

photodegradation of key contaminants like CIP under solar irradiation. The use of corn 

stover as a co-carbon precursor for CD synthesis not only upcycles an agricultural 

residue but also allows for a high catalytic efficiency. This confirms the potential of 

biomass-derived CDs to overcome the inherent limitations of TiO₂, offering an 

environmentally conscious approach to the development of sustainable nanocomposites 

for solar-driven wastewater treatment. 

 

3.3. Life Cycle Assessment studies of photocatalytic TiO2/CDs 

nanocomposites 

 The final experimental section of the thesis consists of a comprehensive LCA 

study of the impacts associated with three different TiO2/CDs nanocomposites prepared 

for the visible-light-driven degradation of MB. The aim of this research was to fill the void 

of verified data regarding the environmental impacts associated with the development 

and fabrication of this type of early-stage nanomaterials. 

 The data obtained from the LCA studies revealed that, as expected, 

nanocomposites exhibiting the highest photocatalytic activity also presented the lowest 

environmental impacts when using a function-based functional unit. Among the various 

parameters analysed, the most influential factors contributing to the overall 

environmental footprint of the nanocomposites were the origin of the TiO₂ used and the 

nature of the CDs precursors. Namely, substituting the TiO2 source with commercially 

available TiO2 (for which the production processes were already optimized) and the CDs’ 

conventional chemical precursors with biomass-derived sources, such as corn stover, 
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led to a marked reduction in environmental impacts associated with the synthesis of the 

CDs and, consequently, the nanocomposites. This finding highlights the importance of 

material sourcing in the sustainable design of nanocomposites and highlights the 

potential of integrating organic waste residues to produce high-performance 

photocatalysts with a lower ecological burden. 

 

3.4. Future works 

The work developed within this thesis highlights the potential of employing 

biomass-incorporating CDs to bridge TiO2’s limitations and improve the photocatalytic 

efficiency of the resulting nanocomposites. However, some work remains that could 

further add value to this research.  

First, we still need to evaluate the performance of NC50:50 using real wastewater 

samples, as opposed to model solutions. While initial results using MB and CIP have 

demonstrated high photocatalytic efficiency under both visible and solar irradiation, real 

wastewater samples contain a complex mixture of organic and inorganic contaminants, 

competing ions, and varying pH and turbidity levels that could affect the catalytic 

efficiency. 

Additionally, efforts will be directed toward improving the recovery and reusability 

of the nanocomposite after treatment. This is crucial to advance the material 

development toward scalable, cost-effective, and environmentally responsible 

implementation in real-world wastewater treatment systems. A possible approach may 

be to embed the active materials onto solid supports such as cork. Namely, we expect 

that fixing the nanocomposite onto a cork foundation would provide an easier way of 

recovering the catalyst after use. Cork, given its porosity and buoyancy, is an ideal 

substrate as its properties ensure that the catalyst is fixed to a support that will always 

be near the top of the wastewater sample, ensuring that NC50:50 would receive the 

maximum possible amount of irradiation, and thus, be more efficient. 

 Finally, concerning CDs, their unique properties and structure, low toxicity, and 

tunability will always provide a way to develop them into new applications. As an 

example, regarding water treatment, CDs can be used to sense pollutants, adsorb 

contaminants, act as antimicrobial agents, or directly remove pollutants via catalysis. 

Future research may explore the integration of CDs into hybrid filtration membranes, 

smart sensors for real-time water quality monitoring, or multifunctional materials capable 

of simultaneous detection and degradation of contaminants. 


